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1.1: Describing a System Quantum Mechanically

As a starting point it is useful to review the postulates of quantum mechanics, and use this as an opportunity to elaborate on some
definitions and properties of quantum systems.

1. The Wavefunction

Quantum mechanical matter exhibits wave-particle duality in which the particle properties emphasize classical aspects of the
object’s position, mass, and momentum, and the wave properties reflect its spatial delocalization and ability to interfere
constructively or destructively with other particles or waves. As a result, in quantum mechanics the physical properties of the
system are described by the wavefunction ¥. The wavefunction is a time-dependent complex probability amplitude function that is
itself not observable; however, it encodes all properties of the system’s particles and fields. Depending on the context, particle is a
term that will refer to a variety of objects—such as electron, nucleons, and atoms—that fill space and have mass, but also retain
wavelike properties. Fields refer to a variety of physical quantities that are continuous in time and space, which have energy and
influence the behavior of particles.

In the general sense, the wavefunction, or state, does not refer to a three dimensional physical space in which quantum particles
exist, but rather an infinite dimensional linear vector space, or Hilbert space, that accounts for all possible observable properties of
the system. We can represent the wavefunction in physical space, ¥(r) by carrying out a projection onto the desired spatial
coordinates. As a probability amplitude function, the wavefunction describes the statistical probability of locating particles or fields
in space and time. Specifically, we claim that the square of the wavefunction is proportional to a probability density (probability per
unit volume). In one dimension, the probability of finding a particle in a space between x and x+dx at a particular time t is

P(x,t)dz = U*(x,t)P(x, t)dx (1.1.1)

We will always assume that the wavefunctions for a particle are properly normalized, so that f P(x,t)dx=1.

2. Operators

Quantum mechanics parallels Hamilton’s formulation of classical mechanics, in which the properties of particles and fields are
described in terms of their position and momenta. Each particle described by the wavefunction will have associated with it one or
more degrees of freedom that are defined by the dimensionality of the problem. For each degree of freedom, particles which are
described classically by a position x and momentum p, will have associated with it a quantum mechanical operator & or p,, which
will be used to describe physical properties and experimental observables. Operators correspond to dynamical variables, whereas
static variables, such as mass, do not have operators associated with them. In practice there is a quantum/classical correspondence
which implies that the quantum mechanical behavior can often be deduced from the classical dynamical equations by substituting
the quantum mechanical operator for the corresponding classical variables. In the case of position and momenta, these operators are
z — Z and p, = —ih(0/0z) . Table 1 lists some important operators that we will use. Note that time does not have an operator
associated with it, and for our purposes is considered an immutable variable that applies uniformly to the entire system.

Table 1.1.1: lists some important operators that we will use. Note that time does not have an operator associated with it, and for our
purposes is considered an immutable variable that applies uniformly to the entire system.

Classical variable | Operator
Position (1D) | = z
(3D) | r r
Linear momentum (1D) | px D, = —th(8/0x)
(3D) | p p =—ihV (1.1.2)
Function of position . o
(1D) | f (=, px) f(@,p.)
and momentum
Angular momentum (BD) | L=7xp L=—ih# xV
z-component of orbital i— _iR(0/05)
angular momentum
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What do operators do? Operators map one state of the system to another—also known as acting on the wavefunction:
ATy =T, (1.1.3)

Here ¥ is the initial wavefunction and ¥ refers to the wavefunction after the action of the operator A. Whereas the variable x
represents a position in physical space, the operator Z maps the wavefunction from Hilbert space onto physical space. Operators
also represent a mathematical operation on the wavefunction that influences or changes it, for instance moving in time and space.
Operators may be simply multiplicative, as with the operator £, or they may take differential or integral forms. The gradient V,
divergence V-, and curlV x are examples of differential operators, whereas Fourier and Laplace transforms are integral operators.

When writing an operator, it is always understood to be acting on a wavefunction to the right. For instance, the operator p, says
that one should differentiate the wavefunction to its right with respect to = and then multiply the result by —ih. The operator =
simply means multiply the wavefunction by x. Since operators generally do not commute, a series of operators must be applied in
the prescribed right-to-left order.

BAW, =BU, = Up , (1.1.4)
One special characteristic of operators that we will look for is whether operators are Hermitian. A Hermitian operator obeys the
equality A = A

Of particular interest is the Hamiltonian, H, an operator corresponding to the total energy of the system. The Hamiltonian operator
describes all interactions between particles and fields, and thereby determines the state of the system. The Hamiltonian is a sum of

the total kinetic and potential energy for the system of interest, H=T —I—V and is obtained by substituting the position and
momentum operators into the classical Hamiltonian. For one particle under the influence of a potential,

R 2
H= —h—v2+V( t) (1.1.5)
2m

Notation: In the following chapters, we will denote operators with a circumflex only when we are trying to explicitly note its role
as an operator, but otherwise we take the distinction between variables and operators to be understood.
3. Eigenvalues and Eigenfunctions

The properties of a system described by mapping with the operator A can only take on the values a that satisfy an eigenvalue
equation

AU =¥ (1.1.6)
For instance, if the state of the system is W(x) = ®*/* the momentum operator p, = —ik(d/8z) returns the eigenvalue p (a
scalar) times the original wavefunction. Then ¥(z) x is said to be an eigenfunction of p,. For the Hamiltonian, the solutions to the
eigenvalue equation

HV = E¥ (1.1.7)

yield possible energies of the system. The set of all possible eigenvectors are also known as the eigenstates ;. Equation (6) is the
time-independent Schrédinger equation (TISE).

4. Linear Superposition

The eigenstates of A form a complete orthonormal basis. In Hilbert space the wavefunction is expressed as a linear combination of
orthonormal functions,

\I/:Zciqpi (1.1.8)
i=0
where ¢; are complex numbers. The eigenvectors 1; are orthogonal and complete:
+00
—00

and
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o0

el =1 (1.1.10)

=0

The choice of orthonormal functions in which to represent the system is not unique and is referred to as selecting a basis set. The
change of basis set is effectively a transformation that rotates the wavefunction in Hilbert space.

5. Expectation Values

The outcome of a quantum measurement cannot be known with arbitrary accuracy; however, we can statistically describe the
probability of measuring a certain value. The measurement of a value associated with the operator is obtained by calculating the
expectation value of the operator

(A) :/dT\I:*A\I: (1.1.11)

Here the integration is over Hilbert space. The brackets (. ..) refer to an average value that will emerge from a large series of
measurements on identically prepared systems. Whereas (A) is an average value, the variance in a distribution of values measured
can be calculated from AA = <A2> —(A)? . Since an observable must be real valued, operators corresponding to observables are
Hermitian:

/dT\IJ*A\I/:/dTA*\IJ*\If (1.1.12)
As a consequence, a Hermitian operator must have real eigenvalues and orthogonal eigenfunctions.

6. Commutators

Operators are associative but not necessarily commutative. Commutators determine whether two operators commute. The
commutator of two operators AandB is defined as

[A,B]=AB—BA (1.1.13)
If we first make an observation of an eigenvalue a for A, one cannot be assured of determining a unique eigenvalue b for a second
operator B. This is only possible if the system is an eigenstate of both A and B. This would allow one to state that ABy = BAv
or alternatively [4, B’]w = 0. If the operators commute, the commutator is zero, and A and B have simultaneous eigenfunctions. If
the operators do not commute, one cannot specify a and b exactly, however, the variance in their uncertainties can be expressed as

W A\2

AA’AB? > <% [A, B]> . As an example, we see that p,andp, commute, but Zandp, do not. Thus we can specify the
momentum of a particle in the x and y coordinates precisely, but cannot specify both the momentum and position of a particle in the

x dimension to arbitrary resolution. We find that [Z,p,] = ¢h and AzAp, > k/2.

Note that for the case that the Hamiltonian can be written as a sum of commuting terms, as is the case for a set of independent or
separable coordinates or momenta, then the total energy is additive in eigenvalues for each term, and the total eigenfunctions can be
written as product states in the eigenfunctions for each term.

7. Time Dependence

The wavefunction evolves in time as described by the time-dependent Schrédinger equation (TDSE):

~ih s = HY (1.1.14)

In the following chapter, we will see the reasoning that results in this equation.

8. Readings
1. P. Atkins and R. Friedman, Molecular Quantum Mechanics, 4th ed. (Oxford University Press, Oxford; New York, 2005)
2. G. Baym, Lectures on Quantum Mechanics. (Perseus Book Publishing, L.L.C., New York, 1969)
3. C. Cohen-Tannoudji, B. Diu and F. Lal6ée, Quantum Mechanics. (Wiley-Interscience, Paris, 1977)
4. D. J. Griffiths, Introduction to Quantum Mechanics, 2nd ed. (Pearson Prentice Hall, Upper Saddle River, NJ, 2005)
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5. E. Merzbacher, Quantum Mechanics, 3rd ed. (Wiley, New York, 1998); A. Messiah, Quantum Mechanics. (Dover Publications,
1999)
6. J. J. Sakurai, Modern Quantum Mechanics, Revised Edition. (Addison-Wesley, Reading, MA, 1994)
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1.2: Matrix Mechanics

Most of our work will make use of the matrix mechanics formulation of quantum mechanics. The wavefunction is written as |¥)
and referred to as a ket vector. The complex conjugate ¥* = (| is a bra vector, where (a¥| = a*(¥|. The product of a bra and
ket vector, {(a | B) is therefore an inner product (scalar), whereas the product of a ket and bra |3) (] is an outer product (matrix).
The use of bra—ket vectors is the Dirac notation in quantum mechanics.

In the matrix representation, |¥) is represented as a column vector for the expansion coefficients ¢; in a particular basis set.
T = (1.2.1)

The bra vector (¥| refers to a row vector of the conjugate expansion coefficients ¢f. Since wavefunctions are normalized,
(¥ | &) =1. Dirac notation has the advantage of brevity, often shortening the wavefunction to a simple abbreviated notation for
the relevant quantum numbers in the problem. For instance, we can write eq. (1.1.7) as

) =Y el (1.2.2)

where the sum is over all eigenstates and the i*? eigenstate |¢) = 1);. Implicit in this equation is that the expansion coefficient for
the it eigenstate is ¢; = (i | ¥) . With this brevity comes the tendency to hide some of the variables important to the description
of the wavefunction. One has to be aware of this, and although we will use Dirac notation for most of our work, where detail is
required, Schrodinger notation will be used.

The outer product |¢)(z| is known as a projection operator because it can be used to project the wavefunction of the system onto the
ith eigenstate of the system as |i)(i | ¥) = ¢;|i). Furthermore, if we sum projection operators over the complete basis set, we
obtain an identity operator

Z|z’><i| =1 (1.2.3)
which is a statement of the completeness of a basis set. The orthogonality of eigenfunctions (eq. (1.1.8)) is summarized as
(i]4)=0i; .

The operator Aisa square matrix that maps from one state to another
AlWo) = [Wy) (1.2.4)
and from eq. (1.1.6) the TISE is

H|¥) = E|¥) (1.2.5)
where E is a diagonal matrix of eigenvalues whose solution is obtained from the characteristic equation

det(H—-EI)=0 (1.2.6)
The expectation value, a restatement of eq. (1.1.10), is written
(A) = (T|A|T) (1.2.7)

or from eq. (1.2.2)
i g

where A;; = (i|A|j) are the matrix elements of the operator A. As we will see later, the matrix of expansion coefficients
pij = c;c; is known as the density matrix. From eq. (1.2.5), we see that the expectation value of the Hamiltonian is the energy of
the system,

E = (V|H|) (1.2.9)
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s . Al .
Hermitian operators play a special role in quantum mechanics. The Hermitian adjoint of an operator A is written A , and is
A ot AT\ * “ Al
defined as the conjugate transpose of A: A = (A ) . From this we see (A9 | ¢) = <1,b | A q§> . A Hermitian operator is one
A'I‘ ~
that is self-adjoint, i.e., A° = A . For a Hermitian operator, a unique unitary transformation exists that will diagonalize it.

Each basis set provides a different route to representing the same physical system, and a similarity transformation S transforms a
matrix from one orthonormal basis to another. A transformation from the state | ¥) to the state |®) can be expressed as

1©) = S|¥) (1.2.10)
where the elements of the matrix are S;; = (0; | ¢;) . Then the reverse transformation is
¥) = 5'|e) (1.2.11)

If S'=5", then STS=1 and the transformation is said to be unitary. A unitary transformation refers to a similarity
transformation in Hilbert space that preserves the scalar product, i.e., the length of the vector. The transformation of an operator
from one basis to another is obtained from ST AS and diagonalizing refers to finding the unitary transformation that puts the matrix
A in diagonal form.

Properties of operators

~ ~—1
1. The inverse of A ( written A ) is defined by

A=AA =1 (1.2.12)
2. The transpose of A ( written AT) is
(A7), = Am (1.2.13)
If AT = —A then the matrix is antisymmetric.
3. The trace of A is defined as
Tr(A) = Ay (1.2.14)
q
The trace of a matrix is invariant to a similarity operation.
4. The Hermitian adjoint of A ( written AT) is
~ AT *
A= (47)
(1.2.15)

5. A is Hermitian if AT —A
(AT) -4 (1.2.16)

~ An ~ -~ ~
If A is Hermitian, then A~ is Hermitian and e” is Hermitian. For a Hermitian operator, (1) | Ap) = (1)A | ¢) . Expectation values
of Hermitian operators are real, so all physical observables are associated with Hermitian operators.

6. A is a unitary operator if its adjoint is also its inverse:

A—4
( AT)* =4 (1.2.17)
Adt=1 = (AA*)W_%
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Al n A . -, . . . . .
7.A = —Athen A is said to be anti-Hermitian. Anti-Hermetian operators have imaginary expectation values. Any operator can
be decomposed into its Hermitian and anti-Hermitian parts as

. . At
A = %(AJFA (1.2.18)

Properties of commutators

From the definition of a commutator:

[A,B]=AB— BA (1.2.19)
we find it is anti-symmetric to exchange:
[A, B] = —[B, A (1.2.20)
and distributive:
[A,B+C]=[A,B]+[B,(] (1.2.21)
These properties lead to a number of useful identities:
[21, "] —nB" A, B] (1.2.22)
[A", B] —nA"[4, B (1.2.23)
[A,BC] = A, B|C+BJA, () (1.2.24)
(C, B], A] =[[A, B], C] (1.2.25)
A,[B,C)|+[B,[C, A
[ ’[ A? ]A]—’:[ ’[C’ ]] (1-2-26)
+[Cv [Av B]] =0
The Hermetian conjugate of a commutator is
(A, Bt = [B*,A*] (1.2.27)
Also, the commutator of two Hermitian operators is also Hermitian. The anti-commutator is defined as
[A,B], = AB+BA (1.2.28)

and is symmetric to exchange. For two Hermitian operators, their product can be written in terms of the commutator and anti-
commutator as

aa 01 A a1~ A
AB=_[A, B+ 3[4 Bl (1.2.29)
The anti-commutator is the real part of the product of two operators, whereas the commutator is the imaginary part.

This page titled 1.2: Matrix Mechanics is shared under a CC BY-NC-SA 4.0 license and was authored, remixed, and/or curated by Andrei
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1.3: Basic Quantum Mechanical Models

This section summarizes the results that emerge for common models for quantum mechanical objects. These form the starting point
for describing the motion of electrons and the translational, rotational, and vibrational motions for molecules. Thus they are the
basis for developing intuition about more complex problems.

Waves

Waves form the basis for our quantum mechanical description of matter. Waves describe the oscillatory amplitude of matter and

fields in time and space, and can take a number of forms. The simplest form we will use is plane waves, which can be written as
¥(r,t) = A explik - r — iwt] (1.3.1)

The angular frequency w describes the oscillations in time and is related to the number of cycles per second through v = w/2.
The wave amplitude also varies in space as determined by the wavevector k, where the number of cycles per unit distance
(wavelength) is A = w/k. Thus the wave propagates in time and space along a direction k with a vector amplitude A with a phase
velocity v = v .

Free Particles

For a free particle of mass m in one dimension, the Hamiltonian only reflects the kinetic energy of the particle

~2

y_ s D

H=T=— 1.3.2
o (1.3.2)

Judging from the functional form of the momentum operator, we assume that the wavefunctions will have the form of plane waves

P(z) = Aeh® (1.3.3)
Inserting this expression into the TISE, eq. (1.1.6), we find that
2mE
k= o (1.3.4)
and set A =1/+/27. Now, since we know that E = p? /2m, we can write
p
[ 1.3.5
4 (1.3.5)

k is the wavevector, which we equate with the momentum of the particle.

Free particle plane waves () form a complete and continuous basis set with which to describe the wavefunction. Note that the
eigenfunctions, Equation (1.3.3), are oscillatory over all space. Thus describing a plane wave allows one to exactly specify the
wavevector or momentum of the particle, but one cannot localize it to any point in space. In this form, the free particle is not
observable because its wavefunction extends infinitely and cannot be normalized. An observation, however, taking an expectation
value of a Hermitian operator will collapse this wavefunction to yield an average momentum of the particle with a corresponding
uncertainty relationship to its position.

Bound patrticles

Particle-in-a-Box
The minimal model for translational motion of a particle that is confined in space is given by the particle-in-a-box. For the case of a
particle confined in one dimension in a box of length L with impenetrable walls, we define the Hamiltonian as

R A2

0 O<z<lL,

) (1.3.7)
oo otherwise

V(z) = {

The boundary conditions require that the particle cannot have any probability of being within the wall, so the wavefunction should
vanish at * =0 and L., as with standing waves. We therefore assume a solution in the form of a sine function. The properly
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normalized eigenfunctions are

2
¢n=1/fsin$ n=1,2,3... (1.3.8)

Here n are the integer quantum numbers that describe the harmonics of the fundamental frequency 7/ L whose oscillations will fit
into the box while obeying the boundary conditions. We see that any state of the particle-in-a-box can be expressed in a Fourier
series. On inserting Equation 1.3.8 into the time-independent Schrédinger equation, we find the energy eigenvalues

B n?r2h?
" omL2

(1.3.9)

Note that the spacing between adjacent energy levels grows as n(n+1). This model is readily extended to a three-dimensional
box by separating the box into z, y, and z coordinates. Then

H=H,+H,+H, (1.3.10)
in which each term is specified as Equation 1.3.6. Since H > H s H » commute, each dimension is separable from the others. Then
we find

Y(x,y, 2) = Yoy (1.3.11)
and

Eey.=E,+E,+E. (1.3.12)

which follow the definitions given in Equation 1.3.8 and 1.3.9 above. The state of the system is now specified by three quantum
numbers with positive integer values: n;, ny, n,

M N

16 W4

N o

4 V2

XLy

Figure 1. Particle-in-a-box potential wavefunctions that are plotted superimposed on their corresponding energy levels.
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Figure 2. Harmonic oscillator potential showing wavefunctions that are superimposed on their corresponding energy levels.

Harmonic Oscillator

The harmonic oscillator Hamiltonian refers to a particle confined to a parabolic, or harmonic, potential. We will use it to represent
vibrational motion in molecules, but it also becomes a general framework for understanding all bosons. For a classical particle
bound in a one-dimensional potential, the potential near the minimum x( can be expanded as

V(z)=V (z9)+ (Z—Z) » (x —=z0) + % ( ?;22 )Z_ZO (x—x0) 2+ - (1.3.13)
Setting z to 0, the leading term with a dependence on z is the second-order (harmonic) term V = —Kz?/2, where the force
constant
k=—(0°V/02?) . (1.3.14)
The classical Hamiltonian for a particle of mass m confined to this potential is
H:%Jr%mﬂ (1.3.15)
Noting that the force constant and frequency of oscillation are related by
K =mw3, (1.3.16)
we can substitute operators for p and z in Equation 1.3.15to obtain the quantum Hamiltonian
ﬁ:—%%;—;Jr%mwgf (1.3.17)
We will also make use of reduced mass-weighted coordinates defined as
2
p= mhwgp (1.3.18)
= ";‘;‘)m (1.3.19)
for which the Hamiltonian can be written as
H = huw (p* +¢°) (1.3.20)

The eigenstates for the Harmonic oscillator are expressed in terms of Hermite polynomials
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a _
Yu(z) = /2"—\/%11'6 229, (o) (1.3.21)
where o = /mwy /k and the Hermite polynomials are obtained from
d’n
Ho(z) = (—1)%’”2%69”2 (1.3.22)
The corresponding energy eigenvalues are equally spaced in units of the vibrational quantum fw; above the zero-point energy

Fuw /2.

E,=hw (n+3) n=0,1,2...

Raising and Lowering Operators for Harmonic Oscillators

From a practical point of view, it will be most useful for us to work problems involving harmonic oscillators in terms of raising
and lower operators (also known as creation and annihilation operators, or ladder operators). We define these as

2k ]

a=| (5:+ : p) (1.3.23)
mwy mwy

at = 2P (:i— : ;3) (1.3.24)
mwy mwy

Note a and a' operators are Hermitian conjugates of one another. These operators get their name from their action on the
harmonic oscillator wavefunctions, which is to lower or raise the state of the system:

a|ln) =+/nln—1) (1.3.25)

and

alln) = vn+1jn+1) (1.3.26)
Then we find that the position and momentum operators are

h

i=,/ il +4) 1.3.2

z CT (a +a (1.3.27)

- hwy (.1 4

p:i1/m2 0 (aT—a) (1.3.28)

When we substitute these ladder operators for the position and momentum operators—known as second quantization—the

Hamiltonian becomes
~ R 1
H= th n-+ 5

The number operator is defined as n = a'a and returns the state of the system: 7 = a'a. The energy eigenvalues satisfying

(1.3.29)

H|n) = E,|n) are given by Equation \ref{62). Since the quantum numbers cannot be negative, we assert a boundary
condition a|0) = 0, where 0 refers to the null vector. The harmonic oscillator Hamiltonian expressed in raising and lowering
operators, together with its commutation relationship

[a,al] =1 (1.3.30)
is used as a general representation of all bosons, which for our purposes includes vibrations and photons.
Properties of raising and lower operators
a and a' a operators are Hermitian conjugates of one another.
1
aaT—l—aTa:aTa+5 (1.3.31)

https://chem.libretexts.org/@go/page/107379


https://libretexts.org/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://chem.libretexts.org/@go/page/107379?pdf

LibreTextsw

[a,al] =1 (1.3.32)

[a,a] =0 [a',al] =0 (1.3.33)

[a, (aT)"} :n(aT)n_l (1.3.34)

[aT, a"] = —na"" (1.3.35)
1 n

|n) = ﬁ(aT) |0) (1.3.36)

Morse Oscillator

The Morse oscillator is a model for a particle in a one-dimensional anharmonic potential energy surface with a dissociative limit at
infinite displacement. It is commonly used for describing the spectroscopy of diatomic molecules and anharmonic vibrational
dynamics, and most of its properties can be expressed through analytical expressions.3 The Morse potential is
V(z) =D, [1-e**]? (1.3.37)
where ¢ = (r —rg) . D, sets the depth of the energy minimum at = r relative to the dissociation limit as 7 — oo, and « sets the
curvature of the potential. If we expand V' in powers of « as described in Equation 1.3.13
V(z) ~ l/‘ex2—|——gmg‘—i—iha:‘l—iﬂw (1.3.38)
2 6 24

we find that the harmonic, cubic, and quartic expansion coefficients are

k=2D,a?, (1.3.39)

g=—6D.o?, (1.3.40)
and

h =14D.a". (1.3.41)

The Morse oscillator Hamiltonian for a diatomic molecule of reduced mass mR bound by this potential is

p2

- 2mR

(n+3) - (n+§)2

Here wy = 4/2D.a?/mp is the fundamental frequency and x, = hwy /4D, is the anharmonic constant. Similar to the harmonic
oscillator, the frequency wy = y/k/mpg. The anharmonic constant e x is commonly seen in the spectroscopy expression for the
anharmonic vibrational energy levels

H

+V(z) (1.3.42)

and has the eigenvalues

B, = hwy (1.3.43)

1 1\° 1\°
G(v) = we (v+ 5) — W, (v+ 5) + Wee (v+ 5) o (1.3.44)
From Equation 1.3.43 the ground state (or zero-point) energy is
1 1
E() = 57ng (1 - 5%,5) (1345)

So the dissociation energy for the Morse potential is given by Dy = D, — Ey . The transition energies are

By — By = hwo(n—m) [l—me (n+m+%>] (1.3.46)
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The proper harmonic expressions are obtained from the corresponding Morse oscillator expressions by setting D, — oo or

z. — 0.
N
De"“ n——
>
5
L.
2 a D,
w 3
2
1
Eo v
0 >
r

-1.0 0.0 1.0 2.0
x/a
Figure 4. First six eigenfunctions of the Morse oscillator potential.

The wavefunctions for the Morse oscillator can also be expressed analytically in terms of associated Laguerre polynomials £, (2)
Y = Npe #2202 L0 (2) (1.3.47)

where N, = [a-b-n!/T'(k—n)]'/? , z=kexp[—aq],b=k—2n—1 , and k=4D./kw,. These expressions and those for
matrix elements in g, g%, e~%¢, andge ¢ have been given by Vasan and Cross.

Angular momentum

Angular Momentum Operators

To describe quantum mechanical rotation or orbital motion, one has to quantize angular momentum. The total orbital angular
momentum operator is defined as

L=7xp=1h(r xV) (1.3.48)

It has three components (Lz, Ly, Lz) that generate rotation about the X, y, or z axis, and whose magnitude is given by

~2

A2 a2 a2
L =L,+L,+L, . The angular momentum operators follow the commutation relationships

[H,L.]=0 (1.3.49)
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[H,L*] =0 (1.3.50)
Ly, Ly| =4hL, (1.3.51)
(In Equation 1.3.51the x, y, z indices can be cyclically permuted.) There is an eigenbasis common to H and L? and one of the L;,

which we take to be L,. The eigenvalues for the orbital angular momentum operator L and z-projection of the angular momentum
Lz are

L*tm) =h*£(L+1)|fm) £=0,1,2... (1.3.52)
L.[fm)=hm[fm) m=0,%+1,+2...+¢ (1.3.53)

where the eigenstates |¢m) are labeled by the orbital angular momentum quantum number ¢, and the magnetic quantum number,
m.

Similar to the strategy used for the harmonic oscillator, we can also define raising and lowering operators for the total angular
momentum,
Ly =1L;+iL, (1.3.54)

which follow the commutation relations [ﬁz, I:i} =0 and [iz, I:i] = :I:hI:i , and satisfy the eigenvalue equation

Ly |tm) = Ay |tm) (1.3.55)
Apn =hL(L+1) —m(m=+1)]"/2 (1.3.56)

Spherically Symmetric Potential

Let’s examine the role of angular momentum for the case of a particle experiencing a spherically symmetric potential V(r) such as
the hydrogen atom, 3D isotropic harmonic oscillator, and free particles or molecules. For a particle with mass mg, the Hamiltonian
is
A h2
H=——V21+V(r) (1.3.57)
2m
Writing the kinetic energy operator in spherical coordinates,
h? R2 (10 ,0 1
__vZ - __7.2___L2 (1358)
2m 2m\r2 9r Or 12
where the square of the total angular momentum is
1 1 02 0 )
[?=———| — — + —sinf— 1.3.59
Sind <sin0 a52 a0 aa) (1.3.59)

We note that this representation separates the radial dependence in the Hamiltonian from the angular part. We therefore expect that
the overall wavefunction can be written as a product of a radial and an angular part in the form

¥(r,0,¢) = R(r)Y (6, $) (1.3.60)

Substituting this into the TISE, we find that we solve for the orientational and radial wavefunctions separately. Considering
solutions first to the angular part, we note that the potential is only a function of r, and only need to consider the angular
momentum. This leads to the identities in egs. (1.3.52) and (1.3.53), and reveals that the |[¢m) wavefunctions projected onto
spherical coordinates are represented by the spherical harmonics

Y,;™(6,¢) = NY P,"™ (cos f)e™™ (1.3.61)

P are the associated Legendre polynomials and the normalization factor is

NY — (_1)<m+m>/2ie[ (1.3.62)

20+1 (E—|m|)!]1/2
(

i (L+|m))
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The angular components of the wavefunction are common to all eigenstates of spherically symmetric potentials. In chemistry, it is
common to use real angular wavefunctions instead of the complex form in eq. (1.3.61). These are constructed from the linear
combinations Yy, , £Y;, ;.

Substituting eq. (1.3.58) and eq. (1.3.52) into eq. (1.3.57) leads to a new Hamiltonian that can be inserted into the Schrodinger
equation. This can be solved as a purely radial problem for a given value of l. It is convenient to define the radial distribution
function x(r) = rR(r), which allows the TISE to be rewritten as

h? 92

U plays the role of an effective potential

2

Ulr, €)=V (r)+ 2h 0 +1) (1.3.64)

mr?

Equation (1.3.63) is known as the radial wave equation. It looks like the TISE for a one-dimensional problem in r, where we could
solve this equation for each value of £. Note U has a barrier due to centrifugal kinetic energy that scales as r2for/ > 0.

The wavefunctions defined in eq. (1.3.6(0) are normalized such that

/|1p|2dﬂ =1 (1.3.65)

[e'9) T 2
/dQ z/ r2dr/ sin0d0/ do (1.3.66)
0 0 0

If we restrict the integration to be over all angles, we find that the probability of finding a particle between a distance r and
r+drisP(r) = 4xr?|R(r)|* = 4x|x(r)|* .

where

To this point the treatment of orbital angular momentum is identical for any spherically symmetric potential. Now we must
consider the specific form of the potential; for instance in the case of the isotropic harmonic oscillator, U(r) = 1/2kr2 . In the case
of a free particle, we substitute V() = Oineq.(1.3.64) and find that the radial solutions can be written in terms of spherical
Bessel functions, j,. Then the solutions to the full wavefunction for the free particle can be written as

\I,(T'y b, (;b) :je(kr)}/lm(e, ¢) (1367)
where the wavevector k is defined as in eq. (1.3.4).

Hydrogen Atom

For a hydrogen-like atom, a single electron of charge e interacts with a nucleus of charge Ze under the influence of a Coulomb
potential
Ze* 1

Vir(r) =~ (1.3.68)

We can simplify the expression by defining atomic units for distance and energy. The Bohr radius is defined as

2

=5.2918 x10 "' m (1.3.69)

ag =4mey 5 =

mee
and the Hartree is

1 2
= S —4.3598 x 107187 =27.2eV (1.3.70)
471'60 ag

Written in terms of atomic units, we can see from eq. (1.3.70) that eq. (1.3.68 becomes (V/Ex)=—Z/ (r/ag). Thus the
conversion effectively sets the SI variables m, =e = (471'50)71 =h =1 . Then the radial wave equation is

0%x n (%_ £(£+1)

o

=2F 1.3.71
r 2 ) X X ( )
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The effective potential within the parentheses in eq. (1.3.71) is shown in Figure 5 for varying £. Solutions to the radial
wavefunction for the hydrogen atom take the form

Ry(r) = NEpt L2} (p)e?/? (1.3.72)
where the reduced radius p = 2r/nagandLj (z) are the associated Laguerre polynomials. The primary quantum number takes on
integer valuesm = 1,2, 3 ..., and/ is constrained such that £ =0,1,2...n — 1. The radial normalization factor in eq. (1.3.72) is

2 [(n—£-1)! ]1/2
N f =— [ (1.3.73)
¢ n3ag/2 [(n+1)13

The energy eigenvalues are

Z2
E, :_ﬁgH (1.3.74)

OoO-=_2MNW

SO O

0 10 20 30
rla,

Figure 5. The radial effective potential, U (p)

R(r) for n=3

l I — (=2 I
— /=1 x4
— /=0 x15

7(r) for n=3 '

— (=0 x:l5
0 10 20 30
r/a,

T T

Figure 6. Radial probability density R and radial distribution function y =rR.

Electron Spin

In describing electronic wavefunctions, the electron spin also results in a contribution to the total angular momentum, and results in
a spin contribution to the wavefunction. The electron spin angular momentum S and its z-projection are quantized as

S%|sm) =h*s(s+1)|sm,) 5=0,1/2,1,3/2,2... (1.3.75)
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where the electron spin eigenstates |sm) are labeled by the electron spin angular momentum quantum number s and the spin

S, |sms) = hmg [sms) ms=—s,—s+1,...,s (1.3.76)

magnetic quantum number ms. The number of values of S, is 2s+1 and is referred to as the spin multiplicity. As fermions,
electrons have half-integer spin, and each unpaired electron contributes 1/2 to the electron spin quantum number s. A single
unpaired electron has s = 1/2, for whichm, = 4+1/2 corresponding to spin-up and spin-down configurations. For multi-electron
systems, the spin is calculated as the vector sum of spins, essentially 1/2 times the number of unpaired electrons.

The resulting total angular momentum for an electron is J = L 4.5 . J has associated with it the total angular momentum quantum
number 7, which takes on values of j=|{ —s|,|f —s|+1,...£+s . The additive nature of the orbital and spin contributions to
the angular momentum leads to a total electronic wavefunction that is a product of spatial and spin wavefunctions.

Uit = U(r, 6, d)|sms) (1.3.77)

Thus the state of an electron can be specified by four quantum numbers ¥, = |[ném,m) .

Rigid Rotor

In the case of a freely spinning anisotropic molecule, the total angular momentum J is obtained from the sum of the orbital angular
momentum L and spin angular momentum S for the molecular constituents: J = L+ S, whereL =), L;andS =), S; . The
case of the rigid rotor refers to the minimal model for the rotational quantum states of a freely spinning object that has cylindrical
symmetry and no magnetic spin. Then, the Hamiltonian is given by the rotational kinetic energy

~2

H,..: = % (1.3.78)
I is the moment of inertia about the principle axis of rotation. The eigenfunctions for this Hamiltonian are spherical harmonics
Y m(6, 8)
T Yya) =R2J(J+1) Vo) J=0,1,2... (1.3.79)
J\Yrm) =MR|Ys ) M=-J,-J+1,...,J
J is the rotational quantum number. M is its projection onto the z axis. The energy eigenvalues for H, are
Ejy =BJ(J+1) (1.3.80)
where the rotational constant is
B= % (1.3.81)

More commonly, B is given in units of ¢ 'usingB = h /8n?Ic.

This page titled 1.3: Basic Quantum Mechanical Models is shared under a CC BY-NC-SA 4.0 license and was authored, remixed, and/or curated
by Andrei Tokmakoff via source content that was edited to the style and standards of the LibreTexts platform.
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1.4: Exponential Operators

Throughout our work, we will make use of exponential operators of the form

T=e™ (1.4.1)
We will see that these exponential operators act on a wavefunction to move it in time and space, and are therefore also referred to
—iHt/h

as propagators. Of particular interest to us is the time-evolution operator, U = e , which propagates the wavefunction in time.

Note the operator T' is a function of an operator, f(A). A function of an operator is defined through its expansion in a Taylor
series, for instance

. 1 XA (—A)” 2 AA
T=e™=N "1 —1-4A-—"F——... (1.4.2)
"z::o n!
Since we use them so frequently, let’s review the properties of exponential operators that can be established with Equation 1.4.2. If
—iA

. - A . . . At a1 .. . A .
the operator A is Hermitian, thenT =e is unitary, i.e., T =T . Thus the Hermitian conjugate of T' reverses the action of

. ] S ot .
T'. For the time-propagator U, U is often referred to as the time-reversal operator.

The eigenstates of the operator A also are also eigenstates of f (fi), and eigenvalues are functions of the eigenvalues of A Namely,
if you know the eigenvalues and eigenvectors of A4, i.e., Ap,, = a,¢,,you can show by expanding the function

F(A)pn = f(an) ¢n (1.4.3)

Our most common application of this property will be to exponential operators involving the Hamiltonian. Given the eigenstates
©n, then H|p,) = E, |, ) implies

e’iét/ﬁ|<pn> = e Bnt/h| ) (1.4.4)

Just as D, () is the time-evolution operator that displaces the wavefunction in time, D, = e~ P=%/" s the spatial displacement

operator that moves ) along the 2 coordinate. If we define D, = e =%/ then the action of is to displace the wavefunction by an
amount A

[%(x —A)) = Do (N)|¢()) (1.4.5)
Also, applying D, ()) to a position operator shifts the operator by A
DlaD, —z+A (1.4.6)
Thus e~ P=»/% |z) is an eigenvector of  with eigenvalue = + A instead of . The operator

D, =e M s a displacement operator for x position coordinates. Similarly, D, = e AP generates displacements in y and

D, in z. Similar to the time-propagator U, the displacement operator D must be unitary, since the action of DTD must leave the

system unchanged. That is if ﬁz shifts the system to & from x, then Di shifts the system from x back to .
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Figure 7. (Top) Displacement first Figure 8. (Top) Rotation first about X by
along x by an amount a, then along y by /2, then abou_t y by n/2, leaves th_e particle
b. (Bottom) Displacement in the reverse on the —y axis. (Bottom) Changing order
order yields the same state. by first rotating about y, then about x,
leads to particle along +x axis.
Figure 1.4.1

We know intuitively that linear displacements commute. For example, if we wish to shift a particle in two dimensions, x and y, the
order of displacement does not matter. We end up at the same position, whether we move along x first or along y, as illustrated in
Figure 7. In terms of displacement operators, we can write

|22, y2) = e o/ PeT PR gy gy

_ e—mpz/he—szy/ﬁ |$1’ y1>

These displacement operators commute, as expected from [p, py] = 0.

Similar to the displacement operator, we can define rotation operators that depend on the angular momentum operators, L, Ly,
and L. For instance,

R, (¢) = e /R (1.4.7)

gives a rotation by angle ¢ about the z axis. Unlike linear displacement, rotations about different axes do not commute. For
example, consider a state representing a particle displaced along the z axis, |20). Now the action of two rotations f%z and I%y by an
angle of ¢ = /2 on this particle differs depending on the order of operation, as illustrated in Figure 8. If we rotate first about z,
the operation

. s
715Ly/hefz3L£/ﬁ

e lz0) = | —¥) (1.4.8)

leads to the particle on the —y axis, whereas the reverse order

. s
717L1/h67z3Ly/h

e |z0) — | +2) (1.4.9)

leads to the particle on the +x axis. The final state of these two rotations taken in opposite order differ by a rotation about the z axis.
Since rotations about different axes do not commute, we expect the angular momentum operators not to commute. Indeed, we
know that

[L,, L] = ihL, (1.4.10)

where the commutator of rotations about the x and y axes is related by a z-axis rotation. As with rotation operators, we will need to
be careful with time-propagators to determine whether the order of time-propagation matters. This, in turn, will depend on whether
the Hamiltonians at two points in time commute.
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Properties of exponential operators

1.1f A and B do not commute, but [/i, B] commutes with A and B, then
oA+B _ gA B ~LAB| (1.4.11)
eAef = Bt 1Bl (1.4.12)
2. More generally, if A and B do not commute,
i B S RER A L -a g o PR
eAeB = €xp |:A+B+ E[A’ B] + E([Aa [Aa B]] + [Aa [Ba B]]) +-- :| (1413)
3. The Baker—Hausdorff relationship:
N - A oa PPA2\ s s e
e’GA Ae~1CN = A+i)[G, Al + (T) G,[G,A]]+...
' (1.4.14)
(PN WP
) GGG A+
n!
where A is a number.

This page titled 1.4: Exponential Operators is shared under a CC BY-NC-SA 4.0 license and was authored, remixed, and/or curated by Andrei

Tokmakoff via source content that was edited to the style and standards of the LibreTexts platform.
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1.5: Numerically Solving the Schrédinger Equation

Often the bound potentials that we encounter are complex, and the time-independent Schrodinger equation will need to be
evaluated numerically. There are two common numerical methods for solving for the eigenvalues and eigenfunctions of a potential.
Both methods require truncating and discretizing a region of space that is normally spanned by an infinite dimensional Hilbert
space. The Numerov method is a finite difference method that calculates the shape of the wavefunction by integrating step-by-step
across along a grid. The DVR method makes use of a transformation between a finite discrete basis and the finite grid that spans
the region of interest.

V(x)
A N

< L »
X Xy

X

Figure 1.5.1: Selection and discretization of a space bounding the region for which the TISE will be solved numerically. A space of
length L is discretized into N points separated by a spacing dz over which the potential varies slowly.

The Numerov Method

A one-dimensional Schrodinger equation for a particle in a potential can be numerically solved on a grid that discretizes the
position variable using a finite difference method. The TISE is

[T+V(z)]¥(z) = EyY(zx) (1.5.1)
with
h2 82
= “om et (1.5.2)
which we can write as
¥'(@) = K (2)h() (1.5.3)
where
1 (z) = i—?[E—V(az)]. (1.5.4)

If we discretize the variable x, choosing a grid spacing éx over which V varies slowly, we can use a three point finite difference to
approximate the second derivative:

1
fi'~ @(f (it1) —2f (i) + f (zi1)) (1.5.5)
The discretized Schrodinger equation can then be written in the form

¥ (ziv1) =29 () +9 (zi1) = =k () ¥ (i) (1.5.6)

Using the equation for % (z;1 ), one can iteratively solve for the eigenfunction. In practice, you discretize over a range of space
such that the highest and lowest values lie in a region where the potential is very high or forbidden. Splitting the space into N
points, chose the first two values 9 (z1) =0 and % (z2)x to be a small positive or negative number, guess E, and propagate
iteratively to ¢ (zx). A comparison of the wavefunctions obtained by propagating from z; to =y with that obtained propagating
from x to 1 tells you how good your guess of E was.
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The Numerov Method improves on Equation 1.5.6 by taking account for the fourth derivative of the wavefunction ¥(¥), leading to
errors on the order O (5:1:6). Equation 1.5.5becomes

1 oz’
1 s (f (i) =2 (@) +  (@i0)) = 75 £ (15.7)
x
By differentiating Equation 1.5.3 we know
Y(2) = — (K (2)¢()" (1.5.8)
and the discretized Schrédinger equation becomes
1
V(@) = 5 (W (2i) 29 (20) +9) (i) +
L2 2 2
E (K? (@is1) ¥ (2ig1) — 2K (@ip1) ¥ (23) + K (@ig1) ¥ (2i-1))
This equation leads to the iterative solution for the wavefunction
106> dx?
¥ () (2 +—13 k? ($z)> — ¢ (zi-1) (1 - EI& (ﬂ’?i—l))

Y (2in) = (1.5.9)

ox?
ERRTLACY
Discrete Variable Representation (DVR)

Numerical solutions to the wavefunctions of a bound potential in the position representation require truncating and discretizing a
region of space that is normally spanned by an infinite dimensional Hilbert space. The DVR approach uses a real space basis set
whose eigenstates ¢;(z) we know and that span the space of interest—for instance harmonic oscillator wavefunctions—to express
the eigenstates of a Hamiltonian in a grid basis (#;) that is meant to approximate the real space continuous basis §(z). The two
basis sets, which we term the eigenbasis (¢) and grid basis (6), will be connected through a unitary transformation

Blp(z) = 0(z) 26(z) = p(x)

For N discrete points in the grid basis, there will be N eigenvectors in the eigenbasis, allowing the properties of projection and
completeness will hold in both bases. Wavefunctions can be obtained by constructing the Hamiltonian in the eigenbasis,

H=T(p)+V(z), transforming to the DVR basis, H'VE = & H®, and then diagonalizing.

Here we will discuss a version of DVR in which the grid basis is set up to mirror the continuous |X) eigenbasis. We begin by
choosing the range of x that contain the bound states of interest and discretizing these into IV points (z;) equally spaced by dz. We
assume that the DVR basis functions 6; (z;) resemble the infinite dimensional position basis

Our truncation is enabled using a projection operator in the reduced space
N
Py =>_10:)(6:] ~1 (1.5.11)
=1

which is valid for appropriately high INV. The complete Hamiltonian can be expressed in the DVR basis DVR
HPVE —PVR |y DVE, (1.5.12)

For the potential energy, since {6;} is localized with (6;|6;) = ;;, we make the DVR approximation, which casts V°VE into a
diagonal form that is equal to the potential energy evaluated at the grid point:

ViR = (0:|V(2)]6;) = V (2:) 8y (1.5.13)

This comes from approximating the transformation as ®V ()®' ~ V (@i@f) .

For the kinetic energy matrix elements (6;|T'(p)|6;), we need to evaluate second derivatives between different grid points.
Fortunately, Colbert and Miller have simplified this process by finding an analytical form for the T°Y# matrix for a uniformly
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gridded box with a grid spacing of Az.

R s iy
W = s {2/(i—j)2 z‘aéj} (514

This comes from a Fourier expansion in a uniformly gridded box. Naturally this looks oscillatory in z at period of éx. Expression
becomes exact in the limit of N — oo or Az — 0. The numerical routine becomes simple and efficient. We construct a
Hamiltonian filling with matrix elements whose potential and kinetic energy contributions are given by Equations 1.5.13 and
1.5.14. Then we diagonalize H”V® | from which we obtain N eigenvalues and the N corresponding eigenfunctions.
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2.1: Time-Evolution with a Time-Independent Hamiltonian

The time evolution of the state of a quantum system is described by the time-dependent Schrédinger equation (TDSE):

~

L0 _ _

zhadl(r,t) =H(r, t)¢(r,t) (2.1.1)
H is the Hamiltonian operator which describes all interactions between particles and fields, and determines the state of the system
in time and space. H is the sum of the kinetic and potential energy. For one particle under the influence of a potential

A-- o v 2.1.2
=—3.vV + (r,t) (2.1.2)

The state of the system is expressed through the wavefunction (7, ¢). The wavefunction is complex and cannot be observed itself,
but through it we obtain the probability density
P=y(7 )P, (2.1.3)

which characterizes the spatial probability distribution for the particles described by H at time t. Also, it is used to calculate the
expectation value of an operator A

A = [ G0 AdvGr o (2.1.4)
— W) Al() (2.1.5)

. . . . ot
Physical observables must be real, and therefore will correspond to the expectation values of Hermitian operators (A = A ).

Our first exposure to time-dependence in quantum mechanics is often for the specific case in which the Hamiltonian H is assumed

to be independent of time: H=H (7). We then assume a solution with a form in which the spatial and temporal variables in the
wavefunction are separable:

P(r,t) = (r)T'(t) (2.1.6)

1 0, H(r)p(7)

Pt " om

(2.1.7)

Here the left-hand side is a function only of time, and the right-hand side is a function of space only (7, or rather position and
momentum). Equation 2.1.7 can only be satisfied if both sides are equal to the same constant, E. Taking the right-hand side we
have

HOe® _p o Aeyer) - Bold) (2.1.8)
o(7)

This is the Time-Independent Schrédinger Equation (TISE), an eigenvalue equation, for which ¢(7) are the eigenstates and F
are the eigenvalues. Here we note that

(H) = ($|H|y) = E, (2.1.9)

so H is the operator corresponding to £ and drawing on classical mechanics we associate H with the expectation value of the
energy of the system. Now taking the left-hand side of Equation 2.1.7 and integrating:

1 0T
ih—— — — 2.1.10
() ot (2.1.10)
0 iFE
—+—)T() =0 2.1.11
(5 +5%) 0 (2.1.11)
which has solutions like this:
T(t) = exp(—iEt/h) (2.1.12)
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So, in the case of a bound potential we will have a discrete set of eigenfunctions ¢, (7) with corresponding energy eigenvalues F,,
from the TISE, and there are a set of corresponding solutions to the TDSE.

Yu (T, t) = pn(T)exp(—i Ent/h) (2.1.13)
———

phase factor

Phase Factor

For any complex number written in polar form (such as re'?), the phase factor is the complex exponential factor (e?). The
phase factor does not have any physical meaning, since the introduction of a phase factor does not change the expectation
values of a Hermitian operator. That is

(@l Alg) = (ple ™ Ae®|¢) (2.1.14)

Since the only time-dependence in v, is a phase factor, the probability density for an eigenstate is independent of time:

P = |¢,,(t)|* = constant. (2.1.15)
Therefore, the eigenstates ¢(7) do not change with time and are called stationary states.

However, more generally, a system may exist as a linear combination of eigenstates:
Y(r,t) =D enthn(T, 1) (2.1.16)
= chefiE"th on(T) (2.1.17)
n
where ¢,, are complex amplitudes, with
Z lea? = 1.
n

For such a case, the probability density will oscillate with time. As an example, consider two eigenstates

’ll)(;, t) =91+

= crpre Bt | ey oy e iFRt/h (2.1.18)
For this state the probability density oscillates in time as
P(t) =4[’
= [+
= |c191|? 4 |cagpa|® + ¢t eaptpae 02wt L cxey r oy etilo2mwn)t
= [1* + [4ha]* +2 |h19h2| cos(wy —wn )t (2.1.19)

where w,, = E,, /h. We refer to this state of the system that gives rise to this time-dependent oscillation in probability density as a
coherent superposition state, or coherence. More generally, the oscillation term in Equation 2.1.19 may also include a time-
independent phase factor ¢ that arises from the complex expansion coefficients.

As an example, consider the superposition of the ground and first excited states of the quantum harmonic oscillator. The basis
wavefunctions, 1 (z) and ¥ (), and their stationary probability densities P; = (3;(z)|v;(z)) are
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Basis wavefunctions Basis state prob. density
1 T T 1 T T

L 5

If we create a superposition of these states with Equation 2.1.18 the time-dependent probability density oscillates, with (z(t))
bearing similarity to the classical motion. (Here ¢y = 0.5 and ¢; = 0.87.)

Q\M
P(x,t) 4

Readings
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2.2: Exponential Operators Again

Throughout our work, we will make use of exponential operators of the form 7' =e 4 We will see that these exponential
operators act on a wavefunction to move it in time and space. Of particular interest to us is the time-propagator or time-evolution
operator U = e /" | which propagates the wavefunction in time. Note the operator T is a function of an operator, f (4). A
function of an operator is defined through its expansion in a Taylor series, for instance

© i N (AT V|
T =e A:ZO—n' :1—7,A—T—"' (221)

Since we use them so frequently, let’s review the properties of exponential operators that can be established with Equation 2.2.1. If

N N LA ~ A1 N
the operator A is Hermitian, then T = e~ is unitary, i.e., T f_ T . Thus the Hermitian conjugate of T' reverses the action of

T . For the time-propagator U, U is often referred to as the time-reversal operator.

The eigenstates of the operator A also are also eigenstates of f (fi), and eigenvalues are functions of the eigenvalues of A Namely,

if you know the eigenvalues and eigenvectors of A4, i.e., Ay, = a, ¢, , you can show by expanding the function that

f(A)pn = £ (an) ¢n (2.2.2)

Our most common application of this property will be to exponential operators involving the Hamiltonian. Given the eigenstates
©n, then H|p,) = E,|¢,) implies

o—it/h |pn) = e~ EntlB |5 (2.2.3)

Just as U = e~ iHi/h
displacement operator that moves 1 along the = coordinate. If we define ﬁx()\) = e =" then the action of is to displace the

wavefunction by an amount \

is the time-evolution operator, which displaces the wavefunctionin time, D, = e /M g the spatial

(e — ) = De(V)h(x)) (2.2.4)
Also, applying D, (A) to a position operator shifts the operator by A

Dlab, =&+ (2.2.5)

Thus e+ h|z) is an eigenvector of # with eigenvalue z + \ instead of z. The operator D, = e PR

is a displacement
operator for z position coordinates. Similarly, D, = e AR generates displacements in y and D, in z. Similar to the time-
propagator U, the displacement htaD operator must be unitary, since the action of must leave the system unchanged. That is if D

shifts the system to from , then shifts the system from « back to zy.
We know intuitively that linear displacements commute. For example, if we wish to shift a particle in two dimensions, z and v, the

order of displacement does not matter. We end up at the same position. These displacement operators commute, as expected from
* Talfa

b first move along x by a,

Y
_ gy [ —iap, fh LY ———
Xa W, ) =¢€ e X = 1451
ESY) |%37) ‘ Y a then along y by b.

|
a

1 I—" L2Y2
—iap, [h ~ibp, fh J‘ b
=e e xy) = reverse order

rih
| T

Similar to the displacement operator, we can define rotation operators that depend on the angular momentum operators, L, Ly,

and L,. For instance, R, (¢) = e 0La/h gives a rotation by angle ¢ about the x-axis. Unlike linear displacement, rotations about
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different axes do not commute. For example, consider a state representing a particle displaced along the z-axis, |Z0). Now the

action of two rotations Rw and Ry by an angle of 7/2on this particle differs depending on the order of operation.

= 2L fi
o/ ¢l |z,)= . _
—_— —_——— -
rotation by & ooy £ particle on —y axis
about y—axis about x—axis
—j& &L, fh
o Hhl e b/ |50):> . .
N —_— particle on +x axis
rotation by 5§ rotation by 4 ¥
aboul x—axis about y—axis

S

The results of these two rotations taken in opposite order differ by a rotation about the z—axis. Thus, because the rotations about
different axes do not commute, we must expect the angular momentum operators, which generate these rotations, not to commute.
Indeed, we know that [L,, L,] = thL. where the commutator of rotations about the x and y axes is related by a z-axis rotation. As
with rotation operators, we will need to be careful with time-propagators to determine whether the order of time-propagation
matters. This, in turn, will depend on whether the Hamiltonians at two points in time commute.

Useful Properties of Exponential Operator

Finally, it is worth noting some relationships that are important in evaluating the action of exponential operators:

1. The Baker—Hausdorff relationship:

exp(iGN) Aexp(—iGA) = A+iX[G, 4]+ (22 (G, 6, 4] + ..

o (2.2.6)
(&) 16,16,16, 4] +
2.1f A and B do not commute, but [A, B] commutes with A and B, then
eAtB — A Be1[4.8) (2.2.7)
3. e‘ieB = eBe“i e_[é"‘i] (2.2.8)

Time-Evolution Operator

Since the TDSE is deterministic and linear in time, we can define an operator that describes the dynamics of the wavefunction:

P(t) =U (t,t0) ¢ (to) (2.2.9)
U is is the time-propagator or time-evolution operator that evolves the quantum system as a function of time. It represents the
solution to the time-dependent Schrédinger equation. To investigate its form we consider the TDSE for a time-independent
Hamiltonian:

o iH
o (r,t)+%1/z(r,t)=0 (2.2.10)

To solve this, we will define an exponential operator T = exp(—iI:I t/h), which is defined through its expansion in a Taylor series:

T = exp(—iHt/R) (2.2.11)
N ~ 2
1Ht 1 [ tHt
— _TJFa(T) . (2.2.12)
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A1 o ~ R
You can also confirm from the expansion that 7' = exp(i Ht/k), noting that H is Hermitian and commutes with T'. Multiplying

A1
Equation 2.2.10from the left by T' , we can write

d iHt\
o lexp( 5 >1/J(r,t)] =0 (2.2.13)
and integrating to — ¢, we get
Ht\ i Ht _
exp<ZT)¢(r,t)—exp<’ h°>¢(r,to):o (2.2.14)
_ —iH (t—t
B(7,t) = exp(%) ¥ (7, to) (2.2.15)
So, comparing to Equation 2.2.9, we see that the time-propagator is
. —iH (t—tg)
U (t,t0) = exp| ——— (2.2.16)

For the time-independent Hamiltonian for which we know the eigenstates ¢,, and eigenvalues E,,, we can express this in a practical
form using Equation 2.2.2

(7, t) = e 0 By (5 40) (2.2.17)
Alternatively, if we substitute the projection operator (or identity relationship)
> len)enl =1 (2.2.18)
n
into Equation 2.2.16 we see
U (t,t0) = e HI0/AN " |, ) (0, (2.2.19)
n
=3 e ) (] (2.2.20)
n
E
W, = ?” (2.2.21)
So now we can write our time-developing wave-function as
9 (7, 8)) = @) Ze w0 (0 |y (7, 1)) (2.2.22)
=) e Wnt e, (2.2.23)
n
=) calt)|on) (2.2.24)
n

As written in Equation 2.2.9, we see that the time-propagator U (t,t0), acts to the right (on kets) to evolve the system in time. The
evolution of the conjugate wavefunctions (bras) is under the Hermitian conjugate of U (¢, to), acting to the left:

(W(t)] = (4 (ko) [T (2, %) (2.2.25)

From its definition as an expansion and recognizing H as Hermitian, you can see that

U' (¢, o) :explm(t—{t“)] (2.2.26)

~ ~ ~_1 ~
Noting that U is unitary, UT =U , we often refer to UT as the time reversal operator.
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2.3: Two-Level Systems

Let’s use the time-propagator in a model calculation that we will refer to often. It is common to reduce or map quantum problems
onto a two level system (2LS). We will pick the most important states for our problem and find strategies for discarding or
simplifying the influence of the remaining degrees of freedom. Consider a 2LS with two unperturbed or “zeroth order” states |, )
and |yp) with energies g, and &, which are described by a zero-order Hamiltonian Hy:

Ho = |¢a)ea (wal +3) €4 (0] (2.3.1)
€q 0
=" (2.3.2)
0 Ep
These states interact through a coupling V' of the form
V = |0a)Vas (06| + |5) Vi (a] (2.3.3)
0 Vi
= “ (2.3.4)
Vi 0
The full Hamiltonian for the two coupled states is H:
H=Hy+V (2.3.5)
€ V.
=< ‘ ab) (2.3.6)
V;)a €b

The zero-order states are |¢,) and |¢p). The coupling mixes these states, leading to two eigenstates of H, |¢+) and |- ), with
corresponding energy eigenvalues € and €_, respectively.

V .
2 e,

o) &

& o)

We will ask: If we prepare the system in state |, ), what is the time-dependent probability of observing it in |¢)? Since |, ) and
|p) are not eigenstates of H, and since our time-propagation will be performed in the eigenbasis using Equation 777, we will need
to find the transformation between these bases.

We start by searching for the eigenvalues of the Hamiltonian (Equation 2.3.6). Since the Hamiltonian is Hermitian, (H;; = H ]?; ),
we write

Vap =Vy: =Ve ™ (2.3.7)

- €a Ve
H= ‘ (2.3.8)
Vetw €

Often the couplings we describe are real, and we can neglect the phase factor ¢. Now we define variables for the mean energy and
energy splitting between the uncoupled states

Ea 1€
2

€a —Ep
2

E= (2.3.9)

A= (2.3.10)

https://chem.libretexts.org/@go/page/107218



https://libretexts.org/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://chem.libretexts.org/@go/page/107218?pdf
https://chem.libretexts.org/Bookshelves/Physical_and_Theoretical_Chemistry_Textbook_Maps/Time_Dependent_Quantum_Mechanics_and_Spectroscopy_(Tokmakoff)/02%3A_Introduction_to_Time-Dependent_Quantum_Mechanics/2.03%3A_Two-Level_Systems

LibreTextsm

We can then obtain the eigenvalues of the coupled system by solving the secular equation
det(H—XI)=0 (2.3.11)
giving
e =E+£Q (2.3.12)
Here I defined another variable
Q=yar+v? (2.3.13)

To determine the eigenvectors of the coupled system |- ), it proves to be a great simplification to define a mixing angle 6 that
describes the relative magnitude of the coupling relative to the zero-order energy splitting through

v
tan26 = A (2.3.14)

We see that the mixing angle adopts values such that 0 < 6 < /4. Also, we note that
sin20 =V /Q (2.3.15)
cos20=A/Q (2.3.16)

In this representation the Hamiltonian (Equation 2.3.8) becomes

1 tan 20e— )

. (2.3.17)
tan20e™ —1

H=EI+A (
and we can express the eigenvalues as

ey =FE+Asec26 (2.3.18)

Next we want to find S, the transformation that diagonalizes the Hamiltonian and which transforms the coefficients of the
wavefunction from the zero-order basis to the eigenbasis. The eigenstates can be expanded in the zero-order basis in the form

|91) = cala) +cslen) (2.3.19)

So that the transformation can be expressed in matrix form as

(%) :S(SD“) (2.3.20)
P- Pb

To find S, we use the Schrodinger equation H|p.) =& |p.)

substituting Equation 2.3.19, This gives

cos® e ¥/ sinh /2
S= (2.3.21)
—sinf e ®/2 cosf eiv/2
Note that § is unitary since ST = S~! and (S’ T) * =871, Also, the eigenbasis is orthonormal:
(pslps) +{p-lp-) =1. (2.3.22)

Now, let’s examine the eigenstates in two limits:

1. Weak coupling (|[V/A| < 1). Here 8 ~ 0, and | ) corresponds to |¢,) weakly perturbed by the V,; interaction. |¢_ )
corresponds to | ). In another way, as  — 0, we find
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and

[p1) = [#a) (2.3.23)

lp—) = lgs)- (2.3.24)

2. Strong coupling (|V/A| > 1). In this limit = 7r/4, and the a/b basis states are indistinguishable. The eigenstates are
symmetric and antisymmetric combinations:

L
V2

Note from Equation 2.3.21 that the sign of V dictates whether |¢,.) or |¢_) corresponds to the symmetric or antisymmetric
eigenstate. For negative V' >> A, § = —7 /4, and the correspondence in Equation 2.3.25 changes to F.

lpx) = —=(l¢p) £ pa)) (2.3.25)

We can schematically represent the energies of these states with the following diagram. Here we explore the range of E available
given a fixed coupling V" and varying the splitting A.

AeE
e
~ /2 7 €a
~ €+ ”
a -
_,I._ ~ -~
H ™~ o
H iy -
H ~
2V 1 BN
; =< -
- ~
. N A
- ~
1 s ~
’ ~
’ ~
i’ e. ~
3
7 ~Ep
.

This diagram illustrates an avoided crossing effect. The strong coupling limit is equivalent to a degeneracy point (A = 0) between
the states |¢,) and |gyp). The eigenstates completely mix the unperturbed states, yet remain split by the strength of interaction 2V.
We will return to the discussion of avoided crossings when we describe potential energy surfaces and the adiabatic approximation,
where the dependence of V and A on position R must be considered.

Now we can turn to describing dynamics. The time evolution of this system is given by the time-propagator

U(t) = o )e ™" (pi] +lop-) e ™ (o] (2.3.26)

where w; =e4 /h. Since ¢, and @; are not the eigenstates, preparing the system in state ¢, will lead to time evolution! Let’s
prepare the system so that it is initially in ¢,.

9(0)) = [#a)

Evaluating the time-dependent amplitudes of initial and final states with the help of S, we find
¢a(t) = (¢a|U(t)|pa)
= e~ [cos® O™ +sin? Gt |
cs(t) = (ol U(t)|pa)

= 2sinfcos e Bt

sin Q gt
So, what is the probability that it is found in state |3 ) at time ¢?
2
Pa(t) =les(t)]
2

= ﬁsin2 Qgpt
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where

1
Q= L /AT IV (2.3.27)

h

g, the Rabi Frequency, represents the frequency at which probability amplitude oscillates between ¢, and ¢ states.

B, (1)

|
0 7/Q,

Notice for the weak coupling limit (V' — 0), ¢+ — @45 (the eigenstates resemble the stationary states), and the time-dependence
disappears. In the strong coupling limit (V' > A), amplitude is exchanged completely between the zero-order states at a rate given
by the coupling: Qg — V/h. Even in this limit it takes a finite amount of time for amplitude to move between states. To get
P =1 requires a time 7:

T=7/20r =hn/2V.
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CHAPTER OVERVIEW

3: Time-Evolution Operator

Dynamical processes in quantum mechanics are described by a Hamiltonian that depends on time. Naturally the question arises
how do we deal with a time-dependent Hamiltonian? In principle, the time-dependent Schrodinger equation can be directly
integrated choosing a basis set that spans the space of interest. Using a potential energy surface, one can propagate the system
forward in small time-steps and follow the evolution of the complex amplitudes in the basis states. In practice even this is
impossible for more than a handful of atoms, when you treat all degrees of freedom quantum mechanically. However, the
mathematical complexity of solving the time-dependent Schrodinger equation for most molecular systems makes it impossible to
obtain exact analytical solutions. We are thus forced to seek numerical solutions based on perturbation or approximation methods
that will reduce the complexity. Among these methods, time-dependent perturbation theory is the most widely used approach for
calculations in spectroscopy, relaxation, and other rate processes. In this section we will work on classifying approximation
methods and work out the details of time-dependent perturbation theory.

3.1: Time-Evolution Operator

3.2: Integrating the Schrodinger Equation Directly
3.3: Transitions Induced by Time-Dependent Potential
3.4: Resonant Driving of a Two-Level System

3.5: Schrodinger and Heisenberg Representations

3.6: Interaction Picture

3.7: Time-Dependent Perturbation Theory

3.8: Fermi’s Golden Rule
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3.1: Time-Evolution Operator

Let’s start at the beginning by obtaining the equation of motion that describes the wavefunction and its time evolution through the
time propagator. We are seeking equations of motion for quantum systems that are equivalent to Newton’s—or more accurately
Hamilton’s—equations for classical systems. The question is, if we know the wavefunction at time |1 (7, ,)), how does it change
with time? How do we determine |9 (7,t)), for some later time ¢ >t,? We will use our intuition here, based largely on
correspondence to classical mechanics. To keep notation to a minimum, in the following discussion we will not explicitly show the
spatial dependence of wavefunction.

We start by assuming causality: |1(t,)) precedes and determines |1 (¢)), which is crucial for deriving a deterministic equation of
motion. Also, as usual, we assume time is a continuous variable:

lim [9(8)) = 4 (t) (3.1.1)

Now define an “time-displacement operator” or “propagator” that acts on the wavefunction to the right and thereby propagates the
system forward in time:

[9(t)) =U (t,t0) |4 (to)) (3.1.2)

We also know that the operator U cannot be dependent on the state of the system |t(¢)). This is necessary for conservation of
probability, i.e., to retain normalization for the system. If

19 (t0)) = a1]¢1 (to)) +az|¢2 (to)) (3.1.3)
then
[%(t)) =U (¢, t0) [¢ (to)) (3.1.4)
=U (t,t0) a1|e1 (to)) + U (¢, t0) az|ep2 (to)) (3.1.5).
=a1(t)|¢1) +ax(t)|p2) (3.1.6)

This is a reflection of the importance of linearity and the principle of superposition in quantum mechanical systems. While |a; (¢)|
typically is not equal to |a;(0)]

2 2
D lan®F = lan (to)| (3.1.7)
n n
This dictates that the differential equation of motion is linear in time.

Properties of U

We now make some important and useful observations regarding the properties of U.

1. Unitary. Note that for Equation 3.1.7to hold and for probability density to be conserved, U must be unitary
P =((t)[$(t)) = (¥ (to) [U'U| ¢ (to)) (3.1.8)

which holds if UT =U 1.
2. Time continuity: The state is unchanged when the initial and final time-points are the same

Ut,t) =1 (3.1.9)

3. Composition property. If we take the system to be deterministic, then it stands to reason that we should get the same
wavefunction whether we evolve to a target time in one step (£y — t2 ) or multiple steps (g — t1 — t3 ). Therefore, we can
write

U (t2,t0) = U (t2,t1) U (t1, o) (3.1.10)
Note, since U acts to the right, order matters:
|9 (t2)) =U (t2,t1) U (t1,t0) |4 (to))
=U (t2, 1) |9 (t1))

https://chem.libretexts.org/@go/page/107223
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Equation 3.1.10is already very suggestive of an exponential form for U. Furthermore, since time is continuous and the
operator is linear it it also suggests that the time propagator is only a dependent on a time interval

U (t1,t0) =U (t1 —to) (3.1.11)

4. Time-reversal. The inverse of the time-propagator is the time reversal operator. From Equation 3.1.1(:
U (t,to) U (to,t) =1 (3.1.12)
U (1) =U (to, t). (3.1.13)

An Equation of Motion for U

Let’s find an equation of motion that describes the time-evolution operator using the change of the system for an infinitesimal time-
step, 0t: U(t +dt) . Since

lim U(t+6t,t) =1 (3.1.14)
t—0
We expect that for small enough é¢, U will change linearly with §¢. This is based on analogy to thinking of deterministic motion in
classical systems. Setting o to 0, so that U(¢,t,) = U(¢) , we can write
U(t+6t) = U(t) —iQ(t)dt (3.1.15)

 is a time-dependent Hermitian operator, which is required for U to be unitary. We can now write a differential equation for the
time-development of U(t, ¢,), the equation of motion for U:

du(t Uit+dt)-U(t
J = lim (t+9) ® (3.1.16)
dt §t—0 ot
So from Equation 3.1.15we have:
AU (t,t .
% = —iQU (t, ;) (3.1.17)

You can now see that the operator needed a complex argument, because otherwise probability density would not be conserved; it
would rise or decay. Rather it oscillates through different states of the system.

We note that 2 has units of frequency. Since quantum mechanics fundamentally associates frequency and energy as E = hw, and
since the Hamiltonian is the operator corresponding to the energy, and responsible for time evolution in Hamiltonian mechanics, we

write
i
Q=— (3.1.18)
h
With that substitution we have an equation of motion for
9 .
ihaU(t,tg):HU(t,to) (3.1.19)
Multiplying from the right by |4 (%,)) gives the TDSE:
L 0 5
’Lha|¢> = H|y) (3.1.20)

If you use the Hamiltonian for a free particle (— (h2 / 2m) (32 / 8:62)), this looks like a classical wave equation, except that it is
linear in time. Rather, this looks like a diffusion equation with imaginary diffusion constant. We are also interested in the equation
of motion for U' which describes the time evolution of the conjugate wavefunctions. Following the same approach and
recognizing that U (¢, (), acts to the left:

W(®)] = @ (to) [UT (t,t0) (3.1.21)

we get

fm%m (t o) =Ut (t,t0) H (3.1.22)
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Evaluating the Time-Evolution Operator
At first glance it may seem straightforward to integrate Equation 3.1.19, If H is a function of time, then the integration of

d
thU = H dt gives

U (t, to) zexp[% tH(t’)dt’} (3.1.23)

to

Following our earlier definition of the time-propagator, this exponential would be cast as a series expansion

~ t _i\2 pt
Ut to)? =1 —% /t H({)dt +% (%) /t dt'dt’H (¢')H (t") +... (3.1.24)
0 : 0

This approach is dangerous, since we are not properly treating H as an operator. Looking at the second term in Equation 3.1.24, we
see that this expression integrates over both possible time-orderings of the two Hamiltonian operations, which would only be
proper if the Hamiltonians at different times commute: H ('), H(¢")] =0

Now, let’s proceed a bit more carefully assuming that the Hamiltonians at different times do not commute. Integrating Equation
3.1.19directly from ¢ to ¢ gives

U (t, 1) = 1—%/tthH(T)U(T,tO) (3.1.25)

This is the solution; however, it is not very practical since U(t, t,) is a function of itself. But we can make an iterative expansion
by repetitive substitution of U into itself. The first step in this process is

U (t, 1) :1—%/td7H(r) [1—%/TdT'H(T’)U(T',tO)] (3.1.26)

to to

=1+ (%’) /tot drH(1)+ (72)2/; dT/tOTdT'H(T)H(T')U(T',tO) (3.1.27)

Note in the last term of this equation, that the integration limits enforce a time-ordering; that is, the first integration variable 7’
must precede the second 7. Pictorially, the area of integration is

Ty
& T,
_._._’ é
1y :
4 : .
{ t T
The next substitution step gives
—3 t
U (t,t0) :1+<?> drH(T)
to
i 2 at T
+ (—) / dT/ dr'H()H (t") (3.1.28)
h to to

s\ 3 t T v
+<—Z) / dr / ar' / dr"H(r)H (') H (") U (", 1)
h to to to

From this expansion, you should be aware that there is a time-ordering to the interactions. For the third term, 7"’ acts before 7/,
which acts before 7: ¢y < 7" <7/ <7<t
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What does this expression represent? Imagine you are starting in state |¢)g) = |£) and you want to describe how one evolves toward
a target state 1)) = |k). The possible paths by which one can shift amplitude and evolve the phase, pictured in terms of these time
variables are:

o|6)

" |m)

)

The first term in Equation 3.1.28 represents all actions of the Hamiltonian which act to directly couple |¢) and |k). The second
term described possible transitions from |£) to |k) via an intermediate state |m). The expression for U describes all possible paths
between initial and final state. Each of these paths interferes in ways dictated by the acquired phase of our eigenstates under the
timedependent Hamiltonian.

The solution for U obtained from this iterative substitution is known as the positive timeordered exponential

Ul(t,to) =1+ (%) /t: drH(r)
. (%’)2 /t “ar tOT dr' H(r)H (+')
+ <%)3 tot dr /t ’ dr' /t ‘ dr"H(T)H (7")H (r")U (1", ty)

(’f is known as the Dyson time-ordering operator.) In this expression the time-ordering is

to =T —To—T3...T, =t
" (3.1.29)
to— ... T—=1'>171

So, this expression tells you about how a quantum system evolves over a given time interval, and it allows for any possible
trajectory from an initial state to a final state through any number of intermediate states. Each term in the expansion accounts for
more possible transitions between different intermediate quantum states during this trajectory.

Compare the time-ordered exponential with the traditional expansion of an exponential:
o0 . n
1/ —i
1+ — | =
Z n! ( h )
n=1
Here the time-variables assume all values, and therefore all orderings for H(t,ty) are calculated. The areas are normalized by the
n! factor (there are n! time-orderings of the ¢, times.) (As commented above these points need some more clarification.) We are

also interested in the Hermitian conjugate of U (¢,ty), which has the equation of motion in Equation 3.1.22 If we repeat the
method above, remembering that Ut (t,to), acts to the left, then we obtain

td‘rn... thlH(Tn)H(Tn,l)...H(Tl) (3.1.30)

to to

U (t,t) = 1+%/thUT(t,T)H(T) (3.1.31)

to
Performing iterative substitution leads to a negative-time-ordered exponential:
.t
Ut (t,t0) =1+ % / drU (¢, 7)H () (3.1.32)
to

Here the H(7;) act to the left.
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3.2: Integrating the Schrodinger Equation Directly

Okay, how do we evaluate the time-propagator and obtain a time-dependent trajectory for a quantum system? Expressions such as
the time-ordered exponentials are daunting, and there are no simple ways in which to handle this. One cannot truncate the
exponential because usually this is not a rapidly converging series. Also, the solutions oscillate rapidly as a result of the phase
acquired at the energy of the states involved, which leads to a formidable integration problem. Rapid oscillations require small time
steps, when in fact the time scales. For instance in a molecular dynamics problem, the highest frequency oscillations may be as a
result of electronically excited states with periods of less than a femtosecond, and the nuclear dynamics that you hope to describe
may occur on many picosecond time scales. Rather than general recipes, there exist an arsenal of different strategies that are suited
to particular types of problems. The choice of how to proceed is generally dictated by the details of your problem, and is often an
art-form. Considerable effort needs to be made to formulate the problem, particularly choosing an appropriate basis set for your
problem. Here it is our goal to gain some insight into the types of strategies available, working mainly with the principles, rather
than the specifics of how it’s implemented.

Let’s begin by discussing the most general approach. With adequate computational resources, we can choose the brute force
approach of numerical integration. We start by choosing a basis set and defining the initial state 9. Then, we can numerically
evaluate the timedependence of the wavefunction over a time period ¢ by discretizing time into n small steps of width 6t =t/n
over which the change of the system is small. A variety of strategies can be pursed in practice.

One possibility is to expand your wavefunction in the basis set of your choice
%) =D ealt)]on) (3.2.1)
n
and solve for the time-dependence of the expansion coefficients. Substituting into the right side of the TDSE,

ih [y) = Hl) (3.2.2)

and then acting from the left by (k| on both sides leads to an equation that describes their time dependence:
. Ock t
m% =Y Hym(t)ea(t) (3.2.3)

or in matrix form ¢hA¢ = Hc. This represents a set of coupled first-order differential equations in which amplitude flows between
different basis states at rates determined by the matrix elements of the time-dependent Hamiltonian. Such equations are
straightforward to integrate numerically. We recognize that we can integrate on a grid if the time step forward (t) is small enough
that the Hamiltonian is essentially constant. Then Equation 3.2.3 becomes

ihdci(t) =  Hyn(t)cn ()5t (3.2.4)

and the system is propagated as
cx(t+6t) = ci(t) + ek (t) (3.2.5)
The downside of such a calculation is the unusually small time-steps and significant computational cost required.

Similarly, we can use a grid with short time steps to simplify our time-propagator as

R ; t40t R : R
U(t+6t,t) =exp l—%/ dt'H (t’)] A exp [—%&H(t)] (3.2.6)
t
Therefore the time propagator can be written as a product of n propagators over these small intervals.
[j(t) = lim [UAann,y-'ﬁQﬁl} (3.2.7)
6t—0
n—1 R
= lim | U, (3.2.8)
7=0
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time

4 - =
Vi
T —— T

Here the time-propagation over the i small time step is

N i oA
Uj = €exp [—EétHj]

H; = H(jdt)
Note that the expressions in Equations 3.2.7and 3.2.8 are operators time ordered from right to left, which we denote with the “+”

subscript. Although Equation 3.2.8 is exact in the limit & — 0 (or n — 00), we can choose a finite number such that H(t) does
not change much over the time d¢. In this limit the time propagator does not change much and can be approximated as an expansion

Uj~1- %&IL. (3.2.9)

In a general sense this approach is not very practical. The first reason is that the time step is determined by 6t < k/|H| which is
typically very small in comparison to the dynamics of interest. The second complication arises when the potential and kinetic

energy operators in the Hamiltonian don’t commute. Taking the Hamiltonian to be H=T+V
e-iﬁ(t)&t/h _ e-i(f(t)W(t))ét/h
~ T (V)3t/h g—iV ()3t/h

The second line makes the Split Operator approximation, what states that the time propagator over a short enough period can be
approximated as a product of independent propagators evolving the system over the kinetic and potential energy. The validity of
this approximation depends on how well these operators commute and the time step, with the error scaling like

AR S 1/2
%[T (t), V(t)](6t/k)* meaning that we should use a time step, such that ¢ < {2h2/[T @®), V(@) }

This approximation can be improved by symmetrizing the split operator as
e-iﬁ(t)&t/h ~ e—iv(t)% /h e—if (t)5t/h e—u}(t)% /h (3.2.10)

Here the error scales as 11—2(& /R)? {[f‘, [T, V]] + %[I}, v, T]| } There is no significant increase in computational effort since

half of the operations can be combined as

W GH)E v ot
e T2 e T me VIR (3.2.11)

.ATL_& 7. el _.Aﬁ
to give U(t) we 2 /" |:H‘?:1 e_’VJ‘St/he_’TJ&/h} e Va/h

Readings

1. Tannor, D. J., Introduction to Quantum Mechanics: A Time-Dependent Perspective. University Science Books: Sausilito, CA,
2007.
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3.3: Transitions Induced by Time-Dependent Potential

For many time-dependent problems, most notably in spectroscopy, we can often partition the problem so that the time-dependent
Hamiltonian contains a time-independent part Hy that we can describe exactly, and a time-dependent potential V'(¢)

H=H,+V(t) (3.3.1)

The remaining degrees of freedom are discarded, and then only enter in the sense that they give rise to the interaction potential with
Hj. This is effective if you have reason to believe that the external Hamiltonian can be treated classically, or if the influence of H)
on the other degrees of freedom is negligible. From Equation 3.3.1, there is a straightforward approach to describing the time
evolving wavefunction for the system in terms of the eigenstates and energy eigenvalues of Hj.

To begin, we know the complete set of eigenstates and eigenvalues for the system Hamiltonian
Hy|n) = Ey|n) (3.3.2)

The state of the system can then be expressed as a superposition of these eigenstates:

)= en(t)n) (3.3.3)

The TDSE can be used to find an equation of motion for for the eigenstate coefficients for a specific target state |k) using

ck(t) = (kl9(t)) (3.3.4)
Starting with
oly) i
o = 2l (3.3.5)
ack(t) 7
5 7 RIH[(E) (3.3.6)
and from Equation 3.3.3
Oc i
gft) =z ;(lelnm(t) (3.3.7)

Already we see that the time evolution amounts to solving a set of coupled linear ordinary differential equations. These are rate
equations with complex rate constants, which describe the feeding of one state into another. Substituting Equation 3.3.1 we have:

ac(;ft) = _% ; (k|(Ho+V(t)|n)cn(t)
=% [E Skn + Vin (8)] cn (t)
6(:;15 = hEkck Zan et (3.3.8)

Next, we define an alternative eigenstate coefficient through
cm(t) = e Bnt/hp, (t) (3.3.9)

which implies a definition for the wavefunction as

=3 b ()e B/ ) (3.3.10)

This defines a slightly different complex amplitude, that allows us to simplify things considerably. Notice that

b ()] = [ex (B[ (3.3.11)
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Also, by, (0) = ¢x(0). In practice what we are doing is pulling out the “trivial” part of the time evolution, the time-evolving phase
factor, which typically oscillates much faster than the changes to the amplitude of b or c.

e IIM)IHJ. Il IWMWIIWUJ Il IMH I \W !N UWIHHIHHHIH

&

-0.5

We will come back to this strategy which we discuss the interaction picture.

Now, substituting eq. 3.3.9 for ¢ and ¢, in eq. 3.3.8& we obtain
Bb )
e iBt/h Ok 2 ka t)e Ent/hp, (£) (3.3.12)
or

6b’“ Zan Jewnitp, (1) (3.3.13)

This equation is an exact solution. It is a set of coupled differential equations that describe how probability amplitude moves
through eigenstates due to a time-dependent potential. Except in simple cases, these equations cannot be solved analytically, but it
is often straightforward to integrate numerically.

When can we use the approach described here? Consider partitioning the full Hamiltonian into two components, one that we want
to study Hy and the remaining degrees of freedom H;. For each part, we have knowledge of the complete eigenstates and
eigenvalues of the Hamiltonian: H;|; ) = E; »|9; ). These subsystems will interact with one another through Hj,,. If we are
careful to partition this in such a way that Hint is small compared Hy and H;, then it should be possible to properly describe the
state of the full system as product states in the subsystems: |¢/) = |1g%)1). Further, we can write a time-dependent Schridinger
equation for the motion of each subsystem as:

5 )
=H, .3.14
o = Hilv) (3:3.14)
Within these assumptions, we can write the complete time-dependent Schrodinger equation in terms of the two sub-states:
3I¢1> 3|1/)0>
ih|to) +ih|tr) = [tho) H|v1) + [v1) Holvbo) + Hint[tP0) |¢1) (3.3.15)

Then left operating by (11| and making use of Equation 3.3.14, we can write

h% = [Ho + (31 [Hint| ¥1)] [%0) (3.3.16)

This is equivalent to the TDSE for a Hamiltonian of form (Equation 3.3.1) where the external interaction V (¢) = (11 | Hint (t)| ¥1)
comes from integrating the 1-2 interaction over the sub-space of |1 ). So this represents a time-dependent mean field method.

Readings

1. Cohen-Tannoudji, C.; Diu, B.; Lalde, F., Quantum Mechanics. Wiley-Interscience: Paris, 1977; p. 308.

2. Merzbacher, E., Quantum Mechanics. 3rd ed.; Wiley: New York, 1998; Ch. 14.

3. Nitzan, A., Chemical Dynamics in Condensed Phases. Oxford University Press: New York, 2006; Sec. 2.3.
4. Sakurai, J. J., Modern Quantum Mechanics, Revised Edition. Addison-Wesley: Reading, MA, 1994; Ch. 2.
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3.4: Resonant Driving of a Two-Level System
Let’s describe what happens when you drive a two-level system with an oscillating potential.
V(t) =V coswt (3.4.1)
Vi (t) = Vg coswit (3.4.2)

Note, this is the form you would expect for an electromagnetic field interacting with charged particles, i.e. dipole transitions. In a

simple sense, the electric field is E )= 1_*70 coswt and the interaction potential can be written as V' = -E- 1, where p represents
the dipole operator.

We will look at the form of this interaction a bit more carefully later. We now couple two states |a) and |b) with the oscillating
field. Here the energy of the states is ordered so that &, > &, . Let’s ask if the system starts in |a) what is the probability of finding
itin |a) at time ¢ ?

&——|b)

Va b(t)

Sa—

The system of differential equations that describe this problem is:

zh—bk Z b ‘/lm ﬂwnkt (343)
n=a,b
1 . .
_ Z b Vv’me—lwnkt E(E_Mt +ezwt) (344)
n=a,b

Where coswt in written its complex form. Writing this explicitly

. 1 . . 1 . )
ihby = gba%a [ez(wba—w)t _’_eZ(wba-Hu)t} + _bb%b [e“"t _|_e—zwt] (3.4.5)
. 1
ihb, = EbaVaa [ iwt +e—zwt] 4= bb‘/;zb [ Wab—w)t _|_el(wab+w) ] (346)
or alterntively changing the last term:
. 1 . )
ihba — 5ba‘/'aa [elwt 7zwt:| 4+ = beab [ —i Wba“rw) +e*1(wba7w)t:| (3.4'7)

Here the expressions have been written in terms of the frequency ws,. Two of these terms are dropped, since (for our case) the
diagonal matrix elements V;; =0. We also make the secular approximation (or rotating wave approximation) in which the
nonresonant terms are dropped. When wy, ~ w, terms like e=*! or ellwmtw)t oscillate very rapidly (relative to |V, |71) and so do
not contribute much to change of ¢,. (Remember, we take the frequencies wp, and w to be positive). So now we have:

. —1 .
by = 2—hbawme’<ww—wﬁ (3.4.8)
ba _ __ibb%be—i(uwa—w)t (3.4.9)
2h
Note that the coefficients are oscillating at the same frequency but phase shifted to one another. Now if we differentiate Equation
3.4.8
by = = [b Vi€ ) 15 (wpe — w) ba%aei(wb“_“’)t] (3.4.10)

Rewrite Equation 3.4.8:

https://chem.libretexts.org/@go/page/107226


https://libretexts.org/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://chem.libretexts.org/@go/page/107226?pdf
https://chem.libretexts.org/Bookshelves/Physical_and_Theoretical_Chemistry_Textbook_Maps/Time_Dependent_Quantum_Mechanics_and_Spectroscopy_(Tokmakoff)/03%3A__Time-Evolution_Operator/3.04%3A_Resonant_Driving_of_a_Two-Level_System

LibreTextsm

2k
:Vf bye (wm—)t (3.4.11)
ba

ba

and substitute Equations 3.4.11and 3.4.9 into Equation 3.4.1(, we get linear second order equation for by.

2
by — i (wpa —w) by + Tr;' by =0 (3.4.12)

This is just the second order differential equation for a damped harmonic oscillator:
az+bz+cx=0 (3.4.13)
x = e (/204 A cos ut 4 Bsin ut) (3.4.14)

with

w= L\/ 4ac —b* (3.4.15)

2a

With a little more manipulation, and remembering the initial conditions b;(0) =0 and b,(0) =1, we find

|Voal” )
Py(t) = |by(2)]* = sin’® Qpt (3.4.16)
|Vba|2+h2(wba _w)2
Where the Rabi Frequency
1
Qp = E\/|V;,a|2+h2 (Wha —w) > (3.4.17)
Also,
P,=1-PF, (3.4.18)

The amplitude oscillates back and forth between the two states at a frequency dictated by the coupling between them. [Note a result
we will return to later: electric fields couple quantum states, creating coherences!]

An important observation is the importance of resonance between the driving potential and the energy splitting between states. To
get transfer of probability density you need the driving field to be at the same frequency as the energy splitting. On resonance, you
always drive probability amplitude entirely from one state to another.

1
P on resonance
b Wy, =@
Jj
05 @, — @ = M
h
0 S
0 [
. 7h
large detuning =
ba

The efficiency of driving between |a) and |b) states drops off with detuning. Here plotting the maximum value of P, as a function
of frequency:
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3.5: Schrodinger and Heisenberg Representations

The mathematical formulation of quantum dynamics that has been presented is not unique. So far, we have described the dynamics
by propagating the wavefunction, which encodes probability densities. Ultimately, since we cannot measure a wavefunction, we are
interested in observables, which are probability amplitudes associated with Hermitian operators, with time dependence that can be
interpreted differently. Consider the expectation value:

(A1) = (@) Alw() = (v(0) [UT AT| (0) ) (3.5.1)
= (WOITHAUI(0)) (3:5.2)
- <¢(o) ‘ (UTAU) ‘ ¢(0)> (3.5.3)

The last two expressions are written to emphasize alternate “pictures” of the dynamics. Equation 3.5.2 is known as the Schrodinger
picture, refers to everything we have done so far. Here we propagate the wavefunction or eigenvectors in time as U|t). Operators
are unchanged because they carry no time-dependence. Alternatlvely, we can work in the Heisenberg picture (Equation 3.5.3) that

uses the unitary property of U to time-propagate the operators as A( )= UTAU but the wavefunction is now stationary. The
Heisenberg picture has an appealing physical picture behind it, because particles move. That is, there is a time-dependence to
position and momentum.

Schrédinger Picture
In the Schrodinger picture, the time-development of |4/} is governed by the TDSE

0
iR ) = H|3) (3.5.4)

or equivalently, the time propagator:

[%(8)) = U (¢, t) ¢ (t0)) (3.5.5)

In the Schrédinger picture, operators are typically independent of time, dA/0t = 0. What about observables? For expectation
values of operators

(A(t)) = (Y|Alp) (3.5.6)

ingp Ay =in | (WA )+ (F1Al) + <¢’% 5.7
= (| AH|y) — (| HAp) (3.5.8)

— ([4, H)) (3.5.9)

IfA is independent of time (as we expect in the Schrédinger picture), and if it commutes with H, it is referred to as a constant of
motion.

Heisenberg Picture

From Equation 3.5.3, we can distinguish the Schrodinger picture from Heisenberg operators:

~

At) = () Al(e)s = (v (t0) [UT U] () = WIAW®)e)a (3.5.10)
where the operator is defined as

Ap(t) = U (t,t0) AsU (¢, to)
Ap (to) = As

Note, the pictures have the same wavefunction at the reference point ¢y. Since the wavefunction should be time-independent,
O)v)/0t =0, we can relate the Schrodinger and Heisenberg wavefunctions as
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[¥s(t)) =U (¢, to) [Yu) (3.5.11)
So,
[Y) = U (¢,80) [$s(2)) = [¥s (to)) (3.5.12)
As expected for a unitary transformation, in either picture the eigenvalues are preserved:
Alpi)s = ailpi)s (3.5.13)
UtAUU pi)s = a:U"|gi)s (3.5.14)
Anlpdm = ailoi)n (3.5.15)

The time evolution of the operators in the Heisenberg picture is:

Ay B [+ - out . . OU oA
=L - = (V'AU) = Z-AU+U'A T Ut S/
ot at( ° ot U TU At
: R . R 94
- %UTHASU— %UTASHU+ ( 7)
H
Ty Py
= piain - P AnHH
i
= _E[Aa H]H
The result
LD
is known as the Heisenberg equation of motion. Here I have written the odd looking Hy = U HU . This is mainly to remind one

—iHt/h

about the time-dependence of H. Generally speaking, for a time-independent Hamiltonian U = e , U and H commute, and

Hpy = H. For a time-dependent Hamiltonian, U and H need not commute.

Classical equivalence for particle in a potential

The Heisenberg equation is commonly applied to a particle in an arbitrary potential. Consider a particle with an arbitrary one-
dimensional potential

2

p
H=—+V 3.5.17
Y V() (3.5.17)
For this Hamiltonian, the Heisenberg equation gives the time-dependence of the momentum and position as
ov
=—— 3.5.18
p=—"5 ( )
. p
=L 3.5.19
i=2 (3.5.19)
Here, I have made use of
[2",p] = ihnz" " (3.5.20)
[&,p"] = ihnp" (3.5.21)

Curiously, the factors of & have vanished in Equations 3.5.18and 3.5.19 and quantum mechanics does not seem to be present.
Instead, these equations indicate that the position and momentum operators follow the same equations of motion as Hamilton’s
equations for the classical variables. If we integrate Equation 3.5.19 over a time period ¢ we find that the expectation value for the
position of the particle follows the classical motion.
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=22 1 (2(0)) (3.5.22)

We can also use the time derivative of Equation 3.5.19 to obtain an equation that mirrors Newton’s second law of motion,
F =ma:
0%(z)
M= =—(VV) (3.5.23)
These observations underlie Ehrenfest’s Theorem, a statement of the classical correspondence of quantum mechanics, which states
that the expectation values for the position and momentum operators will follow the classical equations of motion.

Readings

1. Cohen-Tannoudji, C.; Diu, B.; Lal6e, F., Quantum Mechanics. Wiley-Interscience: Paris, 1977; p. 312.

2. Mukamel, S., Principles of Nonlinear Optical Spectroscopy. Oxford University Press: New York, 1995.

3. Nitzan, A., Chemical Dynamics in Condensed Phases. Oxford University Press: New York, 2006; Ch. 4. 2-20
4. Sakurai, J. J., Modern Quantum Mechanics, Revised Edition. Addison-Wesley: Reading, MA, 1994; Ch. 2.

This page titled 3.5: Schridinger and Heisenberg Representations is shared under a CC BY-NC-SA 4.0 license and was authored, remixed, and/or
curated by Andrei Tokmakoff via source content that was edited to the style and standards of the LibreTexts platform.

https://chem.libretexts.org/@go/page/107227


https://libretexts.org/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://chem.libretexts.org/@go/page/107227?pdf
https://chem.libretexts.org/Bookshelves/Physical_and_Theoretical_Chemistry_Textbook_Maps/Time_Dependent_Quantum_Mechanics_and_Spectroscopy_(Tokmakoff)/03%3A__Time-Evolution_Operator/3.05%3A_Schrodinger_and_Heisenberg_Representations
https://creativecommons.org/licenses/by-nc-sa/4.0
https://chemistry.uchicago.edu/faculty/andrei-tokmakoff
https://tdqms.uchicago.edu/

LibreTextsw

3.6: Interaction Picture

The interaction picture is a hybrid representation that is useful in solving problems with time-dependent Hamiltonians in which we
can partition the Hamiltonian as

H(t) = Hy+V(2) (3.6.1)

Hj is a Hamiltonian for the degrees of freedom we are interested in, which we treat exactly, and can be (although for us usually
will not be) a function of time. V(t) is a time-dependent potential which can be complicated. In the interaction picture, we will
treat each part of the Hamiltonian in a different representation. We will use the eigenstates of Hj as a basis set to describe the
dynamics induced by V'(¢), assuming that V' (¢) is small enough that eigenstates of Hy are a useful basis. If Hj is not a function of
time, then there is a simple time-dependence to this part of the Hamiltonian that we may be able to account for easily. Setting V to
zero, we can see that the time evolution of the exact part of the Hamiltonian H), is described by

0 1
—U (t,t0) =——Ho(t)Uy (¢, ¢ 3.6.2
5 U0 (£ t0) = =+ Ho (0o (¢, o) (3.6.2)
where,
7 t
Up (t,t0) =exp, [—E / dTH()(t):| (3.6.3)
ty
or, for a time-independent Hy,
Uy (t,ty) = e Holt=to)/R (3.6.4)
We define a wavefunction in the interaction picture |1;) in terms of the Schrédinger wavefunction through:
s (t)) = U (¢, to) |91 (2)) (3.6.5)
or
1) = Uy [9s) (3.6.6)

Effectively the interaction representation defines wavefunctions in such a way that the phase accumulated under e Hot/h jg

removed. For small V, these are typically high frequency oscillations relative to the slower amplitude changes induced by V.

Now we need an equation of motion that describes the time evolution of the interaction picture wavefunctions. We begin by
substituting Equation 3.6.5 into the TDSE:

[¥s(t)) =Us (¢, to) [¥1(2)) (3.6.7)
= Uy (t,t0) Ur (t,t0) |91 (t0)) (3.6.8)
=Up (t,t0) Ur (¢, t0) |95 (to)) (3.6.9)
Ut to) =Us (t,t0) Ur (t, t0) (3.6.10)
L OlYr)
where
Vi(t) = U] (¢, t0) V() Uo (¢, to) (3.6.12)

|1r) satisfies the Schrodinger equation with a new Hamiltonian in Equation 3.6.12: the interaction picture Hamiltonian, V7 (t). We
have performed a unitary transformation of V'(¢) into the frame of reference of Hy, using Uy. Note: Matrix elements in

Vr = (k|Vi|1) = e ™" Vyy (3.6.13)
where k and [ are eigenstates of Hy. We can now define a time-evolution operator in the interaction picture:

[¥r(t)) = Ui (¢, t0) [¥1 (%)) (3.6.14)

where
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Uy (£, o) = exp., [7 /t t dTV,(T)] (3.6.15)

Now we see that

.'.U(t,to) =0y (t,to) U (t,to) (3.6.16)
Also, the time evolution of conjugate wavefunction in the interaction picture can be written

U (t,to) = U (b, 0) U (¢, o) = exp_ [% /1t t dTVI(T)] exp. [% /t thHO(T)] (3.6.17)

For the last two expressions, the order of these operators certainly matters. So what changes about the time-propagation in the
interaction representation? Let’s start by writing out the time-ordered exponential for U in Equation 3.6.16using Equation 3.6.15;

—q t
U(t,to) =0, (t,t())-‘r (%) dTUo(t,T)V(T)UO (T,t0)+"' (3618)
ty
00 s\ " t Tn Ty
=0 (t,to)Jrz (?Z) /t dTn/t dTn,l---/t driUy (8, 7))V (1) Uo (Tny T—1) - - - (3.6.19)
n=1 0 0 0

x Uy (12, 7))V (11) Up (71, o)

Here I have used the composition property of U (t, ty). The same positive time-ordering applies. Note that the interactions V (7;)
are not in the interaction representation here. Rather we used the definition in Equation 3.6.12 and collected terms. Now consider
how U describes the timedependence if I initiate the system in an eigenstate of Hp, |I) and observe the amplitude in a target
eigenstate | k). The system evolves in eigenstates of Hy during the different time periods, with the time-dependent interactions V
driving the transitions between these states. The first-order term describes direct transitions between ! and k induced by V,
integrated over the full time period. Before the interaction phase is acquired as e~ (7—t0)/R \whereas after the interaction phase is
acquired as e~E¢(t=7)/k  Higher-order terms in the time-ordered exponential accounts for all possible intermediate pathways.

We now know how the interaction picture wavefunctions evolve in time. What about the operators? First of all, from examining the
expectation value of an operator we see

WO Al
to) U (¢, t0) AU (8, t0)| v (t))

(A1)

(v
(v (t0) U} U AU |3 (t0))
<¢L (t) .AL‘ YL (t)>

where
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A =U} AsU, (3.6.20)
So the operators in the interaction picture also evolve in time, but under Hy. This can be expressed as a Heisenberg equation by
differentiating
0 - i -
— Ay = [Hy, 4] 3.6.21
e Ar = [Ho, A (3.6.21)
Also, we know

5
50 = Vi®)lvn)

(3.6.22)
Notice that the interaction representation is a partition between the Schrédinger and Heisenberg representations. Wavefunctions
evolve under VI, while operators evolve under

ForHy=0,V(t)=H =

%H|¢S)For Schrsdinger (3.6.23)

i OF or Heisenberg (3.6.24)
The relationship between Ul and bn

Earlier we described how time-dependent problems with Hamiltonians of the form H = Hy + V() could be solved in terms of the
time-evolving amplitudes in the eigenstates of Hy. We can describe the state of the system as a superposition

%) =D calt)n)

where the expansion coefficients c(t) are given by

(3.6.25)
e (t) = (kly(t)) = (k|U (¢, t0)| ¥ (t0))
= (k|UoUr| ¥ (to))

—iEt/h

= e B (kUL (to))

Now, comparing equations ??7 and 7?7 allows us to recognize that our earlier modified expansion coefficients b,, were expansion
coefficients for interaction picture wavefunctions

bi(t) = (kl31(t)) = (k|Ur| 4 (to))
Readings

(3.6.26)
1. Mukamel, S., Principles of Nonlinear Optical Spectroscopy. Oxford University Press: New York, 1995.

2. Nitzan, A., Chemical Dynamics in Condensed Phases. Oxford University Press: New York, 2006; Ch. 4.

This page titled 3.6: Interaction Picture is shared under a CC BY-NC-SA 4.0 license and was authored, remixed, and/or curated by Andrei
Tokmakoff via source content that was edited to the style and standards of the LibreTexts platform.
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3.7: Time-Dependent Perturbation Theory

Perturbation theory refers to calculating the time-dependence of a system by truncating the expansion of the interaction picture
time-evolution operator after a certain term. In practice, truncating the full time-propagator U is not effective, and only works well
for times short compared to the inverse of the energy splitting between coupled states of your Hamiltonian. The interaction picture
applies to Hamiltonians that can be cast as

H=H,+V(t) (3.7.1)

and allows us to focus on the influence of the coupling. We can then treat the time evolution under H,, exactly, but truncate the
influence of V'(¢). This works well for weak perturbations. Let’s look more closely at this.

We know the eigenstates for H,:

Hy|n) = Ey|n) (3.7.2)
and we can calculate the evolution of the wavefunction that results from V(t):
s (t Z ba( (3.7.3)
For a given state k, we calculate b (t) as
be = (k[Ur (¢,t0)| ¥ (t0)) (3.7.4)
where
U ) =exp. | 3 L[ Vi d (3.7.5)
to

Now we can truncate the expansion after a few terms. This works well for small changes in amplitude of the quantum states with
small coupling matrix elements relative to the energy splittings involved (|b(t)| = |bx(0)|; |V | < |Ex — Ey| ). As we will see, the
results we obtain from perturbation theory are widely used for spectroscopy, condensed phase dynamics, and relaxation. Let’s take
the specific case where we have a system prepared in [, and we want to know the probability of observing the system in |k) at time
t due to V(¢):

Py(t) = [bi(t)[]- (3.7.6)
Expanding
be(t) = (k| exp, [_E / drVi(r )]e> (3.7.7)
. t
b(t) = 06) 5 [ ar eIVt o
_iN\2 pt Ty
+(7’) /dT2/ dry (k| Vi (72) Vi ()] ) + ..
to to
Now, using
(k| Vi (t)| £) = <k\UT UO]e>=e-wm(t) (3.7.8)
we obtain:
bi(t) = 6k1—% tdne—i“”’“ﬁVM (r1)” first —order” (3.7.9)
dr: drie @V (1) e @nn V(7 7.
+Z( )/ 2 [ dne S () e Y () (3.7.10)
+... (3.7.11)
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The first-order term allows only direct transitions between |£) and |k), as allowed by the matrix element in V', whereas the second-
order term accounts for transitions occurring through all possible intermediate states |m ). For perturbation theory, the time-ordered
integral is truncated at the appropriate order. Including only the first integral is first-order perturbation theory. The order of
perturbation theory that one would extend a calculation should be evaluated initially by which allowed pathways between |£) and
|k) you need to account for and which ones are allowed by the matrix elements.

For first-order perturbation theory, the expression in Equation 3.7.9 is the solution to the differential equation that you get for direct
coupling between |£) and |k):
0 i

i %e_i“’”thl(t)bl(O) (3.7.12)

This indicates that the solution does not allow for the feedback between |£) and |k) that accounts for changing populations. This is
the reason we say that validity dictates

bk (8)* = b1 (0))* < 1. (3.7.13)
If the initial state of the system 1) is not an eigenstate of Hy, we can express it as a superposition of eigenstates,
br(t) = ba(0) (k|Us|n) (3.7.14)

Another observation applies to first-order perturbation theory. If the system is initially prepared in a state |£), and a time-dependent
perturbation is turned on and then turned off over the time interval £ = —ooto 4 0o, then the complex amplitude in the target state
|k) is just related to the Fourier transform of Vi (t) evaluated at the energy gap wy.

l’ +o00

.y dr e_i““Tng(T) (3.7.15)

bi(t) =

If the Fourier transform pair is defined in the following manner:

+00
V(w)= F[V(E)] = / dt V (t) expliwt) (3.7.16)
1 - +o00 -
V)= F V()] :% [ dos V() exp(—icwt) (3.7.17)

Then we can write the probability of transfer to state k as

27"“71“3 (Wk/z)‘2

Py = 5

(3.7.18)
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Example: First-order Perturbation Theory

Let’s consider a simple model for vibrational excitation induced by the compression of harmonic oscillator. We will subject a
harmonic oscillator initially in its ground state to a Gaussian compression pulse, which increases its force constant.

U\

............................................. k. +k
. -—c 0 0
k(t N
0 t
First, write the complete time-dependent Hamiltonian:
I T
Ht)=T+V(t)= vy + Ek(t)a: (3.7.19)

Now, partition it according to H = H, + V'(¢) in such a manner that we can write H,, as a harmonic oscillator Hamiltonian.
This involves partitioning the time-dependent force constant into two parts:

k(t) = ko + 0k(t) (3.7.20)
ko = mQ? (3.7.21)
t—tg)?
5k(t) = 8o exp| — L2 (3.7.22)
202
2 2
_p L s 1 s _(t—t)
H= o 2k0:c + 25k0w exp 52 (3.7.23)
N ————

Ho %0)

Here kg is the magnitude of the induced change in the force constant, and o is the time-width of the Gaussian perturbation.
So, we know the eigenstates of Hy: Hy|n) = E,|n)

1
Hy =hQ (aTa + 5) (3.7.24)
and
1
E, =hQ (n—l— 5) (3.7.25)
Now we ask, if the system is in |0) before applying the perturbation, what is the probability of finding it in state n after the
perturbation?
Forn #0
_i ot )
bu(t) = 2 / Vo (r)ein™ (3.7.26)
to
Using
Wnpo = (En—E())/han (3727)
and recognizing that we can set the limits to t) = —ocandt = co
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bu(t) = —éko (n]z*|0) / dre™ e T /20" (3.7.28)
This leads to
b (t) = ;—;ékoma (n|z?|0) e " /2 (3.7.29)

Here we made use of an important identity for Gaussian integrals:

/+ exp(az® + bz +c)dz = | — e 1 (3.7.30)
X = xp| c— 7.
: plaz® +bx +c)dz L xple—7
e 9 T b?
_ ibz)de — . | = _2 731
/_ exp(—az’ +ibz)dz aexp( 4a> (3.7.31)

(a-+af)” =

and

What about the matrix element?

=55 o~ (aa—l—aTa—l—aaT—i—aTaT) (3.7.32)

From these we see that first-order perturbation theory will not allow transitions to n =1, only n =0 and n = 2. Generally
this would not be realistic, because you would certainly expect excitation to n =1 would dominate over excitation to n = 2.
A real system would also be anharmonic, in which case, the leading term in the expansion of the potential V(x), that is linear in
X, would not vanish as it does for a harmonic oscillator, and this would lead to matrix elements that raise and lower the
excitation by one quantum.

However for the present case,

(2]=*|0) = \/_2mﬂ (3.7.33)
So,
—i./mok
by = ‘2/7;9 09 e2oe (3.7.34)
and we can write the probability of occupying the n = 2 state as
nékio?
Py =|by]? = 2m2°ﬂ2 g4 (3.7.35)

From the exponential argument, significant transfer of amplitude occurs when the compression pulse width is small compared
to the vibrational period.

1
r<g (3.7.36)

In this regime, the potential is changing faster than the atoms can respond to the perturbation. In practice, when considering a
solid-state problem, with frequencies matching those of acoustic phonons and unit cell dimensions, we need perturbations that
move faster than the speed of sound, i.e., a shock wave. The opposite limit, 02 >> 1, is the adiabatic limit. In this case, the
perturbation is so slow that the system always remains entirely in n=0, even while it is compressed.

Now, let’s consider the validity of this first-order treatment. Perturbation theory does not allow for b,, to change much from its
initial value. First we re-write Equation 3.7.35as

5]1:2 202
P=o*Z (—°> e (3.7.37)

Now for changes that don’t differ much from the initial value, P, < 1
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ok2
22l =2 ) «1 (3.7.38)
2 kﬁ

Generally, the magnitude of the perturbation dky must be small compared to k.

One step further...

The preceding example was simple, but it tracks the general approach to setting up problems that you treat with time-dependent
perturbation theory. The approach relies on writing a Hamiltonian that can be cast into a Hamiltonian that you can treat exactly Hy,
and time-dependent perturbations that shift amplitudes between its eigenstates. For this scheme to work well, we need the
magnitude of perturbation to be small, which immediately suggests working with a Taylor series expansion of the potential. For
instance, take a one-dimensional potential for a bound particle, V' (z), which is dependent on the form of an external variable y. We
can expand the potential in x about its minimum z =0 as

1 0%V s 1 0%V 1 o’V
V(z) == - =y — 3.7.39
@) =5aer | % T2 owty|, Y B ; droyoz| VT (3.7.39)
1
_ Esz—l—V@)xy—i—(1/5(3)333—1—1/2(3)9023/—%‘/'1(3)96342) p... (3.7.40)

The first term is the harmonic force constant for x, and the second term is a bi-linear coupling whose magnitude V' (2) indicates
how much a change in the variable y influences the variable . The remaining terms are cubic expansion terms. Vé(s) is the cubic
anharmonicity of V'(z), and the remaining two terms are cubic couplings that describe the dependence of x and y. Introducing a
time-dependent potential is equivalent to introducing a time-dependence to the operator y, where the form and strength of the
interaction is subsumed into the amplitude V. In the case of the previous example, our formulation of the problem was equivalent
to selecting only the V2(3) term, so that kg /2 = V2(3)
waveform.

, and giving the value of y a time-dependence described by the Gaussian

Readings
1. Cohen-Tannoudji, C.; Diu, B.; Lal6e, F., Quantum Mechanics. Wiley-Interscience: Paris, 1977; p. 1285.
2. Nitzan, A., Chemical Dynamics in Condensed Phases. Oxford University Press: New York, 2006; Ch. 4.
3. Sakurai, J. J., Modern Quantum Mechanics, Revised Edition. Addison-Wesley: Reading, MA, 1994; Ch. 2.

This page titled 3.7: Time-Dependent Perturbation Theory is shared under a CC BY-NC-SA 4.0 license and was authored, remixed, and/or curated
by Andrei Tokmakoff via source content that was edited to the style and standards of the LibreTexts platform.
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3.8: Fermi’'s Golden Rule

A number of important relationships in quantum mechanics that describe rate processes come from first-order perturbation theory.
These expressions begin with two model problems that we want to work through:

1. time evolution after applying a step perturbation, and
2. time evolution after applying a harmonic perturbation.

As before, we will ask: if we prepare the system in the state |£), what is the probability of observing the system in state |k)
following the perturbation?

Constant Perturbation (or a Step Perturbation)
The system is prepared such that |¢)(—o0)) = |£). A constant perturbation of amplitude V' is applied at #,:

0 t<ty

3.8.1
V t>t ( )

V(t)zV@(t—tO):{

Here © (t —ty) is the Heaviside step response function, which is 0 for ¢ <t, and 1 for ¢ >#;. Now, turning to first order
perturbation theory, the amplitude in k # £, we have:

.t
b=t [ arei oy 5.8
to
Here Vi, is independent of time.
V(Y)
to t
Setting £, =0
) ¢ }
bk = _E‘/kl/ dr e™ T (383)
0
v
= _—Ek —ME[ [eXp(iwk[t) - 1] (3‘8'4)
2V iwyt/2
= —%sin(wktt/ﬂ (385)
For Equation 3.8.5, the following identity was used
e? —1 =2ie"?sin(6/2). (3.8.6)
Now the probability of being in the k state is
Py, = |b,|? (3.8.7)
Vi, [ wiet
= |Ek—El|25m 5 (3.8.8)

If we write this using the energy splitting variable we used earlier:
A=(E,—E;)/2 (3.8.9)
then

2
P — %sinz(At/h) (3.8.10)

Fortunately, we have the exact result for the two-level problem to compare this approximation to
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2
P, = V—sin2(\/A2 +V2t/h) (3.8.11)

V24 A2
From comparing Equation 3.8.10and 3.8.11, it is clear that the perturbation theory result works well for V' < A, as expected for
this approximation approach.

Let’s examine the time-dependence to Py, and compare the perturbation theory (solid lines) to the exact result (dashed lines) for
different values of A.

]
BB
<

o
<<<W¥

The worst correspondence is for A =0.5 (red curves) for which the behavior appears quadratic and the probability quickly
exceeds unity. It is certainly unrealistic, but we do not expect that the expression will hold for the “strong coupling” case: A < V.
One begins to have quantitative accuracy in for the regime Py (¢) — P;(0) < 0.1 or A <4V,

Now let’s look at the dependence on A. We can write the first-order result Equation 3.8.10as

242
P, = 2t sinc?(At/2h) (3.8.12)
where
sinc(z) = Smfc) (3.8.13)

If we plot the probability of transfer from |£) to |k) as a function of the energy level splitting (Ej, — K, ), we have:

1
t=2aNV

Px

0.5
— +— 27/t

-2

::||r; o

The probability of transfer is sharply peaked where energy of the initial state matches that of the final state, and the width of the
energy mismatch narrows with time. Since

limsinc(z) =1, (3.8.14)

z—0
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we see that the short time behavior is a quadratic growth in P,

lim P, = .8.1
lim P, (3.8.15)

The integrated area grows linearly with time.

Uncertainty

Since the energy spread of states to which transfer is efficient scales approximately as Ey, — E; < 2wh/t , this observation is
sometimes referred to as an uncertainty relation with

AE- At >2rh (3.8.16)

However, remember that this is really just an observation of the principles of Fourier transforms. A frequency can only be
determined as accurately as the length of the time over which you observe oscillations. Since time is not an operator, it is not a
true uncertainly relation like

Ap- Az > 27h. (3.8.17)

In the long time limit, the sinc? (z) function narrows to a delta function:

sinf(az/2) =«
m

Lim s = 56(3:) (3.8.18)
So the long time probability of being in the & state is
. 27T 2
lim Pk(t) = —|‘/kg| 5(Ek—Eg)t (3819)
t—o0 h

The delta function enforces energy conservation, saying that the energies of the initial and target state must be the same in the long
time limit. What is interesting in Equation 3.8.19is that we see a probability growing linearly in time. This suggests a transfer rate
that is independent of time, as expected for simple first-order kinetics:

wnlt) = OPi(t)  2m|Viu|
MU et Tk
This is one statement of Fermi’s Golden Rule—the state-to-state form—which describes relaxation rates from first-order

perturbation theory. We will show that this rate properly describes long time exponential relaxation rates that you would expect
from the solution to

§ (B, — Ey) (3.8.20)

P
P _ _wp. (3.8.21)
dt

Harmonic Perturbation

The second model calculation is the interaction of a system with an oscillating perturbation turned on at time ¢, = 0. The results
will be used to describe how a light field induces transitions in a system through dipole interactions.

observe

t,=0

Again, we are looking to calculate the transition probability between states £ and k:

V(t) =V coswtO(t) (3.8.22)
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Vie(t) = Vi coswi (3.8.23)
Vi ) )
= % [e7it 4 et ] (3.8.24)

Setting o — 0, first-order perturbation theory leads to

—3 t

by = — [ dr Vig(r)e™w™ (3.8.25)
h Jy
. t
_ TV / dr [fln)7 1 glontor] (3.8.26)
2R Jy
_i‘/ké ei(wkl—w)t -1 ei(wu-kw)t -1 3897
B 27i[ Wy —w * Wi +w ] (3.8.27)
Using
ef —1=2ie"? sin(0/2) (3.8.28)
as before:
Vi | ellwr=)t2 ginl(wiy — w)t/2 eilwr+w)t/2 ginl(wiy +w) t/2
by, — L (e —w)t/2] [(wre +w)t/2] (3.8.29)
h Whe — W )
absorption stimulated emission

Notice that these terms are only significant when w = +wy, . The condition for efficient transfer is resonance, a matching of the
frequency of the harmonic interaction with the energy splitting between quantum states. Consider the resonance conditions that will
maximize each of these:

First Term Second Term
max at: o =+m, w=-0,
E >E, E, <E,
E =E +ho E, =E -ho
I k) I [4)
|9 )
Absorption Stimulated Emission
(resonant term) (anti-resonant term)
If we consider only absorption,
Vil 1
P = |be? = [V - sin’ [—(wke —w) t] (3.8.30)
h? (wy —w) 2

We can compare this with the exact expression:

Vil 1
P = by = et |

|Vkl|2+(wke—w)2t] (3.8.31)
B2 (i —w) 2 + Vi 25\/

Again, we see that the first-order expression is valid for couplings | V| that are small relative to the detuning Aw = (wgy — w) .
The maximum probability for transfer is on resonance wyy = w
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0-w, /21

Similar to our description of the constant perturbation, the long time limit for this expression leads to a delta function § (wgs —w) .
In this long time limit, we can neglect interferences between the resonant and antiresonant terms. The rates of transitions between k

and ¢ states determined from wyy = 0P, /0t becomes
™
Wiy = 2—’_12|Vke|2 [0 (wre —w) + 6 (wie +w)] (3.8.32)

We can examine the limitations of this formula. When we look for the behavior on resonance, expanding the sin(x) shows us that
Pk rises quadratically for short times:

lim P, (t) = Mﬁ (3.8.33)
Aw—0 4h?
This clearly will not describe long-time behavior, but it will hold for small Py, so we require
2h
t << — (3.8.34)
Vie

At the same time, we cannot observe the system on too short a time scale. We need the field to make several oscillations for this to
be considered a harmonic perturbation.

1 1
> —~ — (3.8.35)
w Wke
These relationships imply that we require
Vie < huwyy (3.8.36)

Readings
1. Cohen-Tannoudji, C.; Diu, B.; Lal6e, F., Quantum Mechanics. Wiley-Interscience: Paris, 1977; p. 1299.
2. McHale, J. L., Molecular Spectroscopy. 1st ed.; Prentice Hall: Upper Saddle River, NJ, 1999; Ch. 4.
3. Sakurai, J. J., Modern Quantum Mechanics, Revised Edition. Addison-Wesley: Reading, MA, 1994.
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CHAPTER OVERVIEW

4: Irreversible Relaxation

At a fundamental level, the basic laws governing the time evolution of isolated quantum mechanical systems are invariant under
time reversal. That is, there is no preferred direction to the arrow of time. The Time Dependent Schrodinger Equation is reversible,
meaning that one can find solutions for propagating either forward or backward in time. If one reverses the sign of time and thereby
momenta of objects, we should be able to go back where the system was at an earlier time. We can see this in the exact solution to
the two-level problem, where amplitude oscillates between the two states with a frequency that depends on the coupling. If we
reverse the sign of the time, the motion is reversed. In contrast, when a quantum system is in contact with another system having
many degrees of freedom, a definite direction emerges to the arrow of time, and the system’s dynamics is no longer reversible.
Such irreversible systems are dissipative, meaning they decay in time from a prepared state to a state where phase relationships
between the basis states are lost.

4.1: Introduction to Dissipative Dynamics

This page titled 4: Irreversible Relaxation is shared under a CC BY-NC-SA 4.0 license and was authored, remixed, and/or curated by Andrei
Tokmakoff via source content that was edited to the style and standards of the LibreTexts platform.
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4.1: Introduction to Dissipative Dynamics

How does irreversible behavior, a hallmark of chemical systems, arise from the deterministic Time Dependent Schrodinger
Equation? We will answer this question specifically in the context of quantum transitions from a given energy state of the system to
energy states its surroundings. Qualitatively, such behavior can be expected to arise from destructive interference between
oscillatory solutions of the system and the set of closely packed manifold of energy states of the bath. To illustrate this point,
consider the following calculation for the probability amplitude for an initial state of the system coupled to a finite but growing
number of randomly chosen states belonging to the bath.

Continuum density of states Probability of being in initial State

10

100

Here, even with only 100 or 1000 states, recurrences in the initial state amplitude are suppressed by destructive interference
between paths. Clearly in the limit that the accepting state are truly continuous, the initial amplitude prepared in £ will be spread
through an infinite number of continuum states. We will look at this more closely by describing the relaxation of an initially
prepared state as a result of coupling to a continuum of states of the surroundings. This is common to all dissipative processes in
which the surroundings to the system of interest form a continuous band of states.

To begin, let us define a continuum. We are familiar with eigenfunctions being characterized by quantized energy levels, where
only discrete values of the energy are allowed. However, this is not a general requirement. Discrete levels are characteristic of
particles in bound potentials, but free particles can take on a continuous range of energies given by their momentum,

()
E=-—. (4.1.1)

The same applies to dissociative potential energy surfaces, and bound potentials in which the energy exceeds the binding energy.
For instance, photoionization or photodissociation of a molecule involves a light field coupling a bound state into a continuum.
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Other examples are common in condensed matter. The intermolecular motions of a liquid, the lattice vibrations of a crystal, or the
allowed energies within the band structure of a metal or semiconductor are all examples of a continuum.

For a discrete state imbedded in such a continuum, the Golden Rule gives the probability of transition from the system state |£) to a
continuum state |£) as:

2T
== [Vul*p (Br = Ev) (4.1.2)

The transition rate Wy, is constant in time, when |Vi|” is constant in time, which will be true for short time intervals. Under these
conditions integrating the rate equation on the left gives

P =wpe (t—to) (4.1.3)
Py =1—Py. (4.1.4)

The probability of transition to the continuum of bath states varies linearly in time. As we noted, this will clearly only work for
times such that

Py(t) — By(0) > 1. (4.1.5)

et

0

s
\PM
0

t

What long time behavior do we expect? A time independent rate with population governed by

Wiy :(913,91/815 (4.1.6)

is a hallmark of first order kinetics and exponential relaxation. In fact, for exponential relaxation out of a state £, the short time
behavior looks just like the first order result:

~—

.Fu (t) = eXp(—akgt) (4.1.7
=1—wpt+... (4.1.8)

So we might believe that Wkg represents the tangent to the relaxation behavior at £ — 0. The problem we had previously was we
did not account for depletion of initial state. In fact, we will see that when we look a touch more carefully, that the long time
relaxation behavior of state £ is exponential and governed by the golden rule rate. The decay of the initial state is irreversible
because there is feedback with a distribution of destructively interfering phases.

Let’s formulate this problem a bit more carefully. We will look at transitions to a continuum of states {k} from an initial state £
under a constant perturbation.

4 — )

These together form a complete set; so for

H(t)=Hy+V(t) (4.1.9)
with Hy|n) = E,|n).

>

k

1= ) ol = |0 <e

k> (k| (4.1.10)
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As we go on, you will see that we can identify £ with the “system” and {k} with the “bath” when we partition
Hy=Hgs+ Hp. (4.1.11)

Now let’s make some simplifying assumptions. For transitions into the continuum, we will assume that transitions only occur
between £ and states of the continuum, but that there are no interactions between states of the continuum: (k|V|k’) = 0. This can
be rationalized by thinking of this problem as a discrete set of states interacting with a continuum of normal modes. Moreover, we
will assume that the coupling of the initial to continuum states is a constant for all states k: (¢|V|k) = (¢|V|k’) = - - - . For reasons
that we will see later, we will also keep the diagonal matrix element (¢|V'|£) = 0. With these assumptions, we can summarize the
Hamiltonian for our problem as

H(t) =Hy+V(¢)

Hy = |0)E; <e +> k> Ey (k|
k
V() =D (k) Vie(] + 1€ Var (k) +[€) Vee (€]
k

We are seeking a more accurate description of the occupation of the initial and continuum states, for which we will use the
interaction picture expansion coefficients

bu(t) = (k|Us (¢, )] €) (4.1.12)
Earlier, we saw that the exact solution to U; was:
-
Uy (¢, to) :17%/ drVi(r)U; (7, to) (4.1.13)
to

This form was not very practical, since U; is a function of itself. For first-order perturbation theory, we set the final term in this
equation Uy, Uy (,t9) — 1. Here, in order to keep the feedback between |£) and the continuum states, we keep it as is.

. t

i
3 [ ar v )0 (4.1.14)

to

by, (t) = (k|¢)

Inserting Equation 4.1.12, and recognizing k # [,

. t
bi(t) = —% 3y /t dre™ ™ Vi by (7) (4.1.15)
n 0

Note, Vi, is not a function of time. Equation 4.1.15 expresses the occupation of state k in terms of the full history of the system
from ¢y — t with amplitude flowing back and forth between the states n. Equation 4.1.15is just the integral form of the coupled
differential equations that we used before:

. 6bk Wyt

ih—r = ;e Vb () (4.1.16)
These exact forms allow for feedback between all the states, in which the amplitudes b, depend on all other states. Since you only
feed from £ into k, we can remove the summation in Equation 4.1.15 and express the complex amplitude of a state within the
continuum as

. t
b, = f%VM / dre™ 7 by(r) (4.1.17)
)

We want to calculate the rate of leaving |£), including feeding from continuum back into initial state. From Equation 4.1.16we can
separate terms involving the continuum and the initial state:

0 .
ihabz = Zew“twkbk-l-Vubg (4.1.18)
[,

Now substituting Equation 4.1.17into Equation 4.1.18 and setting tp =0:

@ 0 g @ 4.1.3 https://chem.libretexts.org/@go/page/107230



https://libretexts.org/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://chem.libretexts.org/@go/page/107230?pdf

LibreTextsw

o
& Z|VM| / be(r)ei T g T——Wlbl() (4.1.19)
[

This is an integro-differential equation that describes how the time-development of b, depends on the entire history of the system.
Note we have two time variables for the two propagation routes:

T:[8) = |k)

b 1B = |61 (4.1.20)

The next assumption is that by varies slowly relative to wy, so we can remove it from integral. This is effectively a weak coupling
statement: Awyy > Vie . b is a function of time, but since it is in the interaction picture it evolves slowly compared to the wyy
oscillations in the integral.

0Oby

- (4.1.21)

1 o [V it i
=by |5 D Vil et )dT—EVu
R kAL 0

Now, we want the long time evolution of b, for times wgyt >> 1, we will investigate the integration limit ¢ — co.

[ Note |

Complex integration of Equation 4.1.21: Defining t' =7 —¢

t t
/ e (T=t) g _ _/ ewnt' g¢ (4.1.22)
0 0

The integral limp_, fOT e™! dt' is purely oscillatory and not well behaved. The strategy to solve this is to integrate:

[o¢]
1
lim [ ™4 = lim (4.1.23)
e—0T Jo e—=0t tw+E€
€ w
=1 +1 4.1.24
girf}}(wz_ng ’w2+€2) ( )
1
= 18(w) —iP— (4.1.25)
w

(This expression is valid when used under an integral) In the final term we have written in terms of the Cauchy Principle Part:

PG) :{3 iig (4.1.26)

Using Equation 4.1.25 Equation 4.1.21becomes 4.1.27

ob, o Vie
rr == by~ Z|Vke| 6 (we) — VU‘HP’Z | |E (4.1.27)
kAL k;ee 4
terml term?2

Note that Term 1 is just the Golden Rule rate, written explicitly as a sum over continuum states instead of an integral

> 8 (wie) = hp (B = Ey) (4.1.28)
kAL
@kg:/dEkp(Ek) [2%|Vkl|26(Ek—El)] (4.1.29)

Term 2 is just the correction of the energy of E; from second-order time-independent perturbation theory,

(k||

AE; = (L|V]0) ZE >

kAL

(4.1.30)
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So, the time evolution of by is governed by a simple first-order differential equation

oby . Wiy )
= —be( 5~ OB (4.1.31)
Which can be solved with b,(0) =1 to give
b(t) = exp(—w%lt - %AEgt) (4.1.32)

We see that one has exponential decay of amplitude of b,! This is a manner of irreversible relaxation from coupling to the
continuum. Now, since there may be additional interferences between paths, we switch from the interaction picture back to
Schrodinger Picture,

_ B
co(t) = exp {— (% —I—z#) t] (4.1.33)
with the corrected energy
E,=E,+AE (4.1.34)
and
P, = |Cg|2 = eXp[—Eklt} (4.1.35)

The solutions to the Time Dependent Schrodinger Equation are expected to be complex and oscillatory. What we see here is a real
dissipative component and an imaginary dispersive component. The probability decays exponentially from initial state. Fermi’s
Golden Rule rate tells you about long times!

1st order P.T.

Now, what is the probability of appearing in any of the states |k)? Using Equation 4.1.17:

t

bi(t) = —% Vi€ by (1)dr (4.1.36)
0
1—exp(— Tt — £ (B}~ By)t)
= Viy — (4.1.37)
E; — Eé —I-’Lﬁ’wk[/Q
1—cy(t
v, —alt) (4.1.38)
E, — EZ +ihwy /2
(3.30) If we investigate the long time limit (¢ — o0), noting that Py, = |bg, |2 , we find
Vo2
Py = | ’“"2 (4.1.39)
(B, —E!)"+T?/4
with
T=wy- h (4.1.40)

The probability distribution for occupying states within the continuum is described by a Lorentzian distribution with maximum
probability centered at the corrected energy of the initial state ;. The width of the distribution is given by the relaxation rate,
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which is proxy for |V |?p (E¢), the coupling to the continuum and density of states.

Readings
1. Cohen-Tannoudji, C.; Diu, B.; Laloe, F., Quantum Mechanics. Wiley-Interscience: Paris, 1977; p. 1344.
2. Merzbacher, E., Quantum Mechanics. 3rd ed.; Wiley: New York, 1998; p. 510.
3. Nitzan, A., Chemical Dynamics in Condensed Phases. Oxford University Press: New York, 2006; p. 305. 4. Schatz, G. C,;
Ratner, M. A., Quantum Mechanics in Chemistry. Dover Publications: Mineola, NY, 2002; Ch. 9.
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CHAPTER OVERVIEW

5: The Density Matrix

The density matrix or density operator is an alternate representation of the state of a quantum system for which we have previously
used the wavefunction. Although describing a quantum system with the density matrix is equivalent to using the wavefunction, one
gains significant practical advantages using the density matrix for certain time-dependent problems—particularly relaxation and
nonlinear spectroscopy in the condensed phase.

5.1: Introduction to the Density Matrix
5.2: Time-Evolution of the Density Matrix
5.3: The Density Matrix in the Interaction Picture

Thumbnail: measured density matrix of a thermal state. (CC SA-BY 3.0 unported; measured density matrix of a thermal state).
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5.1: Introduction to the Density Matrix

The density matrix or density operator is an alternate representation of the state of a quantum system for which we have
previously used the wavefunction. Although describing a quantum system with the density matrix is equivalent to using the
wavefunction, one gains significant practical advantages using the density matrix for certain time-dependent problems—
particularly relaxation and nonlinear spectroscopy in the condensed phase.

The density matrix is defined as the outer product of the wavefunction with its conjugate.

p(t) = [9(1)) (¥ ()] (5.1.1)

This implies that if you specify a state |z), then (z|p|x) gives the probability of finding a particle in the state |z). Its name derives
from the observation that it plays the quantum role of a probability density. If you think of the statistical description of a classical
observable obtained from moments of a probability distribution P, then p plays the role of P in the quantum case:

(4) = / AP(A)dA (5.1.2)

= (Y| A|¢p) = Tr[Ap] (5.1.3)

where T'r[. . .] refers to tracing over the diagonal elements of the matrix,

Trl--1=3 (a]---a). (5.1.4)

The last expression is obtained as follows. If the wavefunction for the system is expanded as

() = calt)|n) (5.1.5)

the expectation value of an operator is

(At)) = ealt)eim(t)(m| Aln) (5.1.6)

Also, from Equation 5.1.1 we obtain the elements of the density matrix as

p(t)=Y" eult)ein(B)m) (m|
=3 pun(®)ln)(m|

We see that py,, the density matrix elements, are made up of the time-evolving expansion coefficients. Substituting into Equation
5.1.6 we see that

(A®) = Amnpum(?)

=Tr[Ap(t)]
In practice this makes evaluating expectation values as simple as tracing over a product of matrices.

What information is in the density matrix elements, p,,,? The diagonal elements (n =m) give the probability of occupying a
quantum state:

For this reason, diagonal elements are referred to as populations. The off-diagonal elements (n # m) are complex and have a
time-dependent phase factor

Prm = Cn(t)ch (t) = cpchy e Wt (5.1.8)

Since these describe the coherent oscillatory behavior of coherent superpositions in the system, these are referred to as coherences.
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So why would we need the density matrix? It becomes a particularly important tool when dealing with mixed states, which we take
up later. Mixed states refer to statistical mixtures in which we have imperfect information about the system, for which me must
perform statistical averages in order to describe quantum observables. For mixed states, calculations with the density matrix are
greatly simplified. Given that you have a statistical mixture, and can describe pg, the probability of occupying quantum state |1),
evaluation of expectation values is simplified with a density matrix:

() =3 p (wn(®) Al (t)) (5.1.9)
k

pt) = Zpk|¢k(t)><¢k(t)| (5.1.10)
k

(A(t)) = Tr[Ap(?)] (5.1.11)
Evaluating expectation value is the same for pure or mixed states.
Properties of the Density Matrix
We can now summarize some properties of the density matrix, which follow from the definitions above:

1. p is Hermitian since p3, = Pmn
2. Since probability must be normalized, Tr(p) =1
3. We can ascertain the degree of “pure-ness” of a quantum state from

(5.1.12)

Tr(pz) { =1 for pure state

< 1 for mixed state

In addition, when working with the density matrix it is convenient to make note of these trace properties:
1. The trace over a product of matrices is invariant to cyclic permutation of the matrices:
Tr(ABC) =Tr(CAB) =Tr(BCA) (5.1.13)
2. From this result we see that the trace is invariant to unitary transformation:

Tr(STAS) = Tr(S™' AS) = Tx(4) (5.1.14)

This page titled 5.1: Introduction to the Density Matrix is shared under a CC BY-NC-SA 4.0 license and was authored, remixed, and/or curated by
Andrei Tokmakoff via source content that was edited to the style and standards of the LibreTexts platform.

https://chem.libretexts.org/@go/page/107237



https://libretexts.org/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://chem.libretexts.org/@go/page/107237?pdf
https://chem.libretexts.org/Bookshelves/Physical_and_Theoretical_Chemistry_Textbook_Maps/Time_Dependent_Quantum_Mechanics_and_Spectroscopy_(Tokmakoff)/05%3A_The_Density_Matrix/5.01%3A_Introduction_to_the_Density_Matrix
https://creativecommons.org/licenses/by-nc-sa/4.0
https://chemistry.uchicago.edu/faculty/andrei-tokmakoff
https://tdqms.uchicago.edu/

LibreTextsm

5.2: Time-Evolution of the Density Matrix

The equation of motion for the density matrix follows naturally from the definition of p and the time-dependent Schrédinger

equation.
2 = 21w (6:21)

~ |z Wi+ (5.22)

= —LH) W]+ £ 9. (5.2:3

_ %i[H, ol (5.2.4)

Equation 5.2.4 is the Liouville-Von Neumann equation. It is isomorphic to the Heisenberg equation of motion, since p is also an
operator. The solution to Equation 5.2.4 is

p(t) =Up(0)UT (5.2.5)
This can be demonstrated by first integrating Equation 5.2.4 to obtain
. et
i
pt)=p(0) —— /0 dr[H(), p(7)] (5.2.6)

If we expand Equation 5.2.6 by iteratively substituting into itself, the expression is the same as when we substitute

U= exp, [—% /0 t dTH(T)] (5.2.7)

into Equation 5.2.5 and collect terms by orders of H (7).

Note that Equation 5.2.5 and the cyclic invariance of the trace imply that the time-dependent expectation value of an operator can
be calculated either by propagating the operator (Heisenberg) or the density matrix (Schrodinger or interaction picture):

(A(t)) = Tr[Ap(t)]

—Tr [AUpOUT]
= Tr[A()|
For a time-independent Hamiltonian it is straightforward to show that the density matrix elements evolve as
prm(t) = (n|p(t)|m) (5.2.8)
= (n|Ulo) (¢ [UT|m) (5.2.9)
— o Wwnm(t=to) Prm (to) (5.2.10)

From this we see that populations, pp, (t) = pnm (to) , are time-invariant, and coherences oscillate at the energy splitting wy,m, -
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5.3: The Density Matrix in the Interaction Picture

For the case in which we wish to describe a material Hamiltonian Hy under the influence of an external potential V' (¢),

H(t)=Hy+V(¢) (5.3.1)
we can also formulate the density operator in the interaction picture, p;. From our original definition of the interaction picture
wavefunctions

vr) = Uj[¢s) (5.3.2)
We obtain py as
pr =Uj psUs (5.3.3)
Similar to the discussion of the density operator in the Schrodinger equation, above, the equation of motion in the interaction
picture is
Opr 7
— =——[Vi(t t 5.3.4
L=~ Vi), o1 () (5.3.4)
where, as before, V; = UOT VU,.
Equation 5.3.4 can be integrated to obtain
. t
i
pit)=ps ()~ 5, [t Vi (€) () (5.3.5)
to
Repeated substitution of py(t) into itself in this expression gives a perturbation series expansion
-
i
pit) = [ dealVitr) o (5.3.6)
0
i ¢ t
(5) [ [ an i) @)l (5.37)
to to
i\" [t t, ty
+ (—ﬁ) / dtn | dbny--c [ dty [Vi(ta), VI (tne1), - Vi (t1), pol]] (5.3.8)
to to to
=pO 4 pM) 4 p@) o) o (5.3.9)

Here pg = p (tp) and p(”) is the n™-order expansion of the density matrix. This perturbative expansion will play an important role
later in the description of nonlinear spectroscopy. An n order expansion term will be proportional to the observed polarization in
an n-order nonlinear spectroscopy, and the commutators observed in Equation 5.3.8 are closely related to nonlinear response
functions. Equation 5.3.8 can also be expressed as

p1(t) = Uopr (0)U] (5.3.10)

This is the solution to the Liouville equation in the interaction picture.
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CHAPTER OVERVIEW

6: Adiabatic Approximation

In quantum mechanics, the adiabatic approximation refers to those solutions to the Schrédinger equation that make use of a time-
scale separation between fast and slow degrees of freedom, and use this to find approximate solutions as product states in the fast
and slow degrees of freedom. Perhaps the most fundamental and commonly used version is the Born—Oppenheimer (BO)
approximation, which underlies much of how we conceive of molecular electronic structure and is the basis of potential energy
surfaces. The BO approximation assumes that the motion of electrons is much faster than nuclei due to their large difference in
mass, and therefore electrons adapt very rapidly to any changes in nuclear geometry. That is, the electrons “adiabatically follow”
the nuclei. As a result, we can solve for the electronic state of a molecule for fixed nuclear configurations. Gradually stepping
nuclear configurations and solving for the energy leads to a potential energy surface, or adiabatic state. Much of our descriptions of
chemical reaction dynamics is presented in terms of propagation on these potential energy surfaces. The barriers on these surfaces
are how we describe the rates of chemical reactions and transition state. The trajectories along these surfaces are used to describe
mechanism.

More generally, the adiabatic approximation can be applied in other contexts in which there is a time-scale separation between fast
and slow degrees of freedom. For instance, in the study of vibrational dynamics when the bond vibrations of molecules occur much
faster than the intermolecular motions of a liquid or solid. It is also generally implicit in a separation of the Hamiltonian into a
system and a bath, a method we will often use to solve condensed matter problems. As widely used as the adiabatic approximation
is, there are times when it breaks down, and it is important to understand when this approximation is valid, and the consequences of
when it is not. This will be particularly important for describing time-dependent quantum mechanical processes involving
transitions between potential energy sources.

6.1: Born—Oppenheimer Approximation
6.2: Nonadiabatic Effects

6.3: Diabatic and Adiabatic States

6.4: Adiabatic and Nonadiabatic Dynamics
6.5: Landau—Zener Transition Probability
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6.1: Born—Oppenheimer Approximation

As a starting point, it is helpful to review the Born—Oppenheimer Approximation (BOA). For a molecular system, the Hamiltonian
can be written in terms of the kinetic energy of the nuclei (V) and electrons (e) and the potential energy for the Coulomb
interactions of these particles.

H=T . +TN+Ve+Vyn+Ven (6.1.1)
n h2 ) N h2 )
== 3 vi-y 20T, v? (6.1.2)
i=1 J=1
n h2 ) N h2 ,
_—; o Vi —; 2MJVJ (6.1.3)

Here and in the following, we will use lowercase variables to refer to electrons and uppercase to nuclei. The variables n, i, r, V2,
and m, refer to the number, index, position, Laplacian, and mass of electrons, respectively, and N, J, R, and M refer to the
nuclei. e is the electron charge, and Z is the atomic number of the nucleus. Note, this Hamiltonian does not include relativistic
effects such as spin-orbit coupling.

The time-independent Schrodinger equation is
H(t,R)¥(+,R) = E¥(,R) (6.1.4)

¥(r, ﬁ) is the total vibronic wavefunction, where “vibronic” refers to the combined electronic and nuclear eigenstates. Exact
solutions using the molecular Hamiltonian are intractable for most problems of interest, so we turn to simplifying approximations.
The BO approximation is motivated by noting that the nuclei are far more massive than an electron (m. < Mj). With this
criterion, and when the distances separating particles is not unusually small, the kinetic energy of the nuclei is small relative to the
other terms in the Hamiltonian. Physically, this means that the electrons move and adapt rapidly—adiabatically—in response to
shifting nuclear positions. This offers an avenue to solving for ¥ by fixing the position of the nuclei, solving for the electronic
wavefunctions 1);, and then iterating for varying R to obtain effective electronic potentials on which the nuclei move.

Since it is fixed for the electronic calculation, we proceed by treating R as a parameter rather than an operator, set 7' to 0, and
solve the electronic TISE:

Hg(r,R)¢i(r,R) = Us(R)¢i(r, R) (6.1.5)
U; are the electronic energy eigenvalues for the fixed nuclei, and the electronic Hamiltonian in the BO approximation is
FIel :Te +vee +v6N (616)

In Equation 6.1.5, 1; is the electronic wavefunction for fixed R, with ¢ = 0 referring to the electronic ground state. Repeating this
calculation for varying R, we obtain U;(R), an effective or mean-field potential for the electronic states on which the nuclei can
move. These effective potentials are known as Born—-Oppenheimer or adiabatic potential enerqgy surfaces (PES).

For the nuclear degrees of freedom, we can define a Hamiltonian for the it electronic PES: s
ﬁNuc,i =Ty +Ui(R) (6.1.7)
which satisfies a TISE for the nuclear wave functions ®(R) :
Hyue,i®iy(R) = Ei®;5(R) (6.1.8)

Here J refers to the J™ eigenstate for nuclei evolving on the i th PES. Equation 6.1.7 is referred to as the BO Hamiltonian.
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R

The BOA effectively separates the nuclear and electronic contributions to the wavefunction, allowing us to express the total
wavefunction as a product of these contributions

¥(r,R) = &(R)y(r, R) (6.1.9)
and the eigenvalues as sums over the electronic and nuclear contribution:

E = En + E.. BOA does not treat the nuclei classically. However, it is the basis for semiclassical dynamics methods in which the
nuclei evolve classically on a potential energy surface, and interact with quantum electronic states. If we treat the nuclear dynamics
classically, then the electronic Hamiltonian can be thought of as depending on R. or on time as related by velocity or momenta. If
the nuclei move infinitely slowly, the electrons will adiabatically follow the nuclei and systems prepared in an electronic eigenstate
will remain in that eigenstate for all times.
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6.2: Nonadiabatic Effects

Even without the BO approximation, we note that the nuclear-electronic product states form a complete basis in which to express
the total vibronic wavefunction:

ZCZ,J zJ djl r, R) (621)

We can therefore use this form to investigate the consequences of the BO approximation. For a given vibronic state, the action of
the Hamiltonian on the wavefunction in the TISE is

Ay = (Tn(R)+Ha(R)) @ (R):(R) (6.2.2)
Expanding the Laplacian in the nuclear kinetic energy via the chain rule as
V?AB = (V*A) B+2(VA)VB+AV’B,
we obtain an expression with three terms

HY,; =, ;(R) (TN(R) + Ui(R)) ¥i(R)

_ZR_ZVR‘I’ZJ( R)Vryi(R)

-2 QE—M]‘I’LJ(R)V%%(R) (6.2.3)

This expression is exact for vibronic problems, and is referred to as the coupled channel Hamiltonian. Note that if we set the last
two terms in Equation 6.2.3 to zero, we are left with

H=Tyx+U (6.2.4)

which is just the Hamiltonian we used in the Born-Oppenheimer approximation, Equation 6.1.7. Therefore, the last two terms
describe deviations from the BO approximation, and are referred to as nonadiabatic terms. These depend on the spatial gradient of
the wavefunction in the region of interest, and act to couple adiabatic Born—Oppenheimer states. The coupled channel Hamiltonian
has a form that is reminiscent of a perturbation theory Hamiltonian in which the Born—Oppenheimer states play the role of the zero-
order Hamiltonian being perturbed ay a nonadiabatic coupling

H=Hpo+V (6.2.5)

To investigate this relationship further, it is helpful to write this Hamiltonian in its matrix form. We obtain the matrix elements by
sandwiching the Hamiltonian between two projection operators and evaluating

Hips= / / dr dR¥},(r, R)H(r,R)¥; ;(r, R) (6.2.6)
Making use of Equation 6.2.3 we find that the Hamiltonian can be expressed in three terms
I:Ii,l,j,J = / dR®;;(R) (T ~(R) +Uj(R)) ®; ;(R)S; ; (6.2.7)
_Z L /dR‘I’i,I(R)VR‘I’j,J(R) -Fij(R) (6.2.8)
> MI / dR®, ;(R)2; ;(R)G;(R) (6.2.9)
S onr [ R R R)G(®) (6.2.10)

where
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F,(R) = / dry: (v, R)V s (r, R) (6.2.11)
G,(R) = / dry (v, R)V2.;(r, R) (6.2.12)

The first term in Equation 6.2.10 gives the BO Hamiltonian. In the latter two terms, F is referred to as the nonadiabatic, first-order,
or derivative coupling, and G is the second-order nonadiabatic coupling or diagonal BO correction. Although they are evaluated by
integrating over electronic degrees of freedom, both depend parametrically on the position of the nuclei. In most circumstances the
last term is much smaller than the other two, so that we can concentrate on the second term in evaluating couplings between
adiabatic states. For our purposes, we can write the nonadiabatic coupling in Equation 6.2.5 as

o 2
Viris(®) = =3 1= [ dREL RV, o (R)-Fyi(R) (6.2.13)
I

This emphasizes that the coupling between surfaces depends parametrically on the nuclear positions, the gradient of the electronic
and nuclear wavefunctions, and the spatial overlap of those wavefunctions.
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6.3: Diabatic and Adiabatic States

Although the Born—Oppenheimer surfaces are the most straightforward and commonly calculated, they may not be the most
chemically meaningful states. As an example consider the potential energy curves for the diatomic NaCL The chemically distinct
potential energy surfaces one is likely to discuss have distinct atomic or ionic character at large separation between the atoms.
These “diabatic” curves focus on physical effects, but are not eigenstates. In the figure, the ionic state |a) is influenced by the
Coulomb attraction between ions that draws them together, leading to a stable configuration at R, once these attractive terms are
balanced by nuclear repulsive forces. However, the neutral atoms (Na’ and C1°) have a potential energy surface |b) which is
dominated by repulsive interactions. The adiabatic potentials from the BO Hamiltonian will reflect significant coupling between
the diabatic electronic states. BO states of the same symmetry will exhibit an avoided crossing where the electronic energy between
corresponding diabatic states is equal. As expected from our earlier discussion, the splitting at the crossing for this one-dimensional
system would be 2V,;, twice the coupling between diabatic states.

U - Adiabatic
=== Diabatic

|a) Nat+Cl”

|b) Na+cCl

R., R? R

The adiabatic potential energy surfaces are important in interpreting the reaction dynamics, as can be illustrated with the reaction
between Na and Cl atoms. If the neutral atoms are prepared on the ground state at large separation and slowly brought together, the
atoms are weakly repelled until the separation reaches the transition state R¥. Here we cross into the regime where the ionic
configuration has lower energy. As a result of the nonadiabatic couplings, we expect that an electron will transfer from Na’ to cr,
and the ions will then feel an attractive force leading to an ionic bond with separation R..

Diabatic states can be defined in an endless number of ways, but only one adiabatic surface exists. In that respect, the term
“nonadiabatic” is also used to refer to all possible diabatic surfaces. However, diabatic states are generally chosen so that the
nonadiabatic electronic couplings in Equation 6.2.14 and 6.2.15 are zero. This can be accomplished by making the electronic
wavefunction independent of R.

As seen above, for coupled states with the same symmetry the couplings repel the adiabatic states and we get an avoided crossing.
However, it is still possible for two adiabatic states to cross. Mathematically this requires that the energies of the adiabatic states be
degenerate (E, = Eg) and that the coupling at that configuration be zero (V,g = Vo =0). This isn’t possible for a one-
dimensional problem, such as the NaCl example above, unless symmetry dictates that the nonadiabatic coupling vanishes. To
accomplish this for a Hermitian coupling operator you need two independent nuclear coordinates, which enable you to
independently tune the adiabatic splitting and coupling. This leads to a single point in the two-dimensional space at which
degeneracy exists, which is known as a conical intersection (an important topic that is not discussed further here).
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Andrei Tokmakoff via source content that was edited to the style and standards of the LibreTexts platform.

https://chem.libretexts.org/@go/page/107246


https://libretexts.org/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://chem.libretexts.org/@go/page/107246?pdf
https://chem.libretexts.org/Bookshelves/Physical_and_Theoretical_Chemistry_Textbook_Maps/Time_Dependent_Quantum_Mechanics_and_Spectroscopy_(Tokmakoff)/06%3A_Adiabatic_Approximation/6.03%3A_Diabatic_and_Adiabatic_States
https://chem.libretexts.org/Bookshelves/Physical_and_Theoretical_Chemistry_Textbook_Maps/Time_Dependent_Quantum_Mechanics_and_Spectroscopy_(Tokmakoff)/06%3A_Adiabatic_Approximation/6.03%3A_Diabatic_and_Adiabatic_States
https://creativecommons.org/licenses/by-nc-sa/4.0
https://chemistry.uchicago.edu/faculty/andrei-tokmakoff
https://tdqms.uchicago.edu/

LibreTextsw

6.4: Adiabatic and Nonadiabatic Dynamics

The BO approximation never explicitly addresses electronic or nuclear dynamics, but neglecting the nuclear kinetic energy to
obtain potential energy surfaces has implicit dynamical consequences. As we discussed for our NaCl example, moving the neutral
atoms together slowly allows electrons to completely equilibrate about each forward step, resulting in propagation on the adiabatic
ground state. This is the essence of the adiabatic approximation. If you prepare the system in ¥,, an eigenstate of H at the initial
time to, and propagate slowly enough, that ¥, will evolve as an eigenstate for all times:

H(t)qla(t) :Ea(t)‘lla(t) (6'4'1)
Equivalently this means that the n eigenfunction of H(t,) will also be the n' eigenfunction of H(t). In this limit, there are no
transitions between BO surfaces, and the dynamics only reflect the phases acquired from the evolving system. That is the time
propagator can be expressed as

1

U to)aesc = 3l exp( 5, [ atE, ) (6.4.2)

In the opposite limit, we also know that if the atoms were incident on each other so fast (with such high kinetic energy) that the
electron did not have time to transfer at the crossing, that the system would pass smoothly through the crossing along the diabatic
surface. In fact it is expected that the atoms would collide and recoil. This implies that there is an intermediate regime in which the
velocity of the system is such that the system will split and follow both surfaces to some degree.

In a more general sense, we would like to understand the criteria for adiabaticity that enable a time-scale separation between the
fast and slow degrees of freedom. Speaking qualitatively about any time-dependent interaction between quantum mechanical states,
the time-scale that separates the fast and slow propagation regimes is determined by the strength of coupling between those states.
We know that two coupled states exchange amplitude at a rate dictated by the Rabi frequency Q g, which in turn depends on the
energy splitting and coupling of the states. For systems in which there is significant nonperturbative transfer of population between
two states a and b, the time scale over which this can occur is approximately At~ 1/Qg = k/V,p, . This is not precise, but is
provides a reasonable starting point for discussing “slow” versus “fast”. “Slow” in an adiabatic sense would mean that a time-
dependent interaction act on the system over a period such that At < k/Vj},. In the case of our NaCl example, we would be
concerned with the time scale over which the atoms pass through the crossing region between diabatic states, which is determined
by the incident velocity between atoms.

Adiabaticity Criterion

Let’s investigate these issues by looking more carefully at the adiabatic approximation. Since the adiabatic states (¥, () = |a))
are orthogonal for all times, we can evaluate the time propagator as

Ut) = e i hi B0 ) (g (6.4.3)

and the time-dependent wavefunction is

U(t) =Y ba(t)e 7 h B0 q) (6.4.4)
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Although these are adiabatic states we recognize that the expansion coefficients can be time dependent in the general case. So, we
would like to investigate the factors that govern this time-dependence. To make the notation more compact, let’s define the time-
rate of change of the eigenfunction as

&) = [ Wa(t)) (6.4.5)

at

If we substitute the general solution Equation 6.4.4 into the TDSE, we get
iRy (6a|a> +bald) — %Eaba ja))e i o 08 = 5" p, By |a)ew o B0 (6.4.6)
a a

Note, the third term on the left hand side equals the right hand term. Acting on both sides from the left with (3] leads to

_hgew Jo Baat _ 3 b, (Bla)ew Jo Baltidt (6.4.7)
We can break up the terms in the summation into one for the target state | ) and one for the remaining states.
. . . i [t ,
_bB = bﬁ<,3|5> + Z ba <,3|C¥> exp |:_ﬁ / dt Eaﬂ (t ):| (648)
aB 0
where
E.s(t) =E,(t) — Es(t). (6.4.9)

The adiabatic approximation applies when we can neglect the summation in Equation 6.4.8, or equivalently when (8|&) < (8|83)
for all |a). In that case, the system propagates on the adiabatic state |3) independent of the other states: I}ﬂ =—bg(B |B). The
evolution of the coefficients is

05 =baO)exo |~ [ (30)13 @) at (6.4.10)

.t
~ bg(0) exp[%/ Eg (t')dt'] (6.4.11)
0
Here we note that in the adiabatic approximation

Ep(t) = (B(t)[H ()| B(2))- (6.4.12)

Equation 6.4.11 indicates that in the adiabatic approximation the population in the states never changes, only their phase. The
second term on the right in Equation 6.4.8 describes the nonadiabatic effects, and the overlap integral

Wq > (6.4.13)

v
Bla) =( ¥
(Bla) = w5l =
determines the magnitude of this effect. (8|c&) is known as the nonadiabatic coupling (even though it refers to couplings between
adiabatic surfaces), or as the geometrical phase. Note the parallels here to the expression for the nonadiabatic coupling in
evaluating the validity of the BornOppenheimer approximation, however, here the gradient of the wavefunction is evaluated in time
rather than the nuclear position. It would appear that we can make some connections between these two results by linking the

gradient variables through the momentum or velocity of the particles involved.

So, when can we neglect the nonadiabatic effects? We can obtain an expression for the nonadiabatic coupling by expanding

0
E[H|a> :Ea|a>] (6414)
and acting from the left with (3|, which for « # § leads to
oy _ (BlH|a)
= 6.4.15
(818) = 2 (6.4.15)

For adiabatic dynamics to hold (8|é) << (8]3), and so we can say
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(B|H|) i
m < _EE’B (6.4.16)

So how accurate is the adiabatic approximation for a finite time-period over which the systems propagates? We can evaluate
Equation 6.4.8, assuming that the system is prepared in state |c) and that the occupation of this state never varies much from one.
Then the occupation of any other state can be obtained by integrating over a period

by = (8]6) exp [—% /0 "'y (t’)]

bs zihw{exp[—% aﬂr] —1}

Egﬂ
= 2h—<ﬂ|H|a> e TP sin BapT
E? 2h
ap
Here I used
e —1=2ie”?sin(9/2). (6.4.17)
For |bgk < 1, we expand the sin term and find
O0H
<xpﬂ‘ﬁ‘\pa> <« Eog)7 (6.4.18)

This is the criterion for adiabatic dynamics, which can be seen to break down near adiabatic curve crossings where E,3 =0,
regardless of how fast we propagate through the crossing. Even away from curve crossing, there is always the possibility that
nuclear kinetic energies are such that (OH /0t) will be greater than or equal to the energy splitting between adiabatic states.
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6.5: Landau—Zener Transition Probability

Clearly the adiabatic approximation has significant limitations in the vicinity of curve crossings. This phenomenon is better
described through transitions between diabatic surfaces. To begin, how do we link the temporal and spatial variables in the curve
crossing picture? We need a time-rate of change of the energy splitting, E= dE,;/dt. The Landau-Zener expression gives the
transition probabilities as a result of propagating through the crossing between diabatic surfaces at a constant E. If the energy
splitting between states varies linearly in time near the crossing point, then setting the crossing point to t = 0 we write

E,—E, = FEt (6.5.1)

If the coupling between surfaces V,; is constant, the transition probability for crossing from surface a to b for a trajectory that
passes through the crossing is

27rV;%
P, =1—exp|——— (6.5.2)
h|E|
and P,, =1 — By, . Note if V,; = 0 then P,, = 0, but if the splitting sweep rate E is small as determined by
27V.2 > h|E| (6.5.3)

then we obtain the result expected for the adiabatic dynamics Py, ~ 1.

We can provide a classical interpretation to Equation 6.5.2 by equating E with the velocity of particles involved in the crossing.
We define the velocity as

_OR

=— 6.5.4
V=2 (6.5.4)
and the slope of the diabatic surfaces at the crossing,
F;, =0E;/OR. (6.5.5)
Recognizing
(B, —Ep) /t=v(F,— F) (6.5.6)
we find
Pu=1 2V, 6.5.7
O e F, — Ry (6.5.7)

In the context of potential energy surfaces, what this approximation says is that you need to know the slopes of the potentials at
their crossing point, the coupling and their relative velocity in order to extract the rates of chemical reactions.

Readings
1. Truhlar, D. D., Potential Energy Surfaces. In The Encyclopedia of Physical Science and Technology, 3rd ed.; Meyers, R. A., Ed.

Academic Press: New York, 2001; Vol. 13, pp 9-17.
2. Tully, J. C., Nonadiabatic Dynamics Theory. J. Chem. Phys. 2012, 137, 22A301.
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CHAPTER OVERVIEW

7: Interaction of Light and Matter

One of the most important topics in time-dependent quantum mechanics is the description of spectroscopy, which refers to the
study of matter through its interaction with electromagnetic radiation. Classically, light—-matter interactions are a result of an
oscillating electromagnetic field resonantly interacting with charged particles in the matter, most often bound electrons. We observe
these processes either through changes to the light induced by the matter, such as absorption or emission of new light fields, or by
light-induced changes to the matter, such as ionization and photochemistry. By studying such processes as a function of the control
variables for the light field (amplitude, frequency, polarization, phase, etc.), we can deduce properties of the samples.

7.1: Introduction to Light-Matter Interactions

7.2: Classical Light—Matter Interactions

7.3: Quantum Mechanical Electric Dipole Hamiltonian

7.4: Relaxation and Line-Broadening

7.5: Absorption Cross-Sections

7.6: Appendix - Review of Free Electromagnetic Field

7.7: Appendix - Magnetic Dipole and Electric Quadrupole Transitions
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7.1: Introduction to Light-Matter Interactions

The term “spectroscopy” comes from the Latin “spectron” for spirit or ghost and the Greek "okomev" for to see. These roots are
telling because in molecular spectroscopy you use light to interrogate matter, but you actually never see the molecules, only their
influence on the light. Different types of spectroscopy give you different perspectives. This indirect contact with the microscopic
targets means that the interpretation of spectroscopy requires a model, whether it is stated or not. Modeling and laboratory practice
of spectroscopy are dependent on one another, and spectroscopy is only as useful as its ability to distinguish different models. This
makes an accurate theoretical description of the underlying physical process governing the interaction of light and matter
important.

Quantum mechanically, we will treat spectroscopy as a perturbation induced by the light which acts to couple quantum states of the
charged particles in the matter, as we have discussed earlier. Our starting point is to write a Hamiltonian for the light-matter
interaction, which in the most general sense would be of the form

H=Hy+H,+Hy (711)

Although the Hamiltonian for the matter may be time-dependent, we will treat the Hamiltonian for the matter Hj; as time-
independent, whereas the electromagnetic field Hy and its interaction with the matter Hyjs are time-dependent. A quantum
mechanical treatment of the light would describe the light in terms of photons for different modes of electromagnetic radiation,
which we will describe later. We begin with a semiclassical treatment of the problem, which describes the matter quantum
mechanically and the light field classically. We assume that a light field described by a time-dependent vector potential acts on the
matter, but the matter does not influence the light. (Strictly, energy conservation requires that any change in energy of the matter be
matched with an equal and opposite change in the light field.) For the moment, we are just interested in the effect that the light has
on the matter. In that case, we can really ignore Hy,, and we have a Hamiltonian for the system that is

H =~ Hy+ Hrp(t)
=Hy+V(t)

which we can solve in the interaction picture. We will derive an explicit expression for the Hamiltonian Hys in the Electric Dipole
Approximation. Here, we will derive a Hamiltonian for the light-matter interaction, starting with the force experienced by a
charged particle in an electromagnetic field, developing a classical Hamiltonian for this interaction, and then substituting quantum
operators for the matter:

p— —ihV

) (7.1.2)
T —T

In order to get the classical Hamiltonian, we need to work through two steps:

1. describe electromagnetic fields, specifically in terms of a vector potential, and
2. describe how the electromagnetic field interacts with charged particles.
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7.2: Classical Light—Matter Interactions

Classical Plane Electromagnetic Waves

As a starting point, it is helpful to first summarize the classical description of electromagnetic fields. A derivation of the plane
wave solutions to the electric and magnetic fields and vector potential is described in the appendix in Section 6.6.

Maxwell’s equations describe electric (E) and magnetic fields (B); however, to construct a Hamiltonian, we must use the time-
dependent interaction potential (rather than a field). To construct the potential representation of E and 1_3, you need a vector
potential Z(F, t), and a scalar potential ¢(7, t). For electrostatics we normally think of the field being related to the electrostatic
potential through E= —V, but for a field that varies in time and in space, the electrodynamic potential must be expressed in
terms of both 4 and ®p.

In general, an electromagnetic wave written in terms of the electric and magnetic fields requires six variables (the z, y, and 2
components of E¥ and B). This is an over determined problem; Maxwell’s equations constrain these. The potential representation

has four variables (A4,, Ay, A., and ¢), but these are still not uniquely determined. We choose a constraint—a representation or
gauge—that allows us to uniquely describe the wave. Choosing a gauge such that ¢ =0 (i.e., the Coulomb gauge) leads to a

unique description of F and B:

2 1 0%A(r,t)
-V A(T‘,t)-l—c—QT =0 (7.2.1)
and
V-A=0 (7.2.2)

This wave equation for the vector potential gives a plane wave solution for charge free space and suitable boundary conditions:

A(7,t) = AgéeFT0 | gz ikT—w0) (7.2.3)
This describes the wave oscillating in time at an angular frequency w and propagating in space in the direction along the wave

vector k, with a spatial period A = 27/ |I_c| Writing the relationship between &, w, and A in a medium with index of refraction n in
terms of their values in free space:

Wy 2mn
k=nky = — — Z—— 7.2.4
== (7.2.4)
The wave has an amplitude Ay, which is directed along the polarization unit vector k. Since V- A =0, we see that k- E=0 or

k L € . From the vector potential we can obtain E and B

—  8A
B2 (7.2.5)
—iwAge (ei@.wm) _ efz'(%-?fwt)) (7.2.6)
B=VxA (7.2.7)
_i(fx )4, (ei@.mt) _ efi(é-?—wt)) (7.2.8)

b=(kx&)/|k|=kxE, (7.2.9)

we see that the wave vector, the electric field polarization and magnetic field polarization are mutually orthogonal k1élb.
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’ k

b

Also, by comparing Equation 7.2.3 and 7.2.6 we see that the vector potential oscillates as cos(wt), whereas the electric and
magnetic fields oscillate as sin(wt). If we define

%Eg =iwA, (7.2.10)
1 ,
5 Bo =ikl 4o (7.2.11)
then,
E(7,t) = |Ey| é sin(k- 7 — wt) (7.2.12)
B(r,t) = |By| bsin(k- 7 —wt) (7.2.13)
Note that
Ey/By =w/|k| =c. (7.2.14)

We will want to express the amplitude of the field in a manner that is experimentally accessible. The intensity I, the energy flux
through a unit area, is most easily measured. It is the time-averaged value of the Poynting vector

= 1
I=(S)= EsocEg (W/m?) (7.2.15)
An alternative representation of the amplitude that is useful for describing quantum light fields is the energy density
I 1 9 3
U==-=35ek; (J/m?) (7.2.16)

Classical Hamiltonian for radiation field interacting with charged particle

Now, we obtain a classical Hamiltonian that describes charged particles interacting with a radiation field in terms of the vector
potential. Start with L.orentz force on a particle with charge q:

F =q(E+vxB) (7.2.17)
Here v is the velocity of the particle. Writing this for one direction () in terms of the Cartesian components of E, v, and B, we
have:
F, =q(E; +vyB, —v,By) (7.2.18)
In Lagrangian mechanics, this force can be expressed in terms of the total potential energy
F’”:_Z_g+%(g%) (7.2.19)

Using the relationships that describe E and B in terms of A and ¢ (Equations 7.2.10and 7.2.11), inserting into Equation 7.2.1§
and working it into the form of Equation 7.2.19 we can show that

U=qp—qu-A (7.2.20)

This is derived elsewhere* and is readily confirmed by replacing it into Equation 7.2.19. Now we can write a Lagrangian in terms
of the kinetic and potential energy of the particle
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L=T-U (7.2.21)

1 _ _
= Eva +qu-A—qp (7.2.22)

The classical Hamiltonian is related to the Lagrangian as

H=p-v-L (7.2.23)
1 —
:ﬁ-ﬁfimﬁzfqﬁ-quw (7.2.24)
Recognizing
0L —
p=—=mv+qA (7.2.25)
Ov
we write
5= L (p—qd) (7.2.26)
v= m pP—q 4

Now substituting Equations 7.2.26into Equation 7.2.24, we have

H = 25-(-qA) 5= (-ad) LG qd)- At (7.2.27)
= 5 [P GA( O + ap(7, 1) (7.2:28)

This is the classical Hamiltonian for a particle in an electromagnetic field. In the Coulomb gauge (¢ = 0), the last term is dropped.

We can write a Hamiltonian for a single particle in a bound potential Vj in the absence of an external field as

—2

Hy = 2p—m+Vg(F) (7.2.29)
and in the presence of the EM field,
H = (- gA(r, 1) + Vo(7) (7.2.30)
Expanding we obtain
9 — 7,71 = @ T g
H:Ho—%(p-A—l—A-p)—i—%|A(r,t)| (7.2.31)

Generally the last term which goes as the square of A is small compared to the cross term, which is proportional to first power of
A. This term should be considered for extremely high field strength, which is non-perturbative and significantly distorts the
potential binding molecules together, i.e., when it is similar in magnitude to V4. One can estimate that this would start to play a role
at intensity levels > 10'° T/ /em?, which may be observed for very high energy and tightly focused pulsed femtosecond lasers. So,
for weak fields we have an expression that maps directly onto solutions we can formulate in the interaction picture:

H=H,+V(t) (7.2.32)

with

(p-A+A-p). (7.2.33)

Readings
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7.3: Quantum Mechanical Electric Dipole Hamiltonian

Now we are in a position to substitute the quantum mechanical momentum for the classical momentum:

p=—ihV (7.3.1)
Here the vector potential remains classical and only modulates the interaction strength:
th — — — =
V(t):2—q(V-A+A-V) (7.3.2)
m

We can show that V- A = A -V . For instance, if we are operating on a wavefunction on the right, we can use the chain rule to
writeV - (A|)) = (V- A)[9) + A- (V|4)). The first term is zero since we are working in the Coulomb gauge (V-A =0).
Now we have

V(t) = %Zﬁ (7.3.3)

A-p (7.3.4)

4
m

We can generalize Equation 7.3.4 for the case of multiple charged particles, as would be appropriate for interactions involving a
molecular Hamiltonian:

V() ==Y —:jz(?j,t) b (7.3.5)
5 My
q; aA A 1 E-ijw kr At i E'ijw
=— Ej HJJ [Aos ‘pje ( t) +AE -p;e ( t) (7.3.6)

Under most of the circumstances we will encounter, we can neglect the wave vector dependence of the interaction potential. This
applies if the wavelength of the field is much larger than the dimensions of the molecules we are interrogating, i.e., (A — co) and
|k| — 0). To see this, let’s define 7, as the center of mass of a molecule and expand about that position:

iR Ti — gikeTo gik: (Fi—To) (7.3.7)
— eiE-Fo 61E&l (738)

For interactions with UV, visible, and infrared radiation, wavelengths are measured in hundreds to thousands of nanometers. This is
orders of magnitude larger than the dimensions that describe charge distributions in molecules (67; =7; —7y ). Under those
circumstances |k|ér < 1, and setting 7 = 0 means that e*" — 1. This is known as the electric dipole approximation. Implicit
in this is also the statement that all molecules within a macroscopic volume experience an interaction with a spatially uniform,

homogeneous electromagnetic field.

Certainly there are circumstances where the electric dipole approximation is poor. In the case where the wavelength of light in on
the same scale as molecular dimensions, the light will now have to interact with spatially varying charge distributions, which will
lead to scattering of the light and interferences between the scattering between different spatial regions. We will not concern
ourselves with this limit further. We also retain the spatial dependence for certain other types of light-matter interactions. For
instance, we can expand Equation 7.3.8 as

eF T ar e |1 ik (7 _;0)+...] (7.3.9)

We retain the second term for quadrupole transitions: charge distribution interacting with gradient of electric field and magnetic
dipole (Section 6.7).

Now, using Ay = iEy /2w, we write Equation 7.3.4 as
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A
V(t) = 227(7110.;0 [£~pe ot —€~pe’°’t] (7.3.10)
~ 290 ;b sinwt (7.3.11)
mw
g = .
= —2(E(t)- .3.12
—4(5(0) ) (73.12)

or for a collection of charged particles (molecules):

V(t)=— (Z % (¢ -ﬁj)> %sinwt (7.3.13)

J
This is the interaction Hamiltonian in the electric dipole approximation.

In Equation 7.3.9, the second term must be considered in certain cases, where variation in the vector potential over the distance
scales of the molecule must be considered. This will be the case when one describes interactions with short wavelength radiation,
such as x-rays. Then the scattering of radiation by electronic states of molecules and the interference between transmitted and
scattered field are important. The second term is also retained for electric quadrupole transitions and magnetic dipole transitions, as
described in the appendix in Section 6.7. Electric quadrupole transitions require a gradient of electric field across the molecule, and
is generally an effect that is ~10™ of the electric dipole interaction.

Transition Dipole Matrix Elements
We are seeking to use this Hamiltonian to evaluate the transition rates induced by V'(¢) from our first-order perturbation theory
expression. For a perturbation
V(t) = Vpsinwt (7.3.14)
the rate of transitions induced by field is
™

wkz:EWkdz [0 (Bx — B¢ — hw) +6 (B — By + hw)) (7.3.15)

which depends on the matrix elements for the Hamiltonian in Equation 7.3.13 Note in first-order perturbation matrix element
calculations one uses unperturbed wavefunctions. Thus, we evaluate the matrix elements of the electric dipole Hamiltonian using
the eigenfunctions of Hy:

—gE, . .
Vie = (k|Vo| £) = == (k|2 - [¢) (7.3.16)
We can evaluate (k|p|£) using an expression that holds for any one-particle Hamiltonian:
. ihp
Hy| =— 7.3.17
710 = (r3.17)
This expression gives
. m /. fo
(k|p|e) = E<k 7 Ho — Hof e> (7.3.18)
mo, .
= 77, (KIFI6) By — B (k|7 |£)) (7.3.19)
= imuwyy (k|7 |£) (7.3.20)
So we have
Vie = —ino%Uﬂé 7]6) (7.3.21)

or for many charged particles

Vie :—iEo%<k
w

é- Zqﬁj £> (7.3.22)
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The matrix element can be written in terms of the dipole operators, which describes the spatial distribution of charges,

=Y qt; (7.3.23)
J

We can see that it is the quantum analog of the classical dipole moment, which describes the distribution of charge density p in the
molecule:

ﬁ:/dﬁp(;) (7.3.24)
The strength of interaction between light and matter is given by the matrix element in the dipole operator,

wii = (fl- €li) (7.3.25)

which is known as the transition dipole moment. In order that we have absorption, the part {f|u|%), which is a measure of change of
charge distribution between | f) and |z), should be non-zero. In other words, the incident radiation has to induce a change in the
charge distribution of matter to get an effective absorption rate. This matrix element is the basis of selection rules based on the
symmetry of the matter charge eigenstates. The second part, namely the electric field polarization vector says that the electric field
of the incident radiation field must project onto the matrix elements of the dipole moment between the final and initial sates of the
charge distribution.

Then the matrix elements in the electric dipole Hamiltonian are
Ly W
Wcl = 7’LE0 Tukl (7326)
This expression allows us to write in a simplified form the well-known interaction potential for a dipole in a field:

V(t)=—nu-E(t) (7.3.27)

Note that we have reversed the order of terms because they commute. This leads to an expression for the rate of transitions between
quantum states induced by the light field:

L 2 Whe — 12
wie = o | Bol — " (6 (Bi — By — hw) + (B — By + hw)] (7.3.28)
U _
= 577 [ Bol* i 18 (wre =)+ (wpe )] (7.3.29)

In essence, Equation 7.3.29is an expression for the absorption and emission spectrum since the rate of transitions can be related to
the power absorbed from or added to the light field. More generally, we would express the spectrum in terms of a sum over all
possible initial and final states, the eigenstates of Hy:
m 2 2
wy; :ZF Eol?|psil? [0 (wri —w) + 6 (wyi +w)] (7.3.30)
i?f
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7.4: Relaxation and Line-Broadening

Let’s describe absorption to a state that is coupled to a continuum. What happens to the probability of absorption if the excited state
decays exponentially?

N—— === In

We can start with the first-order expression

) i i
2= Re " Ve (2) (7.4.1)

where we make the approximation by(t) = 1. We can add irreversible relaxation to the description of b using our earlier
expression for the relaxation of

bi(t) = exp[—Enkt/2 — iAEkt/h] . (7.4.2)
In this case, we will neglect the correction to the energy AE) =0, so
9y — L gty () — Lok (7.4.3)
otk ke 5 Uk 4.
Or using V' (t) = —i Ey iy sinwt
9 i _
Srbr = e sinwt Vi, — w;"“ bi(t) (7.4.4)
E ) ) w
_ #:ff [el<wu+w> —el(“’kl—w)t} Ty — “’;’“ bi(t) (7.4.5)
The solution to the differential equation
Y + ay = be' (7.4.6)
is
(t) = Ae ™ be™ (7.4.7)
vy = a+io o
with
_ Eni i(wh+w)t i(wh—w)t
by () = Ae~umt/2 . 00k { — —— (7.4.8)
2ih | Wnk/2 4% (W tw)  Wok/2 47 (wpe —w)
Let’s look at absorption only, in the long time limit:
o i(wy —w)t
bu(t) = —onht [ i (7.4.9)
2h | wy—w—iwne/2
For which the probability of transition to & is
B3| e’ 1
Pp= b = o it (7.4.10)

AR (g —w) g /4

The frequency dependence of the transition probability has a Lorentzian form:
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The FWHM line width gives the relaxation rate from k into the continuum n. Also the line width is related to the system rather
than the manner in which we introduced the perturbation. The line width or line shape is an additional feature that we interpret in
our spectra, and commonly originates from irreversible relaxation or other processes that destroy the coherence first set up by the
light field.

This page titled 7.4: Relaxation and Line-Broadening is shared under a CC BY-NC-SA 4.0 license and was authored, remixed, and/or curated by
Andrei Tokmakoff via source content that was edited to the style and standards of the LibreTexts platform.
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7.5: Absorption Cross-Sections

The rate of absorption induced by a monochromatic electromagnetic field is
T A —
wee() = 515 | Bo ()] (k]& - 116) 6 (wre — ) (7.5.1)

The rate is clearly dependent on the strength of the field. The variable that you can most easily measure is the intensity I, the
energy flux through a unit area, which is the time-averaged value of the Poynting vector, S

S =eoc*(E x B) (7.5.2)
I=(S)— %socEg (7.5.3)

Using this we can write
Wiy = 3600112I(w)|<k|l7|f>|25(wkz—w) (7.5.4)

where I have also made use of the uniform distribution of polarizations applicable to an isotropic field:

|Eo -2

— R — R 1 9
:\Eo-y\z\Eo-z’:§|Eo| . (7.5.5)
Now let’s relate the rates of absorption to a quantity that is directly measured, an absorption cross section a:

total energy absorbed per unit time

= 7.5.6
total incident intensity (energy/unit time/area) ( )
hwwkg

= 7.5.7

- (7.5.7)

Note o has units of cm? . The golden rule rate for absorption also gives the same rate for stimulated emission. Given two levels
|m) and |n),

W = Winn (7.5.8)

s (@) = (OSE) (7.5.9)

We can now use a phenomenological approach to calculate the change in the intensity of incident light, I, due to absorption and
stimulated emission passing through a sample of length L. Given that we have a thermal distribution of identical non-interacting
particles with quantum states such that the level |m) is higher in energy than |n):

dI

- = ~Nooul + Npapl (7.5.10)
dI

= =—(N,—N,)adz 7.5.11
T

Here N,, and N,, are population of the upper and lower states, but expressed as population densities (cm™). Note that I and « are
both functions of the frequency of the incident light. If N is the molecular density,

o—BFE,
Nn:N< 7 ) (7.5.12)
Integrating Equation 7.5.11over a path length L, we have
T— Iio (7.5.13)
= e ANaL (7.5.14)
~e Vol (7.5.15)

We see that the transmission of light through the sample decays exponentially as a function of path length.
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is the thermal population difference between states. The second expression in Equation 7.5.14 comes from the high-frequency

AN =N, —N,, (7.5.16)

approximation applicable to optical spectroscopy. Equation 7.5.14 can also be written in terms of the familiar Beer—Lambert Law:

I
A=—-log— =€CL (7.5.17)

I
where A is the absorbance and C is the sample concentration in mol L1, which is related to the number density via Avagadro’s

number N4,
N [em~3]
C[molL'] = —— x1,000 (7.5.18)
A

In Equation 7.5.17, the characteristic molecular quantity that describes the sample’s ability to absorb the light is €, the molar
decadic extinction coefficient, given in L mol-! cm-!. With these units, we see that we can equate € with the cross section as

o NAa
€~ 2303

In the context of sample absorption characteristics, our use of the variable « for cross section should not be confused with another
use as an absorption coefficient with units of cm™ that is equal to N in Equation 7.5.14

(7.5.19)

These relationships also allow us to obtain the magnitude of the transition dipole matrix element from absorption spectra by
integrating over the absorption line shape:

6£0h22303c [ £(v)

2 0

gl = d 7.5.20

gt = SR [ g (7.5.20)
— (108.86 L mol cmlDz)_l/#dv (7.5.21)

Here the absorption line shape is expressed in molar decadic units and the frequency in wavenumbers.

Readings
1. Herzberg, G., Molecular Spectra and Molecular Structure: Infrared and Raman of Polyatomic Molecules. Prentice-Hall: New
York, 1939; Vol. II, p. 261.
2. McHale, J. L., Molecular Spectroscopy. 1st ed.; Prentice Hall: Upper Saddle River, NJ, 1999.
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7.6: Appendix - Review of Free Electromagnetic Field

Here we review the derivation of the vector potential for the plane wave in free space. We begin with Maxwell’s equations (SI):

V-B=0 (7.6.1)
V-E =p/e (7.6.2)
— — 0B
V x B Z,uoj-i-&‘o,uoaa—f (7.6.4)

Here the variables are: E, electric field; E, magnetic field; J , current density; p, charge density; &, electrical permittivity; po,
magnetic permittivity. We are interested in describing E and B in terms of a vector and scalar potential, A and ¢.

Next, let’s review some basic properties of vectors and scalars. Generally, vector field F assigns a vector to each point in space.
The divergence of the field

OF, OF, 0F,

V.-F= — 7.6.5
oz oy | 02 (7.6.5)
is a scalar. For a scalar field ¢, the gradient
op. 0p. 0¢
= —&+—=— —-— 7.6.6
vé awx+8yy+3zz ( )
is a vector for the rate of change at one point in space. Here
P gzt =72 (7.6.7)
are unit vectors. Also, the curl
Ty oz
= = 0 0 0
VxF=|— — — 7.6.8
x ox Oy 0z ( )
F, F, F,

is a vector whose z, y, and z components are the circulation of the field about that component. Some useful identities from vector
calculus that we will use are

V- (VxF) =0 (7.6.9)
V x (Vg) =0 (7.6.10)
Vx(VxF) =V(V-F)-V F (7.6.11)
Gauge Transforms
We now introduce a vector potential A(, ) and a scalar potential o (7, t), which we will relate to E and B. Since
V-B=0 (7.6.12)
and
V(V x 4) =0, (7.6.13)
we can immediately relate the vector potential and magnetic field
B=VxA (7.6.14)

Inserting this into Equation 7.6.3 and rewriting, we can relate the electric field and vector potential:

@ 0 a @ 7.6.1 https://chem.libretexts.org/@go/page/107256



https://libretexts.org/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://chem.libretexts.org/@go/page/107256?pdf
https://chem.libretexts.org/Bookshelves/Physical_and_Theoretical_Chemistry_Textbook_Maps/Time_Dependent_Quantum_Mechanics_and_Spectroscopy_(Tokmakoff)/07%3A_Interaction_of_Light_and_Matter/7.06%3A_Appendix_-_Review_of_Free_Electromagnetic_Field
https://phys.libretexts.org/TextBooks_and_TextMaps/Book%3A_Electricity_and_Magnetism_(Tatum)/15%3A_Maxwell's_Equations
https://math.libretexts.org/TextMaps/Calculus/Book%3A_Calculus_(Guichard)/16%3A_Vector_Calculus/16.5%3A_Divergence_and_Curl

LibreTextsw

B2

V x o

=0 (7.6.15)

Comparing Equations 7.6.15and 7.6.10allows us to state that a scalar product exists with

E=—-Vp (7.6.16)

So summarizing our results, we see that the potentials Aand ¢ determine the fields B and E:

B(r,t) =V x A(7, t) (7.6.17)
— — H —

B(r,t) = —Ve(r,t) - 5 AT ) (7.6.18)
We are interested in determining the classical wave equation for A and . Using Equation 7.6.17, differentiating Equation 7.6.18
and substituting into Equation 7.6.4, we obtain

_ 924 —0yp -
VX(VXA)—FSONO <W —|—V§> = poJ (7619)
Using Equation 7.6.11,
9 62Z [ 690 =
-V A+eqm o ] +V (V-A—f-so,uo Y ) = pod (7.6.20)
From Equation 7.6.16 we have
_ V-A
v.E--NA P, (7.6.21)
ot
and using Equation 7.6.2,
9V A  —
%—Vapzp/so (7.6.22)

Notice from Equations 7.6.17and 7.6.18that we only need to specify four field components (4., Ay, A;, ¢ to determine all six E
and B components. But & and B do not uniquely determine A and ¢. So we can construct A and ¢ in any number of ways
without changing F and B. Notice that if we change A by adding V' where ¥ is any function of 7 and ¢ this will not change
B (Vx(V-B)=0) .Itwill change E by (—%@X) , but we can change ¢ to ¢’ = ¢ — (8x/6t) . Then E and B will both be
unchanged. This property of changing representation (gauge) without changing E and B is gauge invariance. We can define a
gauge transformation with

=/

A (7,t) = A(F,t) + V- x(7,1) (7.6.23)
_ _ 0 _
go'('r,t)zga(r,t)—ax(r,t) (7.6.24)
Up to this point, A’andy’ are undetermined. Let’s choose a x such that:
= — 0
V-A+awoa—f=o (7.6.25)

which is known as the Lorentz condition. Then from Equation 7.6.19;

_ 9%2A _
_V2A+EO/LOW = poJ (7.6.26)

The right hand side of this equation can be set to zero when no currents are present. From Equation 7.6.22 we have:
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82
eom—s —V2p =L

7.6.27
ot? €0 ( )

Equations 7.6.26 and 7.6.27 are wave equations for A and (. Within the Lorentz gauge, we can still arbitrarily add another ; it
must only satisfy Equation 7.6.25. If we substitute Equations 7.6.23and 7.6.24into Equation 7.6.27, we see
0%x
V2X—€0H0W =0 (7.6.28)
So we can make further choices/constraints on Aandgo as long as it obeys Equation 7.6.2& We now choose ¢ = 0, the Coulomb
gauge, and from Equation 7.6.25we see

V-A=0 (7.6.29)

So the wave equation for our vector potential when the field is far currents (J =0) is

_622“"“0%27;4 —0 (7.6.30)
The solutions to this equation are plane waves:
A=Aysin(wt—k-T+a) (7.6.31)
where « is a phase. k is the wave vector which points along the direction of propagation and has a magnitude
K =W’ pogg =w?/c? (7.6.32)
Since V-A =0 (Equation 7.6.29), then
—k- Agcos(wt —k-T+a) =0 (7.6.33)
and
E-4y=0 (7.6.34)

So the direction of the vector potential is perpendicular to the direction of wave propagation (k L A_o). From Equations 7.6.17and
7.6.18 we see that for ¢ =0:

E = ~ (7.6.35)
= —wAycos(wt —k-T+a) (7.6.36)
B=VxA (7.6.37)
= (kx ZO) cos(wt — k-7 +a) (7.6.38)

Here the electric field is parallel with the vector potential, and the magnetic field is perpendicular to the electric field and the

direction of propagation (E 1ELB ). The Poynting vector describing the direction of energy propagation is

S =¢yc*(E x B) (7.6.39)
and its average value, the intensity, is
1
I=(S)= EsocEg. (7.6.40)
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7.7: Appendix - Magnetic Dipole and Electric Quadrupole Transitions

The second term in the expansion in eq. (6.39) leads to magnetic dipole and electric quadrupole transitions, which we will describe
here. The interaction potential is

VO(t) =~ [140(E - ) (k- T)e ™ —iAs(é - p) (k- F)e™']
We can use the identity
(€-p)(k-7) =& (pr)-k

= (Tt S (o7 TR

to separate V(t) into two distinct light—matter interaction terms:

VO(t) = Vi (6)+ V37 () (7.7.1)
Vaaa(t) = 5oaé - (o7 —7) - b (Age ™! + Agei™!) (7.7.2)
ve2(t) = g—;fé - (pr+7p) - k (Age ™ + Aze™) (7.7.3)

where the first Vnﬁi)g gives rise to magnetic dipole transitions, and the second Véz) leads to electric quadrupole transitions.
For the notation above, pr represents an outer product (tensor product p : 7 ), so that
DTz PzTy DPaT2 ks
E-(pr)-k=(es € €)| Pyra Dyry DyT» ky (7.7.4)
DTz PTy DTz k.

This expression is meant to imply that the component of r that lies along k can influence the magnitude of p along €. Alternatively
this term could be written Za,b:z,y,zsa (pamp) kp. These interaction potentials can be simplified and made more intuitive.
Considering first eq. 7.7.2, we can use the vector identity (A x B) - (C' x D) = (Ax C)(Bx D)—(Ax D)(BxC)  to show
1. . = 1. ., = . N T
56 r—1p)-k =3 -p)F-k)—(c-T)(D k)] =

(kxé)-L

[(k-€)- (7 xD)]

| =

N | =

For electronic spectroscopy, L is the orbital angular momentum. Since the vector k x é describes the direction of the magnetic
field B, and since Ay = By/2ik

v (¢) = %B(t) L B(t)=Bycoswt (7.7.5)

B Lmore generally isB- (E +285 ) when considering the spin degrees of freedom. In the case of an electron,

gL  2c - 2c_
gL === 7.
L 8L = i, (7.7.6)
where the Bohr magneton
B= Z eh/2m;c, andf, ., = BL (7.7.7)
i

is the magnetic dipole operator. So we have the form for the magnetic dipole interaction

2 C 5 _
Visay(t) =~ B(t) g (7.7.8)
For electric quadrupole transitions, once can simplify eq. 7.7.3 by evaluating matrix elements for the operator (pr + rp) .
pr+7p = %[[HO,F]F—F[F,HO]] = —;m (77, Ho) (7.7.9)
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and

2 —q . __ 7 —iw: * W
ViR (t) = Ea[rr,Hg]%(Age t 4 Arelt) (7.7.10)
Here 77 is an outer product of vectors. For a system of many charges (i), we define the quadrupole moment, a traceless second
rank tensor

Q:Ziqﬂ.@)r (7.7.11)
Qun =26 (37mi Tni —130mn) m,n=uz,y,2
Now, using Ag = Ey/2iw eq. (7.7.10) becomes
V(t)=— . E(t)- I?Z Ho} -k E(t)=Ejcoswt (7.7.12)
21w

Since the matrix element (k|[Q, Hy|| £) = hweQy,, we can write the electric quadrupole transition moment as

1 Egwge

Vie = ———(k|¢- Q- k|¢)
2w
1Bywie =
= 20wk Qe

This page titled 7.7: Appendix - Magnetic Dipole and Electric Quadrupole Transitions is shared under a CC BY-NC-SA 4.0 license and was
authored, remixed, and/or curated by Andrei Tokmakoff via source content that was edited to the style and standards of the LibreTexts platform.

https://chem.libretexts.org/@go/page/107456


https://libretexts.org/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://chem.libretexts.org/@go/page/107456?pdf
https://chem.libretexts.org/Bookshelves/Physical_and_Theoretical_Chemistry_Textbook_Maps/Time_Dependent_Quantum_Mechanics_and_Spectroscopy_(Tokmakoff)/07%3A_Interaction_of_Light_and_Matter/7.07%3A_Appendix_-_Magnetic_Dipole_and_Electric_Quadrupole_Transitions
https://creativecommons.org/licenses/by-nc-sa/4.0
https://chemistry.uchicago.edu/faculty/andrei-tokmakoff
https://tdqms.uchicago.edu/

LibreTextsw

CHAPTER OVERVIEW

8: Mixed States and the Density Matrix

Molecules in dense media interact with one another, and as a result no two molecules have the same state. Energy placed into one
degree of freedom will ultimately leak irreversibly into its environment. We cannot write down an exact Hamiltonian for these
problems; however, we can concentrate on a few degrees of freedom that are observed in a measurement, and try and describe the

influence of the surroundings in a statistical manner.

8.1: Mixed States
8.2: Density Matrix for a Mixed State
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8.1: Mixed States

Conceptually we are now switching gears to develop tools and ways of thinking about condensed phase problems. What we have
discussed so far is the time-dependent properties of pure states, the states of a quantum system that can be characterized by a single
wavefunction. For pure states one can precisely write the Hamiltonian for all particles and fields in the system of interest. These are
systems that are isolated from their surroundings, or isolated systems to which we introduce a time-dependent potential. For
describing problems in condensed phases, things are different. Molecules in dense media interact with one another, and as a result
no two molecules have the same state. Energy placed into one degree of freedom will ultimately leak irreversibly into its
environment. We cannot write down an exact Hamiltonian for these problems; however, we can concentrate on a few degrees of
freedom that are observed in a measurement, and try and describe the influence of the surroundings in a statistical manner.

These observations lead to the concept of mixed states or statistical mixtures. A mixed state refers to any case in which we describe
the behavior of an ensemble for which there is initially no phase relationship between the elements of the mixture. Examples
include a system at thermal equilibrium and independently prepared states. For mixed states we have imperfect information about
the system, and we use statistical averages in order to describe quantum observables.

4 N\ interaction
H 5 — H B
\ system ) bath
o g (surroundings)

How does a system get into a mixed state? Generally, if you have two systems and you put these in contact with each other, the
interaction between the two will lead to a new system that is inseparable. Consider two systems Hg and Hp for which the
eigenstates of Hg are |n) and those of Hp are |a).

Hy = Hg + Hpg (8.1.1)
Hpla) = Ea|a)

Before these systems interact, the state of the system |1g) can be described as product states of |n) and |c).
[%0) = |4)[¥) (8.1.3)
%) = saln) (8.1.4)

[¥%) = bala) (8.1.5)
|1/"0> :anba|na> (816)

where s and b are expansion coefficients. After these states are allowed to interact, we have a new state |1(t)). The new state can
still be expressed in the zero-order basis, although this does not represent the eigenstates of the new Hamiltonian:

H=H,+V (8.1.7)
%(t) = cnalna) (8.1.8)

For any point in time, Cy, o is the complex amplitude for the mixed |nc) state. Generally speaking, at any time after bringing the
systems in contact cp o 7 Spb,.. The coefficient n, ¢, o encodes P, , = |cn,a|2, the joint probability for finding particle of
|1s) in state|n) and simultaneously finding particle of |1 p) in state|a). In the case of experimental observables, we are typically
able to make measurements on the system HS, and are blind to HB. Then we are interested in the probability of occupying a
particular eigenstate of the system averaged over the bath degrees of freedom:
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2:<|cn|2> (8.1.9)

Pn:ZPn,a:Z

Now let’s look at the thinking that goes into describing ensembles. Imagine a room temperature solution of molecules dissolved in
a solvent. The same molecular Hamiltonian and wavefunctions can be used to express the state of any molecule in the ensemble.
However, the details of the amplitudes of the eigenstates at any moment will also depend on the timedependent local environment.

solute molecule- O -
: w O
w H O

~ = mol
) e
L O B
N\
L) liquid
i -
{ ] N / Y .
o b ~— \JI H““"
)
ot oo
\I
'
We will describe this problem with the help of a molecular Hamiltonian H G 31, which describes the state of the molecule j within

the solution through the wavefunction ‘1/)(]‘) > We also have a Hamiltonian for the liquid Hj;4 into which we wrap all of the solvent
degrees of freedom. The full Hamiltonian for the solution can be expressed in terms of a sum over N solute molecules and the
liquid, the interactions between solute molecules Hj,;, and any solute-solvent interactions H 1 —1q:

H Hmol + th + Z Huft’ Z mol —lig (8110)

=1 k=1

>k
For our purposes, we take the molecular Hamiltonian to be the same for all solute molecules, i.e., Hggl = H,,,,; which obeys a
TISE

Hmol|¢n> :En|¢n> (8111)

We will express the state of each molecule in this isolated molecule eigenbasis. For the circumstances we are concerned with,
where there are no interactions or correlations between solute molecules, we are allowed to neglect H;,;. Implicit in this statement
is that we believe there is no quantum mechanical phase relationship between the different solute molecules. We will also drop
Hj;,, since it is not the focus of our interests and will not influence the conclusions. We can therefore write the Hamiltonian for any
individual molecule as

HY = Hyo+HY, 0 (8.1.12)
and the statistically averaged Hamiltonian
HeL iv:H(j) = Hypot + (Hrmol -1iq) (8.1.13)
N =~ 1

This Hamiltonian reflects an ensemble average of the molecular Hamiltonian under the influence of a varying solute—solvent
interaction. To describe the state of any particular molecule, we can define a molecular wavefunction ’1/1%7 )>, which we express as

an expansion in the isolated molecular eigenstates,
|¢7(1J)> :chlj)|¢n> (8.1.14)

Here the expansion coefficients vary by molecule because of their interaction with the liquid, but they are all expressed in terms of
the isolated molecule eigenstates. Note that this expansion is in essence the same as Equation 8.1.8 with the association
cﬁf )& Cn,o - In either case, the mixed state arises from varying interactions with the environment. These may be static and appear
from ensemble averaging, or time-dependent and arise from fluctuations in the environment. Recognizing the independence of
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different molecules, the wavefunction for the complete system |¥) can be expressed in terms of the wavefunctions for the
individual molecules under the influence of their local environment |1/J(j)>:

H|¥) = E|¥) (8.1.15)
N
¥) = [pWyp@gE) ) =[] [49) (8.1.16)
j=1
N
E=) EU (8.1.17)
j=1

We now turn out attention to expectation values that we would measure in an experiment. First we recognize that for the individual
molecule j, the expectation value for an internal operator would be expressed

<A<j>> - <¢<a’) |4 (p,45)| ¢<j)> (8.1.18)

This purely quantum mechanical quantity is itself an average. It represents the mean value obtained for a large number of
measurements made on an identically prepared system, and reflects the need to average over the intrinsic quantum uncertainties in
the position and momenta of particles. In the case of a mixed state, we must also average the expectation value over the ensemble
of different molecules. In the case of our solution, this would involve an average of the expectation value over the N molecules.

N
(A= (a0 (8.1.19)
=1

Double brackets are written here to emphasize that conceptually there are two levels of statistics in this average. The first involves
the uncertainty over measurements of the same molecule in the identical pure state, whereas the second is an average over
variations of the state of the system within an ensemble. However, we will drop this notation when we are dealing with ensembles,
and take it as understood that expectation values must be averaged over a distribution. Expanding Equation 8.1.19 with the use of
Equations 8.1.14and 8.1.18allows us to write

(4) = %Zi‘cg{) ()" (9l Al ) (8.1.20)

n,m j=

The second term simplifies the first expression by performing an ensemble average over the complex wavefunction amplitudes. We
use this expression to write a density matrix or density operator p, whose matrix elements are

P = (CmCh) (8.1.21)

Then the expectation value becomes

<A> = Z Pmn Anm

=Tr(pA)

Here the trace T'r[...] refers to a trace over the diagonal elements of the matrix ) (a|---|a). Although these matrices were
evaluated in the basis of the molecular eigenstates, we emphasize that the definition and evaluation of the density matrix and
operator matrix elements are not specific to a particular basis set.

Although this is just one example, the principles are quite generally to mixed states in the condensed phase. The wavefunction is a
quantity that is meant to describe a molecular or nanoscale object. To the extent that finite temperature, fluctuations, disorder, and
spatial separation ensure that phase relationships are randomized between different nano-environments, one can characterize the
molecular properties of condensed phases as mixed states in which ensemble-averaging is used to describe the interactions of these
molecular environments with their surroundings.

The name density matrix derives from the observation that it plays the quantum role of a probability density. Comparing Equation
777 with the statistical determination of the mean value of A,
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(A) =) P(A)4 (8.1.22)

we see that p plays the role of the probability distribution function P(A). Since p is Hermitian, it can be diagonalized, and in this
diagonal basis the density matrix elements are in fact the statistical weights or probabilities of occupying a given state of the
system.

Returning to our example, and comparing Equation 8.1.22 with Equation 8.1.19 also implies that P;(A) =1/N, i.e. that the
contribution from each molecule to the average is statistically equivalent. Note also that the state of the system described by
Equation 8.1.16is a system of fixed energy. So, the probability density in Equation 8.1.19indicates that this expression applies to
a microcanonical ensemble (IV, V, E) in which any realization of a system at fixed energy is equally probable, and the statistical
weight is the inverse of the number of microstates: P =1/€2. In the case of a system in contact with a heat bath with temperature
T, i.e., the canonical ensemble (N,V,T) we now express the average in terms of the probability that a member of an ensemble with
fixed average energy can access a state of energy F.

This page titled 8.1: Mixed States is shared under a CC BY-NC-SA 4.0 license and was authored, remixed, and/or curated by Andrei Tokmakoff
via source content that was edited to the style and standards of the LibreTexts platform.
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8.2: Density Matrix for a Mixed State

Based on the discussion of mixed state in Section 7.1, we are led to define the expectation value of an operator for a mixed state as

(A®) = Ym0 1)) (8:2.1)
J

where p; is the probability of finding a system in the state defined by the wavefunction |1/)(j)>. Correspondingly, the density matrix
for a mixed state is defined as:

p(t) =D _pile (&) (V) (2)] (8.2.2)

For the case of a pure state, only one wavefunction|¢(k)) specifies the state of the system, and p; = ;3 . Then the density matrix is
as we described before,

p(t) = [$(1)) (¥ ()] (8.2.3)

with the density matrix elements
p(t)=D ca(t)ein(t)|n) (m]
=" pun(®) ) ml
n,m

For mixed states, using the separation of system (a) and bath () degrees of freedom that we used above, the expectation value of
an operator A can be expressed as

(A(t)) =Y chacs5(al Ab)8a,s

a,o

= Z <Z c;;,acb,a> A
a,b

= Z (p S )ba Aab
a,b
=Tr[psA]
Here, the density matrix elements are

Pa,a,b,f = Cz,acb,ﬁy (824)

We are now in a position, where we can average the system quantities over the bath configurations. If we consider that the operator
A is only a function of the system coordinates, we can make further simplifications. An example is describing the dipole operator
of a molecule dissolved in a liquid. Then we can average the expectation value of A over the bath degrees of freedom as

(A(t)) =Y chacy5(al Ab)8a,s

¥ (z ) Au
a,b a

= Z (pS)baAab
a,b

=Tr[psA]
Here we have defined a density matrix for the system degrees of freedom (also called the reduced density matrix, o)
ps = [s) (s (8.2.5)
with density matrix elements that traced over the bath states:
[b)ps(al = chaha (8:2.6)
(6]
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The “s” subscript should not be confused with the Schrodinger picture wavefunctions. To relate this to our similar expression for p,
Equation 8.2.3, it is useful to note that the density matrix of the system are obtained by tracing over the bath degrees of freedom:

ps =Trp(p)
= Z (P$) pqAab
a,b

Also, note that
Tr(A x B) =Tr(A) Tr(B) (8.2.7)

To interpret what the system density matrix represents, let’s manipulate it a bit. Since pg is Hermitian, it can be diagonalized by a
unitary transformation 7', where the new eigenbasis |m ) represents the mixed states of the original |t)g) system.

ps :Z|m>pmm<m| (8.2.8)

> pmn =1 (8.2.9)

The density matrix elements represent the probability of occupying state |m), which includes the influence of the bath. To obtain
these diagonalized elements, we apply the transformation 7" to the system density matrix:

(ps)mn = Z TMb (ps)baTaTn
a,b

= E cb,aTmb cz,aTrﬁa

a,b,a
= Z fm,a fr’:l,a
a

= |fm|2 =pm >0

The quantum mechanical interaction of one system with another causes the system to be in a mixed state after the interaction. The
mixed states, which are generally inseparable from the original states, are described by

s) =Y fmlm) (8.2.10)

If we only observe a few degrees of freedom, we can calculate observables by tracing over unobserved degrees of freedom. This
forms the basis for treating relaxation phenomena.

Readings

1. Blum, K., Density Matrix Theory and Applications. Plenum Press: New York, 1981.
2. Mukamel, S., Principles of Nonlinear Optical Spectroscopy. Oxford University Press: New York, 1995.
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CHAPTER OVERVIEW

9: Irreversible and Random Processes

In condensed phases, intermolecular interactions and collective motions act to modify the state of a molecule in a time-dependent
fashion. Liquids, polymers, and other soft matter experience intermolecular interactions that lead to electronic and structural
motions. Atoms and molecules in solid form are subject to fluctuations that result from thermally populated phonons and defect
states that influence electronic, optical, and transport properties. As a result, the properties and dynamics of an internal variable that
we may observe in an experiment are mixed with its surroundings. In studying mixed states we cannot write down an exact
Hamiltonian for these problems; however, we can describe the influence of the surroundings in a statistical manner. This requires a
conceptual change.

9.1: Concepts and Definitions
9.2: Thermal Equilibrium

9.3: Fluctuations
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9.1: Concepts and Definitions

As one change to our thinking, we now have to be concerned with ensembles. Most often, we will be concerned with systems in an
equilibrium state with a fixed temperature for which many quantum states are accessible to the system. For comparing calculations
of pure quantum states to experimental observables on macroscopic samples, we assume that all molecules have been prepared and
observed in the same manner, so that the quantum expectation values for the internal operators can be compared directly to
experimental observations. For mixed states, we have seen the need to perform an additional layer of averaging over the ensemble
in the calculation of expectation values.

Perhaps the most significant change between isolated states and condensed matter is the dynamics. From the time-dependent
Schrodinger equation, we see that the laws governing the time evolution of isolated quantum mechanical systems are invariant
under time reversal. That is, there is no intrinsic directionality to time. If one reverses the sign of time and thereby momenta of
objects, we should be able to exactly reverse the motion and propagate the system to where it was at an earlier time. This is also the
case for classical systems evolving under Newton’s equation of motion. In contrast, when a quantum system is in contact with
another system having many degrees of freedom, a definite direction emerges for time, “the arrow of time,” and the system’s
dynamics is no longer reversible. In such irreversible systems a welldefined prepared state decays in time to an equilibrium state
where energy has been dissipated and phase relationships are lost between the various degrees of freedom.

Additionally, condensed phase systems on a local, microscopic scale all have a degree of randomness or noisiness to their dynamics
that represent local fluctuations in energy on the scale of kgT'. This behavior is observed even through the equations of motion that
govern the dynamics are deterministic. Why? It is because we generally have imperfect knowledge about all of the degrees of
freedom influencing the system, or experimentally view its behavior through a highly restricted perspective. For instance, it is
common in experiments to observe the behavior of condensed phases through a molecular probe imbedded within or under the
influence of its surroundings. The physical properties of the probe are intertwined with the dynamics of the surrounding medium,
and to us this appears as random behavior, for instance as Brownian motion. Other examples of the appearance of randomness from
deterministic equations of motion include weather patterns, financial markets, and biological evolution. So, how do irreversible
behavior and random fluctuations, hallmarks of all chemical systems, arise from the deterministic time-dependent Schrédinger
equation? This fascinating question will be the central theme in our efforts going forward.

Definitions

Let’s begin by establishing some definitions and language that will be useful for us. We first classify chemical systems of interest
as equilibrium or non-equilibrium systems. An equilibrium system is one in which the macroscopic properties (i.e., the intensive
variables) are invariant with time, or at least invariant on the time scales over which one executes experiments and observes the
system. Further, there are no steady state concentration or energy gradients (currents) in the system. Although they are
macroscopically invariant, equilibrium states are microscopically dynamic.

For systems at thermal equilibrium we will describe their time-dependent behavior as dynamically reversible or irreversible. For us,
reversible will mean that a system evolves deterministically. Knowledge of the state of the system at one point in time and the
equation of motion means that you can describe the state of the system for all points in time later or previously. Irreversible systems
are not deterministic. That is, knowledge of the state of the system at one point in time does not provide enough information to
precisely determine its past state.

Since all states are irreversible in the strictest sense, the distinction is often related to the time scale of observation. For a given
system, on a short enough time scale dynamics will appear deterministic whereas on very long times appear random. For instance,
the dynamics of a dilute gas appear ballistic on time scales short compared to the mean collision time between particles, whereas
their motion appears random and diffusive on much longer time scales. Memory refers to the ability to maintain deterministic
motion and reversibility, and we will quantify the decay of memory in the system with correlation functions. For the case of
quantum dynamics, we are particularly interested in the phase relationships between quantum degrees of freedom that results from
deterministic motion under the time-dependent Schrédinger equation.

Nonequilibrium states refers to open or closed systems that have been acted on externally, moving them from equilibrium by

changing the population or energy of the quantum states available to the system. Thermodynamically, work is performed on the
system, leading to a free-energy gradient that the nonequilibrium system will minimize as it re-equilibrates. For nonequilibrium
states, we will be interested in relaxation processes, which refer to the timedependent processes involved in re-equilibrating the
system. Dissipation refers to the relaxation processes involving redistribution of energy as a nonequilibrium state returns toward a
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thermal distribution. However, there are other relaxation processes such as the randomization of the orientation of an aligned
system or the randomization of phase of synchronized oscillations.

Statistics

With the need to describe ensembles, will use statistical descriptions of the properties and behavior of a system. The variable A,
which can be a classical internal variable or quantum operator, can be described statistically in terms of the mean and mean-square
values of A determined from a large number of measurements:

1 X
(A)==>"4 (9.1.1)
N =
1 X
Ay == A2 9.1.2
(4%) = Z : (9-1.2)
Here, the summation over 7 refers to averaging over N independent measurements. Alternatively, these equations can be expressed
as
M
(A) =" P A, (9.1.3)
n=1
M
(4?) = ZPnA% (9.1.4)
n=1

The sum over n refers to a sum over the M possible values that A can take, weighted by P,, the probability of observing a
particular value A,,. When the accessible values come from a continuous as opposed to discrete distribution, one can describe the
statistics in terms of the moments of the distribution function, P(A), which characterizes the probability of observing A between
Aand A+dA

(4) = / dAAP(A) (9.1.5)
(42) = / dAA’P(A) (9.1.6)

For time-dependent processes, we recognize that it is possible that these probability distributions carry a time dependence, P(A,t).
The ability to specify a value for A is captured in the variance of the distribution

o’ = (A% —(A)? (9.1.7)

P(4)

v

We will apply averages over probability distributions to the description of ensembles of molecules; however, we should emphasize
that a statistical description of a quantum system also applies to a pure state. A fundamental postulate is that the expectation value
of an operator

(A) = (| AJy) (9.1.8)

is the mean value of A obtained over many observations on identically prepared systems. The mean and variance of this
expectation value represent the fundamental quantum uncertainty in a measurement.
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To take this a step further and characterize the statistical relationship between two variables, one can define a joint probability
distribution, P(A, B), which characterizes the probability of observing A between A and A+dA and \(B\) between B and
B+dB. The statistical relationship between the variables can also emerges from moments of P(A, B). The most important
measure is a correlation function

Cas = (AB)— (A)(B) (9.1.9)

You can see that this is the covariance—the variance for a bivariate distribution. This is a measure of the correlation between the
variables A and B. That is, for a specific value of A, what are the associated statistics for B. To interpret this it helps to define a
correlation coefficient

Cup

= 1.1
r P (9.1.10)

r can take on values from +1 to -1. If » = 1 then there is perfect correlation between the two distributions. If the variables A and B
depend the same way on a common internal variable, then they are correlated. If no statistical relationship exists between the two
distributions, then they are uncorrelated, » =0, and (AB) = (A)(B) . It is also possible that the distributions depend in an equal
and opposite manner on an internal variable, in which case we call them anti-correlated with r = —1.

This page titled 9.1: Concepts and Definitions is shared under a CC BY-NC-SA 4.0 license and was authored, remixed, and/or curated by Andrei
Tokmakoff via source content that was edited to the style and standards of the LibreTexts platform.
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9.2: Thermal Equilibrium

For a statistical mixture at thermal equilibrium, individual molecules can occupy a distribution of energy states. An equilibrium
system at temperature 7" has the canonical probability distribution

e PH
Peq = Z (9.2.1)

Z is the partition function and 8 = (k BT)71 . Classically, we can calculate the equilibrium ensemble average value of a variable A
as

(4) = / dp / dQA(p, & ¢)peg (P, ) (9.2.2)

In the quantum mechanical case, we can obtain an equilibrium expectation value of A by averaging (A) over the thermal
occupation of quantum states:

(4) = Tr(pey A) (0.2.3)

where p,, is the density matrix at thermal equilibrium and is a diagonal matrix characterized by Boltzmann weighted populations
in the quantum states:

e_ﬂEs

=DPn= 9.24
Pmn = Pn 7 ( )

In fact, the equilibrium density matrix is defined by Equation 9.2.1, as we can see by calculating its matrix elements using

1 ; —BEn
(pGQ)mm = E<n{eiﬁH}m> = : VA Jmm :pn(smm (925)
Note also that

Z:Tr(e‘ﬂﬁ) (9.2.6)

Equation 9.2.3 can also be written as
(4) = pu(n|Aln) (9.2.7)
It may not be obvious how this expression relates to our previous expression for mixed states
(4) =" (chem) Amn =Tr(pA). (9.2.8)

Remember that for an equilibrium system we are dealing with a statistical mixture in which no coherences (no phase relationships)
are present in the sample. The lack of coherence is the important property that allows the equilibrium ensemble average of {c,c},)
to be equated with the thermal population p,,. To evaluate this average we recognize that these are complex numbers, and that the
equilibrium ensemble average of the expansion coefficients is equivalent to phase averaging over the expansion coefficients. Since
at equilibrium all phases are equally probable

(chem) = 5= O%wamdvﬁ = o—leallen] / T g 9-2.9)
where
Cn = |cn €% (9.2.10)
and
Grm = b — P (9.2.11)

The integral in Equation 9.2.9 is quite clearly zero unless ¢, = ¢, giving
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9.3: Fluctuations

“Fluctuations” refers to the random or noisy time evolution of a microscopic subsystem imbedded an actively evolving
environment. Randomness is a property of all chemical systems to some degree, but we will focus on an environment that is at or
near thermal equilibrium. Systems at thermal equilibrium are macroscopically time-invariant; however, they are microscopically
dynamic, with molecules exploring the range of microstates that are thermally accessible. Local variations in energy result in
changes in molecular position, orientation, and structure, and are responsible for the activation events that allow chemical equilibria
to be established.

If we wish to describe an internal variable A for a system at thermal equilibrium, we can obtain the statistics of A by performing
ensemble averages described above. The resulting averages would be time-invariant. However, if we observe a member of the
ensemble as a function of time, A4;(t), the behavior is generally is observed to fluctuate randomly. The fluctuations in A;(¢) vary
about a mean value (A), sampling thermally accessible values which are described by an equilibrium probability distribution
function P(A). P(A) describes the potential of mean force, the free energy projected as a function of A:

F(A) = —kpTnP(A) (9.3.1)
P(A)

A1)

(4) 'XW*MW mP!W\WNHﬂ\’ }/‘ \/JW\ [/JIWW TN Ml

o~

time, ¢

Given enough time, we expect that one molecule in a homogeneous medium will be able to sample all available configurations of
the system. Moreover, a histogram of the values sampled by one molecule is expected to be equal to P(A). Such a system is
referred to as ergodic. Specifically, in an ergodic system, it is possible describe the macroscopic properties either by averaging over
all possible values for a given member of the ensemble, or by performing an average over the realizations of A for the entire
ensemble at one point in time. That is, the statistics for A can be expressed as a time-average or an ensemble average. For an
equilibrium system, the ensemble average is

n

o
(4) = Tr(pgA) =) | (n|Aln) (9-3:2)
n
and the time average is
_ 1 T
A lim —/ dt A;(t) 9.3.3)
T—o00 0
These quantities are equal for an ergodic system:
(4)=4 (9.3.4)

Equilibrium systems are ergodic. From Equation 9.3.3, we see that the term ergodic also carries a dynamical connotation. A system
is ergodic if one member of the ensemble has evolved long enough to sample the equilibrium probability distribution. Experimental
observations on shorter time scales view a nonequilibrium system.
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CHAPTER OVERVIEW

10: Time-Correlation Functions

Time-correlation functions are an effective and intuitive way of representing the dynamics of a system, and are one of the most
common tools of time-dependent quantum mechanics. They provide a statistical description of the time evolution of an internal
variable or expectation value for an ensemble at thermal equilibrium. They are generally applicable to any time-dependent process,
but are commonly used to describe random (or stochastic) and irreversible processes in condensed phases. We will use them
extensively in the description of spectroscopy and relaxation phenomena. Although they can be used to describe the oscillatory
behavior of ensembles of pure quantum states, our work is motivated by finding a general tool that will help us deal with the
inherent randomness of molecular systems at thermal equilibrium. They will be effective at characterizing irreversible relaxation
processes and the loss of memory of an initial state in a fluctuating environment.

10.1: Definitions, Properties, and Examples of Correlation Functions
10.2: Correlation Function from a Discrete Trajectory
10.3: Quantum Time-Correlation Functions

10.4: Transition Rates from Correlation Functions

This page titled 10: Time-Correlation Functions is shared under a CC BY-NC-SA 4.0 license and was authored, remixed, and/or curated by
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10.1: Definitions, Properties, and Examples of Correlation Functions

Returning to the microscopic fluctuations of a molecular variable A, there seems to be little information in observing the trajectory
for a variable characterizing the time-dependent behavior of an individual molecule. However, this dynamics is not entirely
random, since they are a consequence of time-dependent interactions with the environment. We can provide a statistical description
of the characteristic time scales and amplitudes to these changes by comparing the value of A at time ¢ with the value of A at time
t' later.

P()
A1)

—~

time, ¢

Figure 10.1.1: Fluctuations of A in time around an average (A).

We define a time-correlation function (TCF) as a time-dependent quantity, A(t¢), multiplied by that quantity at some later time,
A(t"), and averaged over an equilibrium ensemble:

Cyua (t,t) = (A)A([Y)),, (10.1.1)
The classical form of the correlation function is evaluated as
Caa (t,1) = /dp /qu(p, 4 t)A (P, q;t’) peg (P> Q) (10.1.2)

whereas the quantum correlation function can be evaluated as
Caa (t,t') = Tr[pe, A(t)A ()] (10.1.3)
=an (n]At)A(t)|n) (10.1.4)

n

where
p,=e P /7. (10.1.5)

These are auto-correlation functions, which correlates the same variable at two points in time, but one can also define a cross-
correlation function that describes the correlation of two different variables in time

Cup (8, ) = (A(t)B(t')) (10.1.6)

So, what does a time-correlation function tell us? Qualitatively, a TCF describes how long a given property of a system persists
until it is averaged out by microscopic motions and interactions with its surroundings. It describes how and when a statistical
relationship has vanished. We can use correlation functions to describe various time-dependent chemical processes. For instance,
we will use (u(¢)p(0)) - the dynamics of the molecular dipole moment - to describe absorption spectroscopy. We will also use
them for relaxation processes induced by the interaction of a system and bath:

(Hsp(t)Hsp(0)) - (10.1.7)

Classically, you can use TCFs to characterize transport processes. For instance a diffusion coefficient is related to the velocity
correlation function:

D=3 /Ooo dt (o(t)(0)). (10.1.8)
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Properties of Correlation Functions

A typical correlation function for random fluctuations at thermal equilibrium in the variable A might look like

(4°)

(1)

It is described by a number of properties:

1. When evaluated at t = ¢’ , we obtain the maximum amplitude, the mean square value of A, which is positive for an
autocorrelation function and independent of time.

Caalt,t) = (A(t)A(t)) = (A*) >0 (10.1.9)
2. For long time separations, as thermal fluctuations act to randomize the system, the values of A become uncorrelated

lim Cay (t¥) = (A1) (A (t)) = (4)° (10.1.10)

3. Since it is an equilibrium quantity, correlation functions are stationary. That means they do not depend on the absolute point of
observation (¢ and ¢'), but rather the time interval between observations. A stationary random process means that the reference
point can be shifted by an arbitrary value T’

Can(t,t')=Caa (t+T,t' +T) (10.1.11)
So, choosing 7' = —t' and defining the time interval 7 =t —t' , we see that only 7 matters
Caa (t,t/)ZCAA (t—t/,O)ZCAA(T) (10.1.12)

Implicit in this statement is an understanding that we take the time-average value of A to be equal to the equilibrium ensemble
average value of 4, i.e., the system is ergodic. So, the correlation of fluctuations can be expressed as either a time-average over
a trajectory of one molecule

- ) 1 T

A(t)A(0) = Ilggo T/ drA;(t+7)A;(7) (10.1.13)
or an equilibrium ensemble average

o—BEx

(A()A(0)) = Z Z (n|A(t)A(0)|n) (10.1.14)
4, Classical correlation functions are real and even in time:

<A(t)A(t')> =(4A (t')A(t)) (10.1.15)
Cya(1) =Cpa(—71) (10.1.16)

5. When we observe fluctuations about an average (Figure 10.1.1), we often redefine the correlation function in terms of the
deviation from average

SA=A—(A) (10.1.17)
and
Csa54(t) = (6A(£)5A(0)) = Cua(t) — (A)° (10.1.18)

Now we see that the long time limit when correlation is lost
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Hm Cigs4 (8) =0 (10.1.19)
and the zero time value is just the variance
Cs454(0) = (6A%) = (A%) — (A)? (10.1.20)

6. The characteristic time scale of a random process is the correlation time, 7.. This characterizes the time scale for TCF to decay
to zero. We can obtain 7, from

1 o0
=— dt(6A(t)5A(0 10.1.21
=i ), dHeA®IA©) (10.1.21)
which should be apparent if you have an exponential form

C(t) = C(0) exp(—t /7). (10.1.22)

Example 10.1.1: Velocity Autocorrelation Function for Gas

Let’s analyze a dilute gas of molecules which have a Maxwell-Boltzmann distribution of velocities. We focus on the
component of the molecular velocity along the Z direction, z,. We know that the average velocity is (v,) = 0. The velocity
correlation function is

Co.v, (1) = (v2(7)v2(0))
From the equipartition principle the average translational energy is
1 2
= ) =kgT /2
5m <v > 5T/

For time scales short compared to collisions between molecules, the velocity of any given molecule remains constant and
unchanged, so the correlation function for the velocity is also unchanged at kgT'/m. This non-interacting regime corresponds
to the behavior of an ideal gas.

A

| 2 I=l]
I

N\ 7 I

For any real gas, there will be collisions that randomize the direction and speed of the molecules, so that any molecule over a
long enough time will sample the various velocities within the Maxwell-Boltzmann distribution. From the trajectory of x-
velocities for a given molecule we can calculate C,, (7) using time-averaging. The correlation function will drop on with a
correlation time 7., which is related to mean time between collisions. After enough collisions, the correlation with the initial
velocity is lost and C,,_(7) approaches <vz> 0 . Finally, we can determine the diffusion constant for the gas, which relates
the time and mean square displacement of the molecules:

(z*(t)) =2D,t.

From

D, = Ooodt (02 (£)v2(0))

we have
D, =kgT7./m

In viscous fluids 7. /m is called the mobility, p
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kT/m no collisions

€.

with collisions

T, time, 1

Example 10.1.2: Dipole Moment Correlation Function

Now consider the correlation function for the dipole moment of a polar diatomic molecule in a dilute gas, n. For a rigid
rotating object, we can decompose the dipole into a magnitude and a direction unit vector:

Bi = Ko - G
We know that (ft) =0 since all orientations of the gas phase molecules are equally probable. The correlation function is

Cun(t) = (u(t)n(0))
2 ~ ~

= (u5) (a(t) - 4(0))
This correlation function projects the time-dependent orientation of the molecule onto the initial orientation. Free inertial
rotational motion will lead to oscillations in the correlation function as the dipole spins. The oscillations in this correlation
function can be related to the speed of rotation and thereby the molecule’s moment of inertia (discussed below). Any apparent

damping in this correlation function would reflect the thermal distribution of angular velocities. In practice a real gas would
also have the collisional damping effects described in Example 10.1.1superimposed on this relaxation process.

\ oscillation frequency gives
moment of inertia

Example 10.1.3: Harmonic Oscillator Correlation Function

The time-dependent motion of a harmonic vibrational mode is given by Newton’s law in terms of the acceleration and restoring
force as mq = —kq or ¢ = —w*q where the force constant is k£ = mw?. We can write a common solution to this equation as

q(t) = q(0) coswt

Furthermore, the equipartition theorem says that the equilibrium thermal energy in a harmonic vibrational mode is
1 kgT
2
g =25
2 2
We therefore can write the correlation function for the harmonic vibrational coordinate as

Cuq(t) = (a(t)q(0))
= <q2 > coswt
kgT

coswt
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10.2: Correlation Function from a Discrete Trajectory

In practice classical correlation functions in molecular dynamics simulations or single molecule experiments are determined from a
time-average over a long trajectory at discretely sampled data points. Let’s evaluate C 4 4 for a discrete and finite trajectory in which
we are given a series of N observations of the dynamical variable A at equally separated time points ti. The separation between
time points is t;11; —¢t; = At , and the length of the trajectory is T' = N At. Then we have ,

1 Y 1 &

Can=7 ; AtA(t;) A(t)) = F; A A, (10.2.1)
where A; = A (t;) . To make this more useful we want to express it as the time interval between points 7 =t; —t; = (j —i)At ,
and average over all possible pairwise products of A separated by 7. Defining a new count integer n = j—% , we can express the
delay as 7 = nAt. For a finite data set there are a different number of observations to average over at each time interval (n). We
have the most pairwise products—N to be precise—when the time points are equal (ti=tj). We only have one data pair for the
maximum delay 7 = T'. Therefore, the number of pairwise products for a given delay 7 is N —n . So we can write Equation 10.2.1
as

1 N-n
o ;AHHAZ- (10.2.2)

Caa(r)=C(n) =

Note that this expression will only be calculated for positive values of n, for which ¢; > ¢;. As an example consider the following
calculation for fluctuations in a vibrational frequency w(t), which consists of 32000 consecutive frequencies in units of cm ! for
points separated by 10 femtoseconds, and has a mean value of wy = 3244cm~1. This trajectory illustrates that there are fast
fluctuations on femtosecond time scales, but the behavior is seemingly random on 100 picosecond time scales

3.27:10° ' . T

3.26410°

u; - 3
i 32510
wo  324<10°f"

""" 3k

323107

After determining the variation from the mean dw(¢;) =w(¢;) —w0 , the frequency correlation function is determined from
Equation 10.2.2 with the substitution dw (¢;) — A4; .

full calculated correlation function Short time part of correlation fimction
150 I 1 1 4 T T T T
1001 10k _
50 71
0 wer —— §
— 50 1 l 1 C L 1 I =
0 2:10° 410° 6410° 0 e’ 200 300 a0t sad’

5

time (fs)

We can see that the correlation function reveals no frequency correlation on the time scale of 10*—10° fs, however a decay of the
correlation function is observed for short delays signifying the loss of memory in the fluctuating frequency on the 10? fs time scale.
From Equation 777, we find that the correlation time is 7 = 785 fs.

This page titled 10.2: Correlation Function from a Discrete Trajectory is shared under a CC BY-NC-SA 4.0 license and was authored, remixed,
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10.3: Quantum Time-Correlation Functions

Quantum correlation functions involve the equilibrium (thermal) average over a product of Hermitian operators evaluated two
times. The thermal average is implicit in writing

Caalr) = (A(T)A0)). (10.3.1)

Naturally, this also invokes a Heisenberg representation of the operators, although in almost all cases, we will be writing correlation
functions as interaction picture operators

Ap(t) = ettt Ag=iHt, (10.3.2)

To emphasize the thermal average, the quantum correlation function can also be written as

CAA(T):< 7 A(T)A(0)> (10.3.3)

. -1 . o e . . . N
with 8 = (kgT) . If we evaluate this for a time-independent Hamiltonian in a basis of states n , inserting a projection operator
leads to our previous expression

Caalr an n|A(T)A(0)|n) (10.3.4)

with p,, = e FFn /Z . Given the case of a time-independent Hamiltonian for which we have knowledge of the eigenstates, we can
also express the correlation function in the Schrédinger picture as

Caalr an n|Ut(r)AU(1)A|n) (10.3.5)
= pn(n|Alm)(m|Aln)e " (10.3.6)
=" ol A e (10.3.7)

Properties of Quantum Correlation Functions

There are a few properties of quantum correlation functions for Hermitian operators that can be obtained using the properties of the
time-evolution operator. First, we can show that correlation functions are stationary:

(AB)A[{) = <UT(t)A(0)U U () AO)U (t'))

=(U{UT(t)AUR)UT (') A)

=(UT(t—t)AU (t—t') A)

= (A(t—t") A(0))
Similarly, we can show

(A(=t)A(0)) = (A(t)A(0))" = (A(0)A(?)) (10.3.8)

or in short

C%,(t) =Caa(-t) (10.3.9)

Note that the quantum Cy4(t) is complex. You cannot directly measure a quantum correlation function, but observables are often
related to the real or imaginary part of correlation functions.

Caa(t) = C',(£) +iC" ,(t) (10.3.10)

The real and imaginary parts of C'44(¢) can be separated as
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Ca®) = 3[0aa(0) +Cia(0)] = S [ADA) +(A0) ()
= S {[A®), 40)),)

C(0) = 5[Canlt) = €3, (0)] = 5 [ADAO)) ~ (AO)A®))]
= 2{[A®), A))

Above [A, B]; = AB+ BA is the anticommutator. As illustrated below, the real part is even in time, and can be expanded as
Fourier series in cosines, whereas the imaginary part is odd, and can be expanded in sines. We will see later that the magnitude of
the real part grows with temperature, but the imaginary does not. At 0 K, the real and imaginary components have equal
amplitudes, but as one approaches the high temperature or classical limit, the real part dominates the imaginary.

1.5 T T T

Re(C(1))
Imi( C(1)) 05

[*]
-
L=
]

We will also see in our discussion of linear response that C, , and C'y , are directly proportional to the step response function
S and the impulse response function R, respectively. R describes how a system is driven away from equilibrium by an external
potential, whereas S describes the relaxation of the system to equilibrium when a force holding it away from equilibrium is
released. Classically, the two are related by R o< S/t .

Since time and frequency are conjugate variables, we can also define a spectral or frequency-domain correlation function by the
Fourier transformation of the TCF. The Fourier transform and its inverse are defined as

Caa(w) = F [Caa(®)] (10.3.11)
:/+oo e“'Cual(t) dt (10.3.12)

Cault) =F [éAA(w)] (10.3.13)
=2—17r - e !0 pa(w) dw (10.3.14)

Examples of the frequency-domain correlation functions are shown below.

o)

Re(C(£2))

In(C(SY) | 4

https://chem.libretexts.org/@go/page/107274


https://libretexts.org/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://chem.libretexts.org/@go/page/107274?pdf

LibreTextsm

For a time-independent Hamiltonian, as we might have in an interaction picture problem, the Fourier transform of the TCF in
Equation 10.3.7 gives

5 2

Caa(@) = pol Amn |’ (0 — wpnn) (10.3.15)

n,m

This expression looks very similar to the Golden Rule transition rate from first-order perturbation theory. In fact, the Fourier
transform of time-correlation functions evaluated at the energy gap gives the transition rate between states that we obtain from
first-order perturbation theory. Note that this expression is valid whether the initial states n are higher or lower in energy than final

states m, and accounts for upward and downward transitions. If we compare the ratio of upward and downward transition rates
between two states ¢ and j, we have

C:AA (wij) _Pi_ s (10.3.16)
Caa(wi) Pi

This is one way of showing the principle of detailed balance, which relates upward and downward transition rates at equilibrium to
the difference in thermal occupation between states:

Caa(w) =M C 44 (—w) (10.3.17)

This relationship together with a Fourier transform of Equation 10.3.9allows us to obtain the real and imaginary components using
Caa(w)£Casa(~w) = (1£e ™) Cas(w) (10.3.18)

Clia(w) = Caa(w) (1+e ) (10.3.19)

Claa(w) = Caa(w) (1 —e ) (10.3.20)

This page titled 10.3: Quantum Time-Correlation Functions is shared under a CC BY-NC-SA 4.0 license and was authored, remixed, and/or
curated by Andrei Tokmakoff via source content that was edited to the style and standards of the LibreTexts platform.
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10.4: Transition Rates from Correlation Functions

We have already seen that the rates obtained from first-order perturbation theory are related to the Fourier transform of the time-
dependent external potential evaluated at the energy gap between the initial and final state. Here we will show that the rate of
leaving an initially prepared state, typically expressed by Fermi’s Golden Rule through a resonance condition in the frequency
domain, can be expressed in the time-domain picture in terms of a time-correlation function for the interaction of the initial state
with others. The state-to-state form of Fermi’s Golden Rule is

27
Wiy = 7|V,c,3|25(E,c —E) (10.4.1)

We will look specifically at the case of a system at thermal equilibrium in which the initially populated states £ are coupled to all
states k. Time-correlation functions are expressions that apply to systems at thermal equilibrium, so we will thermally average this
expression.

_ 27
Wiy = ?ZW\VMI%(E/C*ED (10.4.2)
Tt

where p; =e PP /Z and Z is the partition function. The energy conservation statement expressed in terms of E or w can be
converted to the time domain using the definition of the delta function

1 +0oo )
d(w) = 2—/ dte™* (10.4.3)
m —00
giving
_ 1 too e o
Wiy = EZPHVMI/ dte( B Et/h (10.4.4)
k¢ —o0

Writing the matrix elements explicitly and recognizing that in the interaction picture,

e Ht/h | gy = g=iBit/h gy (10.4.5)
we have
1 teo
T = Somn [ deEEGV Ve (10.4.6)
k£ —

400
_ % sz/ dt<Z|V|k) <k eiHot/hVe*iHﬂt/h‘£> (1047)
k£ %

Then, since >, [k)(k| =1,

. 1 +o00
B =37 2 7 / VOV 0 (10.4.8)
1 +00
As before
Vi (t) = etlot/hy githot/h (10.4.10)

The final expression in Equation 10.4.9indicates that integrating over a correlation function for the time-dependent interaction of
the initial state with its surroundings gives the relaxation or transfer rate. This is a general expression. Although the derivation
emphasized specific eigenstates, Equation 10.4.9 shows that with a knowledge of a time-dependent interaction potential of any
sort, we can calculate transition rates from the time-correlation function for that potential.

The same approach can be taken using the rates of transition in an equilibrium system induced by a harmonic perturbation
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W = oy O PelVial? [6 (e — ) 8 (e )] (10.4.11)
Lk

resulting in a similar expression for the transition rate in terms of a interaction potential time-correlation function

N 1 +o00 )
Wkt = 5 dte™™* (V1(0)Vi(t)) (10.4.12)
1 +oo .
=27 dt ™" (Vi (t)V1(0)) (10.4.13)

We will look at this closer in the following section. Note that here the transfer rate is expressed in terms of a Fourier transform over
a correlation function for the time-dependent interaction potential. Although Equation 10.4.9is not written as a Fourier transform,
it can in practice be evaluated by a Fourier transformation and evaluating its value at zero frequency.
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CHAPTER OVERVIEW

11: Linear Response Theory

Correlation functions provide a statistical description of the dynamics of molecular variables; however, it remains unclear how they
are related to experimental observables. You have probably sensed this from the perspective that correlation functions are complex,
and how can observables be complex? Also, correlation functions describe equilibrium dynamics, but from a realistic point of view,
exerting external forces should move the system away from equilibrium. What happens as a result? These questions fall into the
realm of nonequilibrium statistical mechanics, an area of active research for which formal theories are limited and approximation
methods are the primary tool. Linear response theory is the primary approximation method, which describes the evolution away or
toward equilibrium under perturbative conditions.

11.1: Classical Linear Response Theory

11.2: Quantum Linear Response Functions

11.3: The Response Function and Energy Absorption

11.4: Relaxation of a Prepared State

Contributors and Attributions
¢ Template:ContribTokmakoff
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11.1: Classical Linear Response Theory

We will use linear response theory as a way of describing a real experimental observable. Specifically this will tell us how an
equilibrium system changes in response to an applied potential. The quantity that will describe this is a response function, a real
observable quantity. We will go on to show how it is related to correlation functions. Embedded in this discussion is a particularly
important observation. We will now deal with a nonequilibrium system, but we will show that when the changes are small away
from equilibrium, the equilibrium fluctuations dictate the nonequilibrium response! Thus knowledge of equilibrium dynamics is
useful in predicting the outcome of nonequilibrium processes.

So, the question is “How does the system respond if you drive it away from equilibrium?” We will examine the case where an
equilibrium system, described by a Hamiltonian Hy interacts weakly with an external agent, V' (t). The system is moved away from
equilibrium by the external agent, and the system absorbs energy from the external agent. How do we describe the time-dependent
properties of the system? We first take the external agent to interact with the system through an internal variable A. So the
Hamiltonian for this problem is given by

H=Hy—f(t)A (11.1.1)

Equilibrium
System

weak coupling
@\ External Agent
k internal variable

Here f(t) is the time-dependent action of the external agent, and the deviation from equilibrium is linear in the internal variable.
We describe the behavior of an ensemble initially at thermal equilibrium by assuming that each member of the ensemble is subject
to the same interaction with the external agent, and then ensemble averaging. Initially, the system is described by Hj. It is at
equilibrium and the internal variable is characterized by an equilibrium ensemble average (A). The external agent is then applied at

time t0, and the system is moved away from equilibrium, and is characterized through a nonequilibrium ensemble average, A.

(A) # A(t) as aresult of the interaction.

For a weak interaction with the external agent, we can describe A(t) by performing an expansion in powers of f(t)

m = (termsf(0)> + (termsf(l)) +... (11.1.2)

= <A>+/dtoR(t,to)f(to)+... (11.1.3)

In this expression the agent is applied at 0 t , and we observe the system att. The leading term in this expansion is independent of f,
and is therefore equal to A . The next term in Equation 11.1.3 describes the deviation from the equilibrium behavior in terms of a
linear dependence on the external agent. R (¢,%p) is the linear response function, the quantity that contains the microscopic
information on the system and how it responds to the applied agent. The integration in the last term of Equation 11.1.3 indicates
that the nonequilibrium behavior depends on the full history of the application of the agent f (o) and the response of the system to
it. We are seeking a quantum mechanical description of R.
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equilibrium system A non-equilibrium system

H, H(1)
~—~— f0)
>
T —
b g A7)
Sm— (4)
£, t tiie

Properties of the Response Function

1. Causal: Causality refers to the common sense observation that the system cannot respond before the force has been applied.
Therefore R (t,tg) =0 for ¢ < ¢, and the time-dependent change in A is

- t
SAQ) = A() — (A) = / dtoR (t,t0) £ (to) (11.1.4)
The lower integration limit is set to —oo to reflect that the system is initially at equilibrium, and the upper limit is the time of
observation. We can also make the statement of causality explicit by writing the linear response function with a step response:
O (t—t9) R(t,t9) , where

0 (t<t0)

L o4 (11.1.5)

@(t—tg)z{

2. Stationary: Similar to our discussion of correlation functions, the time-dependence of the system only depends on the time
interval between application of the potential and observation. Therefore we write

R(t,t)) = R(t —to) (11.1.6)
and
5mz/t dtoR (¢ —to) f (to) (11.1.7)

This expression says that the observed response of the system to the agent is a convolution of the material response with the time-
development of the applied force. Rather than the absolute time points, we can define a time-interval 7 =t —%y , so that we can

write
[o¢]
SA®) :/ drR(F)f(t—7) (11.1.8)
0
3. Impulse response: Note that for a delta function perturbation:
F@&) =X (t—1to) (11.1.9)
We obtain
SJA(t) =AR(t—to) (11.1.10)

Thus, R describes how the system behaves when an abrupt perturbation is applied and is often referred to as the impulse response
function. An impulse response kicks the system away from the equilibrium established under HO, and therefore the shape of a
response function will always rise from zero and ultimately return to zero. In other words, it will be a function that can be expanded
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in sines. Thus the response to an arbitrary f(t) can be described through a Fourier analysis, suggesting that a spectral representation
of the response function would be useful.

The Susceptibility

The observed temporal behavior of the nonequilibrium system can also be cast in the frequency domain as a spectral response
function, or susceptibility. We start with Equation 11.1.8and Fourier transform both sides:

bA(w) = /_ m dtSA(t)e™!

o]

- K :o dt [ /0 R F(t— 7')] it

Now we insert e~“@7 e =1 and collect terms to give

+o00
/ dt/ drR(7)f(t —7)e“ ) T (11.1.11)

:/ dt'e™" f / drR(7)e™” (11.1.12)

54(w) = f (@)x(w) (11.1.13)

or

In Equation 11.1.12we switched variables, setting t' =t — 7 . The first term f (w) is a complex frequency domain representation
of the driving force, obtained from the Fourier transform of f (¢'). The second term x(w) is the susceptibility which is defined as
the Fourier—Laplace transform (i.e., single-sided Fourier transform) of the impulse response function. It is a frequency domain
representation of the linear response function. Switching between time and frequency domains shows that a convolution of the
force and response in time leads to the product of the force and response in frequency. This is a manifestation of the convolution
theorem:

B(t) = [ ” drA(t —7)B(r) = [ " drA(T)B(t —7) = H ' [A(w)B(w)] (11.1.14)

Here ® refers to convolution, A(w) = F[A(t)]], F is a Fourier transform, and F ~*[- - -] is an inverse Fourier transform.

Note that R(7) is a real function, since the response of a system is an observable. The susceptibility x(w) is complex:

x(w) = X' (w) +ix" (w) (11.1.15)
Since
o0 .
x(w) = / drR(T)e™" (11.1.16)
0
However, the real and imaginary contributions are not independent. We have
X' :/ dTR(7) coswr (11.1.17)
0
and
[o¢]
X" :/ drR(7) sinwr (11.1.18)
0
x' and "’ are even and odd functions of frequency:
X (w) = X' (—w) (11.1.19)
X' (w) = —x"(~w) (11.1.20)
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so that
x(—w) =x"(w) (11.1.21)
Notice also that Equation 11.1.21allows us to write
1
X (@) = 5 (@) +x(-w)] (11.1.22)
1
X' (W) = o [x(w) = x(-w)] (11.1.23)

, . . ‘ . : : : :
i 12 L

Rit) oH /’\

Shi 9

L
=1 o L

Ele =

“o

Example of a high frequency underdamped response Example of a low frequency overdamped response
Sunction oscillating as sin(aqt) and corresponding Sfunction and corresponding susceptibility
susceptibility

Kramers—Kronig relations

Since they are cosine and sine transforms of the same function, x'(w) is not independent of X" (w). The two are related by the
Kramers—Kronig relationships:

1 “+o00 " /
X (w) :—P/ X,(w)dw’ (11.1.24)
T J W—w
1 +oo ) /
X' (w) = ——P/ X () g (11.1.25)
T Jow W—w
These are obtained by substituting the inverse sine transform of Equation 11.1.18into Equation 11.1.17
1 0 +00
X (w) = —/ dt coswt/ X" (W) sinw'tdw’ (11.1.26)
™ Jo —00
1 400 L
== lim dw'x" (w')/ coswt sinw't dt (11.1.27)
T L—oo —00 0

Using cos az sinbx = sin(a+b)x + sin(b—a)z this can be written as

Limp (11.1.28)

T L—oo

d(.UIX" ((.U) -l

o 2

(W) = /+°° 1 [ —cos(w +w)L+1  cos(w —w)L+1 ]

W 4w W —w
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If we choose to evaluate the limit L — oo, the cosine terms are hard to deal with, but we expect they will vanish since they
oscillate rapidly. This is equivalent to averaging over a monochromatic field. Alternatively, we can average over a single cycle:
L=27/ (v —w) to obtain eq. (10.24). The other relation can be derived in a similar way. Note that the Kramers— Krénig
relationships are a consequence of causality, which dictate the lower limit of T};,141 = 0 on the first integral evaluated above.

Example 11.1.1: Driven Harmonic Oscillator

One can classically model the absorption of light through a resonant interaction of the electromagnetic field with an oscillating
dipole, using Newton’s equations for a forced damped harmonic oscillator:

E—yi+wic=F(t)/m (11.1.29)

Here the z is the coordinate being driven, v is the damping constant, and wy = y/k/m is the natural frequency of the
oscillator. We originally solved this problem is to take the driving force to have the form of a monochromatic oscillating source

F(t) = Fycoswt (11.1.30)
Then, Equation 11.1.29has the solution
F -1/2
w(t):—o((wz—w%)z—l—’waZ) sin(wt +6) (11.1.31)
m
with
tand = w} —w?/yw (11.1.32)

This shows that the driven oscillator has an oscillation period that is dictated by the driving frequency w, and whose amplitude
and phase shift relative to the driving field is dictated by its detuning from resonance. If we cycle-average to obtain the average
absorbed power from the field, the absorption spectrum is

Pavg(w) = <F(t) : LE(t)>
'yw2F02 |:( )

w? —w2)2 T A2w?

~1/2
2m }

To determine the response function for the damped harmonic oscillator, we seek a solution to Equation 11.1.29 using an
impulsive driving force

F(t) = Fyd (t —ty)

The linear response of this oscillator to an arbitrary force is
o0
() = / drR(r)F(t—7) (11.1.33)
0

so that time-dependence with an impulsive driving force is directly proportional to the response function, z(t) = Fy R(t) . For
this case, we obtain

1
R(r) = —exp(—z‘r) sinQr (11.1.34)
mS) 2
The reduced frequency is defined as
Q=,/ws—~*/4 (11.1.35)

From this, we evaluate eq. (10.16) and obtain the susceptibility
1

m (wg — w? — iw)

x(w) = (11.1.36)

As we will see shortly, the absorption of light by the oscillator is proportional to the imaginary part of the susceptibility
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(11.1.37)

The real part is

(11.1.38)

For the case of weak damping v << wp commonly encountered in molecular spectroscopy, Equation 777 is written as a
Lorentzian lineshape by using the near-resonance approximation

w? —w} = (w+wy) (w—wp) ~ 2w (w—wp) (11.1.39)

1 1
= 2muwg w—wp+1ivy/2

x(w) (11.1.40)

Then the imaginary part of the susceptibility shows asymmetric lineshape with a line width of - full width at half maximum.

" - 1 2
X' (w) ~ 2me (o an)? 177/ (11.1.41)
) — Chl) (11.1.42)

T me (w—wp)?+92/4

Near-resonance approximation
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Nonlinear Response Functions

If the system does not respond in a manner linearly proportional to the applied potential but still perturbative, we can include

nonlinear terms, i.e. higher expansion orders of A(t) in Equation 11.1.3

Let’s look at second order:

4@ = /dt1 /dth(z) (tt1, 1) £ (1) fo (t2) (11.1.43)

Again we are integrating over the entire history of the application of two forces f; and f>, including any quadratic dependence on
f. In this case, we will enforce causality through a time ordering that requires

apply f, apply f.  observe

T T2

t1 tz t time

1. that all forces must be applied before a response is observed and
2. that the application of f, must follow f;. Thatist >ty >¢; or
R®) (t;t1,t5) = R .0 (t —ty)- O (ty —t1) (11.1.44)

which leads to

5M(2) = / t dt, / § dty R (t;t1,t9) f1 (t1) fa (t2) (11.1.45)

Now we will call the system stationary so that we are only concerned with the time intervals between consecutive interaction
times. If we define the intervals between adjacent interactions

n=t—h (11.1.46)
To =1 —1o
Then we have
5A(t)(2):/ dﬁ/ dnR®) (11, 72) fr(t =11 —72) fo (t —T2) (11.1.47)
0 0

Readings
1. Berne, B. J., Time-Dependent Propeties of Condensed Media. In Physical Chemistry: An Advanced Treatise, Vol. VIIIB,
Henderson, D., Ed. Academic Press: New York, 1971.
2. Berne, B. J.; Pecora, R., Dynamic Light Scattering. R. E. Krieger Publishing Co.: Malabar, FL, 1990.
3. Chandler, D., Introduction to Modern Statistical Mechanics. Oxford University Press: New York, 1987.
4. Mazenko, G., Nonequilibrium Statistical Mechanics. Wiley-VCH: Weinheim, 2006.
5. Slichter, C. P., Principles of Magnetic Resonance, with Examples from Solid State Physics. Harper & Row: New York, 1963.
6. Wang, C. H., Spectroscopy of Condensed Media: Dynamics of Molecular Interactions. Academic Press: Orlando, 1985.
7. Zwanzig, R., Nonequilibrium Statistical Mechanics. Oxford University Press: New York, 2001.
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11.2: Quantum Linear Response Functions

To develop a quantum description of the linear response function, we start by recognizing that the response of a system to an
applied external agent is a problem we can solve in the interaction picture. Our time-dependent Hamiltonian is

H(t) =Hy— f(t)A (11.2.1)
=Hy+V(¢) (11.2.2)
H, is the material Hamiltonian for the equilibrium system. The external agent acts on the equilibrium system through 21, an

operator in the system states, with a time-dependence f(t). We take V(¢) to be a small change, and treat this problem with
perturbation theory in the interaction picture.

We want to describe the nonequilibrium response A(t), which we will get by ensemble averaging the expectation value of /i, ie.

m. Remember the expectation value for a pure state in the interaction picture is
(At) = (r(8) [Ar(®)] 1 (2)) (11.2.3)
:<¢0’UITAIUI‘¢O> (11.2.4)
The interaction picture Hamiltonian for Equation 11.2.2is
Vi(t) = U ()V (t)Uo(2)
=—f()A:(?)

To calculate an ensemble average of the state of the system after applying the external potential, we recognize that the
nonequilibrium state of the system characterized by described by |7 (¢)) is in fact related to the initial equilibrium state of the

system |1),) through a time-propagator, as seen in Equation 11.2.4 So the nonequilibrium expectation value A(¢) is in fact
obtained by an equilibrium average over the expectation value of UIJr A;Ur:

At)=>"pn <n‘UITAIU1‘n> (11.2.5)
Again |n) are eigenstates of H,. Working with the first order solution to U (¢)
.ot
U; (t—t0)=1+% dt' f (¢') Ar () (11.2.6)
iy

we can now calculate the value of the operator A at time t, integrating over the history of the applied interaction f(t'):
A(t) =UJ AUy
. t . t
_ {1 - % / dt' f (t') A (t’)} Ap(t) {1+% / at'f (t') A (t’)}
to to

Here note that f is the time-dependence of the external agent. It does not involve operators in H,, and commutes with A. Working
toward the linear response function, we just retain the terms linear in
. t
i
A(t) ’%Az(t)JrE/ dat' f (') {Ar(t)Ar (t') — Ar (t') Ar(t)}
to
i [t
— A0+ [ A F ) A0, AL ()
to

Since our system is initially at equilibrium, we set ¢y = —co and switch variables to the time interval 7 =¢ —t' and using
Ay (t) = U (t) AU (2) (11.2.7)

to obtain
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A= ar)+ 1 [ dr f(e=7) [41(0), 41(0) (11.2.8)

We can now calculate the expectation value of A by performing the ensemble-average described in Equation 11.2.5 Noting that
the force is applied equally to each member of ensemble, we have

i [o¢]
AQ) =+ [ drfe—m) (Ar), A1) (11.2.9)
0
The first term is independent of £, and so it comes from an equilibrium ensemble average for the value of A.

an n|Af|n) = (4) (11.2.10)

The second term is just an equilibrium ensemble average over the commutator in Ay (¢):
([Ar(r an (n[[Ar(7), A1(0)][ n) (11.2.11)

Comparing Equation 11.2.9with the expression for the linear response function, we find that the quantum linear response function
is

i
R(t) =—={([A;(7),A;(0 7>0
(M =3 {4:(), 4:0)) t1212)
=0 T7<0
or as it is sometimes written with the unit step function in order to enforce causality:
7
R(r) = —70(7) ([A1(7), 4:(0)]) (11.2.13)

The important thing to note is that the time-development of the system with the applied external potential is governed by the
dynamics of the equilibrium system. All of the time-dependence in the response function is under H,.

The linear response function is therefore the sum of two correlation functions with the order of the operators interchanged, which is
the imaginary part of the correlation function C"'(1)

1

R(r) = —70(7) {(A1(1)A1(0)) — (Ar(0)Ar (7))}

= _%6(7) (Caalr) = C34(7)

2
==0(1)C"(1)
h
As we expect for an observable, the response function is real. If we express the correlation function in the eigenstate description:
anlAmnl2 it (11.2.14)
then
2 .
R(t) = Ee(t)zpn|Amn|2 SIN Wiy (11.2.15)

R(t) can always be expanded in sines—an odd function of time. This reflects that fact that the impulse response must have a value
of 0 (the deviation from equilibrium) at ¢ = ¢, , and move away from 0 at the point where the external potential is applied.

Readings
1. Mukamel, S., Principles of Nonlinear Optical Spectroscopy. Oxford University Press: New York, 1995; Ch. 5.
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11.3: The Response Function and Energy Absorption

Let’s investigate the relationship between the linear response function and the absorption of energy from the external agent—in this
case an electromagnetic field. We will relate this to the absorption coefficient & = E/I which we have described previously. For

this case,
H:Ho—f(t)A:Hg—u-E(t) (1131)
This expression gives the energy of the system, so the rate of energy absorption averaged over the nonequilibrium ensemble is
described by:
. O0H  df
E=—=—FT"A(t 11.3.2
= - Af) (11.3.2)

We will want to cycle-average this over the oscillating field, so the time-averaged rate of energy absorption is

. 1 T Of ——
E=— dt | ———A(t 11.3.3
7 a|-gra] (1133
1 [T 0f(t) *
:—/ 22 <A>+/ drR(1)f(t—7) (11.3.4)
Here the response function is
R(7) = —i([p(7), n(0)]} /. (11.3.5)
For a monochromatic electromagnetic field, we can write (and expand)
f(t) = Epcoswt (11.3.6)
1 ) )
= 5[E(,e—wt+Eg;ewt] (11.3.7)
which leads to the following for the second term in Equation 11.3.4:
1 [ ) ) 1 . )
3 / drR() [Eoe—““(t—f) +E(’)"e“"(t_f)} =3 [Eoe ™ x(w) + Eg e x(~w)] (11.3.8)
0
By differentiating Equation 11.3.7, and using it with Equation 11.3.8in Equation 11.3.4, we have
- 1 1 T . —iwt . * _lwt —iwt * _lwt
E= —T<A)[f(T) — £(0)] a7 | 4 [—iwEge ™ +iwEje™| [Bge ™ x(w) + Eje™ x(—w)] (11.3.9)
0

We will now cycle-average this expression, setting T' = 27 /w. The first term vanishes and the cross terms in second integral
vanish, because

1 [T e
= / dte et =1 (11.3.10)
T Jo
and
T . .
/ dte e ™" = 0. (11.3.11)
0
The rate of energy absorption from the field is
-
E = ZW|E0|2[X(—°J) —x(w)]
w
= 1B X'(w)

So, the absorption of energy by the system is related to the imaginary part of the susceptibility. Now, from the intensity of the
incident field,
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c| Eo[?
= 11.3.12
the absorption coefficient is
E 4
a(w) =7 = %X"(w) (11.3.13)

Readings
1. McQuarrie, D. A., Statistical Mechanics. Harper & Row: New York, 1976.
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11.4: Relaxation of a Prepared State

The impulse response function R(t) describes the behavior of a system initially at equilibrium that is driven by an external field.
Alternatively, we may need to describe the relaxation of a prepared state, in which we follow the return to equilibrium of a system
initially held in a nonequilibrium state. This behavior is described by step response function S(¢). The step response comes from
holding the system with a constant field H = Hy — fA until a time t; when the system is released, and it relaxes to the
equilibrium state governed by H = H,, .

H,+ f4 H

0

w

to t

We can anticipate that the forms of these two functions are related. Just as we expect that the impulse response to rise from zero
and be expressed as an odd function in time, the step response should decay from a fixed value and look even in time. In fact, we
might expect to describe the impulse response by differentiating the step response, as seen in the classical case.

R(t) = %%S(t) (11.4.1)

-

t

An empirical derivation of the step response begins with a few observations. First, response functions must be real since they are
proportional to observables, however quantum correlation functions are complex and follow

C(—t)=C*(¥). (11.4.2)
Classical correlation functions are real and even,
C(t) =C(-t) (11.4.3)

and have the properties of a step response. To obtain the relaxation of a real observable that is even in time, we can construct a
symmetrized function, which is just the real part of the correlation function:

Saa(t) = %{<Az(t)A1(0)> +(Ar(0)As(¢))} (11.4.4)
= %{CAA(t)-i-CAA(—t)} (11.4.5)
=C4(¢) (11.4.6)
The step response function S defined as follows for ¢ > 0.
S(r) =2 0(r)([Ar(r), Ar(0)]), (11.4.7)
From the eigenstate representation of the correlation function,
C(t) = pulApn [Pe (11.4.8)
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we see that the step response function can be expressed as an expansion in cosines
2 2
S(t) = g@(t)anlAmn\ COS Wrpn t (11.4.9)
n,m

Further, one can readily show that the real and imaginary parts are related by

ac’
w—r =C (11.4.10)
n
W o (11.4.11)
dt

Which shows how the impulse response is related to the time-derivative of the step response.

In the frequency domain, the spectral representation of the step response is obtained from the Fourier—Laplace transform

Saa(w) = A " a8 aa(t)e (11.4.12)
Saa(w) = %[C’AA(w)—i—CAA(—w)] (11.4.13)
= %(1 +e ) Cpa(w) (11.4.14)

Now, with the expression for the imaginary part of the susceptibility,

1

—Bhw
X' (w) = 2—h(1 —e ™) Cya(w) (11.4.15)
we obtain the relationship
1
X' (w) = %tanh<%)SAA(w) (11.4.16)

Equation 11.4.16 is the formal expression for the fluctuation-dissipation theorem, proven in 1951 by Callen and Welton. It
followed an observation made many years earlier (1930) by Lars Onsager for which he was awarded the 1968 Nobel Prize in
Chemistry: “The relaxation of macroscopic nonequilibrium disturbance is governed by the same laws as the regression of
spontaneous microscopic fluctuations in an equilibrium state.”

Noting that
et —e™”®
tanh(z) = ——— 11.4.17
anh(z) = S—— (11.4.17)
and
tanh(z) — z (11.4.18)
for > 1, we see that in the high temperature (classical) limit
1
"
— 4.
X' (w) = 5rwSaa(w) (11.4.19)

Appendix: Derivation of step response function

We can show more directly how the impulse and step response are related. To begin, let’s consider the step response experiment,

H:{H"_fA <0 (11.4.20)
Hy t>0

and write the expectation values of the internal variable A for the system equilibrated under H at time ¢t =0 and t = co.

e AHy—f4)
A)y = <—A> (11.4.21)
Zy
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with
Zy = <e-ﬂ(H0-fA>> (11.4.22)
and
(A)oo = <e_ﬁH0 A> (11.4.23)
o
with
Zoo = (e7P0) (11.4.24)
If we make the classical linear response approximation, which states that when the applied potential fA is very small relative to 0,
then
e PHFA)  e=PHo (1 1 BF A) (11.4.25)
and Zy ~ Z, , that
6A=(A)o—(A)o ~ Bf (A?) (11.4.26)
and the time dependent relaxation is given by the classical correlation function
SA(t) =Bf(A(0)A(2)) (11.4.27)
For a description that works for the quantum case, let’s start with the system under H, at t = —oco, ramp up the external potential

at a slow rate 7 until ¢ = 0, and then abruptly shut off the external potential and watch the system. We will describe the behavior in
the limit n — 0.

Hl}
L (4), P
(0
———————————————— - (4).

Hy+fAe" t<0
g { Hotfaem i< (11.4.28)
Hy t>0
Writing the time-dependence in terms of a convolution over the impulse response function R, we have
_ 0 ,
JA(t) =lim dtO(t—t)R(t—t)em f (11.4.29)

n—0 J _o

Although the integral over the applied force (t”) is over times t<0, the step response factor ensures that t>0. Now, expressing R as a
Fourier transform over the imaginary part of the susceptibility, we obtain
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(5A —hm—/ dt’/ dwe(n—w)t' giwt //(w)

7/—)0 iy

L[ e (T)X"(w)em
L / dor (e

= fC
A more careful derivation of this result that treats the quantum mechanical operators properly is found in the references.

Readings

1. Mazenko, G., Nonequilibrium Statistical Mechanics. Wiley-VCH: Weinheim, 2006.
2. Zwanzig, R., Nonequilibrium Statistical Mechanics. Oxford University Press: New York, 2001.
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12.1: A Classical Description of Spectroscopy

The traditional quantum mechanical treatment of spectroscopy is a static representation of a very dynamic process. An oscillating
light field acts to drive bound charges in matter, which under resonance conditions leads to efficient exchange of energy between
the light and matter. This dynamical picture emerges from a time-domain description, which shares many similarities to a classical
description. Since much of the physical intuition that is helpful in understanding spectroscopy naturally emerges from the classical
view, we will describe it first.

The classical view begins with the observation that atoms and molecules are composed of charged particles, and these charges are
the handle by which an electromagnetic field exerts a force on the atom or molecule. The force exerted on the molecules depends
on the form of the potential binding the charges together, the magnitude of the charges, and the strength of the external field.

The simplest elements of a model that captures what happens in absorption spectroscopy require us to consider a charged particle in
a bound potential interacting with an oscillating driving force. The matter can be expressed in terms of a particle with charge z in a
harmonic potential (the leading term in any expansion of the potential in the coordinate @):

1
Vies (t) = 5 5Q° (12.1.1)
Here k is the restoring force constant. For the light field, we use the traditional expression

Veat (t) = —12- E(t) (12.1.2)

for an external electromagnetic field interacting with the dipole moment of the system, i = z) . We describe the behavior of this
system using Newton’s equation of motion F=ma, which we write as

0%Q
m
ot?
On the right hand side of Equation 12.1.3 there are three forces: the harmonic restoring force, a damping force, and the driving
force exerted by the light. Remembering that

= Fies +Fdamp + Feyy (1213)

F=—-(0V/dQ) (12.1.4)
we can write Equation 12.1.3as
0? 0
mF? :—HQ—ba—? + Fp cos(wt) (12.1.5)
Here, b describes the rate of damping. For the field, we have only considered the time-dependence
E(t) = Ey cos(wt) (12.1.6)
and the amplitude of the driving force
o\ =
Fp=(w=|-E 12.1.7
= (75 Bo (12.1.7

Equation 12.1.7 indicates that increasing the force on the oscillator is achieved by raising the magnitude of the field, increasing
how much the charge is displaced, or improving the alignment between the electric field polarization and the transition dipole
moment. We can rewrite Equation 12.1.5as the driven harmonic oscillator equation:

02Q o0Q
el 2N W 2
oz Vo

Here the damping constant v = b/2m and the harmonic resonance frequency wy = y/&/m.

F
+wlQ = =% cos(wt) (12.1.8)
m

Let’s look at the solution to Equation 12.1.8for a couple of simple cases.
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First, for the case (red curve) that there is no damping or driving force (v = Fjy = 0), we have simple harmonic solutions in which
oscillate at a frequency wy:

Q(t) = Asin(wgt) + B cos(wyt) (12.1.9)
Let’s just keep the sin term for now. Now if you add damping to the equation:
Q(t) = Ae " sinQyt (12.1.10)
The coordinate oscillates at a reduced frequency
Qo = 4/wp — 72 (12.1.11)

As we continue, let’s assume a case with weak damping for which €y =~ wy (blue curve).

The solution to Equation 12.1.8takes the form
FO / m

\/ (wf —w?) 2 + 4202

Q)= sin(wt + 8) (12.1.12)

where the phase factor is
tan 8 = (w2 —w?) /27w (12.1.13)

So this solution to the displacement of the particle says that the amplitude certainly depends on the magnitude of the driving force,
but more importantly on the resonance condition. The frequency of the driving field should match the natural resonance frequency
of the system, wg = 0o ... like pushing someone on a swing. When you drive the system at the resonance frequency there will be
an efficient transfer of power to the oscillator, but if you push with arbitrary frequency, nothing will happen. Indeed, that is what an
absorption spectrum is: a measure of the power absorbed by the system from the field.

Notice that the coordinate oscillates at the driving frequency ® and not at the resonance frequency wy. Also, the particle oscillates
as a sin, that is, 90° out-of-phase with the field when driven on resonance. This reflects the fact that the maximum force can be
exerted on the particle when it is stationary at the turning points. The phase shift 3, depends varies with the detuning from
resonance. Now we can make some simplifications to Equation 12.1.12and calculate the absorption spectrum. For weak damping
v << wp and near resonance wy ~ 00, we can write

(wZ —w?) 2= (wo —w) % (wo +w) ? ~ 4w (wy —w) 2 (12.1.14)

The absorption spectrum is a measure of the power transferred to the oscillator, so we can calculate it by finding the power
absorbed from the force on the oscillator times the velocity, averaged over a cycle of the field.

Puwg = <F(t)-%—?> (12.1.15)
avg

. 'YF02 1

12.1.16
2m (W*WO)2+’}’2 ( )

This is the Lorentzian lineshape, which is peaked at the resonance frequency and has a line width of 2+ (full width half-maximum,
FWHM). The area under the lineshape is wF? /4m.
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12.2: Time-Correlation Function Description of Absorption Lineshape

The interaction of light and matter as we have described from Fermi’s Golden Rule gives the rates of transitions between discrete
eigenstates of the material Hamiltonian Hj. The frequency dependence to the transition rate is proportional to an absorption
spectrum. We also know that interaction with the light field prepares a superposition of the eigenstates of Hy, and this leads to the
periodic oscillation of amplitude between the states. Nonetheless, the transition rate expression really seems to hide any time-
dependent description of motions in the system. An alternative approach to spectroscopy is to recognize that the features in a
spectrum are just a frequency domain representation of the underlying molecular dynamics of molecules. For absorption, the
spectrum encodes the time-dependent changes of the molecular dipole moment for the system, which in turn depends on the
position of electrons and nuclei.

A time-correlation function for the dipole operator can be used to describe the dynamics of an equilibrium ensemble that dictate an
absorption spectrum. We will make use of the transition rate expressions from first-order perturbation theory that we derived in the
previous section to express the absorption of radiation by dipoles as a correlation function in the dipole operator. Let’s start with the
rate of absorption and stimulated emission between an initial state |£) and final state |k) induced by a monochromatic field

7rE'g O
Wt = oy (k|€ - m|£)]” [0 (wre — w) + 6 (wre +w)] (12.2.1)
For shorthand we have written

uge|” = | (RIE - mlO))- (12.2.2)

We would like to use this to calculate the experimentally observable absorption coefficient (cross-section) which describes the
transmission through the sample

T =exp[-ANa(w)L] (12.2.3)
The absorption cross section describes the rate of energy absorption per unit time relative to the intensity of light incident on the
sample
_Era
o= —rd (12.2.4)
I
The incident intensity is
c
I=—F? 12.2.5
8 T 0 ( )

If we have two discrete states |m) and |n) with E,, > E,, the rate of energy absorption is proportional to the absorption rate and
the transition energy

_Erad :wnn'hwnm (1226)
For an ensemble this rate must be scaled by the probability of occupying the initial state.

More generally, we want to consider the rate of energy loss from the field as a result of the difference in rates of absorption and
stimulated emission between states populated with a thermal distribution.

E m ‘ 1Tl>

nm mn

E n)

n

So, summing all possible initial and final states |¢) and |k) over all possible upper and lower states |m) and |n) with

~Braa = Z Pewyehwyy
Z,kE[m,n}
nE2 B
- 2h0 Z wWrePe| e |2 [0 (wre — w) + 6 (wie +w))
£,ke[m,n}
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The cross section including the net change in energy as a result of absorption |n) — |m) and stimulated emission |m) — |n) is:

472 — 2 — 2
() = T 3 [0l "8 (n =) + o "8 (i ) (12.2.7)
To simplify Equation 12.2.7, we note:
1. Since §(z) = §(—z), then
0 (wnn +w) =6 (—wmp +w) =6 (W —w) . (12.2.8)

2. The matrix elements squared in the two terms of Equation 12.2.7are the same:

— 2 = 2
| |” = B (12.2.9)

3. and as a result of the delta function enforcing this equality:

Wonn, = —Wnm = W (12.2.10)
So,
@) = 20 S () i 28 (0 — ) (12.2.11)
a\w) = e nmpn Pm) |Bmn Wmn — W L.

Here we see that the absorption coefficient depends on the population difference between the two states. This is expected since
absorption will lead to loss of intensity, whereas stimulated emission leads to gain. With equal populations in the upper and lower
state, no change to the incident field would be expected. Since

Pn —Pm = Dn (1 _exp[_ﬂhwmn]) (12212)
4n? — P — 2
a(w)ZEW(l—e ) Dl |8 (wrnn — w) (12.2.13)

Again the w,,, factor has been replaced with w. We can now separate o into a product of factors that represent the field, and the
matter, where the matter is described by o (w), the absorption lineshape.

a(w) = %w (1-e™)ow) (12.2.14)
(@) = Pal Ty [*8 (@rnn — ) (12.2.15)

To express the lineshape in terms of a correlation function we use one representation of the delta function through a Fourier
transform of a complex exponential:

1 +00 i )t
0 (Wmp —w) = — dt e'\«mn— 12.2.16
(@ w) 2 ./,oo © ( )
to write
1 +00 i )t
— m m 2 Wmn —W
o(w) = o /_Oo dt ngmpn (n|p|m){m|a|n)e (12.2.17)
Now equating
Up|n) = e Hol/® ) = ¢ 1Ent/R ) (12.2.18)

and recognizing that our expression contains the projection operator

1 ~+o00 )
o(w) / dthn(n|ﬁ|m> <m‘UJﬁUg‘n> e ™t (12.2.19)

:E .
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1 oo — — —iw,
=5 [ @ p O ) e (12:2.20)
TJ—c0 n,m
But this last expression is just a dipole moment correlation function: the equilibrium thermal average over a pair of time-dependent
dipole operators:

+00

o) =5 [ dte ™ GO ) (12.2.21)
2m J_o

The absorption lineshape is given by the Fourier transform of the dipole correlation function. The correlation function describes the

time-dependent behavior or spontaneous fluctuations in the dipole moment in absence of E field and contains information on states

of system and broadening due to relaxation. Additional manipulations can be used to switch the order of operators by taking the

complex conjugate of the exponential

1 o0 ) _ _
o) =5 [ dte @0 0) (12.2.22)
21 J_o
and we can add back the polarization of the light field to the matrix element
1 +o00 )
o(w) = %/ dte™ (¢ - pr(t)€ - ur(0)) (12.2.23)

to emphasize the orientational component to this correlation function. Here we have written operators emphasizing the interaction
picture representation. As we move forward, we will drop this notation, and take it as understood that for the purposes of
spectroscopy, the dipole operator is expressed in the interaction picture and evolves under the material Hamiltonian H.

Readings

1. McHale, J. L., Molecular Spectroscopy. 1st ed.; Prentice Hall: Upper Saddle River, NJ, 1999.

2. McQuarrie, D. A., Statistical Mechanics. Harper & Row: New York, 1976; Ch. 21.

3. Nitzan, A., Chemical Dynamics in Condensed Phases. Oxford University Press: New York, 2006.

4. Schatz, G. C.; Ratner, M. A., Quantum Mechanics in Chemistry. Dover Publications: Mineola, NY, 2002; Section 6.2.
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12.3: Different Types of Spectroscopy Emerge from the Dipole Operator

So the absorption spectrum in any frequency region is given by the Fourier transform over the dipole correlation function that
describes the time-evolving change distributions in molecules, solids, and nanosystems. Let’s consider how this manifests itself in a
few different spectroscopies, which have different contributions to the dipole operator. In general the dipole operator is a relatively
simple representation of the charged particles of the system:

=Y (i o) (12.3.1)

The complexity arises from the time-dependence of this operator, which evolves under the full Hamiltonian for the system:

fi(t) = et/ h ji(0)e~Hot/R (12.3.2)

where
Hy = Hejee + Hyip + Hyot + Hirans + Hepin + -+ - + Hpath + - - (12.3.3)
+ > Hij+- (12.3.4)

i,j€le,v,r,t,5,b,EM}

The full Hamiltonian accounts for the dynamics of all electronic, nuclear, and spin degrees of freedom. It is expressed in Equation
12.3.4in terms of separable contributions to all possible degrees of freedom and a bath Hamiltonian that contains all of the dark
degrees of freedom not explicitly included in the dipole operator. We could also include an electromagnetic field. The last term
describes pairwise couplings between different degrees of freedom, and emphasizes that interactions such as electron-nuclear
interactions He._, and spin-orbit coupling He,_. The wavefunction for the system can be expressed in terms of product states of
the wavefunctions for the different degrees of freedom,

|1/J> = |¢elec¢vib’¢)r0t e > (1235)

When the H;_; interaction terms are neglected, the correlation function can be separated into a product of correlation functions
from various sources:

C;A (t) = Celec (t)Cvib(t)Crot (t) T (12.3.6)
which are each expressed in the form shown here for the vibrational states
C/.t (t) = Celec (t)Cvib(t)Crot (t) e (12.3.7)

®,, is the wavefunction for the n" vibrational eigenstate. The net correlation function will have oscillatory components at many
frequencies and its Fourier transform will give the full absorption spectrum from the ultraviolet to the microwave regions of the
spectrum. Generally speaking the highest frequency contributions (electronic or UV/Vis) will be modulated by contributions from
lower frequency motions (... such as vibrations and rotations). However, we can separately analyze each of these contributions to
the spectrum.

Atomic Transitions

Hy = Hpgom - For hydrogenic orbitals, |n) — |némy).

Rotational Spectroscopy

From a classical perspective, the dipole moment can be written in terms of a permanent dipole moment with amplitude and
direction

i = o (12.3.8)
o(w) = /_ dte 2 (2 - 3(0)E - a(t) (12.3.9)

The lineshape is the Fourier transform of the rotational motion of the permanent dipole vector in the laboratory frame. p is the
magnitude of the permanent dipole moment averaged over the fast electronic and vibrational degrees of freedom. The frequency of
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the resonance would depend on the rate of rotation—the angular momentum and the moment of inertia. Collisions or other
damping would lead to the broadening of the lines.

Quantum mechanically we expect a series of rotational resonances that mirror the thermal occupation and degeneracy of rotational
states for the system. Taking the case of a rigid rotor with cylindrical symmetry as an example, the Hamiltonian is

—2

L

H,: = oI (12.3.10)
and the wavefunctions are spherical harmonics, Y 5/(6, ¢) which are described by
L’ (Yoar) = R2J(T+1)|Yra0) (12.3.11)
with J=0,1,2... and
L.|Y;m)=MR|Ys ) (12.3.12)
with
M=-J,-J+1,...,J (12.3.13)

where J is the rotational quantum number and M (or Mj) refers to its projection onto an axis (z), and has a degeneracy of
gm(J) =2J+1 . The energy eigenvalues for Hrot are

Eju=BJ(J+1) (12.3.14)
where the rotational constant, here in units of joules, is
- h2
B=—
21

If we take a dipole operator in the form of Equation 12.3.§ then the far-infrared rotational spectrum will be described by the
correlation function

(12.3.15)

Crot(t) =Y paatlol? <YJ,M |t (g &)eHnt/h (5. ¢) YJ7M> (12.3.16)
J,M

The evaluation of this correlation function involves an orientational average, which is evaluated as follows

1 2w g
(Y| f(0,0)|Y5m) = E/ dSD/ sin0d0Y ), (0, ¢) Y m (12.3.17)
0 0

Recognizing that

(u-€,) =cos@, we can evaluate Equation 12.3.16using the reduction formula ,

COSOlYJ’M> =cCj+ |YJ+]_7M> +cj- |YJ7]_7M> (12318)
with
(T11)2 M2
— - 12.3.19
I 4(J+1)2 -1 ( )
and
J2 +M2
CJ— =4 / 171 (12.3.20)

and the orthogonality of spherical harmonics
(Yo a0 |Ya00) = 4785,1000 (12.3.21)

The factor py s in Equation 12.3.16is the probability of thermally occupying a particular J, M level. For this we recognize that
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pay =gu(J)e " | Zyo (12.3.22)
so that Equation 12.3.16leads to the correlation function
(Yo 2 |Ya00) = 4m85,1000 10 (12.3.23)

Fourier transforming Equation 12.3.23leads to the lineshape

Orot(w) = ol Ry (2J+ 1)e PBIIV/R(§(hw — 2B(J + 1)) + 6 (hw + 2BJ)) (12.3.24)

rot J

The two terms reflect the fact that each thermally populated level with J > 0 contributes both to absorptive and stimulated
emission processes, and the observed intensity reflects the difference in populations.

T I
i+ Set temperature: B:=% 1
x‘."’i"j,
0 LA-A—-‘&—
1

0 10

3

ko
=
[
(=3
&

wl . &

IR Vibrational Spectroscopy

Vibrational spectroscopy can be described by taking the dipole moment to be weakly dependent on the displacement of vibrational
coordinates

q+ - (12.3.25)

9=q

Here the first expansion term is the permanent dipole moment and the second term is the transition dipole moment. If we are
performing our ensemble average over vibrational states, the lineshape becomes the Fourier transform of a correlation function in
the vibrational coordinate

_| %k
- 1=

2 ~+00 )
o(w) /_ dt e ™" (q(0)q(t)) (12.3.26)

o0

The vector nature of the transition dipole has been dropped here. So the time-dependent dynamics of the vibrational coordinate
dictate the IR lineshape.

This approach holds for the classical and quantum mechanical cases. In the case of quantum mechanics, the change in charge
distribution in the transition dipole moment is replaced with the equivalent transition dipole matrix element

— 2 — 2
10K/ 0q|” = | s (12.3.27)
If we take the vibrational Hamiltonian to be that of a harmonic oscillator,
H ib = ip2+lmw2q2 :hwo G/Ta+l (12 3 28)
vt 2m 2 0 2 e

then the time-dependence of the vibrational coordinate, expressed as raising and lowering operators is

h B .
— T Jiwot —iwot
qt) =4/ S (ale™ + ae0t) (12.3.29)

The absorption lineshape is then obtained from Equation 12.3.26
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o) = 2= 37 e ([ 1)8 (@~ 0) + [y 70 (0+0)] (12.3.30)

Zvib n

— -1, . . . S
where n = (eﬁh""’ — 1) is the thermal occupation number. For the low temperature limit applicable to most vibrations under
room temperature conditions n — 0 and

Fin(w) = |08 (w — wp) (12.3.31)

Raman Spectroscopy

Technically, we need second-order perturbation theory to describe Raman scattering, because transitions between two states are
induced by the action of two light fields whose frequency difference equals the energy splitting between states. But much the same
result is obtained is we replace the dipole operator with an induced dipole moment generated by the incident field: g = ;. The
incident field E; polarizes the molecule,

fiing = & By(t) (12.3.32)

(a is the polarizability tensor), and the scattered light field results from the interaction with this induced dipole

V(t) = —fina- Bs(t) (12.3.33)
=E,(t)-a- Ei(t) (12.3.34)
= B,(t)Ei(t) (6,-a-&;) (12.3.35)

Here we have written the polarization components of the incident (z) and scattered (s) light projecting onto the polarizability tensor

a. Equation 12.3.35leads to an expression for the Raman lineshape as

o(w) = /m dte ™ <és -a(0)-£:8,-alt)- 5> (12.3.36)

o0
+00 - _
= / dte ™" (a(0)a(t)) (12.3.37)
—00
To evaluate this, the polarizability tensor can also be expanded in the nuclear coordinates
- — oa
a=ay+— 12.3.38
=0 3 q+ ( )
=9

where the leading term would lead to Raleigh scattering and rotational Raman spectra, and the second term would give vibrational
Raman scattering. Also remember that the polarizability tensor is a second rank tensor that tells you how well a light field polarized
along 7 can induce a dipole moment (light-field-induced charge displacement) in the s direction. For cylindrically symmetric
systems which have a polarizability component « along the principal axis of the molecule and a component | perpendicular to
that axis, this usually takes the form

o 1 2
o =al+ gﬂ -1 (12.3.39)

o -1

Qll
I

where « is the isotropic component of polarizability tensor and 3 is the anisotropic component.

This page titled 12.3: Different Types of Spectroscopy Emerge from the Dipole Operator is shared under a CC BY-NC-SA 4.0 license and was
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12.4: Ensemble Averaging and Line-Broadening

We have seen that an absorption lineshape can represent the dynamics of the dipole or be broadened by energy relaxation, for
instance through coupling to a continuum. However, there are numerous processes that can influence the lineshape. These can be
separated by dynamic processes intrinsic to the molecular system, which is termed homogeneous broadening, and static effects
known as inhomogeneous broadening, which can be considered an ensemble averaging effect. To illustrate, imagine that the
dipole correlation function has an oscillatory, damped form

Copu(t) :2:pg|ueg|2 exp[—iweyt — I't] (12.4.1)
g,€

Then the Fourier transform would give a lineshape

2
|,Ufeg| r

(12.4.2)
—weg) 2

Re [éw(w)] = Zpg (@

Here the homogeneous effects are reflected in the factor I', the damping rate and linewidth, whereas inhomogeneous effects arise
from averaging over the ensemble.

Homogeneous Broadening

Several dynamical mechanisms can potentially contribute to damping and line-broadening. These intrinsically molecular processes,
often referred to as homogeneous broadening, are commonly assigned a time scale T, =T'""! .

Population Relaxation

Population relaxation refers to decay in the coherence created by the light field as a result of the finite lifetime of the coupled
states, and is often assigned a time scale 7} . This can have contributions from radiative decay, such as spontaneous emission,
or non-radiative processes such as relaxation as a result of coupling to a continuum.

11 1
+— (12.4.3)

Ty Trad 7TNR

The observed population relaxation time depends on both the relaxation times of the upper and lower states (/m and n) being
coupled by the field:

1/T1 = Wiy, + Wi (12.4.4)

When the energy splitting is high compared to kpT’, only the downward rate contributes, which is why the rate is often
written 1/27.

Pure Dephasing

Pure dephasing is characterized by a time constant T3 that characterizes the randomization of phase within an ensemble as a
result of molecular interactions. This is a dynamic effect in which memory of the phase of oscillation of a molecule is lost as
a result of intermolecular interactions that randomize the phase. Examples include collisions in a dense gas, or fluctuations
induced by a solvent. This process does not change the population of the states involved.
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Orientational Relaxation

Orientational relaxation (7,,) also leads to relaxation of the dipole correlation function and to line-broadening. Since the
correlation function depends on the projection of the dipole onto a fixed axis in the laboratory frame, randomization of the
initial dipole orientations is an ensemble averaged dephasing effect. In solution, this process is commonly treated as an
orientational diffusion problem in which 7, is proportional to the diffusion constant.

If these homogeneous processes are independent, the rates for different processes contribute additively to the damping and line
width:

b= (12.4.5)

Inhomogeneous Broadening

Absorption lineshapes can also be broadened by a static distribution of frequencies. If molecules within the ensemble are
influenced static environmental variations more than other processes, then the observed lineshape reports on the distribution of
environments. This inhomogeneous broadening is a static ensemble averaging effect, which hides the dynamical content in the
homogeneous linewidth. The origin of the inhomogeneous broadening can be molecular (for instance a distribution of defects in
crystals) or macroscopic (i.e., an inhomogeneous magnetic field in NMR).

time domain frequency domain
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The inhomogeneous linewidth is dictated the width of the distribution A.

Total Linewidth
The total observed broadening of the absorption lineshape reflects the contribution of all of these effects:
1 1 1 A2
C,, xexp| —iwet — [ — +—+ — | t — —¢2 12.4.6
& p[ ‘ (T; 2T, rm> 2 ] (1246)

These effects can be wrapped into a lineshape function g(t). The lineshape for the broadening of a given transition can be written
as the Fourier transform over the oscillating transition frequency damped and modulated by a complex g(¢):

+00 ) A
o(w) :/ dt et g—iwegt—9(t) (12.4.7)

(o.¢]

All of these effects can be present simultaneously in an absorption spectrum.
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13.1: The Displaced Harmonic Oscillator Model

Here we will discuss the displaced harmonic oscillator (DHO), a widely used model that describes the coupling of nuclear
motions to electronic states. Although it has many applications, we will look at the specific example of electronic absorption
experiments, and thereby gain insight into the vibronic structure in absorption spectra. Spectroscopically, it can also be used to
describe wavepacket dynamics; coupling of electronic and vibrational states to intramolecular vibrations or solvent; or coupling of
electronic states in solids or semiconductors to phonons. As we will see, further extensions of this model can be used to describe
fundamental chemical rate processes, interactions of a molecule with a dissipative or fluctuating environment, and Marcus Theory
for nonadiabatic electron transfer.

The DHO and Electronic Absorption

Molecular excited states have geometries that are different from the ground state configuration as a result of varying electron
configuration. This parametric dependence of electronic energy on nuclear configuration results in a variation of the electronic
energy gap between states as one stretches bond vibrations of the molecule. We are interested in describing how this effect
influences the electronic absorption spectrum, and thereby gain insight into how one experimentally determines the coupling of
between electronic and nuclear degrees of freedom. We consider electronic transitions between bound potential energy surfaces for
a ground and excited state as we displace a nuclear coordinate q. The simplified model consists of two harmonic oscillators
potentials whose 0-0 energy splitting is E. — E, and which depends on g. We will calculate the absorption spectrum in the
interaction picture using the time-correlation function for the dipole operator.

Energy 1 |E>

ol lid q

We start by writing a Hamiltonian that contains two terms for the potential energy surfaces of the electronically excited state |E)
and ground state |G)

Hy=Hg +Hpg (13.1.1)

These terms describe the dependence of the electronic energy on the displacement of a nuclear coordinate g. Since the state of the
system depends parametrically on the level of vibrational excitation, we describe it using product states in the electronic and
nuclear configuration, |¥) = |telec, Pnuc) » OF in the present case

1G) =1g,my) (13.1.2)
|E) = e, ne) (13.1.3)

Implicit in this model is a Born-Oppenheimer approximation in which the product states are the eigenstates of Hy, i.e.
Hg|G) = (Ey+E,) |G) (13.1.4)

The Hamiltonian for each surface contains an electronic energy in the absence of vibrational excitation, and a vibronic Hamiltonian
that describes the change in energy with nuclear displacement.

He = |9)E, (gl + Hy(a) (13.1.5)
Hp =|¢)E. (el + H.(q) (13.1.6)

For our purposes, the vibronic Hamiltonian is harmonic and has the same curvature in the ground and excited states, however, the
excited state is displaced by d relative to the ground state along a coordinate q.
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P 1 2
Hy = 5—+ Emwgq (13.1.7)
2
1
H, = ;’—m + 5 mef(g—d)’ (13.1.8)

The operator g acts only to changes the degree of vibrational excitation on the | E) or |G) surface.

We now wish to evaluate the dipole correlation function

Cun(t) = (u(t)n(0)) (13.1.9)
= > oy (e |eif ety ) (13.1.10)
e

Here py is the joint probability of occupying a particular electronic and vibrational state, py = Py, ciecDe,vi - The time propagator is
e Hitlh —|@)e Bt Q| + | E)e HEM (R (13.1.11)

We begin by making the Condon Approximation, which states that there is no nuclear dependence for the dipole operator. It is only
an operator in the electronic states.

K= 9)bge (€] +|€) t1eg (gl (13.1.12)

This approximation implies that transitions between electronic surfaces occur without a change in nuclear coordinate, which on a
potential energy diagram is a vertical transition.

Under typical conditions, the system will only be on the ground electronic state at equilibrium, and substituting Equations 13.1.11
and 13.1.12into Equation 13.1.1(} we find:

Colt) = |/Leg|267i(Eeng)th <engthefiHlt/h> (13.1.13)

Here the oscillations at the electronic energy gap are separated from the nuclear dynamics in the final factor, the dephasing
function:

F(t) = <engt/"e*iHct/h> (13.1.14)

:<UJU6> (13.1.15)

The average (...) in Equations 13.1.13and 13.1.15is only over the vibrational states |ny). Note that physically the dephasing
function describes the time-dependent overlap of the nuclear wavefunction on the ground state with the time-evolution of the same
wavepacket initially projected onto the excited state

F(t) = (pq(t)]e(t)) (13.1.16)

This is a perfectly general expression that does not depend on the particular form of the potential. If you have knowledge of the
nuclear and electronic eigenstates or the nuclear dynamics on your ground and excited state surfaces, this expression is your route
to the absorption spectrum.

For further information on this see:

e Schatz, G. C.; Ratner, M. A., Quantum Mechanics in Chemistry. Dover Publications: Mineola, NY, 2002; Ch. 9.
e Reimers, J. R.; Wilson, K. R.; Heller, E. J., Complex time dependent wave packet technique for thermal equilibrium
systems: Electronic spectra. J. Chem. Phys. 1983, 79, 4749-4757. 12-4

To evaluate F'(t) for this problem, it helps to realize that we can write the nuclear Hamiltonians as
Hy =hw (ala+1) (13.1.17)
H, = DH,D' (13.1.18)

Here D is the spatial displacement operator
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D =exp(—ipd/h) (13.1.19)
which shifts an operator in space as:
Db =g-d (13.1.20)

Note p is only an operator in the vibrational degree of freedom. We can now express the excited state Hamiltonian in terms of a
shifted ground state Hamiltonian in Equation 13.1.18 and also relate the time propagators on the ground and excited states

e Ht/h _ Pe-itit/h pf (13.1.21)

Substituting Equation 13.1.21into Equation 13.1.15allows us to write
F(t) = <UgT e*idp/hUge“P/h> (13.1.22)
- <D(t)f)*(0)> (13.1.23)

Equation 13.1.23says that the effect of the nuclear motion in the dipole correlation function can be expressed as a time-correlation
function for the displacement of the vibration.

To evaluate Equation 13.1.23we write it as
F(t) = <e—idzs(t)/neidﬁ(o>/h> (13.1.24)
since
p(t) =UJp(0)U, (13.1.25)
The time-evolution of p is obtained by expressing it in raising and lowering operator form,

p=i m;“”o (a' —a) (13.1.26)

and evaluating Equation 13.1.25using Equation 13.1.17 Remembering a'a =n , we find

U;aUg — emwgtaefznwot _ aez(nfl)wotefmwot _ aefzwgt

) (13.1.27)
Ugl'aT U, = aletot
which gives
R hw ; ;
p(t)=1i m2 0 (aTe""“t —ae ") (13.1.28)
So for the dephasing function we now have
F(t) = (exp|[d (a'e™" —ae"™")] exp[—d (a' —a)]) (13.1.29)
where we have defined a dimensionless displacement variable
mwy
d=d, | —— 13.1.30
d 5% ( )
Since a' and a do not commute ([aT, a] = —1), we split the exponential operators using the identity
eAtB — ABe 348 (13.1.31)
or specifically for a and a,
ol Hha — ghal guagz (13.1.32)

This leads to
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) ) 1 1
F(t)= <exp [gat e“‘"’t} exp [—gae’“”“t} exp [_Egz} exp [—cNi aT] exp[ga] exp [—§g2] > (13.1.33)

Now to simplify our work further, let’s specifically consider the low temperature case in which we are only in the ground
vibrational state at equilibrium |ns) = |0). Since a|0) =0 and (0|a’ =0

e |0) = |0) (13.1.34)
(0le*" = (0| (13.1.35)

and
F(t)= e <O \exp [—gae’int} exp [—gaq ‘ 0> (13.1.36)

In principle these are expressions in which we can evaluate by expanding the exponential operators. However, the evaluation
becomes much easier if we can exchange the order of operators. Remembering that these operators do not commute, and using

edeB = eBede(BAl (13.1.37)
we can write
F(t)= e? (0 ‘exp [filaq exp [fii a e_i“’Ot} exp [cNiZe_"“’Dt] ||0> (13.1.38)
—exp[d* (e ™ ~1)] (13.1.39)
So finally, we have the dipole correlation function:
Cou(t) = |teg|” exp|—iwegt + D (67" —1)] (13.1.40)

D is known as the Huang-Rhys parameter (which should be distinguished from the displacement operator b). It is a dimensionless
factor related to the mean square displacement

D=d? =0 13.1.41
4= ( )
and therefore represents the strength of coupling of the electronic states to the nuclear degree of freedom. Note our correlation

function has the form

Coup(t) =Y po |t [*e =) (13.1.42)
n

Here g(t) is our lineshape function
g(t) =—D (e —1) (13.1.43)

To illustrate the form of these functions, below is plotted the real and imaginary parts of Cy,(t), F(t), g(t) for D=1, and
weg = 10wy. g(t) oscillates with the frequency of the single vibrational mode. F(t) quantifies the overlap of vibrational
wavepackets on ground and excited state, which peaks once every vibrational period. C,,,,(t) has the same information as F'(¢), but
is also modulated at the electronic energy gap weg.
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Figure 13.1.3

Absorption Lineshape and Franck-Condon Transitions

The absorption lineshape is obtained by Fourier transforming Equation 13.1.40

400
e () = / dt ' C (t) (13.1.44)
+00 . ) )
= |peg’e P / dt e*te ™! exp[ De ™| (13.1.45)
—00
If we now expand the final term as
ot 1 -
exp|De "] :; ED"(e ) (13.1.46)
the lineshape is
2 D
Tabs (W) = | fheg]| ZO e P Fé (W —wWeg —nwy) (13.1.47)
n=l

The spectrum is a progression of absorption peaks rising from w.,, separated by wy with a Poisson distribution of intensities. This
is a vibrational progression accompanying the electronic transition. The amplitude of each of these peaks are given by the Franck—
Condon coefficients for the overlap of vibrational states in the ground and excited states

_pD"
eD—

(g =0l =m)|* = (0] Dln)* = ¢ P

(13.1.48)
The intensities of these peaks are dependent on D, which is a measure of the coupling strength between nuclear and electronic
degrees of freedom. Illustrated below is an example of the normalized absorption lineshape corresponding to the correlation
function for D =1 in Figure 13.1.3
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Now let’s investigate how the absorption lineshape depends on D.
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Gabs

For D = 0, there is no dependence of the electronic energy gap we, on the nuclear coordinate, and only one resonance is observed.
For D <1, the dependence of the energy gap on g is weak and the absorption maximum is at w.y, with the amplitude of the
vibronic progression falling off as D™. For D > 1, the strong coupling regime, the transition with the maximum intensity is found
for peak at n = D. So D corresponds roughly to the mean number of vibrational quanta excited from ¢ =0 in the ground state.
This is the Franck-Condon principle, that transition intensities are dictated by the vertical overlap between nuclear wavefunctions
in the two electronic surfaces.

To investigate the envelope for these transitions, we can perform a short time expansion of the correlation function applicable for
t <1/wp and for D > 1. If we approximate the oscillatory term in the lineshape function as

1
exp(—iwot) ~ 1 —iwgt — §w3t2 (13.1.49)

then the lineshape envelope is
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+o00
O'em;(w) _ |Heg|2/ dtezwtefzwegt eD(exp(fzwﬂt)fl) (13150)
—00
+ )
R [ pheg / " dteitwiat) P [t 3uit] (13.1.51)
—00
2 [T i —LDu2t?
= |tteg | / dtei(w—weg—Duwn)t o= 5 D (13.1.52)
—00

This can be solved by completing the square, giving

27 ((.U We Dw0)2

2 g

Oenv(W) = | e / exp|— 13.1.53
=l g| Dwg p[ 2D(.;g ( )

The envelope has a Gaussian profile which is centered at Franck—Condon vertical transition

W = Weg + Dwy (13.1.54)

Thus we can equate D with the mean number of vibrational quanta excited in | E') on absorption from the ground state. Also, we
can define the vibrational energy vibrational energy in | E) on excitation at g =0

A = Dhuwy (13.1.55)
1
= 5mwgd2 (13.1.56)

A is known as the reorganization energy. This is the value of H, at ¢ =0, which reflects the excess vibrational excitation on the
excited state that occurs on a vertical transition from the ground state. It is therefore the energy that must be dissipated by
vibrational relaxation on the excited state surface as the system re-equilibrates following absorption.

HINEN
,
™,

Aﬂ;_ VD,

L !
o =0, +Da,

Figure FC1.png" src="/@api/deki/files/142180/Figure_FC1.png" />

Illustration of how the strength of coupling D influences the absorption lineshape o (Equation 13.1.47) and dipole correlation
function C\,,, (Equation 13.1.4().
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Also shown, the Gaussian approximation to the absorption profile (Equation 13.1.53, and the dephasing function (Equation
13.1.39.

Fluorescence

The DHO model also leads to predictions about the form of the emission spectrum from the electronically excited state. The
vibrational excitation on the excited state potential energy surface induced by electronic absorption rapidly dissipates through
vibrational relaxation, typically on picosecond time scales. Vibrational relaxation leaves the system in the ground vibrational state
of the electronically excited surface, with an average displacement that is larger than that of the ground state. In the absence of
other non-radiative processes relaxation processes, the most efficient way of relaxing back to the ground state is by emission of
light, i.e., fluorescence. In the Condon approximation this occurs through vertical transitions from the excited state minimum to a
vibrationally excited state on the ground electronic surface. The difference between the absorption and emission frequencies
reflects the energy of the initial excitation which has been dissipated non-radiatively into vibrational motion both on the excited
and ground electronic states, and is referred to as the Stokes shift.
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From the DHO model, the emission lineshape can be obtained from the dipole correlation function assuming that the initial state is
equilibrated in |e, 0), centered at a displacement g = d, following the rapid dissipation of energy A on the excited state. Based on
the energy gap at ¢ =d, we see that a vertical emission from this point leaves A as the vibrational energy that needs to be
dissipated on the ground state in order to re-equilibrate, and therefore we expect the Stokes shift to be 2\

\
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Beginning with our original derivation of the dipole correlation function and focusing on emission, we find that fluorescence is

described by
Ca = (e, 0|u(t)n(0)le, 0) = Ciu(t) (13.1.57)
= | ey |Pe e F* (2) (13.1.58)
F*(t) = <UJUQ> (13.1.59)
=exp|D (e*" —1)] (13.1.60)

We note that Cj;,(t) = Cpu(—t) and F*(t) = F(—t).

Then we can obtain the fluorescence spectrum

—+00 )
oh(w) :/ dt e Cy (1) (13.1.61)
= |,ueg|2 ieiDEJ(w—weg +nwy) (13.1.62)
o n!

This is a spectrum with the same features as the absorption spectrum, although with mirror symmetry about weg.
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A short time expansion confirms that the splitting between the peak of the absorption and emission lineshape envelopes is 2 Dhwy,
or 2. Further, one can establish that

+00
Oabs (w) = / dit 6l(w_w69)t+g(t)

(o]

+o0 ) "
o) = [ apeite-eto

o0

g(t) =D (e ™ —1)

Note that our description of the fluorescence lineshape emerged from our semiclassical treatment of the light-matter interaction,
and in practice fluorescence involves spontaneous emission of light into a quantum mechanical light field. However, while the light
field must be handled differently, the form of the dipole correlation function and the resulting lineshape remains unchanged.
Additionally, we assumed that there was a time scale separation between the vibrational relaxation in the excited state and the time
scale of emission, so that the system can be considered equilibrated in |e, 0). When this assumption is not valid then one must
account for the much more complex possibility of emission during the course of the relaxation process.

Readings

1. Mukamel, S., Principles of Nonlinear Optical Spectroscopy. Oxford University Press: New York, 1995; p. 189, p. 217.

2. Nitzan, A., Chemical Dynamics in Condensed Phases. Oxford University Press: New York, 2006; Section 12.5.

3. Reimers, J. R.; Wilson, K. R.; Heller, E. J., Complex time dependent wave packet technique for thermal equilibrium systems:
Electronic spectra. J. Chem. Phys. 1983, 79, 4749-4757.

4. Schatz, G. C.; Ratner, M. A., Quantum Mechanics in Chemistry. Dover Publications: Mineola, NY, 2002; Ch. 9.

This page titled 13.1: The Displaced Harmonic Oscillator Model is shared under a CC BY-NC-SA 4.0 license and was authored, remixed, and/or
curated by Andrei Tokmakoff via source content that was edited to the style and standards of the LibreTexts platform.
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13.2: Coupling to a Harmonic Bath

It is worth noting a similarity between the Hamiltonian for this displaced harmonic oscillator problem, and a general form for the
interaction of an electronic “system” that is observed in an experiment with a harmonic oscillator “bath” whose degrees of freedom
are invisible to the observable, but which influence the behavior of the system. This reasoning will in fact be developed more
carefully later for the description of fluctuations. While the Hamiltonians we have written so far describe coupling to a single bath
degree of freedom, the DHO model is readily generalized to many vibrations or a continuum of nuclear motions. Coupling to a
continuum, or a harmonic bath, is the starting point for developing how an electronic system interacts with a continuum of
intermolecular motions and phonons typical of condensed phase systems.

So, what happens if the electronic transition is coupled to many vibrational coordinates, each with its own displacement? The
extension is straightforward if we still only consider two electronic states (e and g) to which we couple a set of independent modes,
i.e., a bath of harmonic normal modes. Then we can write the Hamiltonian for N vibrations as a sum over all the independent
harmonic modes

N N 2 1
H, = ZHC(O‘) = Z ( Pa +=mew? (a da)2) (13.2.1)

each with their distinct frequency and displacement. We can specify the state of the system in terms of product states in the
electronic and nuclear occupation, i.e.,

|G> :|g;n1an27"'7nN>
N

=19) ][] Ina)

a=1

Additionally, we recognize that the time propagator on the electronic excited potential energy surface is

. N
_ U _ ()
U, —exp[—ﬁHet] —gUe (13.2.2)
where
U = exp [%Hé“)t] (13.2.3)

Defining D, = d2 (mw, /2k)
Fl _ <[Ug(a)]TUe(a)>
= exp [Da (e_i“"’t — 1)}

the dipole correlation function is then just a product of multiple dephasing functions that characterize the time-evolution of the
different vibrations.

N
Cuu(t) = g Pe ™t - T[ P ) (13.2.4)
a=1
or
Cpn(t) = |peg et H0) (13.2.5)
with

g9(t) = Da (7" 1) (13.2.6)

In the time domain this is a complex beating pattern, which in the frequency domain appears as a spectrum with several
superimposed vibronic progressions that follow the rules developed above. Also, the reorganization energy now reflects to total
excess nuclear potential energy required to make the electronic transition:
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A=Y Dafw, (13.2.7)

Taking this a step further, the generalization to a continuum of nuclear states emerges naturally. Given that we have a continuous
frequency distribution of normal modes characterized by a density of states, W (w), and a continuously varying frequency-
dependent coupling D(w), we can change the sum in Equation 13.2.6to an integral over the density of states:

o) = / dwW (w)D(w) (e —1) (13.2.8)
Here the product W (w)D(w) is a coupling-weighted density of states, and is commonly referred to as a spectral density.
A
Coupling to
Single undamped
I I vibration
! I A > A
Weg (O]
A
o h
A v
Strong coupling
to a continuum

What this treatment does is provide a way of introducing a bath of states that the spectroscopically interrogated transition couples
with. Coupling to a bath or continuum provides a way of introducing relaxation effects or damping of the electronic coherence in
the absorption spectrum. You can see that if g(¢) is associated with a constant I', we obtain a Lorentzian lineshape with width T".
This emerges under certain circumstances, for instance if the distribution of states and coupling is large and constant, and if the
integral in Equation 13.2.8 is over a distribution of low frequencies, such that e™* a1 —jwt . More generally the lineshape
function is complex, and the real part describes damping and the imaginary part modulates the primary frequency and leads to fine
structure. We will discuss these circumstances in more detail later.

An Ensemble at Finite Temperature

As described above, the single mode DHO model above is for a pure state, but the approach can be readily extended to describe a
canonical ensemble. In this case, the correlation function is averaged over a thermal distribution of initial states. If we take the
initial state of the system to be in the electronic ground state and its vibrational levels (ny) to be occupied as a Boltzmann
distribution, which is characteristic of ambient temperature samples, then the dipole correlation function can be written as a
thermally averaged dephasing function:

Cou(t) = |peg[Pe ™t F(t) (13.2.9)
F(t)=Y p(ny) <ng‘U;Ue ng> (13.2.10)
e—Bln ay
= 13.2.11
plng) = (13.2.11)
Evaluating these expressions using the strategies developed above leads to
Cou(t) = |peg['e ™" exp[D [(R+1) (e —1) +7 (e™* —1)]] (13.2.12)
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7 is the thermally averaged occupation number of the harmonic vibrational mode.
= (P —1) " (13.2.13)

Note that in the low temperature limit, » — 0, and Equation 13.2.12 equals our original result Equation 777. The dephasing
function has two terms underlined in Equation 13.2.12 of which the first describes those electronic absorption events in which the
vibrational quantum number increases or is unchanged (n. > n, ), whereas the second are for those processes where the vibrational
quantum number decreases or is unchanged (n, < n,). The latter are only allowed at elevated temperature where thermally excited
states are populated and are known as “hot bands”.

Now, let’s calculate the lineshape. If we separate the dephasing function into a product of two exponential terms and expand each
of these exponentials, we can Fourier transform to give

D) S (DI j—k
Tabs (W) = |feg | € P™F >ZZ( o ) (n41)1"8 (W — wey — (j— k)wo) (13.2.14)
j=0 k=0 o

Here the summation over j describes m, >n, transitions, whereas the summation over k& describes n, <n,. For any one
transition frequency, (wegtnw0), the net absorption is a sum over all possible combination of transitions at the energy splitting
withn = (j—k) . Again, if we set 7 — 0, we obtain our original result Equation 13.1.47. The contributions where k < j leads to
the hot bands.

Re[g(0)] hoo/k,T
0.33

1.0

Re[F(t)]

0.51 1

oyt 121

Examples of temperature dependence to lineshape and dephasing functions for D = 1. The real part changes in amplitude,
growing with temperature, whereas the imaginary part is unchanged.

D=05
hoo/k,T

A
D W Y N 0.33

Gabs 1.0

\ 4
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We can extend this description to describe coupling to a many independent nuclear modes or coupling to a continuum. We write the
state of the system in terms of the electronic state and the nuclear quantum numbers, i.e., |E) = |e; ny,ng, ns .. .) and from that:

(o~ exp | 4 1) e 1)y -] 18219

or changing to an integral over a continuous frequency distribution of normal modes characterized by a density of states, W (w)

F(t) =exp [/dw W(w)D(w) [(n(w) +1) (e —1) +7n(w) (" — 1)]} (13.2.16)

D(w) is the frequency dependent coupling. Let’s look at the envelope of the nuclear structure on the transition by doing a short-
time expansion on the complex exponential as in Equation 13.1.49

_ ’t
F(t) =exp [/de(w)W(w) (—iwt —(2n+ l)wT)] (13.2.17)
The lineshape is calculated from
e i(w—weq)t ; L/ o\
Oaps (W) = dt =)t exp|—i (w)t] exp —§<w 't (13.2.18)
—00
where we have defined the mean vibrational excitation on absorption
(wy = /dw W (w)D(w)w (13.2.19)
=)k (13.2.20)
and
(@) = / doo W () D(w)?(27(w) + 1) (13.2.21)

<w2> reflects the thermally averaged distribution of accessible vibrational states. Completing the square of Equation 13.2.18gives

o _(w—weg_<w>)2
O abs (w) = ‘Pley|2 <w2> eXP[ 2 <w2> ]

(13.2.22)

The lineshape is Gaussian, with a transition maximum at the electronic resonance plus reorganization energy. Although the
frequency shift (w) is not temperature dependent, the width of the Gaussian is temperature-dependent as a result of the thermal
occupation factor in Equation 13.2.21,

This page titled 13.2: Coupling to a Harmonic Bath is shared under a CC BY-NC-SA 4.0 license and was authored, remixed, and/or curated by
Andrei Tokmakoff via source content that was edited to the style and standards of the LibreTexts platform.
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13.3: Semiclassical Approximation to the Dipole Correlation Function

In introducing the influence of dark degrees of freedom on the spectroscopy of a bright state, we made some approximations that
are not always valid, such as the Condon approximation and the Second Cumulant Approximation. To develop tools that allow us to
work outside of these approximations, it is worth revisiting the evaluation of the dipole correlation function and looking at this a bit
more carefully. In particular, we will describe the semiclassical approximation, which is a useful representation of the dipole
correlation function when one wants to describe the dark degrees of freedom (the bath) using classical molecular dynamics
simulations.

For a quantum mechanical material system interacting with a light field, the full Hamiltonian is
H=Hy+V(t) (13.3.1)
V(t)=—m- E(t) (13.3.2)

m =), z; is the quantum mechanical dipole operator, where 2; are charges. The absorption lineshape is given by the Fourier
transformation of the dipole autocorrelation function C,:

Cpun(7) = (()(0)) = Tr(pem(£)i7(0)) (13.3.3)

and the time dependence in m is expressed in terms of the usual time-propagator:
m(t) = Ulml, (13.3.4)
Oy —e,n o 0" (13.3.5)

In principle, the time development of the dipole moment for all degrees of freedom can be obtained directly from ab initio
molecular dynamics simulations.

For a more practical expression in which we wish to focus on one or a few bright degrees of freedom, we next partition the
Hamiltonian into system and bath

Hy=Hs(Q)+Hg(q) + Ha(Q, q) (13.3.6)

For purposes of spectroscopy, the system Hg refers to those degrees of freedom (@) with which the light will interacts, and which
will be those in which we calculate matrix elements. The bath Hp refers to all of the other degrees of freedom (g), and the
interaction between the two is accounted for in Hgp. Although the interaction of the light depends on how m varies with @, the
dipole operator remains a function of system and bath coordinates: m(Q, q).

We now use the interaction picture transformation to express the time propagator under the full material Hamiltonian U in terms
of a product of propagators in the individual terms in Hy:

Uy =UsUsUsp (13.3.7)
Hp(t) = e/HsHHn)t g pe—i(HsHHn)t (13.3.8)
H,p(t) = e HsHHa)t [ pe—i(Hs+Hp)t (13.3.9)
Then the dipole autocorrelation function becomes
Cop =D _ P <" |U§pULU§mUsUUsem| n> (13.3.10)
where
pn=(n ‘eiBHO ’ n>/Tr(eiﬂH") (13.3.11)

Further, to make this practical, we make an adiabatic separation between the system and bath coordinates, and say that the
interaction between the system and bath is weak. This allows us to write the state of the system as product states in the system (a)
and bath (a); |n) = |a, a):

(Hs + Hp)|a, o) = (B, + Ey) |a, ) (13.3.12)
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With this we evaluate Equation 13.3.10as

Cup =Y _Paba <a’ @ ‘U;BULEU;EUBUBBE’ a, a> (13.3.13)

= %papa (a|(a|v},UivimUsUsUss|b) i ) (13.3.14)

where my, = (b|m|a), and we have made use of the fact that Hg and Hp commute. Also,
pa =e BT Q. (13.3.15)

Now, by recognizing that the time propagators in the system and system-bath Hamiltonians describe time evolution at the system
eigenstate energy plus any modulations that the bath introduces to it

UsUsp|b) = e~ et |bYe =i Jo TOB () — |p)e~ifo dEu(t) (13.3.16)
and we can write our correlation function as
Cop = Zpapa <a i Jo dEL(¢) U;'Fn-abUBe i [ dt By ( ) e ‘ > (13.3.17)
a,b
Chp = <ﬁab(t)ﬁba(0)e*" I dt’“bu(t')>B (13.3.18)
Mgy (t) = e~ Hotim e~ tHot (13.3.19)

Equation 13.3.18is the first important result. It describes a correlation function in the dipole operator expressed in terms of an
average over the time-dependent transition moment, including its orientation, and the fluctuating energy gap. The time dependence
is due to the bath and refers to a trace over the bath degrees of freedom.

Let’s consider the matrix elements. These will reflect the strength of interaction of the electromagnetic field with the motion of the
system coordinate, which may also be dependent on the bath coordinates. Since we have made an adiabatic approximation, to
evaluate the matrix elements we would typically expand the dipole moment in the system degrees of freedom, Q. As an example
for one system coordinate () and many bath coordinates g, we can expand:

ﬁ(Q,q)zﬁoJr CJJrZaQ(9 Qo+ (13.3.20)

myg is the permanent dipole moment, which we can take as a constant. In the second term, dm/9Q is the magnitude of the
transition dipole moment. The third term includes the dependence of the transition dipole moment on the bath degrees of freedom,
i.e., non-Condon terms. So now we can evaluate

ﬁab = <a

We have set (a |mg| b) = 0. Now defining the transition dipole matrix element,

-
Frab = 20 2 (alQ[b) (13.3.21)

—  Om 0’m
mo +8—Q +Z 3004, Qqa|b

8 om
3G (alaib+3- 5~ 55 @lalba.

we can write

Tab = Fap (1+Z Oy ) (13.3.22)

Remember that 1, is a vector. The bath can also change the orientation of the transition dipole moment. If we want to separate the
orientational and remaining dynamics this we could split the matrix element into an orientational component specified by a unit
vector along &m/AQ and a scalar that encompasses the amplitude factors: f1,;, = tgpptap - Then Equation 13.3.18becomes
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8ﬁab
B qa) (13.3.23)

M) :ﬁab (1+Z

Mixed quantum-classical spectroscopy models apply a semiclassical approximation to Equation 13.3.18 Employing the
semiclassical approximation says that we will replace the quantum mechanical operator mab (t) with a classicalMab (t), i.e., we
replace the time propagator Up with classical propagation of the dynamics. Also, the trace over the bath in the correlation function
becomes an equilibrium ensemble average over phase space.

How do you implement the semiclassical approximation? Replacing the time propagator Up with classical dynamics amounts to
integrating Newton’s equations for all of the bath degrees of freedom. Then you must establish how the bath degrees of freedom
influence wpy, (t) and mg;(t). For the quantum operator m(Q, g, t), only the system coordinate ) remains quantized, and following
Equation 13.3.22we can express the orientation and magnitude of the dipole moment and the dynamics depends on the classical
degrees of freedom ¢, .

Mab = flap (1+Zaada> (13.3.24)

a, is a (linear) mapping coefficient
a6 =0y /04, (13.3.25)
between the bath and the transition dipole moment.

In practice, use of this approximation has been handled in different ways, but practical considerations have dictated that wp, (t) and
My (t) are not separately calculated for each time step, but are obtained from a mapping of these variables to the bath coordinates
q. This mapping may be to local or collective bath coordinates, and to as many degrees of freedom as are necessary to obtain a
highly correlated single valued mapping of wy,(t) and 4 (¢). Examples of these mappings include correlating wp, with the
electric field of the bath acting on the system coordinate.

Appendix

Let’s evaluate the dipole correlation function for an arbitrary HSB and an arbitrary number of system eigenstates. From Equation
13.3.14we have

Cun =3 papa (@ Ka Ul|e) Ul {c[vlmu,|d) Up (d|Uss| ) (bl ) o) (13.3.26)

abed
<c UimUs| d> = e (BBt (13.3.27)
Mea(t) = UlmeaUs (13.3.28)

.t 7 7 t
<a|U§B\ c> - <a et ot Hsb<f)‘c> = exp [z/ dt' [Hyp],, (t’)} (13.3.29)
0

Cuw =Y pa <e—iw«ktei Iy ¢ Hsglou o0 Ji dt'[HSBJdb<t/>mba>B (13.3.30)

ckitd

t
- <mcd(t)mba (0) exp [iwdct —i / dt'[Hspl,, (') — [Hss),, (t’)] > (13.3.31)
0 B
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CHAPTER OVERVIEW

14: Fluctuations in Spectroscopy

Here we will describe how fluctuations are observed in experimental observables, as is common to experiments in molecular
condensed phases. As our example, we will focus on absorption spectroscopy and how environmentally induced dephasing
influences the absorption lineshape. Our approach will be to calculate a dipole correlation function for transition dipole interacting
with a fluctuating environment, and show how the time scale and amplitude of fluctuations are encoded in the lineshape. Although
the description here is for the case of a spectroscopic observable, the approach can be applied to any such problems in which the
deterministic motions of an internal variable of a quantum system are influenced by a fluctuating environment.

We also aim to establish a connection between this problem and the Displaced Harmonic Oscillator model. Specifically, we will
show that a frequency-domain representation of the coupling between a transition and a continuous distribution of harmonic modes
is equivalent to a time-domain picture in which the transition energy gap fluctuates about an average frequency with a statistical
time scale and amplitude given by the distribution of coupled modes. Thus an absorption spectrum is merely a spectral
representation of the dynamics experienced by a experimentally probed transition.

14.1: Fluctuations and Randomness - Some Definitions

14.2: Line-Broadening and Spectral Diffusion

14.3: Gaussian-Stochastic Model for Spectral Diffusion

14.4: The Energy Gap Hamiltonian

14.5: Correspondence of Harmonic Bath and Stochastic Equations of Motion

This page titled 14: Fluctuations in Spectroscopy is shared under a CC BY-NC-SA 4.0 license and was authored, remixed, and/or curated by
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14.1: Fluctuations and Randomness - Some Definitions

“Fluctuations” is my word for the time-evolution of a randomly perturbed system at or near equilibrium. For chemical problems in
the condensed phase we constantly come up against the problem of random fluctuations to dynamical variables as a result of their
interactions with their environment. It is unreasonable to think that you will come up with an equation of motion for the internal
deterministic variable, but we should be able to understand the behavior statistically and come up with equations of motion for
probability distributions. Models of this form are commonly referred to as stochastic. A stochastic equation of motion is one which
includes a random component to the time-development.

When we introduced correlation functions, we discussed the idea that a statistical description of a system is commonly formulated
in terms of probability distribution functions P. Observables are commonly described by moments of this distribution, which are
obtained by integrating over P, for instance

(x) = /dx zP(z)
(%) = /dw z?P(zx)
For time-dependent processes, we recognize that it is possible that the probability distribution carries a time-dependence.
(2 (t)) = /dmm(t)P(w,t) (14.1.1)
(&2(t)) = / dz 2 (t)P(z, 1) (14.1.2)

Correlation functions go a step further and depend on joint probability distributions P (¢, A;¢', B) that give the probability of
observing a value of A at time ¢ and a value of B at time ¢':

(A(t")B(t)) = /dA/dBABP (t", A;t', B) (14.1.3)

The statistical description of random fluctuations are described through these time-dependent probability distributions, and we need
a stochastic equation of motion to describe their behavior. A common example of such a process is Brownian motion, the
fluctuating position of a particle under the influence of a thermal environment.

yll
r(t)

YoT

1 -
T L

It is not practical to describe the absolute position of the particle, but we can formulate an equation of motion for the probability of
finding the particle in time and space given that you know its initial position. Working from a random walk model, one can derive
an equation of motion that takes the form of the well-known diffusion equation, here written in one dimension:

OP(z,t) 9?2

——— =D—P(z,t 14.1.4

o = Da7P@) (14.1.4)

Here D is the diffusion constant which sets the time scale and spatial extent of the random motion. [Note the similarity of this
equation to the time-dependent Schrodinger equation for a free particle if D is taken as imaginary]. Given the initial condition
P (z,ty)) =6 (z — ), the solution is a conditional probability density
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) B 1 (m—m0)2
P($,t,$0,t0)— m@Xp(m) (1415)

The probability distribution describes the statistics for fluctuations in the position of a particle averaged over many trajectories.
Analyzing the moments of this probability density using Equation 14.1.2we find that

(z(t)) = =0 (14.1.6)
(62(t)*) =2Dt. (14.1.7)

where
dz(t) =z (t) —zo (14.1.8)

So, the distribution maintains a Gaussian shape centered at z(, and broadens with time as 2Dt.

Brownian motion is an example of a Gaussian-Markovian process. Here Gaussian refers to cases in which we describe the
probability distribution for a variable P(z) as a Gaussian normal distribution. Here in one dimension:

P(z) — Ae(z—m0)"/247 (14.1.9)

A? = (z?) — (z)? (14.1.10)

The Gaussian distribution is important, because the central limit theorem states that the distribution of a continuous random
variable with finite variance will follow the Gaussian distribution. Gaussian distributions also are completely defined in terms of
their first and second moments, meaning that a time-dependent probability density P(z,t) is uniquely characterized by a mean

value in the observable variable = and a correlation function that describes the fluctuations in z. Gaussian distributions for systems
at thermal equilibrium are also important for the relationship between Gaussian distributions and parabolic free energy surfaces:

G(z) = —kpTInP(z) (14.1.11)

If the probability density is Gaussian along x, then the system’s free energy projected onto this coordinate (often referred to as a
potential of mean force) has a harmonic shape. Thus Gaussian statistics are effective for describing fluctuations about an
equilibrium mean value z,.

P(x) G(x)

| |
Xo X Xo X

Markovian means that the time-dependent behavior of a system does not depend on its earlier history, statistically speaking.
Naturally the state of any one molecule depends on its trajectory through phase space, however we are saying that from the
perspective of an ensemble there is no memory of the state of the system at an earlier time. This can be stated in terms of joint
probability functions as

P (z2,t2; 21,15 %0, to) =P (22, t25 21, 81) P (21, t1; 20, t0) (14.1.12)
or

P(tz;tl;to)ZP(tz;tl)P(tl;tO) (14113)
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The probability of observing a trajectory that takes you from state 1 at time 1 to state 2 at time 2 does not depend on where you
were at time 0. Further, given the knowledge of the probability of executing changes during a single time interval, you can exactly
describe P for any time interval. Markovian therefore refers to time-dependent processes on a time scale long compared to
correlation time for the internal variable that you care about. For instance, the diffusion equation only holds after the particle has
experienced sufficient collisions with its surroundings that it has no memory of its earlier position and momentum: ¢ > 7.

Readings
1. Nitzan, A., Chemical Dynamics in Condensed Phases. Oxford University Press: New York, 2006; Ch. 1.5 and Ch. 7.
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14.2: Line-Broadening and Spectral Diffusion

We will investigate how a fluctuating environment influences measurements of an experimentally observed internal variable.
Specifically we focus on the spectroscopy of a chromophore, and how the chromophore’s interactions with its environment
influence its transition frequency and absorption lineshape. In the absence of interactions, the resonance frequency that we observe
is wey. However, we have seen that interactions of this chromophore with its environment can shift this frequency. In condensed
matter, time-dependent interactions with the surroundings can lead to time-dependent frequency shifts, known as spectral diffusion.
How these dynamics influence the line width and lineshape of absorption features depends on the distribution of frequencies
available to your system (A) and the time scale of sampling varying environments (7.). Consider the following cases of line
broadening:

1. Homogeneous. Here, the absorption lineshape is dynamically broadened by rapid variations in the frequency or phase of
dipoles. Rapid sampling of a distribution of frequencies acts to average the experimentally observed resonance frequency. The
result in a “motionally narrowed” line width that is narrower than the distribution of frequencies available and proportional to
the rate of fluctuation induced dephasing.

2. Inhomogeneous. In this limit, the lineshape reflects a static distribution of resonance frequencies, and the width of the line
represents the distribution of frequencies, ', which arise, from different structural environments available to the system.

3. Spectral Diffusion. More generally, every system lies between these limits. Given a distribution of configurations that the
system can adopt, for instance an electronic chromophore in a liquid, an equilibrium system will be ergodic, and over a long
enough time any molecule will sample all configurations available to it. Under these circumstances, we expect that every
molecule will have a different “instantaneous frequency” w; (¢) which evolves in time as a result of its interactions with a
dynamically evolving system. This process is known as spectral diffusion. The homogeneous and inhomogeneous limits can be
described as limiting forms for the fluctuations of a frequency w; (¢) through a distribution of frequencies A. If w; (¢) evolves
rapidly relative to A~!, the system is homogeneously broadened. If w; (t) evolves slowly the system is inhomogeneous
broadened. This behavior can be quantified through the transition frequency time-correlation function

Ceg(t) = (wey (t)weg (0)) (14.2.1)

Our job will be to relate the transition frequency correlation function C,, (¢) with the dipole correlation function that
determines the lineshape, C,,,,(t).
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14.3: Gaussian-Stochastic Model for Spectral Diffusion

We will begin with a classical description of how random fluctuations in frequency influence the absorption lineshape, by
calculating the dipole correlation function for the resonant transition. This is a Gaussian stochastic model for fluctuations, meaning
that we will describe the time-dependence of the transition energy as random fluctuations about an average value through a
Gaussian distribution.

w(t) = (w) + dw(t) (14.3.1)
(dw(t)) =0 (14.3.2)

The fluctuations in w allow the system to explore a Gaussian distribution of transitions frequencies characterized by a variance:

A= (@) — W) =,/(0) (14.3.3)

- P(8w)

S IA "

t (IJ 8w

In many figures the width of the Gaussian distribution is labeled with the standard deviation (here A). This is meant to
symbolize that A is the parameter that determines the width, and not that it is the line width. For Gaussian distributions, the
full line width at half maximum amplitude (FWHM) is 2.35A.

The time scales for the frequency shifts will be described in terms of a frequency correlation function
Chusa () = (80(t)5(0)) (14.3.4)
Furthermore, we will describe the time scale of the random fluctuations through a correlation time 7.

The absorption lineshape is described with a dipole time-correlation function. Let’s treat the dipole moment as an internal variable
to the system, whose value depends on that of w. Qualitatively, it is possible to write an equation of motion for y by associating the
dipole moment with the displacement of a bound particle (z) times its charge, and using our intuition regarding how the system
behaves. For a unperturbed state, we expect that  will oscillate at a frequency w, but with perturbations, it will vary through the
distribution of available frequencies. One function that has this behavior is

z(t) = moe ! (14.3.5)
If we differentiate this equation with respect to time and multiply by charge we have
op .
—— = —iw(t)p(t) (14.3.6)
ot
Although it is a classical equation, note the similarity to the quantum Heisenberg equation for the dipole operator:
Ou/dt =iHt)u/h+h.c. (14.3.7)

The correspondence of w(t) with H(¢)/k offers some insight into how the quantum version of this problem will look.

The solution to Equation 14.3.6is

t
u(t) = p(0) exp [—i / dm(T)] (14.3.8)
0
Substituting this expression and Equation 14.3.1into the dipole correlation function gives or
Cpu(t) = |ufPe 1 P (1) (143.9)

where
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Ft) = <exp [—i /0 th5w(T)]> (14.3.10)

The dephasing function (F(t)) is obtained by performing an equilibrium average of the exponential argument over fluctuating
trajectories. For ergodic systems, this is equivalent to averaging long enough over a single trajectory.

The dephasing function is a bit complicated to work with as written. However, for the case of Gaussian statistics for the
fluctuations, it is possible to simplify F'(¢) by expanding it as a cuamulant expansion of averages (see appendix below for details).

72

F(t):exp[—i /0 ar' (G () + = /0 dr’ /0 v {(6w (') w (7)) — (6w (7)) (w (7))} | (14.3.11)

In this expression, the first term is zero, since (§w) = 0. Only the second term survives for a system with Gaussian statistics. Now
recognizing that we have a stationary system, we have

F(t) = exp [—% /O i /0 " (G (' — ") 6w(0))] (14.3.12)

We have rewritten the dephasing function n terms of a correlation function that describes the fluctuating energy gap. Note that this

is a classical exception, so there is no time-ordering to the exponential. F'(t) can be rewritten through a change of variables (
/ n

T=7—-7")

F(t)—exp[/0 d‘r(t7‘)<(5w('r)5w(0)>} (14.3.13)

So the Gaussian stochastic model allows the influence of the frequency fluctuations on the lineshape to be described by Ci,s, (t) a
frequency correlation function that follows Gaussian statistics. Note, we are now dealing with two different correlation functions
Cswsw and Cy,. The frequency correlation function encodes the dynamics that result from molecules interacting with the
surroundings, whereas the dipole correlation function describes how the system interacts with a light field and thereby the
absorption spectrum.

Now, we will calculate the lineshape assuming that C,,s,, decays with a correlation time 7. and takes on an exponential form
Ciusw(t) = A% exp[—t /7] (14.3.14)
Then Equation 14.3.13gives
F(t)= exp[—A27'c2 (exp(—t/7e)+t/7. — 1)] (14.3.15)
which is in the form we have seen earlier F'(t) = exp(—g(t))
g(t) = A’7Z (exp(—t/7.) + /7. 1) (14.3.16)

to interpret this lineshape function, let’s look at its limiting forms.

Long correlation times (t < 7.)

This corresponds to the inhomogeneous case where Cy,s,(t) = A
expansion of exponential

2 a constant. For t < 7., we can perform a short time

e_t/“zl—i+ £ I (14.3.17)
Tz T .3.
and from Equation 14.3.16we obtain
g(t) = A%?/2 (14.3.18)

At short times, the dipole correlation function will have a Gaussian decay with a rate given by A2:
F(t) = exp(—A’?/2) (14.3.19)
This has the proper behavior for a classical correlation function, i.e., even in time

Couu(t) = Cpuu(—1). (14.3.20)
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In this limit, the absorption lineshape is:

+00
o(w) = || / dt e“te )t=9) (14.3.21)
\ A .
] / dt eilo—(u))tg=072 2 (14.3.22)

(e {w)) ) (14.3.23)

_ 2_7T| |2eX _
—\ azlH P 2A?

We obtain a Gaussian inhomogeneous lineshape centered at the mean frequency with a width dictated by the frequency
distribution.

Short Correlation Times (¢t > 7..)

This corresponds to the homogeneous limit in which you can approximate

Ciose (t) = A25(2). (14.3.24)
Fort > 7. we set e */7 ~0,t/7, >> 1, and Equation 14.3.16gives
g(t) = —A’r.t (14.3.25)
If we define the constant
A’7, =T (14.3.26)

we see that the dephasing function has an exponential decay:
F(t) = exp[-T'] (14.3.27)
The lineshape for short correlation times (or fast fluctuations) takes on a Lorentzian shape
0'((.0) _ |H|2 I_JFOZO dt eilw—(w)te—Tt
R 2 T (14.3.28)
eU(w) - |/‘l’| (w_<w>)2+]:\2

This represents the homogeneous limit. Even with a broad distribution of accessible frequencies, if the system explores all of
these frequencies on a time scale fast compared to the inverse of the distribution (A7, > 1, then the resonance will be
“motionally narrowed” into a Lorentzian line.

More generally, the envelope of the dipole correlation function will look Gaussian at short times and exponential at long times.

Gaussian exponential
-—— —_—

@)

1

1

i t
The correlation time is the separation between these regimes. The behavior for varying time scales of the dynamics (7,) are best
characterized with respect to the distribution of accessible frequencies (A). So we can define a factor

k=A-1, (14.3.29)

k < 1 is the fast modulation limit and & >> 1 is the slow modulation limit. Let’s look at how Cp,g,, F'(t), and o4 (w) change as a
function of k.
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We see that for a fixed distribution of frequencies A the effect of increasing the time scale of fluctuations through this distribution
(decreasing 7.) is to gradually narrow the observed lineshape from a Gaussian distribution of static frequencies with width
(FWHM) of 2.35A to a motionally narrowed Lorentzian lineshape with width (FWHM) of

AT, /m=A-Kk/T. (14.3.30)

This is analogous to the motional narrowing effect first described in the case of temperature dependent NMR spectra of two
exchanging species. Assume we have two resonances at w, and wp associated with two chemical species that are exchanging at a
rate kyp

A=B (14.3.31)

If the rate of exchange is slow relative to the frequency splitting, k4,5 << w4 —wB then we expect two resonances, each with a
linewidth dictated by the molecular relaxation processes (13) and transfer rate of each species. On the other hand, when the rate of
exchange between the two species becomes faster than the energy splitting, then the two resonances narrow together to form one
resonance at the mean frequency.
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exchange rate

k=>wy—w,

Appendix: The Cumulant Expansion

For a statistical description of the random variable z, we wish to characterize the moments of x: (z), (z2), .... Then the average of
an exponential of 2 can be expressed as an expansion in moments

ik - (Zk)n n
(e >:; —— (") (14.3.32)
expansion in moments

An alternate way of expressing this expansion is in terms of cumulants

(e = exp (i (k)" Cn (m)) (14.3.33)

|
o n.

expansion in cumulants

where the first few cumulants are:

a(z) = (z) (mean)
c(z) = (%) — (z)? (variance)
cs(z) = <:1:3> —3(z) <.1:2> +2(z)? (skewness)

An expansion in cumulants converges much more rapidly than an expansion in moments, particularly when you consider that x
may be a time-dependent variable. Particularly useful is the observation that all cumulants with 7 > 2 vanish for a system that
obeys Gaussian statistics.

We obtain the cumulants above by expanding Equation 14.3.29and 14.3.33 and comparing terms in powers of x. We start by
postulating that, instead of expanding the exponential directly, we can instead expand the exponential argument in powers of an
operator or variable H
1
F = exp|c] :1—|—c+§c2+--- (14.3.34)
L o
c=cH+ 502H +-- (14.3.35)

Inserting Equation 14.3.35into Equation 14.3.34and collecting terms in orders of H gives

1 1 1 2

F =1+ (01H+502H2+"') _|_§ (C1H+§C2H2+"') 4.
1
:1+(C1)H+§(cz+c%)H2+~-

Now comparing this with the expansion of the exponential operator (of H)
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F =exp|fH] (14.3.36)
1
=1+fiH+ 5sz2 SR (14.3.37)
allows one to see that
c=fi
14.3.38
&= (14:3.3)

The cumulant expansion can also be applied to time-correlations. Applying this to the time-ordered exponential operator we obtain:

F(t) = <exp+ [—i /0 tdtw(t)]> (14.3.39)

~ expler (£) 4+ ca(0)] (14.3.40)
c = —i/o dr(w(T))
02=i/dw/ﬂdnﬁwmmdn»—W@wam»}
Ot OT2
__ /0 dry /0 dry (0w (12) 6w (7))

For Gaussian statistics, all higher cumulants vanish.

Readings
1. Kubo, R., A Stochastic Theory of Line-Shape and Relaxation. In Fluctuation, Relaxation and Resonance in Magnetic Systems,
Ter Haar, D., Ed. Oliver and Boyd: Edinburgh, 1962; pp 23- 68.
2. McHale, J. L., Molecular Spectroscopy. 1st ed.; Prentice Hall: Upper Saddle River, NJ, 1999.
3. Mukamel, S., Principles of Nonlinear Optical Spectroscopy. Oxford University Press: New York, 1995.
4. Schatz, G. C.; Ratner, M. A., Quantum Mechanics in Chemistry. Dover Publications: Mineola, NY, 2002; Sections 7.4 and 7.5.
5. W. Anderson, P., A Mathematical Model for the Narrowing of Spectral Lines by Exchange or Motion. Journal of the Physical
Society of Japan 1954, 9, 316-339.
6. Wang, C. H., Spectroscopy of Condensed Media: Dynamics of Molecular Interactions. Academic Press: Orlando, 1985.
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14.4: The Energy Gap Hamiltonian

In describing fluctuations in a quantum mechanical system, we describe how an experimental observable is influenced by its
interactions with a thermally agitated environment. For this, we work with the specific example of an electronic absorption
spectrum and return to the Displaced Harmonic Oscillator (DHO) model. We previously described this model in terms of the
eigenstates of the material Hamiltonian H, and interpreted the dipole correlation function and resulting lineshape in terms of the
overlap between two wave packets evolving on the ground and excited surfaces | E') and |G).

Cun(t) = |pteg e BB (o0 (8) e (8)) (14.4.1)

It is worth noting a similarity between the DHO Hamiltonian, and a general form for the interaction of an electronic two-level
“system” with a harmonic oscillator “bath” whose degrees of freedom are dark to the observation, but which influence the behavior
of the system.

Expressed in a slightly different physical picture, we can also conceive of this process as nuclear motions that act to modulate the
electronic energy gap w.y. We can imagine rewriting the same Hamiltonian in a form with a new physical picture that desscribes
the electronic energy gap’s dependence on g, i.e., its variation relative to w,y. If we define an Energy Gap Hamiltonian:

Hy,=H.—H, (14.4.2)
we can rewrite the DHO Hamiltonian
Hy = |e)Ec(e| +|9)Ey(g| + He + H, (14.4.3)

as an electronic transition linearly coupled to a harmonic oscillator:

Ho = |e)Ec(e| +|9)Eg(g| + Heg +2H, (14.4.4)
Noting that
2
p 1
H, = >— +-muwiq’ 14.4.
g 2m—|—2mwoq ( 5)

we can write this as a system-bath Hamiltonian:
Hy=Hs+Hp+Hgp (14.4.6)

where Hgp describes the interaction of the electronic system (Hg) with the vibrational bath (Hg). Here

Hg = |e)Ec(e| +|9)E,(g] (14.4.7)
Hp=2H, (14.4.8)
and
Hsp=H, = %mwg(qfd)2 - %mw%f (14.4.9)
= —mwgdq+%mwgd2 (14.4.10)
=—cqg+A (14.4.11)

The Energy Gap Hamiltonian describes a linear coupling between the electronic transition and a harmonic oscillator. The strength
of the coupling is ¢ and the Hamiltonian has a constant energy offset value given by the reorganization energy (\). Any motion in
the bath coordinate g introduces a proportional change in the electronic energy gap.

r Y
q p ‘lf ‘.‘ ‘ﬂ ‘I’ ‘l‘ “ "' ‘.* ‘t

A
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In an alternate form, the Energy Gap Hamiltonian can also be written to incorporate the reorganization energy into the system:
Hy =|e)E.(e| +|9)Ey(g| + Hey +2H,

Hy = e) (Ee+X) (e] +9) By (g]

2
_ P 1 2
Hé = %—Fimw%q

Hyp = —mw%dq

This formulation describes fluctuations about the average value of the energy gap hw., + A , however, the observables calculated
are the same.

From the picture of a modulated energy gap one can begin to see how random fluctuations can be treated by coupling to a harmonic
bath. If each oscillator modulates the energy gap at a given frequency, and the phase between oscillators is random as a result of
their independence, then time-domain fluctuations and dephasing can be cast in terms of a Fourier spectrum of couplings to
oscillators with continuously varying frequency.

Energy Gap Hamiltonian

Now let’s work through the description of electronic spectroscopy with the Energy Gap Hamiltonian more carefully. Working from
Equations 14.4.1and 14.4.3 we express the energy gap Hamiltonian through reduced coordinates for the momentum, coordinate,
and displacement of the oscillator.

p=p(2hwom)/? (14.4.12)
g = q(mwo/2R)"/* (14.4.13)
d = d(muwy /2R)"/? (14.4.14)
with
H, = hw (p* +(q—d)?) (14.4.15)
Hy =hw (1 +¢%) (14.4.16)

From Equation 14.4.1we have

H., = —2hwodg + huod?
= —mwjdg+ A

The energy gap Hamiltonian describes a linear coupling of the electronic system to the coordinate q. The slope of H, versus g is
the coupling strength, and the average value of H,, in the ground state, H.,(gq = 0), is offset by the reorganization energy . We
note that the average value of the energy gap Hamiltonian is (H,,) = A.

To obtain the absorption lineshape from the dipole correlation function
Couu(t) = |preg e P (1) (14.4.17)

we must evaluate the dephasing function.
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F(t) = (eifte ) — (U]U, ) (14.4.18)

We want to rewrite the dephasing function in terms of the time dependence to the
energy gap H.y; that is, if F(t) = (U,y), then what is U,,? This involves a unitary
transformation of the dynamics to a new frame of reference. The transformation from
the DHO Hamiltonian to the EG Hamiltonian is similar to our derivation of the
interaction picture.

v

Transformation of time-propagators 0 d g

If we have a time dependent quantity of the form

giHAt fo—iHpt (14.4.19)
we can also express the dynamics through the difference Hamiltonian Hgy = Hgp — H 4
Ae—(Hs=Ha)t _ g ~iHpat (14.4.20)
using a commonly performed unitary transformation. If we write
Hp=Hy+Hpa (14.4.21)
we can use the same procedure for partitioning the dynamics in the interaction picture to write
.ot
efiHBtt — efiHAt exp, |:_% / dTHBA (T):| (144.22)
0
where
Hpa(r) = e Hpge Mt (14.4.23)
Then, we can also write:
. et
eitlate=illst — exp [—% / drHpa (7-)] (14.4.24)
0

Noting the mapping to the interaction picture
H =H,+H, & H=Hy+V (14.4.25)

we see that we can represent the time dependence of the electronic energy gap H,, using

—4 [t
emiHet/h — g=iHt/h expy [7’/ drH,, (7-)] (14.4.26)
0
U, =U,U, (14.4.27)
where
H,,(t) = et/ g, e~iHat/h (14.4.28)
— UgHegUg (14.4.29)

Remembering the equivalence between the harmonic mode Hj, and the bath mode(s) Hp indicates that the time dependence of the
EG Hamiltonian reflects how the electronic energy gap is modulated as a result of the interactions with the bath. That is U, <> Up.

Equation 14.4.26immediately implies that

F(t) = <engt/he—iHet/h> = <exp . [%Z /0 t dTHeg(T):| > (14.4.30)

Now the quantum dephasing function is in the same form as we saw in our earlier classical derivation. Using the second-order
cumulant expansion allows the dephasing function to be written as
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F(t):< iHyt/h szet/h> <exp+|:_hi /O thHeg(T)]> (14.4.31)

Note that the cumulant expansion is here written as a time-ordered expansion. The first exponential term depends on the mean
value of H

(Hey) = huwod® = X (14.4.32)

This is a result of how we defined H, 4. Alternatively, the EG Hamiltonian could have been defined relative to the energy gap at
Q=0:Hy=H.—Hy+\ . In this case the leading term in Equation 14.4.31 would be zero, and the mean energy gap that
describes the high frequency (system) oscillation in the dipole correlation function is weg + A .

The second exponential term in Equation 14.4.31is a correlation function that describes the time dependence of the energy gap

(Heg (12) Heg (1)) — (Heg (72)) (Heg (1))

14.4.33
= (§Hey () SH,y (1) (14.433)
where
0Hey = Heg — <Heg>
= —muwldgq
Defining the time-dependent energy gap transition frequency in terms of the EG Hamiltonian as
0H,
0oy = —2 (14.4.34)
h
we can write the energy gap correlation function
Ceg (T2, 71) = (0Weg (T2 — T1) Oweg (0)) (14.4.35)
It follows that
F(t)=e /e d) (14.4.36)

and

t ]
t) :/ dTg/ dr1Ceq (12, 71) (14.4.37)
0 0

and the dipole correlation function can be expressed as
Cpa(t) = | preg e~ (B~ Ert Nt/ gm0 (14.4.38)

This is the correlation function expression that determines the absorption lineshape for a timedependent energy gap. It is a general
expression at this point, for all forms of the energy gap correlation function. The only approximation made for the bath is the
second cumulant expansion.

Now, let’s look specifically at the case where the bath we are coupled to is a single harmonic mode. The energy gap correlation
function is evaluated from

an 1 [0eq (t)0weq ()] m)
:ﬁ;pn<n

Noting that the bath oscillator correlation function

Hit/h Hege—ngt/h §H., ‘ n>

Cyq(t) = (a(t)q(0)) = [(7+1)e ™" +ne ] (14.4.39)

2muwy

we find

Ceg(t) =} D [(n+1)e ™" +neirt] (14.4.40)
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Here, as before, 8 =1/kpT, n is the thermally averaged occupation number for the oscillator

ﬁ:an <n'a7a‘n>= (e —1) ! (14.4.41)
and 8 = 1/kBT. Note that the energy gap correlation function is a complex function. We can separate the real and imaginary parts
of Oy as

Cey(t) =Cly +iCY, (14.4.42)
with

Cly(t) = w2 D coth(Bhw /2) cos(wot) (14.4.43)

Cl(t) = wi Dsin(wot) (14.4.44)
where we have made use of the relation

2n(w) +1 = coth(Bhw/2) (14.4.45)
and
coth(z) = (e* +e ™) / (e —e™") (14.4.46)

We see that the imaginary part of the energy gap correlation function is temperature independent. The real part has the same
amplitude at 7' = 0, and rises with temperature. We can analyze the high and low temperature limits of this expression from

lim coth(z) =1 (14.4.47)
r—00

. 1

lim coth(z) =~ — (14.4.48)
z—0 €T

Looking at the low temperature limit coth(8hwy/2) — 1 and m — 0 we see that Equation 7?77 reduces to Equation 14.4.55

In the high temperature limit kT > xwy, coth(fiwy/2kT) — 2kT /hwy and we recover the expected classical result. The
magnitude of the real component dominates the imaginary part |Cfy| >> |C%| and the energy gap correlation function (Ceq (%)
becomes real and even in time.

Similarly, we can evaluate Equation 14.4.37 the lineshape function

g(t)=—D[(n+1) (e ™" —1) +n (e —1)] —iDuwyt (14.4.49)
The leading term in Equation 14.4.49gives us a vibrational progression, the second term leads to hot bands, and the final term is
the reorganization energy (—iDwot = —iAt/k). The lineshape function can be written in terms of its real and imaginary parts
gt) =g +ig" (14.4.50)
with
g'(t) = D coth(Bhwy/2) (1 —coswyt) (14.4.51)
g"(t) = D (sinwyt —wyt) (14.4.52)

Because these enter into the dipole correlation function as exponential arguments, the imaginary part of g(¢) will reflect the bath-
induced energy shift of the electronic transition gap and vibronic structure, and the real part will reflect damping, and therefore the
broadening of the lineshape. Similarly to Ce,(t), in the high temperature limit g’ > ¢" . Now, using Equation 14.4.35 we see that
the dephasing function is given by

F(t) =exp[D((n+1) (e™* —1)+n (e’ —1))] (14.4.53)

= exp [D (coth(ﬂThw) (1 —coswt) +i sinwt)] (14.4.54)

Let’s confirm that we get the same result as with our original DHO model, when we take the low temperature limit. Setting n — 0
in Equation 777, we have our original result
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Fir—o(t) =exp[D (e —1)] (14.4.55)
In the high temperature limit g’ > ¢”, and from Equation 7?7 we obtain

2DKT
hwo

= i i ( 2DkT)j cos’ (wot)
2. - oy 0

(o) =oxp| S cos(ent)

7
which leads to an absorption spectrum which is a series of sidebands equally spaced on either side of oleg.

Spectral representation of energy gap correlation function

Since time- and frequency-domain representations are complementary, and one form may be preferable over another, it is possible
to express the frequency correlation function in terms of its spectrum. For a complex spectrum of vibrational motions composed of
many modes, representing the nuclear motions in terms of a spectrum rather than a beat pattern is often easier. It turns out that
calculation are often easier performed in the frequency domain. To start we define a Fourier transform pair that relates the time and
frequency domain representations:

Coy(w) = / € Cey (t)dt (14.4.56)
1 +o00 o
Cey(t) = — / e Coy(w)dw (14.4.57)
2 J_o
Since the energy gap correlation function has the property
Ceg(—t) =Cg(2) (14.4.58)
it also follows from Equation 14.4.56that the energy gap correlation spectrum is entirely real:
%@:mﬁ'w%@a (14.4.59)
0
or
= =~/ =~
Ceg(w) = C’eg(w) —l—Ceg(w) (14.4.60)

Here C~’;s (w) and C~’Zg (w) are the Fourier transforms of the real and imaginary components of Ce, (%), respectively. C~’/es (w) and
é';lg (w) are even and odd in frequency. Thus while C s (w) is entirely real valued, it is asymmetric about w = 0.
With these definitions in hand, we can write the spectrum of the energy gap correlation function for coupling to a single harmonic
mode spectrum (Equation 777):

Cop (Wa) = w2 D (wa) [(Tia +1) 8 (w0 — wa) +1ad (W+wy)] (14.4.61)
This is a spectrum that characterizes how bath vibrational modes of a certain frequency and thermal occupation act to modify the
observed energy of the system. The first and second terms in Equation 14.4.61describe upward and downward energy shifts of the
system, respectively. Coupling to a vibration typically leads to an upshift of the energy gap transition energy since energy must be
put into the system and bath. However, as with hot bands, when there is thermal energy available in the bath, it also allows for
down-shifts in the energy gap. The net balance of upward and downward shifts averaged over the bath follows the detailed balance
expression

C(—w) = e C(w) (14.4.62)
The balance of rates tends toward equal with increasing temperature. Fourier transforms of Equation \ref13.76} gives two other

representations of the energy gap spectrum

~!

Cly (wa) = waD (wa) coth(Bhw, /2) [6 (w—wa) +6 (w+wa )] (14.4.63)

~I

Cly (Wa) =wi D (wa) [6 (w—wa) +6 (w+wa)] - (14.4.64)
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The representations in Equation 14.4.61, 14.4.63 and 14.4.64are not independent, but can be related to one another through
~/ ~I
Cy (Wa) = coth(Bhw, /2)Cy (wa) (14.4.65)
~ =~
Cey (wa) = (1 +coth(Bhw,/2)) C, (wa) (14.4.66)
That is, given either the real or imaginary part of the energy gap correlation spectrum, we can predict the other part. As we will see,
this relationship is one manifestation of the fluctuationdissipation theorem that we address later. Due to its independence on

=~
temperature, the spectral density C., (w,) is the commonly used representation.

I . Ceg(m) o
]' Ceg(m) _
| Ceg(w(x)
@5Du(T+1)
.. 1rcoth(Fhof2)
< 1 2I 3 4 U)iDuﬁ
b o/, A 1 >
C‘og (o) —®g, 0 g 0]
|
1

g(t) = /+°° d(.ui Ceg () [exp(—iwt) 4 twt — 1]

. 2 w?
=
o O, (w
:/ dwﬁ [coth(ﬂ—hw)(l —coswt) +i(sinwt — wt)
0 Tw? 2

The first expression relates g(t) to the complex energy gap correlation function, whereas the second separates the real and the
imaginary parts and relates them to the imaginary part of the energy gap correlation function.

Coupling to a Harmonic Bath

More generally for condensed phase problems, the system coordinates that we observe in an experiment will interact with a
continuum of nuclear motions that may reflect molecular vibrations, phonons, or intermolecular interactions. We describe this
continuum as continuous distribution of harmonic oscillators of varying mode frequency and coupling strength. The Energy Gap
Hamiltonian is readily generalized to the case of a continuous distribution of motions if we statistically characterize the density of
states and the strength of interaction between the system and this bath. This method is also referred to as the Spin-Boson Model
used for treating a two level spin-Y4 system interacting with a quantum harmonic bath.

Following our earlier discussion of the DHO model, the generalization of the EG Hamiltonian to the multimode case is

Hy = hwey, + H,y + Hp (14.4.67)
Hp :ana (P2 +¢2) (14.4.68)
Heyp = 2hwedage + A (14.4.69)
a
A=) hwad? (14.4.70)
«

Note that the time-dependence to Hy, results from the interaction with the bath:
H,y(t) = eHs//h H, e iHut/R (14.4.71)

Also, since the harmonic modes are normal to one another, the dephasing function and lineshape function are obtained from
Equation 14.4.72
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Fit)=]]Fat) 9(t)=>_galt) (14.4.72)

«

For a continuum, we assume that the number of modes are so numerous as to be continuous, and that the sums in the equations
above can be replaced by integrals over a continuous distribution of states characterized by a density of states W Z . Also the
interaction with modes of a particular frequency are equal so that we can simply average over a frequency dependent coupling
constant 2 Dd Z Z . For instance, Equation 14.4.72becomes

g(t) = /dwaW(wa)g(t,wa) (14.4.73)

Coupling to a continuum leads to dephasing resulting from interaction to a continuum of modes of varying frequency. This will be
characterized by damping of the energy gap frequency correlation function

Ceg(t) = /dwaCeg (W, ) W (wy) (14.4.74)

Here Ceg (Wa, t) = (0weg (Wa, t) weg (wa, 0)) refers to the energy gap frequency correlation function for a single harmonic mode
given in Equation 777. While Equation 14.4.74 expresses the modulation of the energy gap in the time domain, we can
alternatively express the continuous distribution of coupled bath modes in the frequency domain:

Crylw) = / oW (wa) Coy (wa) (14.4.75)

An integral of a single harmonic mode spectrum over a continuous density of states provides a coupling weighted density of states
that reflects the action spectrum for the system-bath interaction. We evaluate this with the single harmonic mode spectrum,
Equation 14.4.61 We see that the spectrum of the correlation function for positive frequencies is related to the product of the
density of states and the frequency dependent coupling

Coy(w) =W D(W)W (w)(R+1) (w>0) (14.4.76)
Cop(w) = w?D(W)W ()7 (w<0) (14.4.77)
This is an action spectrum that reflects the coupling weighted density of states of the bath that contributes to the spectrum.

In practice, the unusually symmetry of (:‘eg (w) and its growth as w? make it difficult to work with. Therefore we choose to express
the frequency domain representation of the coupling-weighted density of states in Equation 14.4.76as a spectral density, defined
as

~I

Cpy(w)
Tw?

= %/dwaW (wa) D (wa) 6 (w—wq)

pw) =

_ %W(w)D(w)

This expression is real and defined only for positive frequencies. Note C';lg (w) is an odd function in oo, and therefore p(co) is also.

A —
p(®) W(o)
D(w)
0 1 2 3 4
®/o,
Example of spectral density using an ohmic density of states, W(w) = wexp[—w/w¢]| and a linearly varying frequency dependent

coupling.

@ 0 g @ 14.4.8 https://chem.libretexts.org/@go/page/107303



https://libretexts.org/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://chem.libretexts.org/@go/page/107303?pdf

LibreTextsw

The reorganization energy can be obtained from the first moment of the spectral density
A= h/ dwwp(w) (14.4.78)
0

Furthermore, from Equation 14.4.37and 14.4.75we obtain the lineshape function in two forms
+oo 1 Cop(w
g(t) = / dw— ﬁ[exp(—iwt) +iwt —1]
oo 2 w?
LAt o hw
= —% —|—/ dwp(w) [coth(ﬂT) (1 —coswt) +isinwt
0

In this expression the temperature dependence implies that in the high temperature limit, the real part of g(¢) will dominate, as
expected for a classical system. This is a perfectly general expression for the lineshape function in terms of an arbitrary spectral
distribution describing the time scale and amplitude of energy gap fluctuations. Given a spectral density p(o0), you can calculate
various spectroscopic observables and other time-dependent processes in a fluctuating environment.

Now, let’s evaluate the behavior of the lineshape function and absorption lineshape for different forms of the spectral density. To
keep things simple, we will consider the high temperature limit, kT < hw. Here

coth(Bhw/2) — 2/ fhw (14.4.79)

and we can neglect the imaginary part of the frequency correlation function and lineshape function. These examples are motivated
by the spectral densities observed for random or noisy processes. Depending on the frequency range and process of interest, noise
tends to scale as U =~ Z ", where n = 0, 1 or 2. This behavior is often described in terms of a spectral density of the form

p(w) xcwiPw 2w (14.4.80)

where Z. is a cut-off frequency, and the units are inverse frequency. These spectral densities have the desired property of being an
odd function in Z, and can be integrated to a finite value. The case s =1 is known as the Ohmic spectral density, whereas s > 1
is super-ohmic and s < 1 is sub-ohmic.

Step 1

Let’s first consider the example when U drops as 1/Z with frequency, which refers to the Ohmic spectral density with a high cut-
off frequency. This is the spectral density that corresponds to an energy gap correlation function that decays infinitely fast:
Cleg(t) ~ d(t) . To choose a definition consistent with Equation 14.4.78 we set

p(w) = A/ Ahw (14.4.81)

where A is a finite high frequency integration limit that we enforce to keep U well behaved. A has units of frequency, it is equated
with the inverse correlation time for the fast decay of Cey (t).

4

A A

v

0 005 0.4 015 02

/A

Now we evaluate
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gt) = /(;OO dw Tgfp(w)(l —coswt) —

/‘°° 2XkpT(1 —coswt)  iAt
= dw —_
0

X
h

w? h
kT At
= t——
AR2? h
Then we obtain the dephasing function
F(t)=e'" (14.4.82)
where we have defined the exponential damping constant as
kT
'=\2— 14.4.83
INE ( )
From this we obtain the absorption lineshape
|ﬂeg |2
abs X 7 o 14.4.84
Tabs ¢ (W—weg) +1iT ( )

Thus, a spectral density that scales as 1/w has a rapidly fluctuating bath and leads to a homogeneous Lorentzian lineshape with a
half-width T".
Step 2

Now take the case that we choose a Lorentzian spectral density centered at Z = 0. To keep the proper odd function of Z and
definition of O we write:

(14.4.85)

p(m) 2AF

o p(w)

0 /\ ®

Note that for frequencies w < A this has the ohmic form of Equation 14.4.81, This is a spectral density that corresponds to an
energy gap correlation function that drops exponentially as Ce,(t) ~ exp(—At) . Here, in the high temperature (classical) limit
kT >> hA , neglecting the imaginary part, we find

AKT

g(t) ~ 77;2A2 [exp(—At) + At —1] (14.4.86)

This expression looks familiar. If we equate

kT
A? = 7Th_2 (14.4.87)
and
1

=% (14.4.88)

we obtain the same lineshape function as the classical Gaussian-stochastic model:

g(t) = A%72 [exp(—t/7.) +t/7. — 1] (14.4.89)
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So, the interaction of an electronic transition with a harmonic bath leads to line broadening that is equivalent to random fluctuations
of the energy gap. As we noted earlier, for the homogeneous limit, we find T’ = A27,.

Readings
1. Mukamel, S., Principles of Nonlinear Optical Spectroscopy. Oxford University Press: New York, 1995; Ch. 7 and Ch. 8.

This page titled 14.4: The Energy Gap Hamiltonian is shared under a CC BY-NC-SA 4.0 license and was authored, remixed, and/or curated by
Andrei Tokmakoff via source content that was edited to the style and standards of the LibreTexts platform.
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14.5: Correspondence of Harmonic Bath and Stochastic Equations of Motion

So, why does the mathematical model for coupling of a system to a harmonic bath give the same results as the classical stochastic
equations of motion for fluctuations? Why does coupling to a continuum of bath states have the same physical manifestation as
perturbation by random fluctuations? The answer is that in both cases, we really have imperfect knowledge of the behavior of all
the particles present. Observing a small subset of particles will have dynamics with a random character. These dynamics can be
quantified through a correlation function or a spectral density for the time-scales of motion of the bath. In this section, we will
demonstrate a more formal relationship that illustrates the equivalence of these pictures.

To take our discussion further, let’s again consider the electronic absorption spectrum from a classical perspective. It’s quite
common to think that the electronic transition of interest is coupled to a particular nuclear coordinate ) which we will call a local
coordinate. This local coordinate could be an intramolecular normal vibrational mode, an intermolecular rattling in a solvent shell,
a lattice vibration, or another motion that influences the electronic transition. The idea is that we take the observed electronic
transition to be linearly dependent on one or more local coordinates. Therefore describing @ allows us to describe the spectroscopy.
However, since this local mode has further degrees of freedom that it may be interacting with, we are extracting a particular
coordinate out or a continuum of other motions, the local mode will appear to feel a fluctuating environment—a friction.

Classically, we describe fluctuations in @ as Brownian motion, typically through a Langevin equation. In the simplest sense, this is
an equation that restates Newton’s equation of motion F' = ma for a fluctuating force acting on a particle with position @Q. For the
case that this particle is confined in a harmonic potential,

mQ(t)+mw8Q2+m7Q=fR(t) (14.5.1)
Here the terms on the left side represent a damped harmonic oscillator. The first term is the force due to acceleration of the particle
of mass m (F,.. =ma). The second term is the restoring force of the potential, Fy.s = —0V /0Q = mwg . The third term allows

friction to damp the motion of the coordinate at a rate . The motion of @ is under the influence of fg(¢), a random fluctuating
force exerted on @ by its surroundings.

Under steady-state conditions, it stands to reason that the random force acting on @ is the origin of the damping. The environment
acts on () with stochastic perturbations that add and remove kinetic energy, which ultimately leads to dissipation of any excess
energy. Therefore, the Langevin equation is modelled as a Gaussian stationary process. We take fg(t) to have a timeaveraged
value of zero,

(fr(t)) =0 (14.5.2)

and obey the classical fluctuation-dissipation theorem:

=5 | " r()72(0)) (14.5.3)

= 2mksT | .

This shows explicitly how the damping is related to the correlation time for the random force. We will pay particular attention to
the Markovian case

(fr(¢)fr(0)) = 2mykpT4(t) (14.5.4)

which indicate that the fluctuations immediately lose all correlation on the time scale of the evolution of Q. The Langevin equation
can be used to describe the correlation function for the time dependence of Q. For the Markovian case, Equation 14.5.11eads to

kT
Coo(t) =2 5 (cos Ct+ lsin(t) e 2 (14.5.5)
mwg 2¢
where the reduced frequency { = wg —~2/4 . The frequency domain expression, obtained by Fourier transformation, is
~ kT 1
Coo(w) =2 (14.5.6)

mm (wg —w2) 2 +w?y?

Remembering that the absorption lineshape was determined by the quantum mechanical energy gap correlation function
(q(t)q(0)), one can imagine an analogous classical description of the spectroscopy of a molecule that experiences interactions with
a fluctuating environment. In essence this is what we did when discussing the Gaussian stochastic model of the lineshape. A more
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general description of the position of a particle subject to a fluctuating force is the Generalized Langevin Equation. The GLE
accounts for the possibility that the damping may be time-dependent and carry memory of earlier configurations of the system:

mQ(t) +mw3Q2 +m/0 dry(t *T)Q.(T) = f(t) (14.5.7)

The memory kernel, (¢t —7), is a correlation function that describes the time-scales over which the fluctuating force retains
memory of its previous state. The force due to friction on ¢ depends on the history of the system through 7, the time preceding ¢,
and the relaxation of (¢ — 7). The classical fluctuation-dissipation relationship relates the magnitude of the fluctuating forces on
the system coordinate to the damping

(frR@)fr(T)) =2mkpT(t — ) (14.5.8)
As expected, for the case that y(t —7) = v8(t — 7) , the GLE reduces to the Markovian case, Equation 14.5.1.

To demonstrate that the classical dynamics of the particle described under the GLE is related to the quantum mechanical dynamics
for a particle interacting with a harmonic bath, we will outline the derivation of a quantum mechanical analog of the classical GLE.
To do this we will derive an expression for the time-evolution of the system under the influence of the harmonic bath. We work
with a Hamiltonian with a linear coupling between the system and the bath

HHB:HS(PaQ)+HB (pa;Qa)+HSB(Q7q) (1459)

We take the system to be a particle of mass M, described through variables P and Q, whereas m,,, p,, and g, are bath variables.
For the present case, we will take the system to be a quantum harmonic oscillator,

P2

Hy=-——
2M

1
+ §MQ2Q2 (14.5.10)

and the Hamiltonian for the bath and its interaction with the system is written as

2 Maws Ca 2
Hp+Hsp=3 (21; + = (qa——QQ) (14.5.11)
a (87

MqWa

This expression explicitly shows that each of the bath oscillators is displaced with respect to the system by an amount dependent on
their mutual coupling. In analogy to our work with the Displaced Harmonic Oscillator, if we define a displacement operator

Dzexp(—% Z%&) (14.5.12)

where

fo = Q (14.5.13)

then

Hp+ Hsp =D HpD (14.5.14)

Equation 14.5.11is merely a different representation of our earlier harmonic bath model. To see this we write Equation 14.5.11as
2
Hp+Hsp = hwa ($+ (42— caQ)°) (14.5.15)
(6]

where the coordinates and momenta are written in reduced form

Q =Q/mwy/2k
9o = qa+/ mawa/2h (14.5.16)
Do :pa/ V 2hmawe

Also, the reduced coupling is of the system to the ot oscillator is

Co = Co [ War/MiaWamwy (14.5.17)
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Expanding Equation 14.5.15and collecting terms, we find that we can separate terms as in the harmonic bath model

Hp = hwa (p3 +43) (14.5.18)
a
Hsp= -2 hwadada + A5 (14.5.19)
a

The reorganization energy due to the bath oscillators is

B :Zhwadg (14.5.20)
and the unit less bath oscillator displacement is
do :S Co (14.5.21)

For our current work we regroup the total Hamiltonian (Equation 14.5.9) as

p2
Hyp = m + - MQ Q2:| +za:hwa (p%z +Qc2x) -2 ;hwaCaQQa (14.5.22)

where the renormalized frequency is
—2
Q=040 wacd (14.5.23)
a

To demonstrate the equivalence of the dynamics under this Hamiltonian and the GLE, we can derive an equation of motion for the
system coordinate (). We approach this by first expressing these variables in terms of ladder operators

P=i(al-a) p,=i (ISL—EG) (14.5.24)
Q=(a'+a) do- (bL +ba) (14.5.25)

Here &, &' are system operators, b and I;T are bath operators. If the observed particle is taken to be bound in a harmonic potential,
then the Hamiltonian in Equation 14.5.9 can be written as

Hyp = hQ (aﬁa ) +3 (13 ba + ) —(a"+a) 3 Awaca (Bl +5a) (14.5.26)

The equations of motion for the operators in Equations 14.5.24and 14.5.25 can be obtained from the Heisenberg equation of

motion.
a= %[HHB, al (14.5.27)
from which we find
a=—iQa+iY  waca (BLHSQ) (14.5.28)
bo = —iwaba +iwaCo (&' +3) (14.5.29)

To derive an equation of motion for the system coordinate, we begin by solving for the time evolution of the bath coordinates by
directly integrating Equation 14.5.29

b (t) = e it /0 " gt (iwaca (af +a)) At + b (0)e et (14.5.30)

and insert the result into Equation 14.5.28 This leads to
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. —_ t . .
Q+iQa—i) wack (a* +a) —H’/ ' (t —t') (a* (t/)+d(t’)) —iF(t) (14.5.31)
o 0
where
k(t) = Zwaca cos(wqt) (14.5.32)
a
and
Fit)=Y ca [BQ(O)  WaCa (a’f(O) +a(0))] et 4 hc. (14.5.33)
Now, recognizing that the time-derivative of the system variables is given by
P—i (&T ~&) (14.5.34)
Aorats
Q(a' +a) (14.5.35)
and substituting Equation 14.5.31into 14.5.34 we can write an equation of motion
. — 202 t ~
PH+(0-2) —=|Q +/ dt'2k (t—t)Q (') = F(t)+ F1(t) (14.5.36)
o Wa 0
Equation 14.5.36bears a striking resemblance to the classical GLE, Equation 14.5.7. In fact, if we define
y(t) = 2Qk(t) (14.5.37)
1 2
= ; — coswut (14.5.38)
fr(t) = V2RMQ[F(t)+ F1(t)] (14.5.39)
0
= an [qa(O)coswat+ Pa(0) sinwet (14.5.40)
— MW

then the resulting equation is isomorphic to the classical GLE

P(t) + MQ2Q(t) + M /0 “dty (t—#) O (¢) = falt) (14.5.41)

This demonstrates that the quantum harmonic bath acts a dissipative environment, whose friction on the system coordinate is given
by Equation 14.5.38 What we have shown here is an outline of the proof, but detailed discussion of these relationships can be
found elsewhere.
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15.1: Electronic Interactions

In this section we will describe processes that result from the interaction between two or more molecular electronic states, such as
the transport of electrons or electronic excitation. This problem can be formulated in terms of a familiar Hamiltonian

H=Hy+V (15.1.1)

in which H, describes the electronic states (including any coupling to nuclear motion), and V is the interaction between the
electronic states. In formulating such a problem we will need to consider some basic questions: Is V strong or weak? Are the
electronic states described in a diabatic or adiabatic basis? How do nuclear degrees of freedom influence the electronic couplings?
For weak couplings, we can describe the transport of electrons and electronic excitation with perturbation theory drawing on
Fermi’s Golden Rule:

2
w :%ZpAV,dPJ(Ek—EI) (15.1.2)
k.t
1 +00
=77 dt (V1(£)V1(0)) (15.1.3)

This approach underlies common descriptions of electronic energy transport and non-adiabatic electron transfer. We will discuss
this regime concentrating on the influence of vibrational motions they are coupled to. However, the electronic couplings can also be
strong, in which case the resulting states become delocalized. We will discuss this limit in the context of excitons that arise in
molecular aggregates.

To begin, it is useful to catalog a number of electronic interactions of interest. We can use some schematic diagrams to illustrate
them, emphasizing the close relationship between the various transport processes. However, we need to be careful, since these are
not meant to imply a mechanism or meaningful information on dynamics. Here are a few commonly described processes involving
transfer from a donor molecule D to an acceptor molecule A:

a) Resonance Energy Transfer

Applies to the transfer of energy from the electronic excited state of a donor to an acceptor molecule. Arises from a Coulomb
interaction that is operative at long range, i.e., distances large compared to molecular dimensions. Requires electronic resonance.
Named for the first practical derivations of expressions describing this effect: Forster Resonance Energy Transfer (FRET)

b) Electron Transfer Marcus theory.

Nonadiabatic electron transfer. Requires wavefunction overlap.

y y
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c¢) Electron-exchange energy transfer

Dexter Transfer. Requires wavefunction overlap. Singlet or triplet
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15.2: Forster Resonance Energy Transfer (FRET)

Forster resonance energy transfer (FRET) refers to the nonradiative transfer of an electronic excitation from a donor molecule to an
acceptor molecule:

D*"+A—D+A" (15.2.1)

This electronic excitation transfer, whose practical description was first given by Forster, arises from a dipole—dipole interaction
between the electronic states of the donor and the acceptor, and does not involve the emission and reabsorption of a light field.
Transfer occurs when the oscillations of an optically induced electronic coherence on the donor are resonant with the electronic
energy gap of the acceptor. The strength of the interaction depends on the magnitude of a transition dipole interaction, which
depends on the magnitude of the donor and acceptor transition matrix elements, and the alignment and separation of the dipoles.
The sharp 1/75 dependence on distance is often used in spectroscopic characterization of the proximity of donor and acceptor.

The electronic ground and excited states of the donor and acceptor molecules all play a role in FRET. We consider the case in
which we have excited the donor electronic transition, and the acceptor is in the ground state. Absorption of light by the donor at
the equilibrium energy gap is followed by rapid vibrational relaxation that dissipates the reorganization energy of the donor Ap
over the course of picoseconds. This leaves the donor in a coherence that oscillates at the energy gap in the donor excited state
wg; (gp =dp) . The time scale for FRET is typically nanoseconds, so this preparation step is typically much faster than the transfer
phase. For resonance energy transfer we require a resonance condition, so that the oscillation of the excited donor coherence is
resonant with the ground state electronic energy gap of the acceptor wg‘z (ga =0). Transfer of energy to the acceptor leads to
vibrational relaxation and subsequent acceptor fluorescence that is spectrally shifted from the donor fluorescence. In practice, the
efficiency of energy transfer is obtained by comparing the fluorescence emitted from donor and acceptor.

ID*)

\ "
\'}
PRI

| > | — o

0 dp @ 0 dy

This description of the problem lends itself naturally to treating with a DHO Hamiltonian, However, an alternate picture is also
applicable, which can be described through the EG Hamiltonian. FRET arises from the resonance that occurs when the fluctuating
electronic energy gap of a donor in its excited state matches the energy gap of an acceptor in its ground state. In other words

B~ Ap = hwh — A4 (15.2.2)
—_—
Qp(t) Qa(t)

These energy gaps are time-dependent with occasion crossings that allow transfer of energy.

—QD(U/\ A M/\ M M (\ A hol

o IO P
N W s

Our system includes the ground and excited potentials of the donor and acceptor molecules. The four possible electronic
configurations of the system are
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|GpGy4),|EpGy),|GpEy), |EpE,) (15.2.3)

|EnE)

|E0Ga) ———
GoE,) *

Qu(t) | (1)
|GDGA) — YV

Here the notation refers to the ground (G) or excited (E) vibronic states of either donor (D) or acceptor (A). More explicitly, the
states also include the vibrational excitation:

|EpGa) =lepnp; gana) (15.2.4)

Thus the system can have no excitation, one excitation on the donor, one excitation on the acceptor, or one excitation on both donor
and acceptor. For our purposes, let’s only consider the two electronic configurations that are close in energy, and are likely to play a
role in the resonance transfer in Equation 15.2.2and

|EDGA> and |GDEA>

Since the donor and acceptor are weakly coupled, we can write our Hamiltonian for this problem in a form that can be solved by
perturbation theory (H = Hy +V ). Working with the DHO. approach, our material Hamiltonian has four electronic manifolds to

consider:
hwé’,—)\p = hwélg—)\A (15.2.5)
——
Qp(?) Qu(t)

Each of these is defined as we did previously, with an electronic energy and a dependence on a displaced nuclear coordinate. For
instance

HE =|ep)EP(ep| + HP (15.2.6)
HP = fuwp (;5%+ (qD—JD)2) (15.2.7)
E?P is the electronic energy of donor excited state.
Then, what is V'? Classically it is a Coulomb interaction of the form ,
aPaqf

V=) ——— (15.2.8)

D A
T _’"j‘

Here the sum is over all electrons and nuclei of the donor (¢) and acceptor (7).
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0

As is, this is challenging to work with, but at large separation between molecules, we can recast this as a dipole—dipole interaction.
We define a frame of reference for the donor and acceptor molecule, and assume that the distance between molecules is large. Then
the dipole moments for the molecules are

T D (pD _ D
K _Zqi (ri 7o )
i
—A _ A(A_ A
K —qu (r7 —73)
J
The interaction between donor and acceptor takes the form of a dipole—dipole interaction:

3(pa-7)(Bp-T)—Ha-Pp

V:
73

(15.2.9)

where 7 is the distance between donor and acceptor dipoles and 7 is a unit vector that marks the direction between them. The
dipole operators here are taken to only act on the electronic states and be independent of nuclear configuration, i.e., the Condon
approximation. We write the transition dipole matrix elements that couple the ground and excited electronic states for the donor and
acceptor as

Bg = [A)g g (AT +[A") 14 4 (A (15.2.10)
kp = [D)ppp (D*|+|D") ppp (D] (15.2.11)
For the dipole operator, we can separate the scalar and orientational contributions as
T =UAps (15.2.12)
This allows the transition dipole interaction in Equation 15.2.9to be written as
V:uAuB%[\D*A> (A*D| +|A* D) (D* A|| (15.2.13)
All of the orientational factors are now in the term x
k=3(a-7)(Up-7)—TUa-Up (15.2.14)
We can now obtain the rates of energy transfer using Fermi’s Golden Rule expressed as a correlation function in the interaction
Hamiltonian:
27 9 1 [t
W =23 Xl:mvm O (wr—we) = =5 [m dt (Vi (t)V7(0)) (15.2.15)

Note that this is not a Fourier transform! Since we are using a correlation function there is an assumption that we have an
equilibrium system, even though we are initially in the excited donor state. This is reasonable for the case that there is a clear time
scale separation between the ps vibrational relaxation and thermalization in the donor excited state and the time scale (or inverse
rate) of the energy transfer process.

Now substituting the initial state £ = | D* A) and the final state k = | A* D) , we find

L)
wET:ﬁ . dt 7‘6

(D* A pp(£)na(t)n(0)na(0)| D* A) (15.2.16)

where
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pp(t) = etot/h b e=iHot/h (15.2.17)
Here, we have neglected the rotational motion of the dipoles. Most generally, the orientational average is
(k?) = (K(t)K(0)) (15.2.18)

However, this factor is easier to evaluate if the dipoles are static, or if they rapidly rotate to become isotropically distributed. For
the static case </~£2> = 0.475. For the case of fast loss of orientation:

() = (W() () = () = 5 (15.2.19)

Since the dipole operators act only on A or D*, and the D and A nuclear coordinates are orthogonal, we can separate terms in the
donor and acceptor states.

Lot (s

wer = o5 [ dt=—=(D" [pp(B)un(0)] D) (Alua(t)na(0)] A)
- % :o dt <:6> Cpp (t)Caal(t)

The terms in this equation represent the dipole correlation function for the donor initiating in the excited state and the acceptor
correlation function initiating in the ground state. That is, these are correlation functions for the donor emission (fluorescence) and
acceptor absorption. Remembering that | D*) represents the electronic and nuclear configuration |d*np- ), we can use the displaced
harmonic oscillator Hamiltonian or energy gap Hamiltonian to evaluate the correlation functions. For the case of Gaussian statistics
we can write

Cp, - (t) = |ppp: [Pe“rr—2A0) =95 (1) (15.2.20)
Cua(t) = |paale “rat9a(0) (15.2.21)

Here we made use of
Wp*p = Wpp* —2)\D (15222)

which expresses the emission frequency as a frequency shift of 2Ap relative to the donor absorption frequency. The dipole
correlation functions can be expressed in terms of the inverse Fourier transforms of a fluorescence or absorption lineshape:

1 e —iw
Cpp(t)= o / dwe ™ o) (W) (15.2.23)
—0o0
C - L o —iwt A
24(t) = - dwe " ol (w) (15.2.24)

To express the rate of energy transfer in terms of its common practical form, we make use of Parsival’s Theorem, which states that
if a Fourier transform pair is defined for two functions, the integral over a product of those functions is equal whether evaluated in
the time or frequency domain:

| nwnwa= [ fi@fiwd (15.2.25)

This allows us to express the energy transfer rate as an overlap integral Jps between the donor fluorescence and acceptor
absorption spectra:
1 ()

WET = ﬁ 6

+00

2 2

oo Pliag] / dwol, (w)o P, () (15.2.26)
—00

Here [ [ is the lineshape normalized to the transition matrix element squared: o = o/ |,u|2. The overlap integral is a measure of
resonance between donor and acceptor transitions.
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A D*
Weg  Oge ho

So, the energy transfer rate scales as r %, depends on the strengths of the electronic transitions for donor and acceptor molecules,

and requires resonance between donor fluorescence and acceptor absorption. One of the things we have neglected is that the rate of

energy transfer will also depend on the rate of excited donor state population relaxation. Since this relaxation is typically dominated
by the donor fluorescence rate, the rate of energy transfer is commonly written in terms of an effective distance Ry, and the

fluorescence lifetime of the donor 7p:
1 (Ry\®
wpr = — (—0) (15.2.27)

D r

At the critical transfer distance Ry the rate (or probability) of energy transfer is equal to the rate of fluorescence. Ry is defined in
terms of the sixth-root of the terms in Equation 15.2.26 and is commonly written as

,  9000In(10)¢p (x?) /ood_a{fm(f)sA(a)
"TTTsentN, o

This is the practical definition that accounts for the frequency dependence of the transitiondipole interaction and non-radiative

(15.2.28)

donor relaxation in addition to being expressed in common units. V' represents units of frequency in cm™’. The fluorescence

spectrum 0% must be normalized to unit area, so that at o (v) is expressed in cm (inverse wavenumbers). The absorption

spectrum € 4 (7) must be expressed in molar decadic extinction coefficient units (liter/mol*cm). n is the index of refraction of the
solvent, V4 is Avagadro’s number, and ¢p is the donor fluorescence quantum yield.

Transition Dipole Interaction

FRET is one example of a quantum mechanical transition dipole interaction. The interaction between two dipoles, A and D, in
Equation 15.2.13is

V=" (elual 9) oo e) (15.2.29)

Here, (g|up|e) is the transition dipole moment in Debye for the ground-to-excited state transition of molecule A. r is the
distance between the centers of the point dipoles, and  is the unitless orientational factor

K = 3 cosb; cosfy —cos b (15.2.30)

The figure below illustrates this function for the case of two parallel dipoles, as a function of the angle between the dipole and
the vector defining their separation.

0 45 90 135 180
0 (degrees)

In the case of vibrational coupling, the dipole operator is expanded in the vibrational normal coordinate:
w=po~+(0u/0Q4) Q4 and harmonic transition dipole matrix elements are
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R Ou
2cwy 0Q 4

(1|pa|0) = (15.2.31)

where wy is the vibrational frequency. If the frequency V4 is given in cm’, and the transition dipole moment Ou/0Q 4 is

given in units of D A amu /2 , then the matrix element in units of D is

(1 |pa] 0)] = 4.1058v,"/% (9u/0Q 1) (15.2.32)
If the distance between dipoles is specified in Angstroms, then the transition dipole coupling from Equation 15.2.29in cm™ is
V (em™') =5034kr>, (15.2.33)

Experimentally, one can determine the transition dipole moment from the absorbance A as

_ [ 7Na ou 2
o= () () (15231
Readings

1. Cheam, T. C.; Krimm, S., Transition dipole interaction in polypeptides: Ab initio calculation of transition dipole parameters.
Chemical Physics Letters 1984, 107, 613-616.

2. Forster, T., Transfer mechanisms of electronic excitation. Discussions of the Faraday Society 1959, 27, 7-17.

3. Forster, T., Zwischenmolekulare Energiewanderung und Fluoreszenz. Annalen der Physik 1948, 437, 55-75.

4. Forster, T., Experimentelle und theoretische Untersuchung des zwischenmolecularen Uebergangs von
Electronenanregungsenergie. Z. Naturforsch 1949, 4A, 321-327

This page titled 15.2: Forster Resonance Energy Transfer (FRET) is shared under a CC BY-NC-SA 4.0 license and was authored, remixed, and/or
curated by Andrei Tokmakoff via source content that was edited to the style and standards of the LibreTexts platform.
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15.3: Excitons in Molecular Aggregates

The absorption spectra of periodic arrays of interacting molecular chromophores show unique spectral features that depend on the
size of the system and disorder of the environment. We will investigate some of these features, focusing on the delocalized
eigenstates of these coupled chromophores, known as excitons. These principles apply to the study of molecular crystals, J-
aggregates, photosensitizers, and light-harvesting complexes in photosynthesis. Similar topics are used in the description of
properties of conjugated polymers and organic photovoltaics, and for extended vibrational states in IR and Raman spectroscopy.

Energy Transfer in the Strong Coupling Limit

Strong coupling between molecules leads to the delocalization of electronic or vibrational eigenstates, under which weak coupling
models like FRET do not apply. From our studies of the coupled two-state system, we know that when the coupling between states
is much larger that the energy splitting between the states (e; — 2 < 2V ') then the resulting eigenstates |+) are equally weighted
symmetric and antisymmetric combinations of the two, whose energy eigenvalues are split by 2V. Setting e; = €5 =¢

B, =e+V (15.3.1)
1
V2

If we excite one of these molecules, we expect that the excitation will flow back and forth at the Rabi frequency. So, what happens
with multiple coupled chromophores, focusing particular interest on the placement of coupled chromophores into periodic arrays in
space? In the strong coupling regime, the variation in the uncoupled energies is small, making this a problem of coupled quasi-
degenerate states. With a spatially period structure, the resulting states bear close similarity to simple descriptions of electronic
band structure using the tight-binding model.

|+) (1) +12)) (15.3.2)

Excitons

Excitons refer to electronic excited states that are not localized to a particular molecule. But beyond that there are many flavors. We
will concentrate on Frenkel excitons, which refer to excited states in which the excited electron and the corresponding hole (or
electron vacancy) reside on the same molecule. All molecules remain electrically neutral in the ground and excited states. This
corresponds to what one would expect when one has resonant dipole—dipole interactions between molecules. When there is charge
transfer character, the electron and hole can reside on different molecules of the coupled complex. These are referred to as Mott—
Wannier excitons.

Absorption Spectrum of Molecular Dimer

To describe the spectroscopy of an array of many coupled chromophores, it is first instructive to work through a pair of coupled
molecules. This is in essence the two-level problem from earlier. We consider a pair of molecules (1 and 2), which each have a
ground and electronically excited state |e) and |g)) split by an energy gap €0, and a transition dipole moment z. In the absence of
coupling, the state of the system can be specified by specifying the electronic state of both molecules, leading to four possible
states: |gg), |eg), |ge), |ee) whose energies are 0, &g €¢, and 2¢0, respectively.

) ——

80

leg),| ge) ? Nk | S

€y

rl?. .uz

|gg) —— |G)

For shorthand we define the ground state as |G) and the excited states as |1) and |2) to signify the the electronic excitation is on
either molecule 1 or 2. In addition, the molecules are spaced by a separation 72, and there is a transition dipole interaction that
couples the molecules.

vV =J(2)1]+1)(2]) (15.3.3)
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Following our description of transition dipole coupling the coupling strength J is given by

(B By) |T12]* — 3 (@, - T12) (Hiy - F12) _

3

J:
712 12

(15.3.4)

where the orientational factor is

&= (fy - flg) =3 (fiy - P12) (Bg - P12) (15.3.5)

12) —x—

€g

Nl ===__ 4 ‘_;
€o go—J g, +J

) —— =

We assume that the coupling is not too strong, so that we can just concentrate on how it influences |1) and |2) but not |G). Then we
only need to describe the coupling induced shifts to the singly excited states, which are described by the Hamiltonian

J

oo (50 ) (15.3.6)
J €0

As stated above, we find that the eigenvalues are

Ei ZEOZEJ (1537) |12> I

and that the eigenstates are: By

) = == (1) £12)) 1539 |1} |2) == A
These symmetric and antisymmetric states are delocalized across

the two molecules, and in the language of Frenkel excitons are 80 €y -J €yt J
referred to as the one-exciton states. Furthermore, the dipole |G>
operator for the dimer is

M =iy + iy (15.3.9)
and so the transition dipole matrix elements are:
— |
M. ={|M|G)=—(u; + 15.3.10
+ = (£|M|G) /2 (11 £ pp) ( )

M, and M_ are oriented perpendicular to each other in the molecular frame. If we confine the molecular dipoles to be within a
plane, with an angle 26 between them, then the amplitude of M+ and M- is given by

M, =2pcosf

. (15.3.11)
M_ =2usiné
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We can now predict the absorption spectrum for the dimer. We have two transitions from the ground state and the |+) states which
are resonant at iw = g9 £J and which have an amplitude | M, |2. The splitting between the peaks is referred to as the Davydov
splitting. Note that the relative amplitude of the peaks allows one to infer the angle between the molecular transition dipoles. Also,

note for § =0 or 90°, all amplitude appears in one transition with magnitude 2|u|”, which is referred to as superradiant.

|M_|2 = 2|p‘2 sin® 0

v

h
e E g +J .

Frenkel Excitons with Periodic Boundary Conditions

Now let’s consider linear aggregate of N periodically arranged molecules. We will assume that each molecule is a two-level
electronic system with a ground state and an excited state. We will assume that electronic excitation moves an electron from the
ground state to an unoccupied orbital of the same molecule. We will label the molecules with integer values (n) between 0 and
N-—-1:

0 1 2 N-1

If the molecules are separated along the chain by a lattice spacing a, then the size of the chain is L = aN . Each molecule has a
transition dipole moment g, which makes an angle 8 with the axis of the chain.

In the absence of interactions, we can specify the state of the system exactly by identifying whether each molecule is in the
electronically excited or ground state. If the state of molecule n within the chain is ¢,,, which can take on values of g or e, then

%) = |@o, 1,2+ n -+ oN-1) (15.3.12)

This representation of the state of the system is referred to as the site basis, since it is expressed in terms of each molecular site in
the chain. For simplicity we write the ground state of the system as

IG)=19,9,9---,9) (15.3.13)
If we excite one of the molecules within the aggregate, we have a singly excited state in which the nth molecule is excited, so that
‘1/)>:|gag7g;"',ea"'ag>E|n> (15314)

For shorthand, we identify this product state as |n) which is to be distinguished from the molecular eigenfunction at site n, ;.

The singly excited state is assigned an energy & corresponding to the electronic energy gap. In the absence of coupling, the singly
excited states are N -fold degenerate, corresponding to a single excitation at any of the IV sites. If two excitations are placed on the
chain we can see that there are N (N — 1) possible states with energy 2¢, recognizing that the Pauli principle does not allow two
excitations on the same site. When coupling is introduced, the mixing of these degenerate states leads to the one-exciton and two-
exciton bands. For this discussion, we will concentrate on the one-exciton states.
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states

N
One-exciton
states

Ground State

The coupling between molecule n and molecule n’ is given by the matrix element V;,,,;. We will assume that a molecule interacts
only with its neighbors, and that each pairwise interaction has a magnitude J

Vo = J0n w41 (15.3.15)

If V is a dipole—dipole interaction, the orientational factor x dictates that when the transition dipole angle 3 < 54.7" then the sign
of the coupling J < 0, which is the case known as J-aggregates (after Edwin Jelley), and implies an offset stack of chromophores
or head-to-tail arrangement. If 8 > 54.7° then J > 0, and the system is known as an H-aggregate.

To begin, we also apply periodic boundary conditions to this problem, which implies that we are describing the states of an N-
molecule chain within an infinite linear chain. In terms of the Hamiltonian, the molecules at the beginning and end of our chain feel
the same symmetric interactions to two neighbors as the other molecules. To write this in terms of a finite N X N matrix, one
couples the first and last member of the chain: Jo y_1 = Jy_10=J

Jon1=Jy 10=1J. (15.3.16)

With these observations in mind, we can write the Frenkel Exciton Hamiltonian for the linear aggregate in terms of a system
Hamiltonian that reflects the individual sites and their couplings

Hy =Hs+V (15.3.17)
N

Hg =) eo|n)(n| (15.3.18)
n=1
N

V =Y JH{In)(n|+In) (W]} 6nwia (15.3.19)
n=1

Here periodic boundary conditions imply that we replace |N) = |0) and | —1) = |N —1) where they appear.

The optical properties of the aggregate will be obtained by determining the eigenstates of the Hamiltonian. We look for solutions
that describe one-exciton eigenstates as an expansion in the site basis.

N-1

¥(@)) = ea(®)|¢n (& —2n)) (15.3.20)

n=0

which is written in order to point out the dependence of these wavefunctions on the lattice spacing x, and the position of a
particular molecule at xn. Such an expansion should work well when the electronic interactions between sites is weak enough to
treat perturbatively. For the electronic structure of solids, this is known as the tight binding model, which describes band structure
as a linear combinations of atomic orbitals.

Rather than diagonalizing the Hamiltonian, we can take advantage of its translational symmetry to obtain the eigenstates. The
symmetry of the Hamiltonian is such that it is unchanged by any integral number of translations along the chain. That is the results
are unchanged for any summation in Equation 15.3.19 and 15.3.20 over N consecutive integers. Similarly, the molecular
wavefunction at any site is unchanged by such a translation. Written in terms of a displacement operator D = e:%/" that shifts the
molecular wavefunction by one lattice constant
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[p(z +na)) = D*[p(z)) (15.3.21)

These observations underlie Bloch’s theorem, which states that the eigenstates of a periodic system will vary only by a phase shift
when displaced by a lattice constant.

¥z +a)) =™ |y(z)) (15.3.22)

Here k is the wavevector, or reciprocal lattice vector, a real quantity. Thus the expansion coefficients in Equation 15.3.20will have
an amplitude that reflects an excitation spread equally among the N sites, and only vary between sites by a spatially varying phase
factor. Equivalently, the eigenstates are expected to have a form that is a product of a spatially varying phase factor and a periodic
function:

Y(z)) = e* u() (15.3.23)

These phase factors are closely related to the lattice displacement operators. If the linear chain has /N molecules, the eigenstates
must remain unchanged with a translation by the length of the chain L = oV :

|9 (zn + L)) = |9 (zn)) (15.3.24)

Therefore, we see that our wavefunctions must satisfy
Nka =2mm (15.3.25)

where m is an integer. Furthermore, since there are N sites on the chain, unique solutions to Equation 15.3.25require that m can
only take on N consecutive integer values. Like the site index n, there is no unique choice of m. Rewriting Equation 15.3.25 the
wavevector is

2T m

= — — 15.3.2
—~ (15.3.26)

We see that for an NV site lattice, m can take on the N consecutive integer values, so that k,,o varies over a 27 range of angles.
The wavevector index m labels the IV one-exciton eigenstates of an /N molecule chain. By convention, k,, is chosen such that
—/a < ky <7/a. (15.3.27)

Then the corresponding values of m are integers from —N —1)/2 to N —1/2 if there are an odd number of lattice sites or
—N —2)/2 to N /2 for an even number of sites. For example, a 20 molecule chain would have m = -9, —8, ... 9, 10.

These findings lead to the general form for the m one-exciton eigenstates

=

-1

k) = emkn|p) (15.3.28)

Sl

Il
=}

n

The factor of 4/ N assures proper normalization of the wavefunction, (1|1) = 1. Comparing Equation 15.3.28and 15.3.20we see
that the expansion coefficients for the nth site of the mth eigenstate is

1

inknma

1
C = =
m,n /—N /—N
We see that for state | ko), with m = 0, the phase factor is the same for all sites. In other words, the transition dipoles of the chain
will oscillate in-phase, constructively adding for all sites. For the case that k,,, = 7/, we see that each site is out-of-phase with its
nearest neighbors. Looking at the case of the dimer, N =2, we seethat m =0 or1, &k, =0 or 7 / 2, and we recover the expected
symmetric and antisymmetric eigenstates:

eizmm/N (15.3.29)

1 < 1
ko) = 7; \n=7(|0>+|1>) (15.3.30)
for k=0 and
1 1
ki) = 2;emﬂn 7(|0> 1)) (15.3.31)
fork=7/a.
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Schematically for N =20, we see how the dipole phase varies with k,,, plotting the real and imaginary components of the
expansion coefficients.

( kg0

N =20 R(m,n) = %-Re e 1 [ mk""")
N

) I(m,n) = ﬁlm e

Expansion coefficients within a linear aggregate

Site Index

phase angle of each site

1 0. (n)= a.rctan[ilm(c'"‘”)}
Re(c, )

Site Index

Also, we can evaluate the one-exciton transition dipole matrix elements, M (k.,), which are expressed as superpositions of the
dipole moments at each site, y, :

N-1
=Y, (15.3.32)
n=0
M, = <km|1\_4|G> (15.3.33)
1 N-1 3
= — em "a |/7’n| G> (15334)
N n=0

The phase of the transition dipoles of the chain matches their phase within each k state. Thus for our problem, in which all of the
dipoles are parallel, transitions from the ground state to the k,,, = 0 state will carry all of the oscillator strength. Plotted below is an
illustration of the phase relationships between dipoles in a chain with N = 20.
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Finally, let’s solve for the one-exciton energy eigenvalues by calculating the expectation value of the Hamiltonian operator,
Equation 15.3.19

E (kn) = (k|Ho |k> (15.3.35)
N—
L ek (| Hy | m) (15.3.36)

MZ

(km | Hs| ki) (15.3.37)

n=0
(k| V o) Z{ezkma n—1|V|n)+e *n(n +1|V|n)} (15.3.38)
=2J cos(knax) (15.3.39)

You predict that the one-exciton band of states varies in energy between €y — 2J and g¢ + 2J . If we take J as negative, as expected
for the case of J-aggregates (negative couplings), then k =0 is at the bottom of the band. Examples are illustrated below for the
N =20 aggregate.

N=20 Energies Transition Intensity
T T

{|Mk(mj|]zm_ 4
PLON

k(m) = k(m) 2
™ ™

Note that the result in Equation 15.3.39 gives you a splitting of 4.J between the two states of the dimer, unlike the expected 2.J
splitting from earlier. This is a result of the periodic boundary conditions that we enforce here. We are now in a position to plot the
absorption spectrum for aggregate, summing over eigenstates and assuming a Lorentzian lineshape for the system:

2 I?
w) :;|Mm| o BT (15.3.40)

For a 20 oscillator chain with negative coupling, the spectrum is plotted below. We have one peak corresponding to the kO mode
that is peaked at hw = ¢y — 2J and carries the oscillator strength of all 20 dipoles.
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Absorption Spectrum

25 T T T T T
a(w)
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Absorption spectrum for N = 20 aggregate with periodic boundary conditions and J < 0.

Open Boundary Conditions

Similar types of solutions appear without using periodic boundary conditions. For the case of open boundary conditions, in the
molecules at the end of the chain are only coupled to the one nearest neighbor in the chain. In this case, it is helpful to label on the
sites fromn =1, 2, ..., N. Furthermore, m =1, 2,..., N. Under those conditions, one can solve for the eigenstates using use the
boundary condition that ¢ = 0 at sites 0 and /N 4 1. The change in boundary condition gives sine solutions:

/2 N . mmn

™n
E,=uw —|—2Jcos< N1 ) (15.3.42)

The energy eigenvalues are

Absorption spectrum for N = 20 aggregate with periodic boundary conditions and J < 0. Returning to the case of the dimer (
N = 2), we can now confirm that we recover the symmetric and anti-symmetric eigenstates, with an energy splitting of 2.J.

If you calculate the oscillator strength for these transitions using the dipole operator in Equation 15.3.32 one finds:

M2 = ‘<km|1\_/1|G>‘2 - ( 1- (2_1)m )2 ;’fl cot? ( 2(]7\711)) (15.3.43)

This result shows that most of the oscillator strength lies in the m =1 state, for which all oscillators are in phase. For large N, M2
carries 81% of the oscillator strength, with approximately 9% in the transition to the m = 3 state.
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Absorption spectra for N = 3,7, 11 for negative coupling.
The shift in the peak of the absorption relative to the monomer gives the coupling J. Including long-range interactions has the
effect of shifting the exciton band asymmetrically about wy.
e () =wy+2.4J (m =1, bottom of the band with J negative)
o Qn =wy—1.8J (Top of band)
Exchange Narrowing

If the chain is not homogeneous, i.e., all molecules do not have same site energy ¢y, then we can model this effect as Gaussian
random disorder. The energy of a given site is

€n = €0 + 0wy, (15.3.44)
We add as an extra term to our earlier Hamiltonian, Equation 15.3.19 to account for this variation.
Hy=H,+Hg, +V (15.3.45)
Hgis =Y dwn|n)(n] (15.3.46)
n
The effect is to shift and mix the homogeneous exciton states. Absorption spectra for N = 3,7,11 for negative coupling
2 mkn
0y, = (k |Hyis| k) = —— in? dwy, 15.3.4
= k1ol ) = oy Yoo (0 ) (15.3.47)

We find that these shifts are also Gaussian random variables, with a standard deviation of Ay/3/2(N +1), where A is the
standard deviation for site energies. So, the delocalization of the eigenstate averages the disorder over N sites, which reduces the
distribution of energies by a factor scaling as N. The narrowing of the absorption lineshape with delocalization is called exchange
narrowing. This depends on the distribution of site energies being relatively small: A < 37|J|/N3/2.
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Absorption spectra for N = 2, 6, 30 normalized to the number of oscillators. 3A = J and J < 0.

Readings
1. Knoester, J., Optical Properties of Molecular Aggregates. In Proceedings of the International School of Physics "Enrico Fermi"
Course CXLIX, Agranovich, M.; La Rocca, G. C., Eds. IOS Press: Amsterdam, 2002; pp 149-186.

This page titled 15.3: Excitons in Molecular Aggregates is shared under a CC BY-NC-SA 4.0 license and was authored, remixed, and/or curated
by Andrei Tokmakoff via source content that was edited to the style and standards of the LibreTexts platform.
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15.4: Multiple Particles and Second Quantization

In the case of a large number of nuclear or electronic degrees of freedom (or for photons in a quantum light field), it becomes
tedious to write out the explicit product-state form of the state vector, i.e.,

%) = o1, 02,03+ +) (15.4.1)

Under these circumstances it becomes useful to define creation and annihilation operators. If |¢)) refers to the state of multiple
harmonic oscillators, then the Hamiltonian has the form

H= Z(2ma + mawaqa) (15.4.2)

which can also be expressed as

1
H= Zhw (aaaa ) (15.4.3)
and the eigenstates represented in through the occupation of each oscillator

[¥) =[n1,n2,m3....). (15.4.4)

This representation is sometimes referred to as “second quantization”, because the classical Hamiltonian was initially quantized by
replacing the position and momentum variables by operators, and then these quantum operators were again replaced by raising and
lowering operators.

The operator aL raises the occupation in mode |n,), and a, lowers the excitation in mode |n,). The eigenvalues of these

operators, 1, — 1, =1, are captured by the commutator relationships:

[aa,aL] = bap (15.4.5)
[@a,ap] =0 (15.4.6)

Equation 15.4.5indicates that the raising and lower operators do not commute if they are operators in the same degree of freedom (
a = ), but they do otherwise. Written another way, these expression indicate that the order of operations for the raising and
lowering operators in different degrees of freedom commute.

aaa; :a};aa (15.4.7)
(008 = a50q] (15.4.8)
aLa}; :a};ajl (15.4.9)

These expressions also imply that the eigenfunctions operations of the forms in Equations 15.4.7%-15.4.9are the same, so that these
eigenfunctions should be symmetric to interchange of the coordinates. That is, these particles are bosons.

This observations proves an avenue to defining raising and lowering operators for electrons. Electrons are fermions, and therefore
antisymmetric to exchange of particles. This suggests that electrons will have raising and lowering operators that change the
excitation of an electronic state up or down following the relationship

babl; = —blba (15.4.10)
or
[ba,b;L = 8ap (15.4.11)
where [...] refers to the anti-commutator. Further, we write
[bas bgl, =0 (15.4.12)
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This comes from considering the action of these operators for the case where @ = . In that case, taking the Hermetian conjugate,
we see that Equation 15.4.12gives

2665, =0 (15.4.13)
or
bl =0 (15.4.14)

This relationship says that we cannot put two excitations into the same state, as expected for Fermions. This relationship indicates

that there are only two eigenfunctions for the operators bl, and by, namely |n, =0) and |n, =1). This is also seen with Equation
15.4.11, which indicates that

blbalna) +babhIna) = na) (15.4.15)
or
b(xbl|na> = (1 _bLba) |na> (15416)
If we now set |n,) = |0), we find that Equation 15.4.16implies
babi‘t|0> = |0>
blba|0) =0
10) (15.4.17)
babl|1) =0
bLba|1> =|1)

Again, this reinforces that only two states, |0) and |1), are allowed for electron raising and lowering operators. These are known as
Pauli operators, since they implicitly enforce the Pauli exclusion principle. Note, in Equation 15.4.17 that |0) refers to the
eigenvector with an eigenvalue of zero |y ), whereas “0” refers to the null vector.

Frenkel Excitons

For electronic chromophores, we use the notation |g) and |e) for the states of an electron in its ground or excited state. The state of
the system for one excitation in an aggregate

In)=19,9,9,9...€...9) (15.4.18)

can then be written as aIL |G), or simply aIL, and the Frenkel exciton Hamiltonian is

N-1
Hy=> eoln)(n|+ Y Jomln)(m| (15.4.19)
n=0 n,m
or
Hy =" eobhby + > Jnmbhbm (15.4.20)
Readings

1. Schatz, G. C.; Ratner, M. A., Quantum Mechanics in Chemistry. Dover Publications: Mineola, NY, 2002; p. 119.

This page titled 15.4: Multiple Particles and Second Quantization is shared under a CC BY-NC-SA 4.0 license and was authored, remixed, and/or
curated by Andrei Tokmakoff via source content that was edited to the style and standards of the LibreTexts platform.
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15.5: Marcus Theory for Electron Transfer

The displaced harmonic oscillator (DHO) formalism and the Energy Gap Hamiltonian have been used extensively in describing
charge transport reactions, such as electron and proton transfer. Here we describe the rates of electron transfer between weakly
coupled donor and acceptor states when the potential energy depends on a nuclear coordinate, i.e., nonadiabatic electron transfer.
These results reflect the findings of Marcus’ theory of electron transfer.

We can represent the problem as calculating the transfer or reaction rate for the transfer of an electron from a donor to an acceptor
D+A—D"+A" (15.5.1)

This reaction is mediated by a nuclear coordinate g. This need not be, and generally isn’t, a simple vibrational coordinate. For
electron transfer in solution, we most commonly consider electron transfer to progress along a solvent rearrangement coordinate in
which solvent reorganizes its configuration so that dipoles or charges help to stabilize the extra negative charge at the acceptor site.
This type of collective coordinate is illustrated below.

¢

The external response of the medium along the electron transfer coordinate is referred to as “outer shell” electron transfer, whereas
the influence of internal vibrational modes that promote ET is called “inner shell”. The influence of collective solvent
rearrangements or intramolecular vibrations can be captured with the use of an electronic transition coupled to a harmonic bath.

Normally we associate the rates of electron transfer with the free-energy along the electron transfer coordinate q. Pictures such as
the ones above that illustrate states of the system with electron localized on the donor or acceptor electrons hopping from donor to
acceptor are conceptually represented through diabatic energy surfaces. The electronic coupling J that results in transfer mixes
these diabatic states in the crossing region. From this adiabatic surface, the rate of transfer for the forward reaction is related to the
flux across the barrier. From classical transition state theory we can associate the rate with the free energy barrier using

ks = Aexp(—AG'/kpT) (15.5.2)

If the coupling is weak, we can describe the rates of transfer between donor and acceptor in the diabatic basis with perturbation
theory. This accounts for nonadiabatic effects and tunneling through the barrier.

3 >
k S
> =
o e x
@ w £
< =
el HE J'2J 8 <
Q L
9 * : : 1
rall (N .
kel I "
+ | — i P
q dp dc  da q

To begin we consider a simple classical derivation for the free-energy barrier and the rate of electron transfer from donor to
acceptor states for the case of weakly coupled diabatic states. First we assume that the free energy or potential of mean force for the

initial and final state,

G(q) = —kgTInP(q) (15.5.3)

15.5.1 https://chem.libretexts.org/@go/page/107311
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is well represented by two parabolas.

1
Gp(q) = 5mwg (g—dp)? (15.5.4)
Gl = LR (g—da)? + AG 15.5.5
ala) = 3mud(a—da)” + (15.5.5)
To find the barrier height AGT, we first find the crossing point dC' where
Gp(de) = G4(de). (15.5.6)
Substituting Equations 15.5.4and 15.5.5into Equation 15.5.6
1, 2 a0, 1oy 2
Emwo(dc—dp) =AG +§mw0(dc—dA) (15.5.7)

and solving for d¢ gives

AG° 1 da+dp
dr = 15.5.8
¢ muw? ( dg—dp ) 2 ( )
e da+dp
= o (dA —dD)+ —2 (15.5.9)

The last expression comes from the definition of the reorganization energy (), which is the energy to be dissipated on the acceptor
surface if the electron is transferred at dp,

A=G4(dp)—Ga(da) (15.5.10)
= %mwg(dg—dAV (15.5.11)

Then, the free energy barrier to the transfer AG! is

AG' =Gp (de) —Gp (dp)

1
=§mw3(dc—dD)2
1
- —IA o 2
4)\[ G° +)]

MR (S A

4 Q

a —4------
Q

So the Arrhenius rate constant is for electron transfer via activated barrier crossing is

—(AG°+2)°

DT (15.5.12)

kET = Aexp

This curve qualitatively reproduced observations of a maximum electron transfer rate under the conditions —AG° = A, which
occurs in the barrierless case when the acceptor parabola crosses the donor state energy minimum.

We expect that we can more accurately describe nonadiabatic electron transfer using the DHO or Energy Gap Hamiltonian, which
will include the possibility of tunneling through the barrier when donor and acceptor wavefunctions overlap. We start by writing
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the transfer rates in terms of the potential energy as before. We recognize that when we calculate thermally averaged transfer rates
that this is equivalent to describing the diabatic free energy surfaces. The Hamiltonian is

H=Hy+V (15.5.13)
with
Hy,=|D)Hp(D|+|A)H(A| (15.5.14)

Here | D) and | A) refer to the potential where the electron is either on the donor or acceptor, respectively. Also remember that | D)
refers to the vibronic states

|D) = |d,n). (15.5.15)
These are represented through the same harmonic potential, displaced from one another vertically in energy by
AE=FE,—Ep (15.5.16)
and horizontally along the reaction coordinate g:
Hp =|d)Ep(d| + Hy (15.5.17)
Hy =|a)E4{a| +H, (15.5.18)

Hy = hwy (P2 + (q—dD)z)
H, = (9 + (g~ da)?)

Here we are using reduced variables for the momenta, coordinates, and displacements of the harmonic oscillator. The diabatic
surfaces can be expressed as product states in the electronic and nuclear configurations: | D) = |d, n). The interaction between the
surfaces is assigned a coupling J

V = J{|d)(a| +|a)(d] (15.5.19)

We have made the Condon approximation, implying that the transfer matrix element that describes the electronic interaction has no
dependence on nuclear coordinate. Typically this electronic coupling is expected to drop off exponentially with the separation
between donor and acceptor orbitals;

J=Jy eXp(—ﬁE (R—Ro)) (15.5.20)

Here Bg is the parameter governing the distance dependence of the overlap integral. For our purposes, even though this is a
function of donor-acceptor separation (R), we take this to vary slowly over the displacements investigated here, and therefore be
independent of the nuclear coordinate (Q).

Marcus evaluated the perturbation theory expression for the transfer rate by calculating Franck-Condon factors for the overlap of
donor and acceptor surfaces, in a manner similar to our treatment of the DHO electronic absorption spectrum. Similarly, we can
proceed to calculate the rates of electron transfer using the Golden Rule expression for the transfer of amplitude between two states

1 +oo
Wht = 75 N dt (Vi (t)Vr(0)) (15.5.21)
Using
Vi(t) = etHot/hye=iHot/h (15.5.22)
we write the electron transfer rate in the DHO eigenstate form as
L SN
WEr = T dte F(t) (15.5.23)
—00
where
F(t) = <e"Hdt/ h oMt/ h> (15.5.24)
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This form emphasizes that the electron transfer rate is governed by the overlap of vibrational wavepackets on the donor and
acceptor potential energy surfaces.

Alternatively, we can cast this in the form of the Energy Gap Hamiltonian. This carries with is a dynamical picture of the electron
transfer event. The energy of the two states have time-dependent (fluctuating) energies as a result of their interaction with the
environment. Occasionally the energy of the donor and acceptor states coincide that is the energy gap between them is zero. At this
point transfer becomes efficient. By integrating over the correlation function for these energy gap fluctuations, we characterize the
statistics for barrier crossing, and therefore forward electron transfer.

A /W\/\/\/m .

WM/W WW

NI

Similar to before, we define a donor-acceptor energy gap Hamiltonian

Hap=Hs—Hp (15.5.25)

which allows us to write

s
F(t)=<exr>+ [—%/ dt'Hap (t’)]> (15.5.26)
0
and
Hp(t) = eHat/h [ e~ iHat/h (15.5.27)

These expressions and application of the cumulant expansion to equation allows us to express the transfer rate in terms of the
lineshape function and correlation function

F(t) :exp[%(HADﬂ—g(t)] (15.5.28)
:A dT2/0 dTchD (Tz—Tl) (15.5.29)
Can(t) = 5z (FH.ap (1S H1p(0) (15.5.30)
(Hap) = A (15.5.31)

The lineshape function can also be written as a sum of many coupled nuclear coordinates, q,. This expression is commonly applied
to the vibronic (inner shell) contributions to the transfer rate:

g(t) == (4 —dP)? [(fa +1) (e ™ — 1 +iwgt) +Ti (€ —1 —iwpt)] (15.5.32)
=" (dd — dB)’ [coth(Bhwe /2) (coswat — 1) —i (sinwt — wat)] (15.5.33)

Substituting the expression for a single harmonic mode into the Golden Rule rate expression gives

J ,
wpr — |h|2 / dte— At/ hg(?) (15.5.34)
|JPP e —i(AEN) /B s
= ST / dte exp|D (coth(Bhwy/2) (coswpt — 1) — i sinwpt)] (15.5.35)
—00

where
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This expression is very similar to the one that we evaluated for the absorption lineshape of the Displaced Harmonic Oscillator
model. A detailed evaluation of this vibronically mediated transfer rate is given in Jortner.

D= (ds—dp)? (15.5.36)

To get a feeling for the dependence of k on g, we can look at the classical limit Aw < kT". This corresponds to the case where one
is describing the case of a low frequency “solvent mode” or “outer sphere” effect on the electron transfer. Now, we neglect the
imaginary part of g(¢) and take the limit

coth(Bhw/2) — 2/ Bhw (15.5.37)
s0
I[P e —i(AB+N)t 2DkpT
wET:ﬁ_Q/—oo dte exp| — ey (1 —coswpt) (15.5.38)

Note that the high temperature limit also means the low frequency limit for wg. This means that we can expand

coswot ~ 1 — (wot)?/2, (15.5.39)

|J? [ —(AE+)\)?
_ P 15.5.40
BT = T A e P T ankT ( )

where A = Dhwy . Note that the activation barrier AET for displaced harmonic oscillators is AET = AE+ X . For a thermally
averaged rate it is proper to associate the average energy gap with the standard free energy of reaction,

and find

(Hy— Hp) — X = AG". (15.5.41)
Therefore, this expression is equivalent to the classical Marcus’ result for the electron transfer rate
2
—(AG° + )
kpr = Aexp| ———— 15.5.42
BT Xp DT ( )
where the pre-exponential is
A =2x|J|* /hv/AT KT (15.5.43)

This expression shows the nonlinear behavior expected for the dependence of the electron transfer rate on the driving force for the
forward transfer, i.e., the reaction free energy. This is unusual because we generally think in terms of a linear free energy
relationship between the rate of a reaction and the equilibrium constant:

Ink xInK,,. (15.5.44)

This leads to the thinking that the rate should increase as we increase the driving free energy for the reaction —AG?. This behavior
only hold for a small region in AG?. Instead, eq. shows that the ET rate will increase with —AG?, until a maximum rate is
observed for —AG® = X\ and the rate then decreases. This decrease of k with increased —AG? is known as the “inverted regime”.
The inverted behavior means that extra vibrational excitation is needed to reach the curve crossing as the acceptor well is lowered.
The high temperature behavior for coupling to a low frequency mode (100 cm™'at 300 K) is shown at right, in addition to a
cartoon that indicates the shift of the curve crossing at AG? in increased.
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Particularly in intramolecular ET, it is common that one wants to separately account for the influence of a high frequency
intramolecular vibration (inner sphere ET) that is not in the classical limit that applies to the low frequency classical solvent
response. If an additional mode of frequency wy and a rate in the form of Equation 15.5.40is added to the low frequency mode,
Jortner has given an expression for the rate as:

P T ~=(e? — (AG® + X + jhw) °
wpr = ‘//\OkT; ﬂ D) exp Dokl (15.5.45)

Here )\ is the solvation reorganization energy. For this case, the same inverted regime exists; although the simple Gaussian
dependence of k on AGY no longer exists. The asymmetry here exists because tunneling sees a narrower barrier in the inverted
regime than in the normal regime. Examples of the rates obtained with eq. are plotted in the figure below (T= 300 K).

Vibrational frequency: = 2000 cm-!

Solvent reorganization energy: i,:=0.5 eV
100 T | T | T T

|
0.5 0 05 1 1.5 2 2.5 3

—-AG/eV

As with electronic spectroscopy, a more general and effective way of accounting for the nuclear motions that mediate the electron
transfer process is to describe the coupling weighted density of states as a spectral density. Then we can use coupling to a harmonic
bath to describe solvent and/or vibrational contributions of arbitrary form to the transfer event using

g(t) :/Ooodwp(w) [coth(ﬂThw)(1—c0swt)+i(sinwt—wt) (15.5.46)

Readings
1. Barbara, P. F.; Meyer, T. J.; Ratner, M. A., Contemporary issues in electron transfer research. J. Phys. Chem. 1996, 100, 13148-
13168, and references within.

2. Georgievskii, Y.; Hsu, C.-P.; Marcus, R. A., Linear response in theory of electron transfer reactions as an alternative to the
molecular harmonic oscillator model. The Journal of Chemical Physics 1999, 110, 5307-5317.

@ 0 a @ 15.5.6 https://chem.libretexts.org/@go/page/107311



https://libretexts.org/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://chem.libretexts.org/@go/page/107311?pdf

LibreTextsw

3. Jortner, J., The temperature dependent activation energy for electron transfer between biological molecules. Journal of
Chemical Physics 1976, 64, 4860-4867.

4. Marcus, R. A.; Sutin, N., Electron transfers in chemistry and biology. Biochimica et Biophysica Acta (BBA) - Reviews on
Bioenergetics 1985, 811, 265-322.

5. Nitzan, A., Chemical Dynamics in Condensed Phases. Oxford University Press: New York, 2006; Ch. 10
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16.1: Vibrational Relaxation

Here we want to address how excess vibrational energy undergoes irreversible energy relaxation as a result of interactions with
other intra- and intermolecular degrees of freedom. Why is this process important? It is the fundamental process by which
nonequilibrium states thermalize. As chemists, this plays a particularly important role in chemical reactions, where efficient
vibrational relaxation of an activated species is important to stabilizing the product and not allowing it to re-cross to the reactant
well. Further, the rare activation event for chemical reactions is similar to the reverse of this process. Although we will be looking
specifically at vibrational couplings and relaxation, the principles are the same for electronic population relaxation through
electron—phonon coupling and spin—lattice relaxation.

»

Energy

R
P

»

Reaction coordinate

For an isolated molecule with few vibrational coordinates, an excited vibrational state must relax by interacting with the remaining
internal vibrations or the rotational and translational degrees of freedom. If a lot of energy must be dissipated, radiative relaxation
may be more likely. In the condensed phase, relaxation is usually mediated by the interactions with the environment, for instance,
the solvent or lattice. The solvent or lattice forms a continuum of intermolecular motions that can absorb the energy of of the
vibrational relaxation. Quantum mechanically this means that vibrational relaxation (the annihilation of a vibrational quantum)
leads to excitation of solvent or lattice motion (creation of an intermolecular vibration that increases the occupation of higher lying
states).

For polyatomic molecules it is common to think of energy relaxation from high lying vibrational states (k1" < hwy ) in terms of
cascaded redistribution of energy through coupled modes of the molecule and its surroundings leading finally to thermal
equilibrium. We seek ways of describing these highly non-equilibrium relaxation processes in quantum systems.

Molecule Surroundings

Normal mode energy
—>
3 ]

Classically vibrational relaxation reflects the surroundings exerting a friction on the vibrational coordinate, which damps its
amplitude and heats the sample. We have seen that a Langevin equation for an oscillator experiencing a fluctuating force f(t)
describes such a process:

Q(t) +wiQ* —~Q = f(t)/m (16.1.1)

This equation assigns a phenomenological damping rate - to the vibrational relaxation we wish to describe. However, we know in
the long time limit, the system must thermalize and the dissipation of energy is related to the fluctuations of the environment
through the classical fluctuation-dissipation relationship. Specifically,

(£(£)£(0)) = 2m~kpTd(t) (16.1.2)
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More general classical descriptions relate the vibrational relaxation rates to the correlation function for the fluctuating forces acting
on the excited coordinate.

In these classical pictures, efficient relaxation requires a matching of frequencies between the vibrational period of the excited
oscillator and the spectrum of fluctuation of the environment. Since these fluctuations are dominated by motions are of the energy
scale of kT, such models do not work effectively for high frequency vibrations whose frequency w > kgT'/h. We would like to
develop a quantum model that allows for these processes and understand the correspondence between these classical pictures and
quantum relaxation.

Let’s treat the problem of a vibrational system Hg that relaxes through weak coupling V to a continuum of bath states Hp using
perturbation theory. The eigenstates of Hg are |a) and those of Hp are |a). Although our earlier perturbative treatment did not
satisfy energy conservation, here we can take care of it by explicitly treating the bath states.

H=Hy+V (16.1.3)
Hy =Hs+Hp (16.1.4)
with
Hg = |a)Eq(al +[b)Ep (b] (16.1.5)
Hp =) |a)Ea(al (16.1.6)
a
Hylaa) = (E,+ E,) |ac) (16.1.7)

We will describe transitions from an initial state |¢) = |ac) with energy E, + E, to a final state | f) = |bf) with energy Ej, + Eg .
Since we expect energy conservation to hold, this undoubtedly requires that a change in the system states will require an equal and
opposite change of energy in the bath.

system bath
) 1B)
ot

Initially, we take p, =1 and py = 0. If the interaction potential is V/, Fermi’s Golden Rule says the transition from |¢) to |f) is

given by
27 .
ki =7Zpi|<z|V|f>l25(Ef—Ei) (16.1.8)
i, f
27
== D Paallaa|VIbB)8 ((Ey + Ep) — (B + Ea)) (16.1.9)
a,a,b,B
1 “+00 .
= dt " paalac|V[bB)(bBIV |aa)e () (FaE)i/k (16.1.10)
hs

Equation 16.1.10is just a restatement of the time domain version of Equation 16.1.8

1 +o00
k=2 [ dVEV(0) (16.1.11)
with
V(t) = e ve (16.1.12)

Now, the matrix element involves both evaluation in both the system and bath states, but if we write this in terms of a matrix
element in the system coordinate Vg, = (a|V'|b):

(aa|V[bB) = (a|Va| B) (16.1.13)

16.1.2 https://chem.libretexts.org/@go/page/107314



https://libretexts.org/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://chem.libretexts.org/@go/page/107314?pdf

LibreTextsw

Then we can write the rate as

kba = % _:o dt ;pa (ale™ Ve B | B) (B |Vha| o) e ! (16.1.14)
Y | ;
=/ dt(Vop (t)Voa (0)) et (16.1.15)
Vi (t) = P8V e 0t (16.1.16)
Equation 16.1.15says that the relaxation rate is determined by a correlation function
Cha(t) = (Var (t) Vea (0)) (16.1.17)

which describes the time-dependent changes to the coupling between b and a. The time dependence of the interaction arises from
the interaction with the bath; hence its time evolution under Hp. The subscript (- - -) g means an equilibrium thermal average over
the bath states

(+)B=> pala|--|a) (16.1.18)

Note also that Equation 16.1.15is similar but not quite a Fourier transform. This expression says that the relaxation rate is given by
the Fourier transform of the correlation function for the fluctuating coupling evaluated at the energy gap between the initial and
final state states.

Alternatively we could think of the rate in terms of a vibrational coupling spectral density, and the rate is given by its magnitude at
the system energy gap wpyq.

1 -~
kpa = h_20ba (wab) (16119)

where the spectral representation C, (wyp) is defined as the Fourier transform of Cp, (t).

Vibration Coupled to a Harmonic Bath

To evaluate these expressions, let’s begin by consider the specific case of a system vibration coupled to a harmonic bath, which we
will describe by a spectral density. Imagine that we prepare the system in an excited vibrational state in v=|1) and we want to
describe relaxation v = |0).

Hg = hwo (P*+Q?) (16.1.20)
1
ngza:hwa (2 +42) :za:hwa <a3aa+§) (16.1.21)
We will take the system—bath interaction to be linear in the bath coordinates:
V=Hsp=)_ caQqa (16.1.22)
a

Here Ca is a coupling constant which describes the strength of the interaction between the system and bath mode .. Note, that this
form suggests that the system vibration is a local mode interacting with a set of normal vibrations of the bath.

System Bath

=

G660

For the case of single quantum relaxation from |a) = |1) to b =|0), we can write the coupling matrix element as
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Vi =3 €une (0l +aa) (16.1.23)

where

ST, W0 We
atia = Ca g (b] Q) (16.1.24)

Note that we are using an equilibrium property, the coupling correlation function, to describe a nonequilibrium process, the
relaxation of an excited state. Underlying the validity of the expressions are the principles of linear response. In practice this
also implies a time scale separation between the equilibration of the bath and the relaxation of the system state. The bath
correlation function should work fine if it has rapidly equilibrated, even though the system may not have. An instance where
this would work well is electronic spectroscopy, where relaxation and thermalization in the excited state occurs on picosecond
time scales, whereas the electronic population relaxation is on nanosecond time scales.

Here the matrix element (b|Q|a) is taken in evaluating &, . Evaluating Equation 16.1.17is now much the same as problems
we’ve had previously:

(Vas (£)V2a (0)) p = (€7 Ve 7" Vi) (16.1.25)
=Y & [(na+1)e ™ fnae ] (16.1.26)

here n, = (eﬁh“’a — 1) s the thermally averaged occupation number of the bath mode at w,. In evaluating this we take
advantage of relationships we have used before

Mo = (€™ —1) 7 (16.1.27)
<aaal> =Ng+1
(16.1.28)
<a:rlaa> =TNg
So, now by Fourier transforming (Equation 16.1.26) we have the rate as
1 9 _
kpo = 7 Z [€alap [(Ma +1) 6 (Wha +wa) + 106 (Whe — wWa )] (16.1.29)

downward upward

|a) |B) |b) o)
Ib) 1 o) T |a) T B) 1

This expression describes two relaxation processes which depend on temperature. The first is allowed at 7= 0 K and is obeys
—Wpg = Wy, - This implies that E, > Ej, and that a loss of energy in the system is balanced by an equal rises in energy of the bath.
That is | 8) = |a + 1) . The second term is only allowed for elevated temperatures. It describes relaxation of the system by transfer
to a higher energy state E, > E,, with a concerted decrease of the energy of the bath (|3) =|a —1)). Naturally, this process
vanishes if there is no thermal energy in the bath.

There is an exact analogy between this problem and the interaction of matter with a quantum radiation field. The interaction
potential is instead a quantum vector potential and the bath is the photon field of different electromagnetic modes. Equation
16.1.29describes has two terms that describe emission and absorption processes. The leading term describes the possibility of
spontaneous emission, where a material system can relax in the absence of light by emitting a photon at the same frequency.
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To more accurately model the relaxation due to a continuum of modes, we can replace the explicit sum over bath states with an
integral over a density of bath states W

1 _ _
kpo = = dwo W (wa) €2, (wa) [(7 (wa) +1) & (Wb +wa) + 7 (Wa) & (Wba — wa)] (16.1.30)
We can also define a spectral density, which is the vibrational coupling-weighted density of states:
p(wa) =W (wa) &, (wa) (16.1.31)

Then the relaxation rate is:

Kb :%/dwaW(wa)ﬁfa (wa) [(7 (wa) +1) 8 (Wha +wa) +72 (wa) 6 (wha — wa)]
1
(

= ﬁ[ n (wba) + 1) Pba (wab) +n (wba) Pha (_wab)]

We see that the Fourier transform of the fluctuating coupling correlation function, is equivalent to the coupling-weighted density of
states, which we evaluate at wp, or —wp, depending on whether we are looking at upward or downward transitions. Note that 7 still
refers to the occupation number for the bath, although it is evaluated at the energy splitting between the initial and final system
states. Equation 777 is a full quantum expression, and obeys detailed balance between the upward and downward rates of transition
between two states:

ko = exp(—Bhwap)kab (16.1.32)

From our description of the two level system in a harmonic bath, we see that high frequency relaxation (kT << hwy ) only
proceeds with energy from the system going into a mode of the bath at the same frequency, but at lower frequencies (kT" ~ hwyg )
that energy can flow both into the bath and from the bath back into the system. When the vibration has energies that are thermally
populated in the bath, we return to the classical picture of a vibration in a fluctuating environment that can dissipate energy from
the vibration as well as giving kicks that increase the energy of the vibration. Note that in a cascaded relaxation scheme, as one
approaches kT, the fraction of transitions that increase the system energy increase. Also, note that the bi-linear coupling in Equation
16.1.22and used in our treatment of quantum fluctuations can be associated with fluctuations of the bath that induce changes in
energy (relaxation) and shifts of frequency (dephasing).

Multiquantum Relaxation of Polyatomic Molecules

3 Vibrational relaxation of polyatomic molecules in solids or in solution involves anharmonic coupling of energy between internal
vibrations of the molecule, also called TVR (internal vibrational energy redistribution). Mechanical interactions between multiple
modes of vibrationof the molecule act to rapidly scramble energy deposited into one vibrational coordinate and lead to cascaded
energy flow toward equilibrium.

For this problem the bilinear coupling above doesn’t capture the proper relaxation process. Instead we can express the molecular
potential energy in terms of well-defined normal modes of vibration for the system and the bath, and these interact weakly through
small anharmonic terms in the potential. Then we can extend the perturbative approach above to include the effect of multiple
accepting vibrations of the system or bath. For a set of system and bath coordinates, the potential energy for the system and
system-bath interaction can be expanded as

o’V
Vs+Vsp = a,b,0dB + = ——F——Q.Qvqn - - 16.1.33
s Vsn = Z aQ2 Z 6Qa0q 30.04.0g5 % Z . 90,00,0q, 2+ (16.1.33)
Focusing explicitly on the first cubic expansion term, for one system oscillator:
1
Vo+Vsp = Eme? + VB Qqags (16.1.34)

Here, the system-bath interaction potential describes the case for a cubic anharmonic coupling that involves one vibration of the
system () interacting weakly with two vibrations of the bath %a and 9g, so that hQ > 17450 Energy deposited in the system
vibration will dissipate to the two vibrations of the bath, a three quantum process. Higher-order expansion terms would describe
interactions involving four or more quanta.
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Working specifically with the cubic example, we can use the harmonic bath model to calculate the rate of energy relaxation. This
picture is applicable if a vibrational mode of frequency 2 relaxes by transferring its energy to another vibration nearby in energy (
00,), and the energy difference wg being accounted for by a continuum of intermolecular motions. For this case one can show

Faa = 250 (wa) +1) (7.(95) + 1) b (t0) (7 20) +1)7 (05) ()] (16.1.35)
where p(w) = W (w) (V®)(w)) ?_. Here we have taken , Q, w, > wg. These two terms describe two possible relaxation pathways,
the first in which annihilation of a quantum of €2 leads to a creation of one quantum each of w, and wg. The second term describes
the dissipation of energy by coupling to a higher energy vibration, with the excess energy being absorbed from the bath.
Annihilation of a quantum of {2 leads to a creation of one quantum of w, and the annihilation of one quantum of wg. Naturally this
latter term is only allowed when there is adequate thermal energy present in the bath.

— |b) 3
£l 1T L o
jb) - £
W
Q Q

—§= K

== | 4 4

(1) (@) )

Rate Calculations using Classical Vibrational Relaxation

In general, we would like a practical way to calculate relaxation rates, and calculating quantum correlation functions is not
practical. How do we use classical calculations for the bath, for instance drawing on a classical molecular dynamics simulation? Is
there a way to get a quantum mechanical rate?

The first problem is that the quantum correlation function is complex C*, (t) = Cap(—t) and the classical correlation function is
real and even Cg;(t) = Cei(—t) . In order to connect these two correlation functions, one can derive a quantum correction factor
that allows one to predict the quantum correlation function on the basis of the classical one. This is based on the assumption that at

high temperature it should be possible to substitute the classical correlation function with the real part of the quantum correlation
function

C.(t)=C,(t) (16.1.36)
To make this adjustment we start with the frequency domain expression derived from the detailed balance expression
C(~w) = e C(w)
G(w) 2 & (W) (16.1.37)
w)=— w ..
1+ exp(—fhw)

Here C’ (w) is defined as the Fourier transform of the real part of the quantum correlation function. So the vibrational relaxation
rate is

B 4

K2 (1 +exp(—hwp, /KT

o0
Kpa ) / dte” ™« Re[(Vay(t) Ve (0))] (16.1.38)
0
Now we will assume that one can replace a classical calculation of the correlation function here as in Equation 16.1.36 The
leading term out front can be considered a “quantum correction factor” that accounts for the detailed balance of rates encoded in
the quantum spectral density.

In practice such a calculation might be done with molecular dynamics simulations. Here one has an explicit characterization of the
intermolecular forces that would act to damp the excited vibrational mode. One can calculate the system-bath interactions by
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expanding the vibrational potential of the system in the bath coordinates

Vs+Vig —Vo+2 Q+Z

:V0+FQ+GQ T

Here V' © represents the potential of an interaction of one solvent coordinate acting on the excited vibrational system coordinate Q.
The second term in this expansion F'Q) depends linearly on the system () and bath o coordinates, and we can use variation in this
parameter to calculate the correlation function for the fluctuating interaction potential. Note that F' is the force that molecules exert
on Q! Thus the relevant classical correlation function for vibrational relaxation is a force correlation function

Ca(t) = (F(t)F(0)) (16.1.39)

8Q2

kor = % /0 " dt coswat (F(H)F(0)) (16.1.40)
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16.2: A Density Matrix Description of Quantum Relaxation

Here we will more generally formulate a quantum mechanical picture of coherent and incoherent relaxation processes that occur as the
result of interaction between a prepared system and its environment. This description will apply to the case where we separate the
degrees of freedom in our problem into a system and a bath that interact. We have limited information about the bath degrees of freedom.
As a statistical mixture, we only have knowledge of the probability of occupying states of the bath and not of the phase relationships
required to describe a deterministic quantum system. For such problems, the density matrix is the natural tool.

Mixed States

How does a system get into a mixed state? Generally, if you have two systems and you put these in contact with each other, interaction
between the two will lead to a new system that is inseparable. Imagine that I have two systems Hg and Hp for which the eigenstates of
Hg are |a) and those of Hp are |a).

Hy=Hg+Hgp (16.2.1)
with
Hgla) = Eo|a) (16.2.2)
Hpla) = Eq|a) (16.2.3)
In general, before these systems interact, they can be described in terms of product states in the eigenstates of Hg and Hp:
9 (to)) = [9%) [4'%) (16.2.4)
with
%) = sala) (16.2.5)
a
%) = bala) (16.2.6)
«
o) =) _ sabala)| ) (16.2.7)
a,a

After these states are allowed to interact, we have a new state vector |1(t)). The new state can still be expressed in the zero-order basis,
although this does not represent the eigenstates of the new Hamiltonian

H=H,+V (16.2.8)
%(t)) =) Caalacr) (16.2.9)

For any point in time, C,, is the joint probability amplitude for finding particle of |¢s) in |a) and simultaneously finding particle of |¢'g)
in|a). Att =t,, caa = Seby -

Now suppose that you have an operator A that is only an operator in the |1g) coordinates. This might represent an observable for the
system that you wish to measure. Let’s calculate the expectation value of A

(A(2)) = (W(t)|Alp(t)) = (¥s| Ales) (16.2.10)
(A(t)) = ctacss{ac| Alb, B)
=) ciacs(al Alb)das

= chacss(al Alb)das

a,a

= Z (Z Caacba) Aab
a,p «a

= Z (P$)pqAab
a,b
= Tr[psA]
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Here we have defined a density matrix for the degrees of freedom in |;)

ps = |¥s)(¥s| (16.2.11)
with density matrix elements that traced over the |1g) states, that is, that are averaged over the probability of occupying the |1p) states.
[b)ps(al =D Ciacta (16.2.12)
«

Here the matrix elements in direct product states involve elements of a four-dimensional matrix, which are specified by the tetradic
notation.

We have defined a trace of the density matrix over the unobserved degrees of freedom in |1 ), i.e. a sum over diagonal elements in «. To
relate this to our similar prior expression: (A(t)) = Tr[pA], the following definitions are useful:

ps =Trp(p)
= (ps)ba A
a,b
=Tr(psA)
Also,
Tr(A x B) =Tr(A4) Tr(B) (16.2.13)

Since pg is Hermitian, it can be diagonalized by a unitary transformation T', where the new eigenbasis |m ) represents the mixed states of
the |1g) system.

ps =Y [m)(m|pmm (16.2.14)

> pmn =1 (16.2.15)
m

The density matrix elements represent the probability of occupying state m averaged over the bath degrees of freedom
Pmn = Z TmbpbaTJm

a,b
= § abaTmbaéaTn’ga
a,b

:meaf;za
:Z|fma|2 =DPm >0

The quantum mechanical interaction of one system with another causes the system to be in a mixed state after the interaction. The mixed
states are generally not separable into the original states. The mixed state is described by

[s) = dm|m) (16.2.16)

A =Y fna (16.2.17)

If we only observe a few degrees of freedom, we can calculate observables by tracing over unobserved degrees of freedom. This forms
the basis for treating relaxation phenomena. A few degrees of freedom that we observe, coupled to many other degrees of freedom, which
lend to irreversible relaxation.

Equation of Motion for the Reduced Density Matrix

So now to describe irreversible processes in quantum systems, let’s look at the case where we have partitioned the problem so that we
have a few degrees of freedom that we are most interested in (the system), which is governed by Hg and which we observe with a system
operator A. The remaining degrees of freedom are a bath, which interact with the system. The Hamiltonian is given by Equation 16.2.1
and 16.2.8 In our observations, we will be interested in expectation values in A which we have seen are written
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(As) = Tr[p(t)A]
=Trg[o(t)A]

= Z Tab (t)Aba
a,b

= TrsTT'B [p(t)A]

Here o is the reduced density operator for the system degrees of freedom. This is the more commonly variable used for pg.

Oab :Z(aa|p|ba> :Terab (16218)

o
Trp and T'rg are partial traces over the bath and system respectively. Note, that since
Tr(Ax B)=TrATrB (16.2.19)
for direct product states, all we need to do is describe time evolution of ¢ to understand the time dependence to A.
We obtain the equation of motion for the reduced density matrix beginning with
p(t) =U®#)p(0)U(t) (16.2.20)
and tracing over bath:
o(t)=Trg [UpU'] (16.2.21)

We can treat the time evolution of the reduced density matrix in the interaction picture. From our earlier discussion of the density matrix,
we integrate the equation of motion

. i
by =~ Vi), pr(¢) (16.2.22)
to obtain
i [t
pi®)=p1(0) - 5 [ dr(Vi() pu(r) (16.2.23)
0
Remember that the density matrix in the interaction picture is
p1(t) = Ul p(t)Uy = e HA DR (1) =il Hot Hp)t/R (16.2.24)
and similarly
V—I(t) _ UJVUO _ ei(H5+HB)t/hV(t)e—i(Hs+HB)t/ﬁ (16225)
Substituting Equation 16.2.23into Equation 16.2.22we have
. i 1 [t
p1(t) =~ [Vi(t),pr (t0)] — 75 / at' [V (¢), Vi (¢), pr ()] (16.2.26)
Now taking a trace over the bath states
. i 1 [t
61(8) =~ Tra (Vi(O) pr (t0)] = 57 [ dtTra [Vi(e), Ve (@), o1 (0] (16.2.27)
0
If we assume that the interaction of the system and bath is small enough that the system cannot change the bath
p1(t) = or(t)ps(0) = or(t)pl (16.2.28)
e*ﬂHB
pE = ~ (16.2.29)

Then we obtain an equation of motion for ¢ to second order:

b1(6) =~ 3T [Vi(0), o1(0)08] — o / ATy [Vi(e), [Vi (#) 01 () o8] (16.2.30)
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The last term involves an integral over a correlation function for a fluctuating interaction potential. This looks similar to a linear response
function, and also the same form as the relaxation rates from Fermi’s Golden Rule that we just discussed. The first term in Equation
16.2.30involves a thermal average over the interaction potential,

(V)g=Trp [Vp] . (16.2.31)

If this average value is zero, which would be the case for an off-diagonal form of V, we can drop the first term in the equation of motion
for o. If it were not zero, it is possible to redefine the Hamiltonian such that Hy — Hy+(V)pand V(¢t) = V(t) — (V)5

which recasts it in a form where (V)p — 0 and the first term can be neglected. Now let’s evaluate the equation of motion for the case

where the system-bath interaction can be written as a product of operators in the system A and bath 3

Hp=V=A8B (16.2.32)

This is equivalent to the bilinear coupling form that was used in our prior description of dephasing and population relaxation. There we
took the interaction to be linearly proportional to the system and bath coordinate(s): V = cgq. The time evolution in the two variables is
separable and given by

A(t) =UlA (t) Us

. ) (16.2.33)
B(t) =ULB (to) Us

The equation of motion for o7 becomes

61(t) = % /Otdt’ [A(t);i(t')a(t') —A(t')a(t')A(t)] Trg (/é(t)/é (t/)pg;) (16.2.34)

- [ #) A@) ~o (¢) A ) A®)| Trs (B () A6

Here the history of the evolution of A depends on the time dependence of the bath variables coupled to the system. The time dependence
of the bath enters as a bath correlation function

Oy (t—) = Tes (BB () o
_ <B(t)B (t')>B -~ <B (t —t’)B(0)> B

The bath correlation function can be evaluated using the methods that we have used in the Energy Gap Hamiltonian and Brownian
Oscillator Models. Switching integration variables to the time interval prior to observation

T=t—t (16.2.35)
we obtain
. 1ot - -
61(t)= 37 | dr [A(t), A(t—7)or(t —T)] Cs(r) — [A(t), or(t—T)A(t —7)| C35(7) (16.2.36)
Here we have made use of C ,;ﬂ (1) = Cgg(—7) . For the case that the system-bath interaction is a result of interactions with many bath
coordinates
V:ZABQ (16.2.37)
then Equation 16.2.36becomes
1 ¢ - - - -
o1(t) = -5 Z/ dr [A(t), At —7)or(t 77)} Cop(T) — [A(t), or(t—)A(t 77')} Cy(r) (16.2.38)
a0
with the bath correlation function
Cas(r) = (Ba(r)B5(0)) (16.2.39)

Equation 16.2.360r 16.2.38indicates that the rates of exchange of amplitude between the system states carries memory of the bath’s
influence on the system, that is, o7 (¢) is dependent on o7 (¢ —7) . If we make the Markov approximation, for which the dynamics of the
bath are much faster than the evolution of the system and where the system has no memory of its past, we would replace
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in Equation 16.2.34 or equivalently in Equation 16.2.36set

oct)y=c()s@t—t)=a(t) (16.2.40)

ort—7)=o1(t) (16.2.41)

For the subsequent work, we use this approximation. Similarly, the presence of a time scale separation between a slow system and a fast
bath allows us to change the upper integration limit in Equation 16.2.36from ¢ to co.

1 A A ~ A A ~ A2 A ~ %
Oab (t) = —1WahTab (t) — ﬁ [AacAcdo'db (t)CBﬂ (wdc) — AgcAgpOeq (t)ng (wca) —A Apou (t)Cﬂﬂ (—wdb) (16.2.42)
c,d

+ AcaAap0e(t)C g (—wea)]

. . 1« - - - 2 .
Gap(t) = —iwapoap(t) — ﬁ [AacAcaoar (t)Cﬂ,B (wae) — AucAdbOed (t)Cﬂﬂ (Wea) — A AgpOed (t)Cﬁﬂ (—wap) (16.2.43)
c,d

+ At Ay e (8)Clap (—wea)]

The rate constants are defined through:

1 -
Tasca = 53 Aav Aca Cgo (wac) (16.2.44)
1 ~
Labea = 75 AavAcaCp (Wha) (16.2.45)
Here we made use of
Cp(w) = Cgs(—w). (16.2.46)
Also, it is helpful to note that
Tfyes= [Taota] (16.2.47)

The coupled differential equations in Equation 16.2.43express the relaxation dynamics of the system states almost entirely in terms of
the system Hamiltonian. The influence of the bath only enters through the bath correlation function.
Evaluating the equation of motion: Redfield Equations

Do describe the exchange of amplitude between system states induced by the bath, we will want to evaluate the matrix elements of the
reduced density matrix in the system eigenstates. To begin, we use Equation 16.2.36to write the time-dependent matrix elements as

. 1 K - - - - .
G1(t) = 75 Zﬂ /0 dr [A(t), At —7)or(t - T)} Cop(T) — [A(t), o1t —7)A(t —7)| Cs(r) (16.2.48)
Now, let’s convert the time dependence expressed in terms of the interaction picture into a Schrédinger representation using
(a| A(t)|b) = ™" Ay, (16.2.49)
(a|o!|b) =e“toy, (16.2.50)
with
Oab = ﬁ(a |o’|b) (16.2.51)
ot
To see how this turns out, consider the first term in Equation 16.2.4&
. 1 > - -
S =3 o= /0 drAue(t) Aua(t — 7)o (£)Cis () (16.2.52)
c,d
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é'ab (t)eiwwr + iwabeiwbbT Ogb = — §

Ao Avgorap ()it -ismat-rismt / dre=i Clyg (7) (16.2.53)
c,d

1
K2 0

Defining the Fourier-Laplace transform of the bath correlation function:

C’ﬁﬁ(w) :/ dre“™ Cps(T) (16.2.54)
0
We have
. X 1 -~ - ~
Uab(t) = —1WaebOgh — Z ﬁAacAodeb(t)Cﬂﬂ (wdc) (16.2.55)
c,d

Here the spectral representation of the bath correlation function is being evaluated at the energy gap between system states wg.. So the
evolution of coherences and populations in the system states is governed by their interactions with other system states, governed by the
matrix elements, and this is modified depending on the fluctuations of the bath at different system state energy gaps. In this manner,
Equation 16.2.48becomes

The common alternate way of writing these expressions is in terms of the relaxation superoperator R

Gab(t) = —iWasOab — Y Rabed0ca(t) (16.2.56)
c,d
or in the interaction picture
iy (t) =D 0Ly (t) Rap ae™ P Bt B/ (16.2.57)
c,d

Equation 16.2.56 the reduced density matrix equation of motion for a Markovian bath, is known as the Redfield equation. It describes
the irreversible and oscillatory components of the amplitude in the |a)(b| coherence as a result of dissipation to the bath and feeding from
other states. R describes the rates of change of the diagonal and off-diagonal elements of o and is expressed as:

Rap,ca = dap Z F;k,kc - F;b,ad - F;b,ad +0ac Z F;k,kb (16.2.58)
& &

where k refers to a system state. The derivation described above can be performed without assuming a form to the system— bath
interaction potential as we did in Equation 16.2.32 If so, one can write the relaxation operator in terms of a correlation function for the
system—bath interaction ,

1 * .
Cia =75 [ ArlVa(m)Vaa(0) pe (16.2.59)
' 0
1 > .
L= [ drVa(O)Vialr) e (16.2.60)
0

The tetradic notation for the Redfield relaxation operator allows us to identify four classes of relaxation processes, depending on the
number of states involved:

e aa,aa: Population relaxation (rate of loss of the population in a)

e ab, ab: Coherence relaxation or dephasing (damping of the coherence ab)

e aa, bb: Population transfer (rate of transfer of population from state b to state a)

e ab, cd: Coherence transfer (rate at which amplitude in an oscillating superposition between two states (c and d) couples to form
oscillating amplitude between two other states (a and b)

The origin and meaning of these terms will be discussed below.

Secular Approximation

From Equation 16.2.57we note that the largest changes in matrix elements of o result from a resonance condition:

expli (B, — Ey —E. +Eq)t/h] =1
E,—E,—E.+E; =0

which is satisfied when:
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a:c;b:d :>Rab,ab
a=bjec=d = Ryo,cc (16.2.61)
a=b=c=d = Ry

In evaluating relaxation rates, often only these secular terms are retained. Whether this approximation is valid must be considered on a
case by case basis and depends on the nature of the system eigenvalues and the bath correlation function.

Population Relaxation and the Master Equation

To understand the information in the relaxation operator and the classification of relaxation processes, let’s first consider the relaxation of
the diagonal elements of the reduced density matrix. Using the secular approximation,

Gaa(t) == Raapon(t) (16.2.62)
b

Considering first the case that a # b, Equation 16.2.58gives the relaxation operator as

Raa,bb =-T (16263)

+ _ -
ba,ab Fba,ab

Recognizing that I'" and I'~ are Hermitian conjugates,
1 2 = — Wy, T
Roapp = *§|Aab| drCps(T)e """ +c.c.
0

1 © .
__L / dr (Vi () Vi (0)) e~ +c. c.
n ),

S0 Rya,1b, is a real valued quantity. However, since (Vi (7) Vo (0)) = (Voo (0) Vo (—7))
1 +o00

77 dt (Voo (1) Vap (0)) ge™»™ (16.2.64)

Raa,bb =

So we see that the relaxation tensor gives the population relaxation rate between states a and b that we derived from Fermi’s Golden rule:
Raa,bb = —Wgp (16265)
ifa#b.

For the case that a = b, Equation 16.2.58gives the relaxation operator as

Ragaa = — (Taa,aa + Taasaa) + Z (F;rk,ka + F;k,ka)
%
= Z (I‘;Lk,ka + ng,ka)
k#a

The relaxation accounts for the bath-induced dissipation for interactions with all states of the system (last term), but with the influence of
self-relaxation (first term) removed. The net result is that we are left with the net rate of relaxation from a to all other system states (

a#k)

Raa,aa :Zwka (16266)
k#a

This term Rq qq, is also referred to as the inverse of 71, the population lifetime of the a state.

The combination of these observations shows that the diagonal elements of the reduced density matrix follow a master equation that
describes the net gain and loss of population in a particular state

&aa(t) = Z wababb(t) - Z wkaaaa(t) (16267)
b#a k#a
Coherence Relaxation

Now let’s consider the relaxation of the off-diagonal elements of the reduced density matrix. It is instructive to limit ourselves at first to
one term in the relaxation operator, so that we write the equation of motion as

d’ab(t) = *iwabaab(t) *Rab,abaab(t) +.- (16.2.68)

The relaxation operator gives
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Rapap =— (Fszra,bb + F;a,bb> + Z (I‘;k,ka +F1:k,kb) (16.2.69)
%
=- (F;La,bb +T 0 5 — Tanyaa — Fl;),bb) + (Z Copkat Z Fbk,kb) (16.2.70)
ka ktb

In the second step, we have separated the sum into two terms, one involving relaxation constants for the two coherent states, and the
second involving all other states. The latter term looks very similar to the relaxation rates. In fact, if we factor out the imaginary parts of
these terms and add them as a correction to the frequency in Equation 16.2.68 wgp — wap +Im[term?2] , then the remaining expression
is directly related to the population lifetimes of the a and b states:

1 1
Re (Z Coirat Fbk,kb) =3 > ww - 2 D Wa

k#a k#b k#b ka

_1( 1 N 1)
2\ T, Tip

This term accounts for the decay of the coherence as a sum of the rates of relaxation of the a and b states.

The meaning of the first term on the right hand side of Equation 16.2.701is a little less obvious. If we write out the four contributing
relaxation factors explicitly using the system—bath correlation functions in Equation 16.2.59and 16.2.6(} the real part can be written as

Re (F;,bb +F;a,bb - F;),ab - F;b,bb) = /Ooo dr ([Vio () = Vaa (7)] [Ves (0) = Vaa (0)]) 5 (16.2.71)

- / " (AV(HAV(0) 5 (16.2.72)

In essence, this term involves an integral over a correlation function that describes variations in the a-b energy gap that varies as a result
of its interactions with the bath. So this term, in essence, accounts for the fluctuations of the energy gap that we previously treated with
stochastic models. Of course in the current case, we have made a Markovian bath assumption, so the fluctuations are treated as rapid and
only assigned an interaction strength I" which is related to the linewidth. In an identical manner to the fast modulation limit of the
stochastic model we see that the relaxation rate is related to the square of the amplitude of modulation times the correlation time for the

bath:
/OO dr(AV(T)AV(0))p = (AV*) 1. (16.2.73)
=T (16.2.74)
= ;2 (16.2.75)

As earlier this is how the pure dephasing contribution to the Lorentzian lineshape is defined. It is also assigned a time scale T%.

So to summarize, we see that the relaxation of coherences has a contribution from pure dephasing and from the lifetime of the states
involved. Explicitly, the equation of motion in Equation 16.2.68can be re-written

1
d’ab(t) = —iwabO'ab(t) - ?Uab(t) (16.2.76)
2
where the dephasing time is
1 1 1/ 1 1
- —— 4= —_ 16.2.
T, T + 2 (Tl,a + T1,b) (16.2.77)

and the frequency has been corrected as a result interactions with the bath with the (small) imaginary contributions to R, qp:

Wah = Wab +Im[Rab,ab] (16.2.78)
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Glossary

adiabatic approximation | Its original form, due
to Max Born and Vladimir Fock (1928), was stated as
follows: "A physical system remains in its
instantaneous eigenstate if a given perturbation is
acting on it slowly enough and if there is a gap
between the eigenvalue and the rest of the
Hamiltonian's spectrum." [Wikipedia]

adiabatic dynamics | Evolution occurring on a
single electronic state

annihilation operator | Annihilation operators
“annihilate” one quantum of energy and shift the
eigenstate to the next lower one in energy.

avoided crossing | The phenomenon where two
eigenvalues of an Hermitian matrix representing a
quantum observable and depending on N continuous
real parameters cannot become equal in value ("cross"
except on a manifold of N-2 dimensions. [Wikipedia]

Baker—Hausdorff relationship | The statement
that only commutators and commutators of
commutators, ad infinitum, are needed to express the
solution.

Brownian meotion | The fluctuating position of a
particle under the influence of a thermal environment.

Condon approximation | The assumption that the
electronic transition occurs on a time scale short
compared to nuclear motion so that the transition
probability can be calculated at a fixed nuclear
position.

conical intersection | The set of molecular
geometry points where the potential energy surfaces
are degenerate (intersect) and the non-adiabatic
couplings between these states are non-vanishing.

creation operator | Creation operators “create”
one quantum of energy and shift the eigenstate to the
next higher one in energy.

cumulant expansion | An alternative way to
moment expansion to characterize probability
distributions provided all the moments exist.

Davydov splitting | The splitting of states that due
to overlapping wavefunctions of two translationally
inequivalent molecules.

density matrix | An alternate representation of the
state of a quantum system for which we have
previously used the wavefunction. Although
describing a quantum system with the density matrix is
equivalent to using the wavefunction, one gains
significant practical advantages using the density
matrix for certain time-dependent problems—
particularly relaxation and nonlinear spectroscopy in
the condensed phase.

dipole correlation function | The function
describes the time-dependent behavior or spontaneous
fluctuations in the dipole moment in absence of E field
and contains information on states of system and
broadening due to relaxation

electric dipole approximation | The
approximation that the wavelength of the type of
electromagnetic radiation that induces, or is emitted
during, transitions between different atomic energy
levels is much larger than the size of the atom or
molecule.

exciton | A bound state of an electron and an electron
hole which are attracted to each other by the
electrostatic Coulomb force.

homogeneous broadening | Lind broudening due
to dynamic processes intrinsic to the molecular system.
This is commonly assigned a time scale T».

hot bands | A band associated with the transition
between two excited vibrational states, i.e. neither is
the overall ground state.

inhomogeneous broadening | Broadened
lineshapes by a static distribution of frequencies (on
the timescale of the measurement).

ladder operators | Ladder Operators are operators
that increase or decrease eigenvalue of another
operator. There are two types; raising operators and
lowering operators. The raising operator is also called
the creation operator because it adds a quantum in the
eigenvalue and the annihilation operators removes a
quantum from the eigenvalue.

Landau-Zener expression | An analytic solution
to the equations of motion governing the transition
dynamics of a two-state quantum system, with a time-
dependent Hamiltonian varying such that the energy
separation of the two states is a linear function of time.
[Wikipedia]

mixed state | A state that consists of a statistical
ensemble of different state vectors. Density matrix
formalism is useful for describing mixed states,
because it can be a characterized by single density
matrix.

nonadiabatic dynamics | Evolution affected by
more than one electronic state. This includes
phenomena like intersystem crossing and internal
conversion.

orientational relaxation | An ensemble averaged
dephasing effect associated with the randomization of
the initial dipole orientations.

population relaxation | Decay in the coherence
created by the light field as a result of the finite
lifetime of the coupled states. It is often assigned a
time scale T;.

potential of mean force | The free energy surface
along the chosen coordinate. The PMF examine how a
system's energy changes as a function of some specific
reaction coordinate parameter.

pure dephasing | A dynamic effect in which
memory of the phase of oscillation of a molecule is
lost as a result of intermolecular interactions that
randomize the phase. It is characterized by a time
constant To*.

pure state | A system that can be described via a
single state vector.

second cumulant approximation | A cumulant
expansion that is truncated at second order.

spectral density | A coupling-weighted density of
states.

spectral diffusion | The process that a individual
chromophore will have a dynamic “instantaneous
frequency” that evolves in time as a result of its
interactions with a dynamically evolving system.

stochastic | Motion or model that includes a random
component to the time-development.
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