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2.5: Third-Order Nonlinear Spectroscopy

Now let’s look at examples of diagrammatic perturbation theory applied to third-order nonlinear spectroscopy. Third-order
nonlinearities describe the majority of coherent nonlinear experiments that are used including pump-probe experiments, transient
gratings, photon echoes, coherent anti-Stokes Raman spectroscopy (CARS), and degenerate four wave mixing (4WM). These
experiments are described by some or all of the eight correlation functions contributing to R®):

R® — (%)324: (Ro — R2] (2.5.1)
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The diagrams and corresponding response first requires that we specify the system eigenstates. The simplest case, which allows us
discuss a number of examples of third-order spectroscopy is a two-level system. Let’s write out the diagrams and correlation
functions for a two-level system starting in p,,, where the dipole operator couples |b) and |a).
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As an example, let’s write out the correlation function for R, obtained from the diagram above. This term is important for
understanding photon echo experiments and contributes to pump-probe and degenerate four-wave mixing experiments.
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The diagrams show how the input field contributions dictate the signal field frequency and wavevector. Recognizing the

dependence of Es(fg) ~ PG~ Ry (Ey E»E3) , these are obtained from the product of the incident field contributions
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Now, let’s compare this to the response obtained from R4. These we obtain
Ry = pa|pay|*exp [—iwpe (73 +71) — T (11 +73) — T (72)] (2.5.2)

Wsigt = tw1 —wa +ws
Esigt = +h1 — ko + k3
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Note that Ry and Ry terms are identical, except for the phase acquired during the initial period: exp[i@] = exp|[+iwp,71] The Ry
term evolves in conjugate coherences during the 7, and 73 periods, whereas the R4 term evolves in the same coherence state during

both periods:
Coherences in 71 and 73 Phase acquired in 7; and 73
Ra |t)(al — [b)(al ¢t )
Re |a) (8] — |b)(al ¢ taln—m)

The R, term has the property of time-reversal: the phase acquired during 7 is reversed in 73. For that reason the term is called
“rephasing.” Rephasing signals are selected in photon echo experiments and are used to distinguish line broadening mechanisms
and study spectral diffusion. For R,, the phase acquired continuously in 7; and 73, and this term is called “nonrephasing.” Analysis
of R; and R; reveals that these terms are non-rephasing and rephasing, respectively.

—1W, T3 :
e ..."""" non-rephasing

v
1
At

e_i%az‘l ,.-""“

e+i%a r3

Tl T3 rephasing

°
g
=
o
8
0
w0
]
-
Q.

P(r) \/ \/ \/ ,

tl t2 t3 t

For the present case of a third-order spectroscopy applied to a two-level system, we observe that the two rephasing functions R,
and R; have the same emission frequency and wavevector, and would therefore both contribute equally to a given detection
geometry. The two terms differ in which population state they propagate during the 7 variable. Similarly, the non-rephasing
functions R; and R, each have the same emission frequency and wavevector, but differ by the 75 population. For transitions
between more than two system states, these terms could be separated by frequency or wavevector (see appendix). Since the
rephasing pair R, and R both contribute equally to a signal scattered in the —k; + k, + k3 direction, they are also referred to as S7.
The nonrephasing pair R1 and R4 both scatter in the + k; — k, + k5 direction and are labeled as S;.

Our findings for the four independent correlation functions are summarized below.

Waig ksig To population
St rephasing Ry —w1 + wy + ws —k1 + ko + ks excited state
R3 —wy + wy + w3 —ki + ko + ks ground state
St non-rephasing R; Fwi — wy + w3 +k1 — ko + k3 ground state
R4 Fwi — wy + w3 +ki1 — ko + k3 excited state
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