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10.2: Metal-Insulator Transitions

In Chapter 6 we learned that metals and insulators not only have different electrical properties but also have very different crystal
structures. Metals tend to have high coordination numbers (typically 8 or 12) whereas insulators have low coordination numbers
that can be rationalized as "octet" bonding arrangements. For example, in crystalline Si or Ge (diamond structure), each atom has
four nearest neighbors. There are two electrons per bond, and thus each atom has eight electrons in its valence shell. Sn, the
element below Ge, exists in two different forms, one (gray tin) with the diamond structure that is a brittle narrow-gap
semiconductor, and the other (white tin) with a body-centered tetragonal structure that is a malleable metal. These two forms are
very close in energy, and in fact metallic white tin transforms to the brittle semiconducting gray form at low temperature.
Extremely cold weather in 18th century Europe caused many tin organ pipes to break and eventually turn to dust. This
transformation has been called tin blight, tin disease, tin pest or tin leprosy. The dust is actually grey tin, which lacks the
malleability of its metallic cousin white tin.

Under experimentally accessible temperatures and pressures, Si and Ge are always semiconducting (i.e., insulating), and Pb is
always metallic. Why is Sn different? The reason has to do with orbital overlap. Theory tells us in fact that any (and all) insulators
should become metallic at high enough pressure, or more to the point, at high enough density. For most insulators, however, the
pressures required are far beyond those that we can achieve in the laboratory.

Figure 10.2.1: Organ pipes destroyed by "tin blight"

How can we rationalize the transition of insulators to the metallic state? Indeed, how can we understand the existence of insulators
at all?

The Hubbard Model

Let's consider a chain of a large number () of atoms as we did in Chapter 6. For convenience, we can say that these are atoms such
as H, Na, or Cs that have one valence electron. The simple band model we developed earlier suggests that the chain should be
metallic, because N atoms combine to make N orbitals, and the N valence electrons only fill the band of orbitals halfway. But this
conclusion doesn't depend on the density, which creates a paradox. If atoms in the chain are very far apart, we suspect that the
electrons should localize on the atoms.
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Electron hopping in a 1-D chain of atoms.

A solution to this problem was proposed by J. Hubbard in 1963.") Hubbard considered the energy required to transfer an electron
from an atom to its nearest neighbor, as shown in the picture at the right. Because each atom already has one electron (with random
spin), moving an electron over by one atom requires overcoming the energy of electron-electron repulsion to make a cation-anion
pair. For well-separated atoms this energy (U) is given by:

62

U=IP—-FEa— treod

(10.2.1)

where IP and EA are the ionization energy and electron affinity, € is the permittivity of free space, and the last term in the equation
represents the coulombic attraction between the cation and the anion. For atoms such as alkali metals, U is on the order of 3-5 eV,
which is much larger than the thermal energy kT. Thus we expect there to be very few anion-cation pairs at room temperature, and
the chain of atoms should be insulating.
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Increasing Orbital Overlap

Energy vs. DOS for the chain of atoms as the density and degree of orbital overlap between atoms increases. Increasing overlap
broadens the neutral atom and anion-cation states into bands, each of which has a bandwidth A. A transition to the metallic state occurs
abruptly when A exceeds the Hubbard gap U.

What happens when we squeeze the atoms together? In the Hubbard model, as the distance between atoms decreases, the energies
of both the neutral atom states and the anion-cation states broaden into bands, each of which has a band width A. The lower band
can accommodate exactly N electrons (not 2N as in the MO picture we developed earlier) because each orbital can only take one
electron without spin-pairing. Thus for small A the lower band is full and the upper band is empty. However, as we continue to
compress the chain, the orbital overlap becomes so strong that A  U. At this point, the bands overlap and some of the electrons fill
the anion-cation states. The chain then becomes conducting and the material is metallic.

Some materials, such as Sn and VO, happen to have just the right degree of orbital overlap to make the Hubbard transition occur
by changing the temperature or pressure. Such materials can be very useful for electrical switching, as illustrated at the right for
rutile structure VO,. Most materials are far away from the transition, either on the metallic or insulating side. An interesting
periodic trend that illustrates this concept can be seen among the transition metal monoxides, MO (M = Ti, V, Cr, Mn, Fe, Co, Ni),
all of which have the NaCl structure. TiO and VO are metallic, because the 3d orbitals have significant overlap in the structure.
However, CrO, MnO, FeO, CoO, and NiO are all insulators, because the 3d orbitals contract (and therefore A < U) going across the
transition metal series. In contrast, the analogous sulfides (TiS, VS,....NiS) are all metallic. The sulfides have the NiAs structure, in
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which all the metal atoms are eclipsed along the stacking axis (the hexagonal c-axis). The short metal-metal distances along that
axis result in strong orbital overlap, making A > U.

insulator

Vanadium dioxide has the rutile structure, and in its undistorted form it is metallic, with one valence electron per V atom. Distortion of
the lattice makes pairs of V atoms, resulting in an electronically insulating state. The metal-insulator transition can be driven reversibly
by changing the temperature, pressure, or orbital occupancy. Electrical switching of this transition in VO, is being studied for
applications in high performance thin film transistors'?)

The Mott Model

A simpler, less atomistic model of the metal-insulator transition was formulated by Neville Mott.[>! The Mott model considers the
behavior of an electron in a material as a function of the density of all the other valence electrons. We know for a one-electron
hydrogen-like atom (H, Na, Cs, etc.) the Schrodinger equation contains a potential energy term:

V(r)=—( ) (10.2.2)

dmegr
This potential energy function gives rise to familiar ladder of allowed energy levels in the hydrogen atom. However, in a metal, this
Coulomb potential must be modified to include the screening of nuclear charge by the other electrons in the solid. In this case there
is a screened Coulomb potential:
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where q, which is the inverse of the screening length, is given by:
3 2
@ =4m2(Z)3 () (10.2.4)
T h

Here n is the density of atoms (or valence electrons), me is the electron mass, and h is Planck's constant. At distances much larger
than the screening length g%, the electron no longer "feels" the charge on the nucleus. Mott showed that there is a critical density of
electrons n. above which the valence electrons are no longer bound by individual nuclei and are free to roam the crystal. This
critical density marks the transition to the metallic state, and is given by the Mott criterion:

nd ag ~ 0.26 (10.2.5)

In this equation, ay is an effective Bohr radius for the valence electrons in the low-density limit, e.g. the average orbital radius of
electrons in the 6s shell of a Cs atom when computing the value for Cs metal.
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Solutions of lithium metal in liquid ammonia at low (top, ionic conductor) and higher (bottom, metal) Li concentration. From a video
by Joshua Judkins

The important concept from the Mott model is that the metal-insulator transition depends very strongly on the density of valence
electrons. This is consistent with the orbital overlap model of Hubbard, but also more general in the sense that it does not depend
on a periodic structure of atoms. The Mott model is thus applicable to such diverse systems as metal atoms dissolved in liquid
ammonia, metal atoms trapped in frozen gas matrices, and dopants in semiconductors.” In some systems, it is possible to
continuously tune the density of valence electrons with rather striking results. For example, dissolving alkali metal (Li, Na, ...) in
liquid ammonia (bp -33 °C) produces a blue liquid. The solvated alkali cations and negatively charged electrons impart ionic
conductivity (as in a salt solution) but not electronic conductivity to the blue liquid ammonia solution. But as the concentration of
electrons increases, a reflective, bronze-colored liquid phase forms that floats over the blue phase. This bronze phase is metallic
and highly conducting. Eventually, with enough alkali metal added, the entire liquid is converted to the electronically conducting
bronze phase.

The electrical switching of VO, between insulating and metallic phases (see above) can also be rationalized in terms of the Mott
transition. Adding more electron density (by chemical or electric field doping) increases the concentration of valence electrons,
driving the phase transition to the metallic state.

Thermodynamics and phase transitions

Thermodynamically, the metal-insulator transition is a first-order phase transition. In such a transition, the structure and
properties change abruptly (think of the breakfast-to-lunch transition at McDonalds - there is just no way to get pancakes after, or
hamburgers before 10:30 AM!!). Thus in the case of Sn metal, the changes in structure (from four- to eight-coordination) and in
electronic conductivity (insulator to metal) occur simultaneously. As in other first order phase transitions such as ice to water to
steam, there is a latent heat associated with the transition and a discontinuity in derivative properties such as the heat capacity.
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A typical phase diagram for a metal-insulator transition is shown at the right for V,05. The octahedrally coordinated V3* ion has a
d? electron count, so there are two unpaired spins per atom, and at low temperature the spins in the lattice order
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antiferromagnetically. As we learned in Chapter 8, above the Néel temperature an antiferromagnet becomes a paramagnet, which is
also a Mott insulator. Increasing the pressure, or doping with electrons (e.g., by substituting some d> Cr®* for V3*) pushes the
electron density over the Mott transition, the spins pair, and the solid becomes metallic.

This page titled 10.2: Metal-Insulator Transitions is shared under a CC BY-SA 4.0 license and was authored, remixed, and/or curated by
Chemistry 310 (Wikibook) via source content that was edited to the style and standards of the LibreTexts platform.
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