PH 409: Introduction to Condensed Matter Physics
Course instructor : Kantimay Das Gupta
Lectures are held: Mon (10.35-11.30), Tue (11.35-12.30), Thu (8.30-9.25) [IC 1]

Course Contents:
1. Describing condensed matter microscopically

e structure factor
e lattice and fourier transforming of densities.
e Unit cell concept

e Xray scattering

2. The free electron gas in metals

e Drude theory of transport
e Thermodynamic quantities

e response to electromagnetic fields

3. Bloch’s theorem

e Gap at zone boundaries and reduced zone scheme. Draw it with free electrons, show that in
the second zone, filled states are not near the zone center.

e Band structure as a perturbation problem.
e Classification of metals/insulators/semiconductors

e Kronig-Penny model of a solid.
4. Tight binding method

e Linear Combination of Atomic Orbitals as the way to build a molecule from atoms.
e ID example, 2D Graphene, 3D, some lattices like cubic/BCC/FCC.
e What are the shortcomings. APW and then e-e interaction.

e Mott insulators (NiO) if possible.

e Revision of Brillouin zone. Drawing the free electron Fermi surface. The Fermi level in Alkali
metals, divalent/trivalent metals.

e Why some metals can give hole-like Hall voltage.

5. semiclassical dynamics of electrons in a band.
e Introduce the equations, write Bloch oscillation condition, group velocity near zone boundary,
why k — k-G flipping does not give unphysical results?
e Concept of holes: what is the correct k vector of a hole, equation of motion, group velocity etc.
e Concept of orbits in a magnetic field (electron like, hole like and open)
e Concept of holes
e de-Haas van Alphen oscillation mechanism.

e Optical absorption and dHvA as two key methods of band structure determination

6. Phonons

e specific heat (lattice + free electron) ,

e thermal conductivity Bloch-Gruniessen if possible.



i
e One example of inelastic neutron scattering (perhaps from liq. Helium)

7. Chapter on bonding: electrovalent, covalent solids

8. Magnetism

e Pauli paramagnetism in the electron gas

e writing the free energy of an electron gas in magnetic field
e diamagnetism,

e ferromagnetism

e exchange interaction , ferro-antiferro, hysteresis,

e sSpin wave magnon,

9. Special topics (may be modified...)

e Conservation laws in a crystal
e fluctuation, dimensionality and order

e Collective modes/excitations
10. disordered material

e glass, colloids etc.

e Introduce g(r) and its significance

BOOKS: There are a (very!) large number of books on introductory Condensed matter physics. Two of
the most commonly used ones at this level are probably

1. C. Kittel, Introduction to Solid State Physics

2. N.W. Ashcroft and N.D. Mermin, Solid State Physics
There are many more texts like:

1. J. M. Ziman, Principles of the Theory of Solids

2. P. M. Chaikin and T. Lubensky, Principles of the Condensed Matter Physics. (This has a focus on
statistical and ”soft” matter)

3. N.F. Mott and H. Jones, The Theory of the Properties of Metals and Alloys (The early development
of the subject with very close attention to interpreting experimental data.)

From time to time I will suggest other references during the lectures.

Evaluation :
1. Class Quiz : 15%
2. Mid sem : 30%
3. Class Quiz : 15%

4. End sem : 40%
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This material is not a book or the complete course. It gives you some guidelines only. You should always
refer to the recommended books to see the standard development and data relating to a chapter.
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Chapter 1

Describing a collection of atoms:
Structure factor and lattice

Lecture notes for PH409 (Jul-Dec 2013): K. Das Gupta

In elementary quantum mechanics, we usually work with a single particle. In condensed matter physics -
we need to describe lots of particles together. The very first thing we need to do is to develop a language
to do so. We will first develop some methods to describe a static collection of atoms.

1.1 Fourier transform and Structure factor

It so turns out that the way to do so is to use the concept of Fourier transform. We first assume that
each particle (i.e. atom) is like a point mass and can be described by a delta function. So the density of
matter around any point r can be written as

p() = 3 ol ) (L1)

where the sum runs over all particles in the system. What is the fourier transform of this density?

pk) = / dr eikr Z d(r —r;)

all
space

= ) ek (1.2)

7
For k = 0 eqn 1.2 predicts a large peak whose magnitude is equal to the number of particles in the system.
We are more interested in the modulus of the (complex) function p(k), which is :

|P(k)|2 — Z efik.ri eik.rj (13)
,J

Once again, if we define it this way we will get a huge peak at k = 0, whose magnitude would be N2, so
we redefine the expression in a slightly different way to take care of this peak

§ : eikJ‘i

i

2
S(k) = % — N25(k) (1.4)

The function S(k) contains a lot of information about the ordering present in the material and is also
normalised by the total density.

How does the quantity look for a gas, liquid, crystalline solid, glass/ amorphous solid (discuss...)? We see

a lot more of amorphous solids and gases and liquids around us, compared to crystalline solids. It turns
out though, that the crystalline solids are mathematically easiest to describe.

3



CHAPTER 1. STRUCTURE FACTOR AND LATTICE
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Figure 1.1: Evolution of the structure factor during cooling and solidification of Pb. The data is taken
from U Schiilli et al. Nature 464, 1174-1177 (2010) doi:10.1038/nature08986. Don’t worry too much
about the details, but notice that the liquid is not a completely structureless thing, the same is true for
glasses also. We will see soon that a crystalline solid will have many prominent peaks in its S(k), rather

than just a few.



1.1. FOURIER TRANSFORM AND STRUCTURE FACTOR 5

1.1.1 What is a crystal?

A crystalline solid means that the positions of the particles are given by

(1D) ri = mnia; (1.5)
( 2D ) ri = niaj -+ noas (16)
( 3D ) ri = niaj -+ ngas + nzas (17)

where aj,as,a3 are fized vectors and ny, no, ng are any integers. An important point is that for a collection
of points to qualify as a crystal all points of the form in the sets of equation must belong to the collection.
We cannot say that only some points of the specified form are there and some are not there! Notice that
this idealised definition (due to Bravais) implies that the crystal must be infinite. This of course cannot
be true.

The set of vectors aj,as,as are called the primitive (translation) vectors of the lattice. They are not
necessarily orthogonal but must be linearly independent. The line segment (in 1D), parallelogram (in 2D)
or parallelopiped (in 3D) formed by the primitive vectors is called the unit cell of the crystal.

It follows from the definitions 1.5, 1.6 and 1.7 that the addition (or subtraction) of two lattice vectors
must produce another lattice vectors. If we can locate two lattice vectors, which when added leads to
a point that does not belong to the original set of points, then the set of points do not form a Bravais
lattice. See the example in Fig. 1.2 :

° ° ° ° ° ° ° ° ° ° ° °
» ° ° ° ° ° ¢ » ° ° ° ° ° ‘
» ° ° ° ° ° ‘
» ° ° ° ° ° ¢ » ° ° ° ° ° ¢
° ° ° ° ° ° ° ° ° ° ° °
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° ° ° ° ° ° ° ° ° ° ° °
» ° ° ° ° ° ¢ » ° ° ° ° ° ¢
» ° ° ° ° ° ¢
» ° ° ° ° ° ¢ » ° ° ° ° ° ¢
° ° ° ° ° ° ° ° ° ° °
° ° ) ° ° ° Q?
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» ° ° ° ° ¢ » ° ° ° ° ° ¢
» ° ° ° ° ¢
a2 ’ ° ° ° ° ¢ » ° ° ° ° ‘
° ° ° f ° ° ° ° ° i f ° ° °
° ) L}a ° ° d
° ° ° ° ° ° ° °
al » ° ° ° ° ° » ° ° ° ° °

Figure 1.2: (left)The lattice has unit vectors a; = (1,0) and as = (3, @) (middle)But the set of points

in the middle is not a Bravais lattice because addition of the two lattice vectors marked in red, leads to
a point that is not in the set. (right) But then the same set of points can be treated as a lattice with a

basis set of points at (0,0) and (0, %)

PROBLEM: Consider two points in a lattice given by:
ry, = miag; + meas + maas
r, = nija;+ ngaz + nzas
Show that the distance between them is given by the "metric” like expression:
d? = s Ms (1.8)

where
aj.a; a;.az aj.as
M = ag.A] AaAz.Aa2 ag.as (19)
as.a]; ag.az ag.as

and s = (my — n1, mg — n2, m3 — n3). Then show that:

det M = (a;.ayxas)? (1.10)




6 CHAPTER 1. STRUCTURE FACTOR AND LATTICE
Lattice and basis
To every lattice point, we can attach whatever we want - provided it is the same thing that we attach to

every point. Whatever is attached to each lattice point is called the basis. The simplest basis is of course
just the lattice point itself. But it can be as complex as we want to make it!

& QO
@ ® @]
@ O O
basis
@)
QO

Figure 1.3: The basis can be trivial or complex. Convince yourself that the choice of the basis is not
unique, though in many cases there will be a most sensible choice!
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1.1.2 Fourier transform of the lattice points

How would p(k) look for the lattice?

p(k) — Zeik.ri

1

_ Z cik-(n1ai+nsaz+nzaz) (1.11)
ni,n2,n3
_ Z oikeal Z oik-a2 Z elk-as (1.12)
ni n2 n3
(1.13)

Now suppose that we have some k vectors for which the following hold:

k.a; = 27 x some integer
k.ag = 27 x some integer
k.ag = 27 X some integer (1.14)

Clearly if k satisfies this, then any integer multiple of k would also satisfy this. The magnitude of p(k)
will be large whenever this happens because all the exponentials will add up in phase.

Now comes a very important point : these vectors are sharply defined. Let’s look at this using the 1D
case, which is easy to plot out without having to bother about vector components. In this case we can
write

pk) = e
n
_ Zeilmon
n
= N when kag=27

But how much is p(k + 0k), when we move away a little bit from the peak?

p(k + (5k) _ Z ei(kJr(Sk)Tn

_ § ezkaon ‘625ka0n

n

— Z eiékaon

n

2mm +5k
Let’s plot ‘W‘ for N = 100, 500, 1000, 5000 etc. Notice how the phase of each term starts chang-

ing rapidly and cancelling on average as N becomes large. (Problem: The sum can be done analytically

The structure factor of a crystalline solid thus has a series of sharp peaks. Liquids have some partially
developed broad peaks, gases have none.

PROBLEM: If the lattice has a basis attached to each point, the ”density” would be:

pr) = 3 f(r—Ry) (1.15)

Then show that: p(k) = <Z eik'Ri> f(k) (1.16)
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where the summation is something we have seen before and f(k) is the fourier transform of f(r) Can
you comment on the significance of the result?

Sharpness of a reciprocal lattice peak

T T T T T T 1 LS——
1.0 F X, = nha, g -
=3 -
| P(X) = 250x) 0.04 = ]
p(k) - z:nelkaon \Ll:,
08| . LS -
k, = integer x 2n/a TEJ
. 0.02 —§
Z 061 ——N=100 o -
= | ——N=200 |
< —— N=500 0.00 |
Q 04} ——N=1000 L N
I 0.000 0.005 0.010 |
02| -
0.0 | -
| 1 | 1 | 1 | 1 |

-0.10 -0.05 0.00 0.05 0.10

5k = k-k_

Figure 1.4: Notice how the sharpness of the peak grows with the size of the sample. We will see later that
the width of such peaks, which can be experimentally measured by X-ray diffraction, can be a measure
of the grain-size of the material.

1.2 The reciprocal lattice

Now, back to the question of Fourier components which contribute to the lattice. We shall denote them
with G. Clearly they need to satisfy for any lattice vector r

G.r =27 X any integer (1.17)

There is a very elegant way of writing down the set of all vectors which satisfy the condition 1.17. Define

ag Xas
b, = 21—
aj.azXas
agXai
b, = 21—
aj.azXas
a] Xag
by = 271792 (1.18)
aj.azXas

Neither (aj,az,a3) nor (by,bs,bs) need to form an orthogonal set. But they satisfy

ai.bj = 27‘(51‘]‘ (1.19)
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It is straightforward to see that any vector of the form
Ghrr = hby + kbg + [bs (1.20)

would satisfy the condition 1.17. The set of points with integer h,k,l, as defined clearly form a lattice.
This lattice is called the reciprocal lattice of the original lattice.

PROBLEM : Show that the reciprocal of the reciprocal lattice is again the direct lattice, as one might
expect.

Some mathematics texts define these vectors without the factor of 27. In which case the condition 1.17,
should also not contain the 27 factor. It is then (usually) called the dual lattice.

1.2.1 Specifying directions and planes in a lattice

We need to know two more geometrical aspects of the lattice. We have this infinite collection of points.
We need to be able to specify a direction and specify a plane (take a cut) through these points. How does
one do these?

Defining hkl planes: Miller indices

Recall condition 1.17. This definition allows us to classify all points in the direct lattice into non-
intersecting sets, in a way that no point will be left out at the end. We fix a reciprocal lattice vector Gy,
and an integer ng then form the set of all points for which Gyy.r; = 27 X ng.

The set of points belong to a plane and the vector Gpy; is perpendicular to the plane. This is very simple
to show,

thl-rj = 27T><no
LG+ Gy + Gz = 21 xXng (1.21)

which is the equation of a plane in cartesian co-ordinates. Taking the gradient of the LHS of eqn 1.21
yields the direction perpendicular to the plane, which is clearly the vector with components (G4, Gy, G>).

Now we can choose some other ng and we will get another plane parallel to the original plane. These set
of planes are called the hkl planes. The perpendicular to this family of planes is Gpg;.

We also ensure that hkl ar relatively prime and reduced to the smallest possible set of integers. For
example 123 and 246 define the same family, we will always use 123 to denote the set. This is called the
Miller index of a plane.

The convention is to reduce the set of numbers to the smallest possible integers and then denote the family
by (hkl). It is possible that some of the integers will be negative - such intercepts are denoted with a bar
on top. for example a plane may cut aj at -1, as at 2 and a3 at 3. Then we will denote this family as (6, 3, 2)

No point in the direct lattice has been left out in the process, because condition 1.17 holds for all points
of the lattice, so any point must belong to some plane in any hkl family.

PROBLEM : Show that an hkl plane intersects the primitive axes formed by (aj, ag, ag) making intercepts
in the ration 1/h: 1/k: 1/I
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Spacing of the hkl planes

We know that ¢’GT is also the equation of a plane wave, with wavevector G propagating in the direct
lattice. The surfaces over which G.r is a constant are the wavefronts. The discussion in the preceeding
section implies that the hkl planes are precisely such wavefronts. Therefore the spacing between two
successive hkl planes, for which the constant ng in eqn 1.21 differs exactly by 1, must be the wavelength
associated with G. We thus get a very important result -if dy; denotes the distance between two successive
planes, then

2
dpp = — (1.22)
|G

Density of points on an hkl plane

The density of points (per unit area) in an hkl plane is

d
Nhkl = % (1.23)

where V = aj.asxag is the volume of the primitive unit cell. The proof is left as an exercise.

PROBLEM : Prove eqn. 1.23

These two results will come in very handy when we discuss diffraction from a lattice.
Direction in a lattice
If a vector points along

r = njaj+ ngas + n3ag

then we denote this direction as [n1,n2,n3]. Note the use of different brackets to avoid confusion with
Miller indices.



Chapter 2

Diffraction and basics of crystal
structure

Lecture notes for PH409 (Jul-Dec2013): K. Das Gupta

References:
1. Chapter 5 Solid State Physics, N. W. Ashcroft and N.D. Mermin
2. Chapter 1 & 2 Introduction to Solid State Physics, C. Kittel
3. Useful (free) software for visualising crystal structures:

e XCrysden : http://www.xcrysden.org
e POV-ray : http://www.povray.org
e Crystosim : http://home.iitk.ac.in/ sangals/crystosim/finalsolution/startpage.html

How does one know about the structure of a solid or a liquid or a glass? There is a generic answer to this
question. We take a small piece of the material. We then send a beam of X-ray or neutrons or something
else at the material. We measure what comes out. Because electromagnetic waves and a beam of particles
can be treated in a similar way the experiment essentially involves a single question. If we throw a wave
with wavevector k; at the material what is the probability that the same beam/particle will come out
(make a transition to) with wavevector ky 7 We will give a ver general answer to this question and show
that the answer always involves the structure factor of the material which scattered the object thrown at
it. But this we will do at the end of this chapter. We will do a few specific cases first and then come back
to this.

You may also ask whether diffraction tells us something about the structure that a probe like Scanning
microscope cannot? The answer is that all scanning probe techniques sample the surface (or at best the
first couple of layers) whereas diffraction can (but not necessarily does) sample the whole volume. The
structure of the few layers near the surface is often very different from the bulk structure. This (called
surface reconstruction) is not an anomaly but has clear reasons behind it. Though we will not get into
this, it is worth remembering that the structure seen by an Scanning tunneling microscope (STM) or
Atomic Force microscope (AFM) can be different from what a volume-sampling X-ray diffraction would
suggest.

2.1 Bragg diffraction

Historically X-ray diffraction was first used by Bragg to determine the structure of crystals. Recall what
we learnt about the (hkl) planes in chapter 1.2.

11



12 CHAPTER 2. DIFFRACTION AND BASICS OF CRYSTAL STRUCTURE

e Allthe atoms can be grouped into a set of parallel planes labelled by the perpendicular to the family
of the planes (eqn. 1.20)

Grei = hby + kby + [bs

e No atom would be left out and the planes would be separated by (eqn. 1.22)

27
dpir = G|

e If the numbers (hkl) get too big, then the density of points on each plane would be low and the
separation would be very small as well. So we restrict ourselves to (hkl) numbers not more than ~4

(typically).

Thus a beam of radiation can see the sample as a set of planes, and bounce off these planes. But would
the reflections from the successively deeper planes be in phase and interfere constructively?

The simple answer is that if the path difference (CX2C") in Fig. 2.1 is an integer multiple of the wave-
length. This is satisfied, if

2dpp sinf = nA (2.1)

We choose X-rays because they have wavelengths comparable to atomic spacing (typically few A. If the
spacing was much larger, we would have chosen longer wavelengths. Similar phenomena would occur if
we shine a (visible) laser on ”colloidal crystals”.

(2]

Q

L S
I, O
Q

Figure 2.1: When would the successive reflections interfere constructively? This requires that each reflec-
tion from the successively deeper planes differ in ”optical path” by a multiple of the wavelength of the
radiation. In the figure X1C is 1 BX2 and X1C’ is 1 on X2B’. Note that the outgoing beam suffers a
deviation (from its original direction) equal to 26.
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2.1.1 Powder diffraction : Debye Scherer ”camera”

The Bragg condition eqn. 2.1 contains a sharp insight about when a crystal gives specular reflection. Do-
ing the experiment in reality with a 3D crystal would give rise to spots corresponding to the reflections.
However what if a single crystal is not in hand? Very often one gets poly crystalline sample or a powder,
which means that the angles at which small bits of the crystal are arranged are random.

The direction of the incoming beam remains the same. Now to get a certain hkl reflection we can imagine
rotating the Gypg; vector around the incoming beam, keeping 6 constant. The reflections would then
spread out on a cone as shown in the figure 2.2. The film would intercept these cones, from the film
(detector signal peak) we can measure the half angle of the cone, which would be 26. Note that for this
method to work the X-ray source must be monochromatic. A ”monochromator” would usually filter the
radiation coming into the sample, (not shown in the figure). This could simply be a cleanly cut single
crystal (e.g. Germanium), giving a sharp reflection at a known angle. The broad circular patches in the
filmstrip are the entry and exit points of the beam.

A plot of the intensity against the deviation (260) and we get results like:

e Knowing the angles and A we calculate the d.
e Now if we have a guess about the structure, we try to match the reflections with certain (hkl) values.

e If our model accounts for all the reflections we consider the problem to be solved.

The sharpness of the peaks will depend on crystal ”quality”, grain size etc. See the example in Fig 2.4.
It is possible to estimate the grain size of particles (if they are very small) from the FWHM (A#) of the
peaks. This is given by:
K\
Lcost

where K is a geometrical factor that depends on the shape of the grain (K = 0.9 for spheres), A is the
x-ray wavelength, L is grain diameter, 6 is the (Bragg) angle at which the peak was seen. Recall the size
effect we have seen before in summing the contribution to the fourier components of a 1D chain in chapter
1.

Af ~

(2.2)
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MODIFIED FROM
CULLITY (1956)

DIFFRACTOMETER
CIRCLE

POWDER
SPECIMEN

SCHEMATIC OF X-RAY
DIFFRACTOMETER

Figure 2.2: Debye-Scherer camera, the film would have been fitted in the inside of the cir-
cle, when they were first made. Now of course it would be an electronic detector scanning
through the angle as shown in the next schematic. The photo taken form <http://www.tf.uni-
kiel.de/matwis/amat/mw2_ge/kap_3/backbone/r3_5_1.html>
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XRD Pattern of NaCl Powder
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Figure 2.3: Bragg diffraction from NaCl. The figure is taken from <http://www.universe.review.ca>.
The problem is to figure out the structure, given a data like this and some reasonable guesses.
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Figure 2.4: Bragg diffraction from bulk Silicon and nanocrystalline Silicon. Notice the broadening of the
peaks. figure is taken from http://www.vanbokhoven.ethz.ch/education/XRD_excercises.
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2.1.2 Handling the basis in the scattering problem

The Bragg condition, as we remarked, offers a sharp insight as to how a crystal reflects the X-ray. It is
however, not sufficient. We said nothing about the basis, sort of implicitly assuming a monoatomic lattice
in the previous section. We now consider the scattering problem a bit more formally.

A standard scattering problem in quantum mechanics is depicted in Fig. 2.5. An incoming plane wave
hits a scattering center. The scattering process creates an outgoing spherical wave (here treated as a
scalar wave). The sum total that the observer will see is the sum of the original and the scattered wave.
The scattering is elastic so the magnitude of the wavevector does not change.

The observer (at r) sees (we are ignoring normalisation at this point)

, eiklr]
¢(I‘) ~ elko'r + ;Sv(l(o7 k)T (23)
r
Elastic scattering implies
kol = [K| (2.4)
r
k = ko- 2.5
0 (2.5)
We place the observer at large distances : |r| >> |r/|. Then in Born approximation:
S(ko, k) ~ / d3r’ e_ik'r,V(r')eiko'r, (2.6)

all crystal

This form will appear for all cases whenever the initial and final states can be represented by plane waves.
So this will work for X-rays, neutron beams etc. The scattering potential can be written as a sum over
each lattice point (unit cell):

V(') = Z v(r' —R,) (2.7)

where each term is taken to be non-zero in the n'" unit cell. Due to the symmetry of the lattice (R, are
lattice vectors)they are identical in functional form. The interaction potential between the lattice and the
x-ray is proportional to the electron density at the point.

Hence the Born approximation implies:

Stkok) = Y elkeroRe [ gig il kg (g) (28)

" unit cell

= flg)) et (2.9)

n

where & runs over the unit cell only and q = kg — k is the change in wavevector due to the scattering
process. The sum (eqn 2.9)would be significantly different from zero only if q is a reciprocal lattice vector.
The measured intensity would be proportional to |S(ke,k)|* and hence the structure factor would come
into the expression naturally. The relation between scattered intensity and structure factor is thus very
general and forms the fundamental basis of many experimental methods.

PROBLEM : Show that the condition k—kg = G leads to the Brag condition deduced earlier : 2dsin§ = A

The unit cell has a few atoms at positions d;, then the scattered amplitude can be written as
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Figure 2.5: We write the scattering amplitude from each site and then sum over all sites to get the total
amplitude.

fla) = ) dadifiton(g) (2.10)

unit cell

The atomic form factors can be shown to be integrals over the electronic charge distribution p(r). An
implicit assumption is made that the electron distribution of the isolated atom (ion) can be used to
calculate the scattering from the lattice.

f@= [ drpwear (2.11)

atom

Now note a few points :

e In general the integral (eqn. 2.11 )will fall quite rapidly as |q| increases.

e The larger the number of electrons (Z) in the atom, the more visible it would be to x-rays.

e eqn. 2.9 and 2.10 together imply that a certain reflection allowed by the lattice may get cut off by

the sum over the basis.

2.2 A few common lattice types
When we talk about two distinct lattice types, we mean that one lattice (with no basis) cannot be
superposed on the other by simply expanding or contracting it. Thus the question of how many lattice
types there can be, is related to enumerating the possible rotational and other symmetries (like 3 fold,

4 fold or inversion etc.) We will not go into this enumeration, but just describe the most common ones.
(See chapl of Kittel for example for a full listing)
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2.2.1 Simple Cubic

The simplest possible lattice, where there the lattice points are distributed on the corners of a cube. It is
not very common. Only one element is known to crystallise in this form - Polonium.

However there are many compounds which can be described as simple cubic with a basis. A representative
example is Cesium Chloride.

Figure 2.6: The Cesium chloride lattice, the lattice constant @ = 4.11A. Other materials which crystallize
like this are NH4Cl, CuPd, CuZn, AINi, BeCu etc.

The lattice vectors are (trivially):

a, = ax
Ay = CLS’
ag = az (2.12)

where a is the length of the sides of the cube. The basis at (See Fig. 2.6):

d = 0
1 1 1
_ o1 1 2.1
d 2a1—|—2a2+2a3 (2.13)

PROBLEM : Which hkl reflections would be cut off by this basis, following eqn. 2.107 if the sites were
occupied by the same atom? However this is a bit hypothetical for Cesium chloride, because the atomic
form factors of Cs and Cl are not the same.

2.2.2 Body-centered-cubic lattice

If we place an identical atoms at the center of a cube and on all the corners, we get a Body-centered-cubic
lattice.
The conventional unit cell would be simple cubic with the basis vectors given by (0,0,0) and (1,1, 1).

But there is also another choice, where the unit cell is defined in a different way, so that there is only one
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Figure 2.7: The lattice and the basis for a BCC. Alkali metals like Li,Na,K,Rb are BCC at room
temperature, so is Fle.

lattice point per cell.

a
ap = §(f<+5’*2)
a . A .
as = 5(x—y+z)
a A A .
ag = §(fx+y+z) (2.14)

2.2.3 Face-centered-cubic lattice

If we place an identical atoms at the centers of each face of a cube and on all the corners, we get a
Face-centered-cubic lattice.

If we choose the cubic unit vectors (eqn 2.12 then the four basis atoms in the cubic unit cell(see Fig. 2.8)
should be at

d =0
1
dy = Ja1+ sa
1 1
d; = S22t 523
1 1
dy, = 5&3 + Eal (215)

However there is a way of choosing the lattice vectors so that there is only one basis atom in the unit cell.
These primitive vectors are :

a . A
a; = §(X+Y)
a . A
az = §(Y+Z)
a; = g(iJrfc) (2.16)

Notice that these primitive lattice vectors (eqn. 2.16 are simply obtained by joining the basis atoms with
the origin.
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Figure 2.8: The lattice and the basis for a FCC. Many common metals like Pb, Cu, Pt, Au crystallize as
FCC

PROBLEM : One of the standard problems in crystal structures: Show that the FCC and BCC lattices
as described by the primitive vectors (eqn. 2.16 and eqn. 2.14) are reciprocal lattices of each other.

NacCl lattice

NaCl crystallizes into a lattice, which has alternate Na and Cl atoms along all the edges of the cube as
well as through the perpendicular lines running along the middle of the faces. If the atoms were identical
then it would be a simple cubic with half the lattice constant.

The basis atoms are at (referred to the cubic unit cell):

Na: d; = (0,0,0)

dy — G%o)

dy — <%0%>
- o)
111

Cl: a5 = (57575)
dy — <o,o,§)

dy — <0,%,0>

dy — @00)

2.2.4 Diamond lattice

Carbon, Silicon, Germanium and compounds like GaAs, InSb, ZnS, SiC crytallize in a lattice that is fcc
with a two atom basis.

The cubic unit cell has 8 atoms in it, each of the four fcc lattice points contributing two atoms. The
second atom is displaced along the diagonal of the cube by %th of the cubes diagonal. So we have for the
basis in terms of the cubic lattice vectors a;



2.2. A FEW COMMON LATTICE TYPES 21

Figure 2.9: The NaCl lattice. The cubic lattice constant a = 5.6A and for KCI, K Br, LiH, AgBr, PbS
all have similar lattices.

d; = (0,0,0)
dy = (%%0)
- (03)
dy = (%0%)
111
d = (Z’Z’Z)
- (330)
133
= (Z’Z’Z)
dy = (Zig) (2.17)

Another way to describe the diamond lattice is to use the FCC unit vectors, (still using the cubic cell to
define our unit of length), so that the atoms are

d, = (0,0,0)
111
_ (111 2.1
ds a(47474> (2.18)

Then the reciprocal lattice vectors would be

bi = “(-%+y+2)
2
by = %(&—5/4—2)
2
by = —(kx+¥—2) (2.19)
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Figure 2.10: The diamond lattice. On the left column, we have used the cubic unit cell, on the right we
use the FCC primitive vectors. The cubic lattice constant a = 3.57A and for Si a = 5.43A
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PROBLEM : Which Rkl reflections would be cut off by this basis, following eqns. 2.18 and 2.197 Consider
the general reciprocal lattice vector to be of the form

G = hby+kby +1bs

Can you see the advantage of making the basis as small as possible?

ZnS and GaAs lattice

Figure 2.11: ZnS lattice, similar to diamond but the atoms are different.

The ABO3 Perovskite lattice

A large number of compounds that show interesting properties like piezoelectricity, ferroelectricity, giant
magnetoresistance, superconductivity at high temperatures, have a composition of the type ABOgs, where
A and B are two different positively charged ions of different size and O is oxygen. The structure can
undergo deformations and will not be necessarily have lattice vectors of equal size, though the one shown
here has.

A summary of various names

All the examples given so far could be described using a cubic system. This need not be so.

In the context of crystal structures one comes across a lot of names. Here’s a brief survey of what they
mean. Notice how the symmetry of the structure is given up in steps.

e Cubic: Simple cubic, BCC, FCC lattices. We can describe them using three lattice vectors of equal
length, which are also orthogonal to each other.

e Tetragonal: The three lattice vectors are orthogonal, but two (not three) of them are of equal
length. We can transform the cube to this structure by pulling one face.

e Orthorhomic: The three lattice vectors are orthogonal, but no two vectors are of equal length.
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Figure 2.12: CaTiOs lattice, The lattice constant is 3.8A.
e Rhombohedral: The three lattice vectors are of equal length but no two lattice vectors are or-
thogonal to each other, this will happen if a cube is pulled along its body diagonal.

e Tricilinic: The three lattice vectors are of unequal length and no two lattice vectors are orthogonal
to each other.
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2.3 A Geometrical excursion: Wigner Seitz cell, Brilloiun zones etc
In this section we are going to introduce a new concept, the significance of this is impossible to describe

right at the beginning. For example it is impossible to justify or describe why Fourier transforms are
important, at the time of introducing it. So we would not attempt it!

2.3.1 Wigner Seitz cell

Let’s consider a collection of points in any dimension. They are not necessarily in any regular pattern.
Then divide the entire pattern into zones, around each point , according to the following rule

Collect all points, that are closer to a certain lattice point, than to any other lattice point.

Notice how the pattern (Fig. 2.13) looks for a random collection of points.

Figure 2.13: The area around a lattice point, that is closer to that point, than to any other lattice point.

The figure can be constructed according to the following rules

1. Join a particular point to a few (all others if you want) neighbouring points.
2. Construct the perpendicular bisector of each of these lines.

3. The smallest area around a point that is enclosed by the perpendicular bisectors form the Wigner-
Seitz cell around that point.

Of course, if the lattice is regular then the cells will also be regular and is infact a possible way to form
the unit cell of the lattice, containing exactly one lattice point at its ”center”.
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Figure 2.14: The Wigner-Seitz cell for the triangular lattice with lattice vectors (1,0) and (%,@)
. Part of the picture is taken from Wikipedia.

PROBLEM : Now you can convince yourself that irrespective of whether the lattice is ordered or dis-
ordered, the Wigner-Seitz cells would cover the area leaving no ”gaps” or ”"overlaps”. In mathematical
language it tiles the plane. Show that a Wigner-Seitz cell is always a convex polygon.

Brillouin zones

Obviously these cells can be drawn in any lattice. The convention is that when Wigner-Seitz cells are
drawn in the reciprocal lattice they are called Brillouin zones. However the concept of the Brillouin zone
is a little more involved than the Wigner-Seitz cell itself.

Higher order Brillouin zones
2.3.2 In 3D....

We can extend the idea of the Wigner-Seitz cell to 3D. We are already familiar with some of the lattice
types in 3D. The rule for constructing it similar to what we have stated, except now the bisectors of the
lines joining the points are no longer lines, but planes. See how it would look for the two most frequently
encountered lattice types BCC and FCC.
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Figure 2.15: For a SQUARE lattice : notice how the bisectors of all the lines connecting the point at the
center divide up the plane into many disjoint parts. The central part is the Wigner Seitz cell, but the
other parts have their significance too.
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Figure 2.16: Same for a TRIANGULAR lattice...
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Figure 2.17: The higher order Brillouin zones in a square lattice. The significance of this will appear
when we get into band structure. For the time being it is just a bit of interesting geometry
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Figure 2.18: BCC Wigner-Seitz cell, shown in ”transparent” way..

Figure 2.19: BCC Wigner-Seitz cell: another view showing which neighbours are involved in forming the
planes.
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Figure 2.20: FCC Wigner-Seitz cell, shown in ”transparent” way..

Figure 2.21: FCC Wigner-Seitz cell: another view showing which neighbours are involved in forming the
planes.
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Chapter 3

Free electrons in metals: basic
thermodynamics, transport and
electrodynamics

Lecture notes for PH409 (Jul 2012): K. Das Gupta

References:
1. Chapter 1 & 2 Solid State Physics, N. W. Ashcroft and N.D. Mermin

2. Chapter 12 & 16, Solid State Physics, N. W. Ashcroft and N.D. Mermin (for the Boltzmann transport
equation)

3. page 61-67, Quantum Heterostructures, V. V. Mitin, V. A. Kochelap and M. A. Stroscio (for the
Boltzmann transport equation)

4. Chapter 6 Introduction to Solid State Physics, C. Kittel

5. e An useful article that you can read as an aside, about resonant responses: Reversing Light:
Negative Refraction, J. B. Pendry and D.R. Smith, Physics Today, December 2003.

e A very interesting article on a similar subject: The electrodynamics of substances with simul-
taneously negative values of € and . V.G. Veselago, Soviet Physics Uspekhi, 10, 4 p509-515,
January-February 1968.

To a first approximation we can think of metals as a gas of electrons in a box, behaving very much like
"particle(s) in a box”, independent of each other. There is a specific meaning of the word ”gas” in this
context. When we say electron gas, we usually imply that the Coulomb interaction between the individual
particles have been ignored. When we take the interaction into account, we usually refer to the system
as a (fermi) liquid. The interaction between the electrons are not weak, but the approach works to a
surprising extent. Metals have some basic properties - they are good conductors of heat and electricity,
good (shiny) reflector of light etc. These have fairly decent explanations within the ”free electron” model.
But how did we get so lucky here? The answer to that would have to wait for some time. Let’s see
what we can get after making this simplifying assumption as far as thermodynamics, transport of electric
current and electrodynamics are concerned.

3.1 The basic model

Fig. 3.1 shows our picture of a (very!) simplified metal. The highest electron energy is 4-5 eV below
the vacuum level. This is the typical energy that the electron must gain (in a photemission/thermal
emission process, for example) to be able to escape from the "box”. This is consistent with the fact that
ultraviolet light is usually needed for photoemission from metals and electron emitting hot filaments need

33
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o crvutfod

Y AT

Figure 3.1:

to be heated to (typically) > 1500°K

Recall the following consequences of fermi statistics and their ”freedom” to move about inside the metal,
which the non-interacting electrons must obey.
1. 2 fermions cannot occupy the same state.

2. Spin % objects like electrons have two possible spin states.

3. The wavefunction of the electrons may be written as :
1 ik.r
U(r) = —=e (3.1)

4. The energy-momentum relation is like a free particle

h2

E(k) o

(k2 + k. + k2 (3.2)

5. The energy level populations are given by:

1

f(E p) = [y (3.3)

where p is called the chemical potential of the system. It is important to remember that the
probability of an energy level being occupied drops sharply as one crosses p from below.

3.1.1 How does the Fermi distribution look?

Look at Fig. 3.2, the distribution drops sharply near the chemical potential. At T = 0 it is a step
function. The region over which it is significantly different from 7" = 0 characteristic is the spread of the
distribution. This is ~ kgT. kg is the Boltzmann constant which has a value 1.38 x 10723 Joule/K. At
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Figure 3.2: Note how the Fermi distribution becomes sharper at small 7. We have chosen the chemical
potential to be a realistic number for normal metals. How does the derivative df (E)/dE look?

room temperature (300K), kg7 ~ 25meV in energy units.

PROBLEM : Certain combinations of the Fermi function, occur very frequently in expressions that involve
scattering or transitions. It is useful to be familiar with the combination fO(1 — fY)

Make a rough sketch of how f°(1 — f%) would look as a function of energy. How does the area under the
curve of fO(1 — f0) vary with temperature?

3.1.2 What fixes the chemical potential (at 7' =0)?
We have kept p as an undetermined parameter. You can see that since

1

all states
must hold, chemical potential and the number of particles in a system are implicitly related. To be able to
evaluate the sum we need one more information. Thermodynamics gives the probability of a level being
occupied, but does not tell us how many levels there are (density of states) between E to E + dE.
The density of states

We formulate our argument in terms of the k vector.

e The allowed values of k for ”particles in a box” is determined by the condition that the wavefunction
must vanish at the boundary. This imposes a ”quantization”.

e One gets similar results for standing waves, electromagnetic modes in a cavity etc.
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e Another way of getting the same result was introduced by Born and von Karman. We assume
that the whole structure is periodic, so it is like a loop in 1D, torus in 2D etc. Periodic boundary
condition means :

1/1(907% Z) - ¢(3€ + L,y,Z) - ¢($ay + L, Z) = 7/1(957%2 + L) = 1/1(957% Z) (35)

Hence
othal _ gikyL _ ik:L _ | _ ji2nm (3.6)
This means that two allowed points in k-space are separated by

2T

Aky = Ak, = Ak, = —

Hence the very important result (with V = L?)

oo (2‘;)3/ k... (3.8)

all states

e We can then use the E(k;, ky, k) relation to convert the density of states D(k) = # to D(E).

e Since the momentum is p = &k, this also implies that the volume occupied by a point in phase space
is ~ h3

Calculating D(E) from D(k)

For free particles we can write for each spin state:

D(E)dE = (2‘;)347rk2dk:
1 /2m\?
D(E))V = W<ﬁ> VE (3.9)

The last step is written to get the density of states per unit volume.

PROBLEM : What will be form of eqn 3.9 in 1D and 2D?

A slightly different way of getting D(F)

Suppose we didn’t assume the travelling wave like states for the particle. Recall that a particle in a 2D
"box” of size Lx L would have un-normalised wavefunctions given by

sin 22T g sin "y O<z,y<L
— L L )
¥(z,y) { 0 otherwise (3.10)
The energy of these states would be given by the usual free particle expression
h2r?

If that is the case then how many states are there between E to E 4+ dE 7 Recall that in the travelling
wave case each allowed value was spaced by 27/L along each direction. In this case the allowed values
are clearly spaced by 7/L. Shouldn’t it end up making D(F) double? The answer is no.

It is true that the area per state is now less by a factor of four (in 2D). But in the n,, n, space only
positive values are allowed. This is because sinnrx/L and sin —nmz/L are not distinct states, but e?*®
and e~ are distinct states. To see why this is so, we can imagine measuring the momentum of these
states. The state e?*® would give ik and the state e=*** would give —hik. These two states correspond to
two distinct eignevalues of an operator and are distinct states. Both must be counted. Whereas the state
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sin —nmx /L is simply -sin nmz /L. They should not be counted twice.

Thus to count the number of states with energy less than E we need to know how many allowed (n, ny)
pairs in the first quadrant, we get such that

2mL?
2 2
The answer is
1 2mL?
dQ(E) m g
DF) = —— = .14
(E) dE 2mh? (3.14)

Compare this with the results of problems in the earlier section.

A general expression for density of states

So far we just considered the density of states of essentially free pagticle. Another way of stating this
is that we just counted the eigenvalues of the Hamiltonian H = 2p—m We can then ask - what if the
Hamiltonian is more complex? For example one can have a magnetic field or some potential. Obviously
the eigenvalues of such a system would be very different from a free particle. One might expect that the
density of states D(F) should have a connection with the Hamiltonian. This is indeed correct, but the
mathematical form of that relation requires some work. We will need to introduce the Green’s function
(operator) corresponding to the Hamiltonian defined as

1

G(E +ie) = R (3.15)
Notice that the operator G has singularities. The denominator will become zero when it acts on an
eigenstate of H, unless we introduce the vanishingly small imaginary part, ic . We will take the limit of
the expression at the end. The non-trivial role of this quantity will become clear when we do a contour
integration. A similar method is also used calculation of scattering amplitudes (See Sakurai, Modern
Quantum Mechanics, for more details).
H has eigenvalues and normalised eignefunctions - F; and ); respectively. We also consider another
complete set of normalised functions f,, these do not have to be eigenfucntions of H. To get the density
of states we need to evaluate (as always)

D(E) =) §(E - E)) (3.16)

Consider an intermediate quantity called the ”projected density of states” on f, as

na(E) = Z |(falv)P6(E — E;) (3.17)

You should be able to show the two results
1. [dE no(E)=1
2. > na(E) =3 6(E - E;) = D(E)

Now consider the diagonal elements of the Greens’ function in the a basis:

Gaa(E‘Fie) = <fa|ﬁ|fa>
= S et Wil N )

i7j
1
= EZ |<fa|¢2>| E+i€—Ei

(3.18)



38 CHAPTER 3. FREE ELECTRONS IN METALS .......

Notice how the operator H has been replaced by the number F; because H was acting on its eigenfunctions.
Rationalise the expression and pick out the imaginary part.

It is a standard exercise in contour integration to show the following;:
€
li —— — =7d(F — F; 3.20
5—1>r(§1+ (E — EZ‘)Z + &2 m ( 2) ( )
eqns 3.19 and 3.17 now give us the important results:
1 . .
ne(E) = —— lim Im G, (E + ic) (3.21)
T e—0t
D(E) = ) na(E)
(03
1
= —— lim Im Tr Gpo(F + ic) (3.22)

T e—0t
Notice that the density of states have been related to the Hamiltonian via the Green’s function construct.
This is called the ”spectral theorem”.
T =0 case

The total number of particles and the highest occupied energy level are easily related at T'= 0. We start
filling the states from the bottom one by one and stop when we run out of particles. The factor of 2 in
the later steps accounting for two spin states.

nw
N = / (2‘;)3d3k (3.23)
0
r 1 /2m\?
NV = /dE a7 (%) VE (3.24)
0
wT =0) = (%) (372n)2/3 (3.25)

We will call the chemical potential at T' = 0 the Fermi level Ep. It turns out that the difference between
the values of p at T'= 0 and T" = 300K for normal metals is very small. This we will prove soon.

The radius of the spherical surface which separates the occupied and unoccupied states is called kp. In
3D, with n = N/V

1/3

kr = (37T2’I’L) (3.26)

In real metals, n ~ 102cm=3, so kr ~ 10%cm~! from 3.26. The value of 1/kp is around 10~% cm,
corresponding to atomic distance. Using this value gives p(0) ~ 4 — 5eV. Since 1 eV is the energy corre-
sponding to 10*K, the room temperature, 300 K, is sufficiently low compared with the Fermi temperature,
Tr = p/kp. This fact is very important in understanding the electronic properties. The level splitting of
one-electron energy near the Fermi surface is given by

p/N ~ 1072V (3.27)

As a result, excitations near the Fermi energy can be created with vanishingly small energy, the discrete-
ness of energy levels doesn’t show up.
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Energy of the system

The highest energy level occupied by the system is clearly >> kpT', this is a consequence of fermi statistics.
We now ask, what is the total (kinetic) energy of N electrons confined to a volume V7 To answer this
question we must calculate

U(T) = / dE ED(E)f(E, 1) (3.28)
Ou

UT =0) = /dE ED(E)f(E, ) (3.29)
0

_ %NM(O) (3.30)

The algebra is left as an simple exercise. The internal energy is far greater than that of a classical ideal
gas with the same density. The energy per electron is of the order of 10*K for normal metals.

3.1.3 At finite T

We want to be able to calculate response functions of the system like specific heat, susceptibility etc. For
that we must learn to compute the integrals without assuming a sharp cut off at T'= 0.

Sommerfeld expansion of Fermi integrals

While dealing with Fermi systems we often encounter integrals of the form

o0

1= [ 4B B)1(Ep) (3.31)
0

Often g(F) is a fairly simple function of energy and the density of states and is well behaved near £ = p.
We also assume that we can integrate g(E) such that

G _ o) (3:32)
or equivalently
E
G(E) = /dx g(x) (3.33)
0
We then integrate by parts to obtain
I = GEE W+ / dE G(E) &%) (3.34)
0
— —G0)+ /dE [G(u) (B = )G () + %(E G () + ] <w> (3.35)
0
[+GO0) = G /OOO dE <-%€7’“)> () /OOO AE (E — 1) G%’%“))
+ %/jdﬁ? (E — p)? (—%)Jp.. (3.36)
Now, recall how —% behaves.
df (B, p) B
T 4dE (eBE=1) 4 1)(1 + e~ BE-w)) (3.37)

Note the following;:
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e In the limit 7" — 0 it gives 0(E — ), but at other temperatures also it is sharply peaked at £ = p and
decays exponentially as we move away. This makes the contribution of any polynomial insignificant.

e We can change the limit of the integration from [0, o], to [—o0, co], without introducing any signif-
icant error.

e It is easy to see that all terms with an odd power of (E — p) vanish. You can fill in the steps to get
the important result that allows us to express the integral as power series in 7.

e We can ignore G(0) on the LHS, because in almost all cases there will be a density of states factor
in G(E) which will make G(0) = 0.
So,

G2n " x

2n

—0o0

= G(p) + Y G () (kpT)*" 22, (3.38)

Where the numbers cg,, are available as a standard integral

S - -
T (2n)! (e +1)(e® +1) '
2
¢ = % (3.40)
7t
= — 41
“ T 70 (3.41)

Variation of the chemical potential ;(T")

Now we want to calculate the variation of the chemical potential with T. We (thermodynamically) distin-
guish between situations where N is kept fixed (microcanonical/canonical ensemble) and a grand canonical
ensemble where p is held fixed. In a canonical ensemble p will change to keep N constant. In a grand
canonical ensemble, that allows exchange of particles, some particles will come in or go out (N changes)
to keep u the same as T is changed. We assume fixed N.

We have using the Sommerfeld expansion

N = / dE D(E)f(E, p) (3.42)
0
r 2 dD(E
- /dE pE)+ = PEV ey o (3.43)
6 dE |4,
0
r 2 AD(E
N = /dE D(E) + ApD(Ep) + = (E) (kpT)? (3.44)
6 dE |p_p,
0
If N is to stay fixed then we must have
72 dln D(E) 5
Ap = —— T
7 6 dE  |pp (kBT)
7'('2 k?BT
wuT) = p0) -5 <E—F> kT (3.45)
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Specific heat

UT) = / dE ED(E)f(E, 1) (3.46)
0
17
= / dE ED(E) + %2 dEdLE(E) (kgT)? + O(T")
0 E=n

oUu dp w2

T uD(w =t T
oT nD() g + 3

dD(E)
dE ]EEF
ka o1 dD(E)]

+O(T?)

k3T [D(E) +E

2
T 9 dp —w
= —kpTD(FE D — 4+ —

2
- %k?BTD(EF)JrO(T?) (3.47)
k3T

We have (in the last but one step) used eqn 3.45. The linear dependence of specific heat and its pro-
portionality to the mass of the particle are strong predictions. The coefficient of temperature is usually
called . Putting in approximate values of the free electron density allows shows that v ~ mJmole 'K—2,
which is the right order of magnitude for many common metals like copper, silver, gold, aluminium etc.
The classical prediction would have been simply a constant %k B per electron, which is clearly wrong. The
quantum theory thus correctly accounts for one of the basic thermodynamic responses of metals.

PROBLEM : The following is a very useful exercise called ”differentiation under the integral sign”. As a
mathematical exercise prove the following:

b(u)
It I(u) = F(z,u)dz
a(u)
i or ) db d
T, u a
. @ = Tdﬁﬂ' + F(bau) du - F(a>u) du (3'49)

where a(u) and b(u) are functions of u. The relation is used but often not stated very clearly.

Mass of the free electrons

We have claimed that we can measure the electronic specific heat - at this point we have not explained
how to isolate this contribution from the contribution of the lattice. This we will do later - for the time
being let’s just assume that it can be done.

Eqn. 3.48 suggest that from a measurement of the specific heat we should be able to infer the mass of the
electrons, if we know the density (k3. = 37%n) as well. for many metals it works within a factor of ~2 or
so. For Silver the 7 term agrees with the observed value exactly. (See Kittel’s book for a comprehensive
list.)

If you look into the middle of the periodic table (f and d block elements), the agreement is not so good.
There is a class of compounds for which the observed value suggests that the carriers are somehow very
heavy - by factors of 1000. See the Figs. 3.4,3.3.
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Figure 3.3: Electronic specific heat of Potassium (from Kittel). Notice that at similar temperatures the
linear term is only of the order of milliJoulemole 'K 2, about 1000 times smaller than what you see in
Fig. 3.4.

T T T T TrrT T T T T TT III | T T T T T IIII T T T T TTT I|
. a = YbRh,(Si;_,Ge,); | - b YbRh,(Si; ,Ge,)y T
3 — -
1.5} .
> x=0 i
= 1oL« s
=] L=
= E TR ]
— — L -
5 5 3 ]
J o {;‘,_n_ ]
\?f".-,z,.
R 1
05| b ,5% |
:—%% ]
‘.h\!".'- 4
b |
L %?Ql‘um
'|‘|
f ' I | L I I R | | I ool L R L T T B Y
g 0.4 1.0 0.0 0.1 1.0 10
T(K) T(K)

Figure 3.4: Electronic specific heat of "heavy fermion” compounds. These are not insulators and have
enough free electrons. Their resistivity is p ~ 10uf2—cm and drops with temperature like metals. But the
electrons are very "heavy” in the sense that they have a low-temperature specific heat whose linear term
is up to 1000 times larger than the value expected from the free-electron theory. Heavy fermion materials
are a specific type of intermetallic compounds, containing elements with 4f or 5f electrons. The figure
is taken from ”Unconventional Quantum Criticality in Heavy- Fermion Compounds” O. Stockert and F.
Steglich, Annual Review of Condensed Matter Physics 2011. 2:7999.
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Figure 3.5: The figure shows what eqn 3.50 says. The relative shift of the distribution with respect to the
chemical potential has been highly exaggerated. In reality gupB/Epr ~ 1072 at best

Spin susceptibility at T=0

If we apply a magnetic field then the spin-up and spin-down states at the same k, no longer have the
same energy. We have at a magnetic field B

h2
E(ky) = 5—k'—ogupB
h? 9
E(ky)) = 5k +ogupB (3.50)

where recall that for free electrons g = 2 and o = +1/2, up = 9.3 x 10*2JT~!. This means that even
for fairly large magnetic fields (say B=10Tesla), the shift in energy die to the magnetic field is small
compared to Ep, typically 4-5eV. Clearly gupB/Er ~ 1073 at best. So we treat it as a small change.

The magnetisation is essentially the difference between the spin-up and spin-down populations. Notice
that the chemical potential must be same for both species, but the highest filled k states will not be same
(kj > kp i)'

Fig. 3.5 suggests how we should proceed with the calculation. Using the eqns 3.50 we obtain,

1 gupB
kFT — kF¢ = B B

kro (3.51)

Where kpg denotes the fermi wavevector at B = 0
Since for each species (up or down) the number of states contained within a sphere of radius k is given
by n = k3 /672, we find

M = pp(ny —ny)

kfo gupB
2n? Ep
= up’D(Er)B (3.52)
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The last step follows using the density of states relations discussed in previous sections. The ”paramag-
netic” susceptibility (M/B) then can be written as

X = p*D(EF) (3.53)
Now note:

e Y is independent of temperature. This is what is observed in non-ferromagnetic metals. Compare
this with a paramagnetic ”Curie” type susceptibility which has a 1/T dependence on temperature.
The application of Fermi statistics tells us why we should not expect the electron gas to behave as
if they are independent spins.

e This "response” too turns out to be proportional to D(FEr),this is a very general feature and will
keep appearing.

e Consider an electron far below the fermi level, which finds its spin aligned opposite to the field (spin
down). This electron cannot turn over and align with the magnetic field - they can turn over only if
there is an unoccupied spin-up state at similar energies. This can happen only close to Ep, this is
what stops many electrons from responding to the field. It is a consequence of Fermi statistics/Pauli
exclusion principle.

3.2 Transport in the free electron gas: Drude picture

Metals conduct heat and electricity very well. This distinguishes them from insulators. So it is natural to
expect that the free electron gas must be responsible for that. Since we have been treating the electron
gas in a metal like an ideal gas, we must be able to give a reasonable account of their transport (and
optical/high frequency response) using this picture.

Now since we are talking about many moving particles, the obvious question is how they are distributed
over energy, or equivalently over momentum/velocity. We assumed their energy is completely kinetic (like
ideal gases). During Drude’s time the only statistics that was known is the Maxwell-Boltzmann statistics,
which would give for the probability of a particle having velocity between v to v + dw

m \3/2 o
fup(v) = <—27rkT> 4rrv?e” T (3.54)

The rms velocity predicted by this is well known:

1 3
§m’02 = §kT
13kT
LU= — (3.55)
m
But the Fermi-Dirac distribution would give:
m3 v?
flv) = e (3.56)
w2h? e 21c/1"2 . +1

For electrons m = 9.1 x 103'kg, and Er ~ 5eV for a typical metal. So at 7' = 300K

%va = ng ~ 40meV
" Vclassical =~ 10°ms ™! (3.57)
%mv% = FEr ~ 5000meV
“vp ~ 10X Uclassica] ~ 10%ms™! (3.58)

This large error means that we underestimate the energy of the electrons by a factor of 100, to start with.
Yet Drude’s approach is useful, and forms a very good starting point. We will see how and why.
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Getting Ohm’s law

A raindrop falling through air and getting accelerated by gravity reaches a steady velocity. This happens
when the energy dissipation is exactly balanced by the energy put in by gravity that accelerates the rain
drop. This is an example where a uniform force produces a steady velocity. The case of electrons in a
metal is quite similar.

We know that the current voltage relation for a piece of metal is very well described by Ohm’s law. It
implies that there must be a relaxation mechanism. The current density and its relation to the electric
field is given by:

J = nevy (3.59)
j = oE (3.60)

If the electrons were continuously accelerated by E then the current could not have been proportional to
the velocity, a relaxation and dissipation mechanism is needed to ensure that this does happen. We need

dp g _P—Po
dt T
Here pg denotes the equilibrium thermal velocity. To find the current we only need to get the small
deviation from the (random) thermal velocity brought about by the electric field. This change is the drift
velocity vg.
The steady state solution would then give

(3.61)

2

j = nevg=""E (3.63)
m

(3.64)

We introduced the relaxation time 7 in an ad-hoc way. If E is suddenly switched off, then p would relax
back to pg as

p(t) = po + Ap(0)e /7 (3.65)

PROBLEM : Show that eqn.3.63 can be generalised for a time varying electric field E(w)e™*to

jw) = o(w)E(w)  where
oW = e (3.66)

The relaxation time 7

What is the magnitude and meaning of the relaxation time that we introduced? The magnitude can be
estimated from observed values of room temperature resistivity of simple metals, which is ~ 10n2m and
the known electron density n ~ 10?%m~3

~ 10" s (3.67)

T =
ne2p

Drude assumed (with good reason!) that this time arises from the fact that the electrons bump off the
fixed lattice ions as they drifted along a particular direction. Using our classical estimate of v from
Maxwell-Boltzmann distribution, it would appear that the distance traveled by an electron in time 7
would be I ~ v7 = 10~%m (i.e. few nm). This appeared to be the right order of magnitude for the size
of a unit cell, or lattice constant of typical metals. Although this seemed very plausible, this is not correct.

The collisions which give rise to the relaxation time, arises from two dominant sources - impurities and
the lattice vibrations. We will analyse this later. Knowing what we know about the correct fermi distribu-
tion of the electrons we know that within this time 7, the electrons would travel 10-100 times this distance.
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The ratio of thermal and electrical conductivity

The thermal conductivity of a gas of particles with mean free path [, rms velocity v and specific heat C,
can be written as

1
K = 3Cyl. (3.68)

At room temperature metals have thermal conductivity 10-100 higher than insulators. You can hold the
other end of a burning match-stick of wood but certainly not a metal wire of the same size heated on one
end. So it is a reasonable assumption that the electrons are carrying the heat current. In pure metals the
electronic contribution is dominant at all temperatures. In disordered alloys/ impure metals the lattice
contribution (we have not discussed this yet) can be comparable.

PROBLEM: Show that the ratio:
K _m (k) p (3.69)
ol 3 \ e ‘

called the Lorenz number, is independent of all material parameters and as such should provide a robust
confirmation of our assumptions, if the observed values agree with the prediction. This indeed happens,
see Kittel/Ashcroft for a comprehensive list of observed values for many metals.

3.2.1 Hall effect & Drude electrons in a magnetic field
Hall effect

How do we know the number of electrons and (also the sign of the charge carrier) in a conducting solid. It
is interesting to read the line of thinking that led to the ”Hall effect” experiment (See Ashcroft/Mermin)
but we will just give the summary here.

Consider a bar shaped metal (of known thickness) with crossed electric and mangetic fields as shown. As
the electrons acquire a drift velocity due to the electric field, they must also feel the Lorenz force.

F=—lelvy xB (3.70)

Since the current cannot flow out of the sides, we must assume that an electric field (E,) arises in body
of the sample that balances this force. This electric field (or the integral of this field, as a transverse
voltage) is what we can measure. Since

Vu = w.kEy=wuvyDB

= w.]—mB
ne
B1
il § 3.71
net © ( )

A remarkably simple result, with n as the only unknown because B, I, t and Vj are measured or set by
the experimenter.

Doing it a little better...

Now it is clear that we need to concentrate on the deviation in momentum from the equilibrium, it is
implied now that we are talking about momentum in the sense of an average deviation from equilibrium

Ap(t) = (p(t) — po) = mvq (3.72)
We write out the transport equation 3.61 with the magnetic field present as :

d

P cE+vyxB)-P (3.73)

dt T
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Let us assume that E is in the z — y plane and B is along z, which is a very common configuration:
Using the definition of current from eqn. 3.59 and writing out the components we get for the steady state

B
0 = —eEx—e—py—&
m T
B
0 = —eBy+ p,— (3.74)
m T
Defining the cyclotron frequency
B
we == (3.75)
m
and the zero field conductivity and resistivity as
1 2
o= =T (3.76)
Po m

The set of eqns. 3.74 can be written as :

<§Z>:p0<—ic7' w17><j§>:<_p:§ i)(ji) (3.77)

PROBLEM : Eqn. 3.77 implies that j and E are not parallel to each other in presence of a magnetic field.
The angle, §, between these two vectors is called the "Hall angle”. Show that

tand = w,r (3.78)

Notice that cleaner (large 7) the substance is, easier it is for the electrons to complete a rotation without
suffering large collisions. The effect of the magnetic field will be significant if the charged particle can
complete one full rotation without getting scattered.

Our analysis would be qualitatively correct as long as the B is not significantly altered by the material -
this means that the metal is not ferromagnetic or superconducting. But everything is not quite correct
at this point. If our theory was all right then, the Ry for all metals would have to be of the same sign
(corresponding to the negative charge of the electron) and be consistent with the expected density of the
free electrons.

3.2.2 Electrodynamics in the electron gas

We want to find out what an electromagnetic wave with wavelength larger than the mean free path does
in the metal or anything containing a free electron gas. The constraint of large wavelength means that
this analysis does not hold for X-rays, but holds for visible light, radio waves, microwaves etc.

Our solution would be complete if we can solve for the full dielectric function €(g,w), that tells us how
the electron gas would respond to an electromagnetic field varying as ~e*(@*=“%)  This is a central prob-
lem in condensed matter physics - but also a very complex one. We will only solve it in some special cases.

We need to take into account the contribution of the polarised lattice and the displacement of the free
electrons. The usual dielectric susceptibility tells us about the response of the fixed lattice cores, we will
denote the contribution of the lattice using yo, and €,.. So we write the polarisation produced at finite
frequencies but zero wavevector. This means that there is very little (or none) spatial variation of the
electric field.

P = (ne)u+ epxc E (3.79)

The derivative of the displacement (of the electrons) u is the drift velocity v4. We take the equation to
frequency domain, using the usual method of writing

E(t) = E(w)e ™! (3.80)
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Table 3.1: Table of observed Hall coefficients, the ratio in the third column should have been 1 for all,
according to the simple free electron theory presented here (The list is taken from Ashcroft & Mermin’s
book. Notice that the agreement is quite good for alkali metals, but becomes poor as one moves across the
periodic table. For trivalent Al, even the sign is wrong, indicating that the charge carriers are behaving
as positive particles!

Metal | Valence | —1/Ryne
Li 1 0.8
Na 1 1.2
K 1 1.2
Rb 1 1.0
Cs 1 0.9
Cu 1 1.5
Ag 1 1.3
Au 1 1.5
Be 2 -0.2
Mg 2 0.4
In 3 -0.3
Al 3 -0.3
P = (ne)a + €0XooE
= J—eoxXE
—iwP = o(w)E — iwepXooE
—iwegx(WE = 0(w)E — iwegXaE
so(w) = —iwey (x(w) = Xoo)
= iwep (€0 — €(w)) (3.81)

Now using eqn 3.66 & eqn 3.81 we can write:

o(w
ew) = €x— %60)
ne? 1
- -t L (352)
0w (+ —iw)
2
S A (3.83)
w? +iw/T

where we have introduced the plasma frequency of the electron gas

’I’LB2

2
Wp

(3.84)

3

€

for metallic electron densities w,, ~ 10's~1. The reason behind the subscript oo should be clear now, at
very high frequencies the second term on the RHS of eqn. 3.83 would go to zero and hence €(w) — €.
For most substances €5, is a number ~ 2 or 3.

Real and imaginary parts of the response function

Let’s absorb €y, in the definition of €(q,w), notice that the response will have real and imaginary parts,
which vary a lot with frequency.
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Figure 3.6: Reflection at the vacuum-metal interface, notice the boundary conditions.

Reflection of light

The phase velocity (v,) of light would change if € changes and the refractive index becomes

N =c¢/V, = /e(w) (3.85)

Here we have assumed that = 1, hence the magnetic permeability remains unchanged from the vacuum
value, p19 = 4mx10~"Henry m~!, remains the same, which is fine as long as we don’t have ferromagnets,
anti-ferromagnets, superconductors etc. Knowing the refractive index of the medium and vacuum we can
calculate the reflectivity be using the standard boundary conditions for electromagnetic radiation. We
do it for normal incidence. (The line integral of E' and B along the two small loops shown must vanish.)
Also I/ and B should be related The electric field vectors of the incident, reflected and transmitted light
are:

E;':nc _ Eleiw(z/cft) (386)
E;;efl _ EQB*Z'W(Z/C*t) (387)
Eirans _ Eoeiw(ZN/C*t) (388)
(3.89)
The magnetic field vector satisfies:
0B
VxE = 22 3.90
x o (3.90)
0B, 0B, (3.91)

© 0z ot
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You can show that applying the boundary condition leads to the set of equations:

Ey = E1+ Es (392)
By = By- B,
NE(] = E1 — E2 (393)

Using eqns 3.92 and 3.93 we can eliminate Ej and find the ratio of the transmitted and reflected amplitudes
(E2/Ey), and hence the reflectivity.
The reflectivity is plotted as a function of w/w, in Fig. 3.7

B> [1-N|?
R=|—=F| =|——= 3.94
£y ' 1+ N ( )
An useful approximation (prove this as an exercise) when |N| is large is
R=1-4R ! (3.95)
= el v .

By using some reasonable values for conductivity of metals and the dielectric constants, you can show
that IV is indeed very large for frequencies significantly below the plasma resonance, w,. We can then
plot out this quantity (R), by calculating it numerically:
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Figure 3.7: Notice how the quality of the metal affects the sharpness of reflection. The metal reflects
almost everything below w,/,/€x, here we have absorbed the /e factor in the definition of the plasma
frequency. This tells us why metals can be very shiny but still be transparent in the ultra-violet region.
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Can a wave with (q,w) propagate in this medium?

The usual way to get the wave equation in a medium that can support current flow is as follows. We
begin with

0B

E = —

V x 5

; OE
VxB = poj+ €010 5 (3.96)
Jj = oE (3.97)
If this supports a wavelike solution

E(r,t) = Eeikr—wt) (3.98)

Then it must imply
2 2
w w
kK== (1-—52— 3.99

c? ( w? +iw/ T> (3.99)
Notice how w), has reappeared. If w < wy, then £ is complex and the waves are attenuated. Since w,7 >>1
in a metal the imaginary part can be ignored at high w > w,, for simplicity. We have hidden the magnetic
permeability (jp) in ¢?. Recall that, 1/c? = egepop

PROBLEM : Deduce eqn. 3.99 from the set of eqns 3.97.

The sign of ¢(w) and p(w)

Now notice that the real part of e(w) changes sign near w,. A characteristic feature of resonance is that
the response changes sign near resonance. Think of a harmonic oscillator with a small dissipation and a
resonant frequency wgy. The following is then well known:

If
F(t
i 4yt + woln = F(t) (3.100)
m
then (using the standard complex notation)
F(w)/m

T(w) =

3.101
(0 — w?) — i (3.101)
shows where the change of sign occurs. Now we may ask these questions:

1. What kind of resonance does eqn 3.99 indicating?

2. Is it possible that p (the magnetic response) may also have similar features?

3. What if e¢(w) and u(w) go negative simultaneously? Notice that if that happens then k2 can have
positive solutions inspite of both (e(w), p(w)) being negative over some range of w.
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Let’s deal with the first question as a problem:

PROBLEM : Consider the electron system
(N per unit volume) displaced from its equi-
librium position by a distance d, this cre- : L
ates a capacitor like situation with a surface Immobile lattice
charge ¢ = Ned per unit area. The block {"‘\I"E ch darij E}

of metal does not carry any net charge, so

the negative charge density due to the elec-

maohile electrons
{-ve charge)

trons is exactly balanced by the positive lat-
tice at equilibrium, when d = 0. Calculate
the electric field inside the metal and show
that this leads to a restoring force propor-
tional to the displacement and hence a har-
monic oscillator. Calculate the frequency of
the oscillation. You can assume that the
lattice polarizability of the metal is ey, at
these frequencies for consistency. Calculate
typical numbers for metallic densities. Can
you see that the presence of all the electrons
and the lattice is necessary for this phenom-
ena?

B

e e A

o=[ed

d

Figure 3.8: A physical interpretation of Plasma oscillation.

We know form experience that the ionosphere (that begins from about 50 km above the earth’s surface)
reflects radio waves of ~ 5Mhz and higher frequencies. Estimate the ion density in the ionosphere. Would
you expect this to be same at all times of the day and night? Can you give a qualitative explanation of
why distant radio stations are often better heard at night?

Let’s now deal with the second and third points.

Since we don’t have exact analogues of an electron (electric charge) in magnetism. The situation is
slightly different. Magnetic response must be analyzed in terms of induced current loops. It is possible
to artificially pattern some circuit like structure that would have a response very similar to eqn. 3.83.
See the article by Pendry et al mentioned at the beginning. It is possible to engineer some split ring like
circuits where over a small band of frequencies, ¢ and p are both negative. See fig. 3.9 for a summary
and some striking results.

PROBLEM: Electromagnetic field equations can be written in terms of E; D and H. They are:

0B

E = ——

V x 5
oD

VxH = —
8 ot
B = popH

D = ¢cE

For a plane monochromatic wave each quantity varies as ~ e/®*=“)  Show that if € < 0 and p < 0, then
E x H points in the direction of —k, in all other cases it points along k. What significance of this result
can you think of?
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e<0 e>0
p>0 p>0

metals above/near plasma
frequency, Gold, Silver,
Aluminum a optical freq
lonosphere at few MHz

most common dielectrics

resonant ferromagnetic,
anti-ferromagnetic
systems. Circuits
called “split ring

Poynting vector and direction
of wave propagation are
opposite.

Doppler effect is reversed.

resonators”
e<0 e>0
p<o0 p<o0

Figure 3.9: In a medium with € < 0 and p < 0 some remarkable phenomena can happen. We will not go
into the details but you can read the two references cited at the beginning if you are interested.

3.2.3 Spatial variation of the potential, ¢(q)

You would have noticed that we neglected any spatial variation of the electric field. This means that we
are assuming that q vector of the wave is close to zero (small ¢ = very slow spatial variation). We now
show how to handle this, but ignore the time variation of the field. This means that we are shying away
from treating time and spatial variation simultaneously. The reason is that calculating €(q,w) is a more
complicated problem. It is one of the central problems in condensed matter, but there are some subtle
aspects, that we don’t want to face now....

Recall that in a dielectric there are no free electrons i.e nothing in the conduction band (CB). We haven’t
introduced the concepts of bands etc, for the time being just think of the band bottom as the lowest
energy that the electrons can have. Each lattice site has atoms with bound electrons. When an external
electric field (or potential) is applied, the electron wavefunction around the atom shifts a little bit. The
result is that (in most cases) each atom becomes like a small dipole. The total dipole moment per unit
volume is related to the polarisation (P) as

VP = —pinduced (3.102)
P = xE (3.103)

If there are free charges then something more must happen, because the free charges in the CB would
reorganise themselves more readily in response to a potential. We are going to consider a situation where
the external potential is due to some fixed charges - like impurities or surface gates. The external field
does not vary with time, it is a ”"static” response that we want to calculate.

Jellium

The bulk material is electrically neutral, because the charge of the free electron gas is exactly cancelled
by the positively charged lattice. To simplify things we totally ignore the crystal structure or discreetness
of the lattice at this point. We assume that there is an uniform background (like a block of jelly) in which
the electrons move. The equivalent positive charge is spread out in an average structureless way.

Screened potential

Consider now the following basic problem. An external charge pe,: is placed in a sea of electrons. As a
result some charge redistribution will take place creating an additional charge density p;,q. Let us assume
that initially the potential was zero everywhere. The potential must now satisfy



3.2. TRANSPORT IN THE FREE ELECTRON GAS: DRUDE PICTURE 55

VQV _ _ Peat + Pind

€o€r
where €ge,., denotes the contribution from the dipoles. There are many es that we are talking about. Here
we don’t want to use the notation e, for the lattice contribution, to remind us of the fact that the field

is not varying. Although for the lattice part only, this may not make a huge difference. If there are free
electrons then the contribution from those at w = 0 would dominate.

(3.104)

Notice that we can solve this, if we relate p;,q to something known. Recall that in equilibrium with no
battery connected to the system, the chemical potential (1) must be constant. But if the electrostatic
potential varies, then the bottom of the CB also varies, as shown in Fig 3.10. In a place where the bottom
of the CB is high some electrons must be pushed out. How many?

Mong eledinens | 21= DEDY
et A pe
' LasS electnons
‘/ 2l woed
jo2d = =
CB

T

Figure 3.10: Whenever the conduction band rises (electrostatic potential is lower) some electrons are
pushed out. If the electrostatic potential is higher, then more electrons tend to gather there. This is
because the potential is defined with a positive charge in mind.

on = D(p)eV (3.105)
C Ppind = —€2D(u)V (3.106)
Where D(p) is the density of states at the chemical potential (Fermi level). Here the implicit assumption

is that eV << p and that the potential varies slowly, on the scale of 1/kp
We then write eqn 3.104 in a solvable form

vy - SVWY o Peat (3.107)

€0€r €0€r
VIV - g2V = - Pert (3.108)

€0y

Where we introduced the Thomas Fermi wavevector
€2D 1/2
qrr = (7(@) (3.109)
€0€r

Eqn 3.108 is solved by using Fourier transforms. In general the V2 operator becomes multiplication by
—¢? in Fourier space.

V() = (2;)3/d3q V(q)e ar (3.110)
o) = g [ daiae (3.111)

Using the fourier components we now write:
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_ ﬁemt (Q)
€0€r

—*V(q) — q7pV(q) = (3.112)

Hence

- _ plq)
Vg = coer (2 + ¢2p)

1 p(q) 1
€0€r q2 <1+%_2F>

_ fémt(Q) (3.113)

elgw=0) = 1+ q§_p (3.114)

We have thus related the external potential to the total potential and the induced charge density by
eqns 3.114 and 3.106. The relation between the external potential and the final ”screened” potential is
essentially a relation between E and D.

PROBLEM : Due to the D(u) factor, the Thomas-Fermi wavevector depends on the dimensionality of
the system. Show that in 3D :
1 me? 4 ky

2
= k= 3.115
arFr 2 E(]ETHQ f ( )

Tap

where ap is the Bohr radius of the system.

Extent of validity of the Thomas Fermi approximation

The expression for screening that we deduced is valid for small ¢, as ¢ approaches 2k the the method no
longer gives correct results.

The screened Coulomb potential

What will be the total potential due to a single point charge placed in a sea of electrons? For a point
charge (e) at the origin p(r) = ed(r). Hence the fourier transform is just a constant p(q) = 1. Eqn. 3.114
give

e

Vig= —— 3.116
0= i@+ ) (3:116)
The transform can be done by using a simple contour integral and gives
V(r) ~ S emarer (3.117)
r

The only "pole” that will contribute to the integral is at z = 4+igppr Notice how fast the total ”screened”
potential falls off as a result of the presence of the free electron gas. In metals grp is large enough to
make the total potential fall off within one or two lattice constants.
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3.3 The basics of Boltzmann transport : shift in the distribution func-
tion

In a system of particles, not every particle has the same velocity (momentum). Any system of particles (be
it a neutral gas or charged electron gas) is necessarily described by a distribution function. All physically
measurable quantities, like electric current, heat current, particle density gradient, scattering rates (not
amplitudes) must involve the correct thermodynamic distribution function. This distribution function
may change over time or the extent of the sample itself.

What is the equation that governs the change of the distribution function? This question was addressed
by Boltzmann. We will make no assumptions (to start with) about whether the distribution function is
classical (Maxwell-Boltzmann) or Fermi-Dirac or Bose-Einstein, but try to deduce how it changes due to
the presence of an external ”force”, like a electric field resulting from connecting a battery, or the thermal
gradient appearing due to heating one end of the sample etc.

The ”semiclassical” arguments do involve some subtle points, which we will not fully address, but em-
phasize the (very useful) final result.

e We try to follow a point in phase space (r,p), assuming that the classical concept of force as a
time derivative of momentum is still useful. Later on we will make the association with quantum
mechanics by saying that p = hk. We also assume that velocity and momentum are related in a
classical way. This application of quantum mechanics, without completely sacrificing the concept of
a "trajectory” is a feature of i semiclassical arguments.

e So
e ,_P
dt T m
dp
— = F 3.118
7 ( )

e So a point in phase space that was at (r,p) at time ¢, should find itself at (r 4+ vdt,p + Fot) unless
it is scattered in the meantime due to collision with other particles.

e This implies

)
f(r +vét,p +Fét, t + 5t)dr'dp’ — f(r,p,t)drdp = of drdpdt (3.119)

collision
e We need to prove that the ”volume element” deforms but maintains its volume such that
dr’'dp’ = drdp (3.120)
But we will assume this and skip the proof.

e This then leads to the transport equation

0
a—{ +V.V, f+FV,f =

of

- 121
50 (3.121)

collision

e We will ignore the first time derivative since we do not expect the distribution function to have an
intrinsic time dependence. The collision term must be such that it will pull the system back towards
equilibrium if it deviates from the equilibrium distribution, denoted by f°. Note the two gradients
taken w.r.t to position and momentum variables.

e The assumption that the collision is able to restore a disturbed system to equilibrium over a typical
time scale 7, such that the equation 3.121 becomes

f=r

T

vV, f+F.V,f=— (3.122)
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e equivalently we may write, keeping the utility of k vectors in mind:

dr dk f— f0
CVv I+ v =—
gVl g Vet T

(3.123)

This is called the relaxation time approximation which is extensively used in describing transport.

3.3.1 Effect of E and B on the distribution function

If there are electric and magnetic fields in the system, the ”semiclassical” equation of motion would be:

k
hccil_t =q¢(E+v xB) (3.124)

We will also assume that f has no explicit time dependence and that V, f = 0 as well - which in general
means that there is no density gradient of particles in the system. This assumption is correct if we are
dealing with a piece of copper wire at constant temperature, but not necessarily correct for a semicon-
ductor or a even a piece of metal with a thermal gradient. Let us assume that the charge of each particle

is ”¢”. For the most common case of electrons in the conduction band we would need to put ¢ = —|e| to
get the correct sign of the terms.

Electric field only

With these assumptions, equation 3.123 in presence of an electric field only reduces to
_ £0

Ig v p—-1=1

h T

(3.125)

Then we make the first order approximation by taking the derivative around the equilibrium value

f) = %) - TRV (3.126)
_ fo(k—%E) (3.127)

This means that the equilibrium distribution function has retained its functional form but just got shifted
by a certain amount. Think of how the graph of a function f(z) would be related to f(z —a). In the
figure we have drawn it for a Fermi distribution in 2 dimensions. Note that if the relaxation mechanism
is strong then 7 would be small. On the other hand if the particle suffers very little scattering then 7
would be large and the displacement of the Fermi circle (or sphere) would also be large.

PROBLEM: The free electron density in Copper is n=8.5 x 10?®m™3 and near room temperature the
relaxation time of most metals is of the order of 107® — 1074 sec. From this data estimate the fractional
shift of the distribution on the scale of the Fermi wavevector (kr) for an electric field of 10V/m,( i.e.
calculate Ak/kp).

Our target is to calculate the current produced by this state:

i = q) vif
k
_ (22:)3 / Pk VS (3.128)

To proceed we need to evaluate eqn 3.127 for the case of Fermi distribution.

1

0 _
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Figure 3.11: Displacement of the Fermi circle results in current flow.

Figure 3.12: How does the product (1 — f°) behave?

2
Vifl = — (_eﬁ(E_;f) +—1> eﬁ(EfEf)Vk,B(E — Ey)
= —Bf(1—fO)\VLE
—Bf°(1 = f°)hvg (3.130)

Notice that the Fermi level is not a function of k. The end result of 3.130 can also be written as :

af9

0

Vif" = 8—Eﬁvg (3.131)
Equations 3.130 and 3.131 are important results as these derivatives occur frequently in transport related
physics. How does the product (1 — f°) behave ? Since f° drops sharply around E r (1— f°) must rise

sharply around Ey, producing a sharp peak.

Using eqn 3.130 and eqn 3.127 we get

5f = qrBf°(1 — fO)E.vg (3.132)
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Notice that the change occurs only near the Fermi surface. This is the generic reason phenomena like
electrical or heat conduction are often referred to as a ”"Fermi surface property”. Now we calculate the
current as defined in eqn 3.128

j = 4%3 &3k vg (qrBfO(1 — fO)E.vg)
o 0
— ng (472,% / Pk TvgRVg (—%)) E (3.133)

Notice that the part within the large brackets is determined by equilibrium properties of the system only.
The outer product (®) of two vectors is an object with two indices and can be written out like a matrix.
For example

C = A®B implies (3.134)
Ci; = AB; (3.135)

We will call the quantity inside the bracket as mobility. But it is often not necessary to evaluate this is full
generality. We assume that the dispersion relation is spherically symmetric and evaluate the expression
for low temperature. Low temperature implies that the Fermi distribution has a sharp drop near E; and
behaves like a step function at that point. The derivative of a step function is a (Dirac) delta function
which would pick out the contribution of the integrand around its peak. So we can write

af°

lim ——— =40(F — FE 1
lim ~ 5 = 5(B -~ By) (3.136)
Let’s go through the steps for evaluating the mobility integral:
— _ _4 3 of°
2 = m/d k ’TVg@Vg <_6—E (3137)
q af°
= E/dE D(E)TVg@Vg <_6—E>
= g/dE D(E)tvg@vgd(E —Ef) as T —0 (3.138)
n
(3.139)
Now since vg = hk/m, we can write:
q AN
Hij = —/dE D(E) T <—> kikj 5(E—Ef) (3.140)
n m

This from works in all dimensions, provided the density n is interpreted correctly. Now p;; will average
to zero if i # j, due to symmetry. If we fix k;, we can find corresponding pairs of points at k; and —k;,
which will add up to zero. So we need to calculate only the diagonal terms. Since there is nothing to
distinguish the x, y or z directions, all the diagonal components must be equal. This allows us to write:

2]{32—|—k‘2—|—k‘2
wi = 2 [aE pyr (1) S s -y

n m 3
q 2F
= — [dF DFE)T— 0(F —F 3.141
- (B) 7= 8(E - Ey) (3.141)
Using the expression for density of states in 3D, eqn 3.141 reduces to:
g = —J /dE K r (B — Ey)
3m2mn
qr

= — since k} =3n° 3.142
— since ki =3m"n ( )
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Electric and magnetic field together

Now let’s recall eqn 3.124 and allow a magnetic field. Eqn 3.126 that described the deviation of the
distribution function from equilibrium should now read :

Fk) = fO(k) — %(E v xB).V,.f° (3.143)

Now because the force term has explicit dependence on k we can no longer write down the solution by
inspection, as we did in eqn 3.127. However we now try a solution of the same form, with an unknown
vector Z. Our target is to write Z as a function of E and B, but free of k and vg. Thus we want Z, such
that

flk) = fo(k—%Z) (3.144)
Hence,
5f = —%z.kao (3.145)

We now use the assumed form (eqn 3.145) with eqns 3.123 and 3.124. This gives:

5
%(v x B). (Vif* + Vidf) + %E.kao - —7f

We already know that Vj f° points along vg and hence the first term in eqn 3.146 gives zero. This leaves
us with

(3.146)

%(v x B).Viof + %E.kao = %z.kao (3.147)

Now we need to calculate Vi f.

Vidf = vk‘%z.kao

- q%vk (=BfO(1 = 9)Z.hvy)

= —Bar (1= fO)Zvg)Vif* + [UZvg)Vi(1 = [0) + [2(1 = [O)Vi(Z.vg))
(3.148)

Once again the first two terms in the RHS of 3.148 will give zero when dotted with v x B as they are

X vg. The only term left is

Tk —gA h
ViZvg =ViZ.—12 _ 2y (3.149)
m m

In eqn 3.149, A denotes the vector potential of the magnetic field, vg is related to the canonical momentum
in presence of a magnetic field in the usual way. Combining eqns 3.148 and 3.149 we can write:

(v x B).Vidf = —Bqrfo(1 — fO) (v x B).%Z (3.150)
So eqn 3.147 now simplifies to:
—%5(17]00(1 — (v xB).Z+(E-2Z).Vif'=0

_%5(17]00(1 — (v x B).Z + (E - Z)3f°(1 — f)hvg =0
qTt

E(Vg xB)Z+(E—-Z)vg =0
qr
E(B XZL)vg+(E—-Z)vg =0

E=Z-TBxz (3.151)
m
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We call Z as the Hall vector. When both E and B fields are present, this quantity in some way, ”replaces”
the electric field in the transport equation. But we still need to express Z explicitly in terms of E and B,
with p = q7/m. The proof is left as an exercise.

_E+uBxE+*BE)B

Z
1+ p2B?

(3.152)

PROBLEM: If E = Z — A x Z, then show that

_E+AxE+(AE)A

Z
1+ A2

Hint : Try A x E and A.E




Chapter 4

Electrons in a periodic potential:
Bloch’s theorem

We know that the lattice sites form a repetitive array, so the potential felt by an electron moving in it
will be periodic as well, this means (as we have discussed during X-ray scattering) we can write potential
as a Fourier sum over all reciprocal lattice vectors

4.1 Derivation of the theorem

H = T+V
= T+) vge'S” (4.1)
G

Let’s assume we know all the components vg and want to solve for the the eigenvalues and eigenfunctions.
We know that if the potential was zero, then the solutions would have been free particle like, now as a
consequence of the existence of the potential, many plane waves states |k) must be mixed, so

) = 3 exlk) (4.2)

k

where

(r[k) = \/%eikf (4.3)

To solve for ¢y is the obvious target. We let H act on the ket |1)) , which we assume to be an eigenstate
of H, and then left multiply with the state bra (k'|.

K[H[Y) = > a|Tlk) + ) alk|V]k)

k k
n? o
Ecow = %k Ck/+ZZCkUG5k’,k+G
k G
B o
0 = (5K —F ac+ Y cw_arc (4.4)
G

The sum is over the reciprocal lattice vectors G. This has the form of an eigenvalue equation. But we
have only one equation for a large number of unknowns -all the cx_q. In principle there can be an infinite
number of them.

Now notice a few important points

1. Eqn 4.4 connects a state k with states that can be reached by reciprocal lattice translations. i.e.
The potential only mixes the states k), |k — G1), |k — Gz2) and so on.

63
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2. But there are some states which cannot be taken to one another by reciprocal lattice translations:
take any two states in the first Brillouin zone, that are not on the zone boundary.

3. The previous two points together imply that k from the first Brillouin zone can be used to label
a wavefunction that will contain |k), |k — G1), |k — Gg).... These wavefunctions are the Bloch
wavefunctions.

Now we complete the solution. In the process of getting to eqn. 4.4 we could have left multiplied with
another state (k' — K| where K is any reciprocal lattice vector. Then we would get the equation

h2
<%(k/ _ K)2 _ E> Ck'—K —+ ch/foG/UG =0 (45)
G

Hence
2 )
%(k —K) - F Ck/,K‘i‘ZCk/,G/UG/,K = 0
G/

where we have written G’ = K + G, remembering that k’ and K are fixed vectors for a particular row.
The primes are now unnecessary in the summation indices.

h2
(—(k —K)? - E> K+ Y ckgUG-K =0
G

2m

G and K run over the same set of (reciprocal lattice) vectors. Now we see the following:

1. There will be as many solutions as the number of reciprocal lattice vectors we keep.

2. Each k vector (not a reciprocal lattice vector) in the first Brillouin zone gives a matrix for us to
solve. The E(k) relation thus has as many branches as the dimension of the matrix.

We can see that the wavefunction must have the form

> gk —G)

G
(tli) = di(r) = Y cqell @
G

_ elk.l‘ § :cGesz.r
G

k)

= ®Ty(r) (4.6)
Yr(r+R) = *0HRly 4 R)
_  k(+R) ZCGe—iG.re—iG.R (4.7)
G
— RRy(p) (e 1CR 1)

Since where k is in the first Brillouin zone. This is Bloch’s theorem in many equivalent forms. The
function u(r) has the symmetry of the direct lattice.

4.1.1 Translation invariance and Bloch’s theorem

The Hamiltonian of the lattice is invariant under a translation by any lattice vector R. We construct the
translation operator in terms of the momentum operator p as

T(R) = ®P/h (4.8)
T(R)'HT(R) = H
[T(R),H] = 0 (4.9)
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Since p is hermitian, T'(R) is unitary. The commutator tells us that 7'(R) and H has simultaneous
eigenfunctions. So if |¥) is an eigenfunction of H, it should also satisfy the two following conditions

TR)U(r) = c(R)Y(r) (4.10)
T(R)$(r) = v(r+R) (4.11)

Now what is ¢(R) ?

(WIT"(R)[k)*

(/d3r ¢*(r)‘e—iR.p/ﬁ.eik.r>*
_ (/d?)r ¢*(I’).€ik'(r_R)>*

= *R{ky) (4.12)

£
=
Z
=
I

Then left multiply 4.10 with (k| and put together the result with 4.12. This leads to
<C(R) - eik-R) (k[¢b) =0 (4.13)
Using this and eqn 4.11 you should be able to reproduce the properties of the Bloch functions.

4.1.2 Significance of k

The vector k looks like momentum (hk), but it is not. To see this, let us calculate the momentum of a

particle in a Bloch state. We need the expectation value of the momentum operator p = —iAV
(p) = (| —ihV[w) = hk+h)_ Glecal® (4.14)
G

PROBLEM : Prove eqn. 4.14.

To distinguish Ak from momentum, we will call it the crystal momentum. The significance of this will be
clear when we write the equations of semiclassical dynamics of the electron.

Response of a Bloch electron to an Electric field

Consider a chain of atoms in the form of a loop (1D) so that periodic boundary conditions are easy to
apply. However it is precisely because of the periodic boundary condition an extra electric field is difficult
to add to the potential V' (z). The extra field (resulting from connecting a voltage source to measure
electric current for example) is hard to accommodate if we write it as V' = —eEx. We use another way
of introducing an extra field. Recall

0A
E=—-—-VV 4.15
5 (4.15)
We introduce the extra E using a time dependent A = —FEt. So the Hamiltonian including A(t) becomes:
(p + eA)’
H=—7——+V 4.16
L8 Vi) (116)

This has time dependent eigenfunctions (of the Bloch form) and eigenenergies, which we call |¥(z,t)) and
£(t) to distinguish it from the electric field E.

e 2
<(pJ;TA) + V($)> ¥ (2,1)) = () (,1) (4.17)
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We now introduce an unknown parameter A and write
(U(z,t)) = N(D(x,1)) (4.18)
c(p+ed)|U(x,t)) = hAeN|B(x,t)) — ihemmag\fb(x, t)) + e A" | D (x, 1)) (4.19)
z

The first and last terms will cancel if we choose

hA+eA =0 (4.20)
This choice results in the simplification
S Y\ 0 iAx
(p+ed)|¥(z,8)) = —ihe™ = |®(x,1)) = p|®(z,1)) (4.21)

Eqn. 4.17 can now be written as (a few intermediate steps are left for you to work out...)
p?
(— + V) |®) = e(t)|P) (4.22)

2m

|®) must have solutions of the Bloch form such that
®(z) = " uy(x) (4.23)
Using this and the periodic boundary conditions we get:

U(z+L) = ¥Y(x)
e—ieA(x—l—L)/heik(x—i—L)uk(x +L) = e—z‘eA(x)/ﬁeik(ar)uk(m)
- emieAL/h kL _ g
c.eEt/h+k = 2nm/L

dk

h— = —eE 4.24
he e (4.24)

The label k behaves like momentum. The result is a striking consequence of periodicity and elementary
quantum mechanics put together! Later on we will treat this problem with an electric and magnetic field
as well.

4.1.3 Origin of the band gap: solving the matrix equation

Let us for the moment consider a simplified "toy” case to appreciate an (perhaps the most) important
consequence of a periodic potential.

1. We consider a 1-dimensional case (chain with a period a)
2. We consider a periodic potential

277.%' Z2—7rl‘ 27'r$

V(z) = 2Vhcos — = Vpe'a ® 4 Voe i (4.25)
a
which means that only two (reciprocal lattice) components of the potential contribute:
Vor =V 22 =1 (4.26)

So as to write out the matrix of eqn 4.5 we need to order all the reciprocal vectors according to some rule
(which we can frame for ourselves). In the 1D case we can write all the RLVs as:
27
Vo, =n.— (n=.... -2,-1,0,1,2,....) (4.27)
a
So the matrix resulting from the eqn. 4.6 is a tridiagonal matrix, a part of which looks like (assuming
h?/2m = 1) for simplicity
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(k+3%)" - F V oz 0 0 0 0
Vas (k+2%) - E Vo2 0 0 0
0 Vis (k+2)°-B V. 0 0 0
0 0 2n K -E Vo2 0 0
0 0 0 Vae (k- 2) - F Vo2 0
0 0 0 0 Vax (k—22)" —F Vo2
0 0 0 0 0 Vi (k—322) - E
(4.28)

In the notation of eqn. 4.6, G varies along a row, K is kept fixed. For every K we have a new row. If
we had more components of the potential (e.g. V47r V. 47r) then another band would appear symmetrically

about the diagonal line. The matrix is necessary symmetrlcal and ”"band diagonal”.

Zero potential case : the ”"empty lattice”

Now let’s consider the apparently trivial case (but there is purpose!) where all the potential components
are zero. Then the eignevalues must be the free electron values

hQ

2
E= <k v 2ﬁ> with —~ <k<_ (4.29)
a

a
It might be a little counter-intuitive to see how the plot with shifted parabolas look. We are used to seeing
one continuous parabola (E o k?) as the dispersion, because in the free particle case there is no lattice.
But if we now shift any vector from outside the first Brillouin zone into the first zone by reciprocal vector
translations then this is how it will look. This way of plotting it is called the "reduced zone” scheme
and is the most commonly used way of plotting bandstructure. If the lattice is 2d or 3d (Kittel gives an
example) then these plots can look quite striking, but it is perfectly logical way of plotting it. We will
see soon that the effect of a small non-zero potential would be to smooth the many sharp corners and
crossings in the plot as seen in Fig. 4.1.

shifting the free electron E(k) : the reduced zone scheme

part of the shifted parabolas which enter the first zone

L Vv : T : Vv ] T T T T T T T T T T T T T T T T T
\ ) o\ / al - . 14
r * 1 f
| o [4 1°
\ o
Nf \ / NE 5L E E.l‘ 1,
WLl ) ) P - Kl
\ 1k 41
\ / N\ \ / / .
\ /,/ \\ / \\ . 4
1> X AR 2| s e |,
2 2 20 -5 -0 -05 00 05 10 15 20
k (units of 2n/a) k (in units of 2n/a)
. . . 2
Figure 4.1: (left)Free electron E(k) in the reduced zone scheme. The equations E = (k —n.2%)", and

the part which enters the first Brillouin zone. The part in the first zone is in black, the outside parts are
grayed out. (right) Another similar plot , showing how the same can be obtained from E = k? by shifting
different parts by different reciprocal lattice translations.
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Turning on a small potential

We can see that at the point where the shifted parabolas cross, two eignevalues are degenerate. The first
case happens at k = 7. Here the I/ = k? and E = (k: — 27”)2 branches give the same value if V' = 0.
What happens if we turn on a small V7 We can treat the problem with perturbation (and we will later)
but first we just solve for the eigenvalues of the matrix equation 4.28. The plot shows a crucial prediction
of the Bloch equation. If we have a potential with a Fourier component (vg) then a gap opens at G/2
These are precisely the zone boundaries. Note that the sharp crossings of Fig. 4.1 have been ”"rounded
off”. It turns out that this is a generic feature of turning on a small interaction potential and you will see

this in many situations.

PROBLEM : A quick (though bit handwaving) way of seeing what happens when a small potential is
”turned on” is to solve the 2x2part of the matrix eqn 4.28:

k*— E 1 B
Vo (k=) -m T

a

0 (4.30)

where V_2x = Vaxr = V. Now solve for the eignevalues, this should give the behaviour near k = 7/a.
You should be able to show that the two eigenvalues at k = 7/a differ by 2V4,.

Extended and repeated zone schemes

Exactly the same data can be plotted in some different ways. The repeated zone scheme simply means
that we emphasize the periodicity of the solution that F(k) = E(k+ G). The extended zone scheme
shows very clearly the deviation from the free electron parabola. The data used to plot Fig. 4.2 has been
plotted in these two schemes in the next figure, Fig .4.3.

4.1.4 Band structure as a perturbation problem

The potential is being turned on slowly and we traced the evolution of the energy eignevalues starting
with the free electron case. Surely, we could have treated it as a perturbation problem. The answer is
7yes”, but there are some degeneracies to be aware of. This fact and the connection with Bloch’s theory
will now become clear.

Time-independent perturbation tells us that the unperturbed state kets |k) will now be mixed. The point
to note is that only those states of the form |k + G) will mix with |k). We write the perturbed state kets
to first order and perturbed energies to second order.

klVik + G
[YK) = |k>+ZE0(§<)’—‘E0—2k—iG)

k+G)

= ¥ 520y —ZEGO(k okt e (4.31)

2
B9 = B+ 0+ Y g

G#0

_ lva|?
— B+ (;) S e (4.32)

PROBLEM : We have dropped the first order energy shift in eqn. 4.32. Why are we justified in doing
this? When will this be incorrect?
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Opening of the gap at zone boundary

3.0 3.0
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Figure 4.2: E(k) in the reduced zone scheme, with a single non-zero component of the potential as in the
equation 4.28. The energies have been scaled with E = h?/2ma?, which is 4 times the kinetic energy at
the zone boundary, to make the plot. Similarly k& has been scaled by 27 /a. The black lines show the free
electron result with no potential turned on. Note that the potential also affects higher bands but much
less..
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Figure 4.3: E(k) in the repeated and extended zone schemes. The data used is exactly the same as in

Fig. 4.2.
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1. We do not need to make the sum in eqn. 4.31 run over all k’ # k but only some of them because
(k|V|k’) = 0 unless k' = k + G. The consequence of all this is that the first order result gives us
something of the Bloch form.

2. But if E%k) — E%k + G) = 0 then the denominator will vanish and this will not work. This
happens when two states are degenerate. This is precisely where two parabolas in Fig. 4.1 intersect.
These are the zone boundaries.

3. At the zone boundaries, the energy shift is no longer of second order, this is then a degenerate
first order problem. The solution (see any quantum mechanics text) for the energy shifts are to be
obtained by taking the eigenvalues of the matrix V;; between the degenerate states. This is precisely
what we did when we solved for (in a previous problem):

E'K) - E  (k[Vk+G)
k+GVK) E'k+G)—FE 0 (4.33)

4.1.5 The Kronig-Penny model

A simple model of a periodic potential is shown in the figure. The well-barrier-well sequence is more
realistic than a single fourier component. It is a very useful "toy model” for understanding how the
energy bands and band gaps in a solid arises.

PROBLEM : Revise the single electron in a finite quantum well. Consider a potential given by

V = 0 for —w<z<0

= W otherwise

Write the wavefunctions for bound states, piecewise as follows

U, = A 4+ Be ™ for —w<z<0
Uy, = CeP* for >0
Uy = D for = < —w (4.34)
where o and  are given by:
9 2mE
=
2m (Ve — E)

The wavefn and its derivative must be continuous at the two boundaries of the potential well. Show that
the solutions are obtained by solving the set of linear equations:

1 1 -1 0 A

1o’ —iQ 15} 0 B
e*l’aw eiaw 0 _efﬁw C =0 (436)

iV _jget () —Be P D

There are 5 unknowns, but one of the coefficients can be chosen arbitrarily and normalisation will take
care of it. Setting the determinant to zero you can show that the wavevector a can be obtained from one
of the two conditions

SRS

(4.37)

DO
™| L
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Once k is determined calculate E and then the coefficients A, B, C', D. By arbitrarily setting C' = 1 The
unnormalised wavefunction can be written as

U, = cosar— —sinar for [—w, 0]
a
Ty = e for [0, 00]
Uy = <cos aw + s sin aw) eflwte) for [—o0, —w] (4.38)
o

We now put many such potential wells in an array separated by b units. So we have a repeating structure
with period a = b+ w. In the barrier regions the wavevector cannot be real, because £ < V. However
the exponential can have both decaying and growing parts, because the barrier region does not tend to
infinity. There is no chance for one exponential to blow up. We can now write the wavefunction in well
(V) and barrier (V) as :

\Ilw _ Aeiam+Be—iam
U, = Ce’ + De™ P (4.39)

where o and  are defined by 4.35 as before. Because of the periodicity of the structure, the wavefunction
must satisfy the Bloch condition. Hence we can write , with k as crystal momentum:

v, v,
dx =0 - dx =0

Ty(b) = eFw, (—w)
— = " — 4.41
dx r=b ‘ dx T=—w ( )

Notice how the Bloch condition helped us to write the last two equations of the set. We now have four
equations connecting A, B, C, D and k.
The four equations are :

A+B = C+D
Aia — Bia = CB—Dp
CeM D — ot [gemion 4 peinu
CBe® — DpeP = e [Aine™" — Bine'v] (4.42)

This leads to the following consistency condition:

2 _ 2
(ﬁ QQ; > sinh Bbsin aw + cosh Bb cos aw = cos ka (4.43)

What are the allowed values of k

Let’s assume the structure is a loop with length L such that L = Na Because we impose periodic boundary
conditions we must have

U(z+ L) = U(z + Na) = ¥() (4.44)

But Bloch condition requires

Uz + L) = () (4.45)
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These two together imply

Gl — 1
kL = 2nmw
2nm
L
n 2w
k= —— 4.46
’ N a ( )

In any interval 27/a there are thus N states, where N is the number of unit cells in the structure. Later
on we will prove it for 2D and 3D also for any lattice.
The equation 4.43 can be solved numerically, following the process:

Notice that the solution E(k) is periodic in k. So we restrict k& within one period.
Choose a k, in the range —7w/a < k < m/a. This fixes the RHS.
The only unknown in the LHS is the energy F, because both « and § are determined by FE.

Allow « to vary from 0 to y/2mVy/h?. Pick up all the solutions. There are a finite number of them
only.

Calculate the corresponding E values and plot them vs k (not «).

This is the band structure.

Here’s an example

And a couple more, where we have increased the separation, keeping all other parameters same.

And then:
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Figure 4.4: Notice how a single energy level has spread out into a band. The deeper levels are not very
spread out, the higher (loosely bound) levels are spread more. This indeed is the crux of band structure.
The more the possible overlap between wavefunctions at neighbouring sites, more will be the spread of
the band. The right hand figure shows the single potential solutions for eigenvalues and eignefunctions.
The left hand figure is a plot of the eigenvalues (allowed energies) when a series of them are laid out on
a chain.
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Figure 4.5: b=0.5nm, w= 5nm, V;=0.5eV. Notice that the bands have become narrower
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Figure 4.6: b=1nm, w= 5nm, V5=0.5eV. The bands are getting even more narrow.
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4.1.6 The Band gap: classification of conducting, non-conducting and semiconduct-
ing substances

We have spoken about the importance of the density of states at the Fermi level before, while calculating
quantities like specific heat, susceptibility, conductivity etc. Now since the energy spectrum has gaps in
it, it is possible to have the Fermi level in qualitatively different positions.

Fermi level in a continuous band : Metals

If the electrons fill a band partially, then the D(Er) will in general be large. It will be easy to accelerate
an electron with a small electric field. Responses which depend on D(EF) - like thermal and electrical
conductivities will also be large.

Fermi level in a large bandgap: Insulators

If the band gap is large (few electron volts) and the available electrons fill up the lower band fully, then
the Fermi level is forced to lie in a gap. D(Fr) = 0 and the material cannot respond to small electric
fields. This is an insulator.

Fermi level in a small bandgap: Semiconductors

By small we mean typically not more than ~ 2 eV. The distinction between semiconductors and insulators
is a qualitative one. In semiconductors like Silicon, Germanium, Gallium Arsenide there are some carriers
in the upper band due to thermal excitations at room temperature. Large bandgap materials can behave
like semiconductors at high temperatures.

4.2 Motion of an electron in a band: Bloch oscillation, group velocity
and effective mass

How do the concepts of position, velocity etc carry over to the Bloch electrons? Recall that a Bloch state
|U) = |y, is not in general an eigenfunction of the momentum operator : p = —iha%.

The group velocity of Bloch electrons:

. d
U) = hk|U kT (i) —
p|¥) |W) + €™ (—i )dx\uw

- (p— hk) |¥) " plug)
Splwy = €T (p+ hk) Jug) (4.47)

It is left as a little exercise to show that this implies the following result

<% + V) W) = E(k)|T)

2
W) = (L5 V) ) = B®)
2
i (v ) = SE®l)
o ) ) + HO) ) = S ) + B )
el + klug) + (T Tug) = S {uglug) + Bl (1.45)

(\D[%\\m - &= (4.49)
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Bloch oscillation

We now know the following
e The E(k) relation is periodic in k. Let’s consider a case where E = Ey — 2 cos ka.
e An electric field (F') changes the k vector such that dk/dt = —eF'/h. (eqn 4.24).

e Now suppose there is no scattering, what is the equation of motion of the electron?

dr 14
dt —  hdk
2
= %sinkz(f)a

2 Ft
= % sin <k(0)a — eah )

o) = 2% [ 4 sin (k:(O)a—eaFt> (4.50)

h h

We therefore see that the electron will oscillate with a frequency wpgioen, = €aF'/h, a very striking prediction
of quantum mechanics that is believed to be correct but has only been partially verified. Putting ¢ = Inm,
F =10 V/cm we find that the frequency would be ~ 107Hz.

PROBLEM : How is the amplitude of Bloch oscillation related to the other quantities in the problem?
For a bandwidth of 1 ev, how does this length compare to typical mean free paths in a very clean metal
at low temperature - say 500 microns?

Effective mass

Mass is the constant of proportionality between the applied force, F, and the acceleration produced a. If
we carry over this idea to the motion of electrons in a band, we get

Writing it out componentwise and remembering that v, can be a function of all components k., k, and
k., we get:

d
a; = avi(/{?j)
(%i dk‘J

Ok; dt
1 9°E F;

_ 2 it 4.51
hOk;Ok; h (4.51)

The sum over the repeated index j is implied. The structure of the eqn. 4.51 tells us that we can write

an inverse effective mass matrix
1 0’°E
-1
= s 4.52
Y h2 Ok;0k; ( )
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Calculating the effective mass in a band: k.p method

Using what we did for calculating the group velocity of Bloch electrons, you can show the following

PROBLEM : A Bloch state is a solution of the Schrodinger equation in a periodic potential, V'(r), of the
crystal. It can be written as
\Ifnk(r) = eik'run,k(r)

where u, k(r) = u, k(r + R) for any direct lattice vector R. Given that W,i(r) is a solution of

2m

1
5PV Vakl) = Buoe)
Show that the function wu, k(r) satisfies

[ﬁ (p + hk)* + V(r)} Uunx(r) = Enjctini(r)

The equations are so far exact. It follows that we can use this result to formulate band structure as
perturbation problem around k = 0 in the following way. Expanding the result of the problem

2 A h2]€2
BV ket | k) = ()

We treat the k-independent part as Hy and the k-dependent part as the perturbation such that

p2
H p— —_— 4.
0 o + V(r) (4.53)
h K22
Hy, = —kp+— (4.54)
m 2m

The eigenfunctions of Hy are |uy,o(r)), which must form a complete set, using which we can express the
|un k(r)), where n is the band index. This is a very useful fact which at once allows us to write till second
order (notice the indices and their meaning carefully, for convenience we now write E,, x as Ep (k) )

0| Hy|tm,0)]?

[(un
En(k) = En(O) + <un,0|Hk|Un,0> + Z E (0) "B (0) (4.55)
ntm n m
Now
p h2 k2
(un,0| Hk|un,0) (un,0l~lun,0) + 5
K2 k2
h2k2
= - 4.
o (4.56)

Provided we have an extremum at k = 0, which is usually the case. Now for the second order part ,
. . 27.2 R

the matrix elements are taken between states such that n#m, so a number like % cannot contribute

anything. So we get:

) Em(o) B W En(o) - Em(o)

) [(unol Hiclumo)> K {un.0[k-pltm,0) (tm,o[K-Pltin.0) (4.57)
E,(0) —
n# n#Em
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So we see how the presence of other bands changes the free electron dispersion explicitly by writing:

h2k2 hQ <un,0|k'p|um,0><um,0|k'p|un,0>

2m  m? = E,(0) — En(0) (4.58)

We can now see how differentiating eqn. 4.58 twice (w.r.t k; and k;) that the effective mass matrix is

-1

1
U R2okiok;  m

O*E 1 2 : :
n i+ = Z <un,0’pz‘um,0><um,0‘p]‘un70> (459)
m? E.(0) — E,,(0)
If the bandgaps are large then the effective mass differs very little from the free electron mass. At least
qualitatively, you can show why narrow bandgap semiconductors have small effective masses, using eqn.
4.59



Chapter 5

Tight binding or Linear Combination of
Atomic Orbitals (LCAO)

In the last chapter we considered the problem of one electron in the periodic potential of the lattice and
solved for its energy eigenvalues. It is possible (and useful) to look at the problem from another point of
view. We consider that we are building up a solid atom by atom, like building up a molecule.

5.1 Diatomic molecule and Linear chain of atoms

5.1.1 Diatomic molecule

As an initial problem let’s consider building up a molecule form two atoms that are not necessarily
identical. When they are far apart then the wavefunctions must be same as the wavefunctions of the
isolated atoms - we call the atoms a and b. So the Hamiltonian of the system must be

Hab :T‘|‘Va+% (51)

Our basis set is going to be the states |a) |b), centered on atom a and atom b respectively, when they are
very far apart. So that the basis set satisfies

(T'+Va)la) = Egla) (5.2)
(T+V)lp) = Eglb)

The Linear Combination of Atomic Orbitals method means looking for solutions of eqn 5.1 of the form
[¥) = ala) + B[b) (5-4)

If eqn. 5.4 is a solution then we must have (E is the unknown eigenvalue we want to solve for)

(a|Haply) = Elaly)
(b|Hap|tp) = E(blep) (5.5)

As it stands the set of eqn. 5.5 is exact, but to proceed we need to understand the physical significance
of each term and approximate them reasonably.

(alb) ~ 0 (5.6)
This means that there is negligible overlap between the atomic orbitals.

(T + V, + Viy|b) = t (5.7)

Under the action of the Hamiltonian the state |a) and |b) can mix a little bit. We will come across this
type of a term many times in future. A term of this type is called a hopping term. It is important to

81
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Figure 5.1: The overlap of the two 1s orbitals in Hydrogen molecule. Some of the intermediate steps are
left for you to fill in - you should be able to estimate the term we retained and the term we dropped.
Though the wavefunctions are specific to the Hy molecule, the general conclusion would be true for any

two tightly bound states, separated by a not too large an amount. Of course if we keep increasing the
separation, then the hopping term would also go to zero.
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understand why we claim that that the hopping term (eqn. 5.7) can be larger than the direct overlap
term 5.6. See the fig. 5.1 and study it carefully. You should be able to reason out why we could ignore
the expression in eq. 5.6 but retain the hopping term.

(a|Hapla) = (alT + Vala) + (a|Vyla) = E§ + (alVi|a) = Ef (5.8)

You should now be able to appreciate the physical significance of the approximation (known as the tight
binding approximation) show that eqn. 5.5 leads (assuming both the atoms are identical, it does not mean
Vo = Vp, because they are still centered at different points, though the functional forms will be similar.

(EO;E EJ—E)(Z[):O (5.9)

The solution is obtained by setting the determinant to zero.

E = Ey+|t (5.10)
1
) = E(Ia>¢|b>) (5.11)

PROBLEM : Complete the algebra leading to eqn. 5.10 and eqn. 5.11. The lower energy state is called
the bonding state (in chemistry) and the higher energy state is called the antibonding state. Which state
has the higher electron density at the mid-point between the two atoms?

5.1.2 Linear chain of atoms with nearest neighbour interaction

We now extend the ideas of tight binding with one hopping term to a linear chain of atoms,each spaced by
a units. We will always consider a chain that has its ends joined together. Periodic boundary conditions
are then obviously easy to apply. This means that the N + 1?* atom is same as the 1% atom.

The hamiltonian is then
H=T+Vi+Vo+...+Vx (5.12)

Remember that although there are N sites/atoms/potential wells, there is only one particle co-ordinate.
We are solving for single particle eigenstates in the potential created by all the atoms.

Single orbital on a site

Since this is a periodic potential, we use Bloch’s theorem in combination with the tight binding idea of
using wavefunctions (|¢,)) localized at the n® atomic site as our starting point. The wavefunction is then

1 i
= — g e by, 5.13

1 i
S = —= ) ""Yrlo, 5.14
o) = 7 Do rlon (.14

1 i
r) = — E e o (r — na 5.15

where |¢,,) is the wavefunction localized on the n'* atom, satisfying

(T + Vn) ‘¢n> = EO‘¢n> (5.16)

= Ep (5.17)
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PROBLEM : Show that the wavefunction 5.13
1. satisfies the Bloch criteria (1) = ¥ uy(r), where uy(r + na) = ug(r)

2. is correctly normalized provided a certain assumption is made. What is the assumption?

The periodic boundary condition requires that the values of k be quantized. However you can see that if
N is large then the quantization gets more and more finely spaced and k becomes continuous in the large
N limit.

eik(N-i—l)a _ eika (518)
S.kNa = 2mrm (5.19)
2mm
_ 2mm 2
k 2 (5.20)

The problem is now surprisingly straightforward, because there are no unknown parameters in eqn. 5.13,
all we need to do is take the expectation value

E(k) = (Y|H|x)

= (T +Vi+Va+Va+ ...+ Vly) (5.21)
1 —ikna jtkma
= D¢ et gn| o) (5.22)
1 1 ik(m—n)a
= = D (GalHlg) + 5 D eI Hlgm) + (5.23)
n=m n=m=1 n—m|>
~ Bo+ (te 4 tem ) (5.24)
E(k) = Eo+ 2tcoska (5.25)

We have solved the band structure, ¢t has the same significance (nearest neighbour hopping) that we
discussed in eqn. 5.7.
Two points to note

1. The bandwidth is proportional to the hopping term.

2. It is surprisingly easy to generalize the result to 2 and 3 dimensions, because all we need to do is sum
over the nearest neighbours! If they are symmetrically located then the bandwidth would simply be
2zt where z is the number of nearest neighbours or the co-ordination number of the lattice.

PROBLEM : Calculate the group velocity of a particle at the bottom of the band and at the corner
(k = £m/a). Show that there is a point of inflection (where the second derivative changes sign) somewhere
between k£ = 0 and k = £7/a.

How does the Bloch function look?

Here’s a plot of how the functions look. The k = 0 wavefunction is shown for reference, because that
has the maximum resemblance with the ”atomic” wavefunctions. Here we assumed that the atomic
wavefunction is a gaussian. See Fig. 5.2.
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Figure 5.2: The dots are the atomic sites, the kK = 0 wavefunction shows what the atomic states are like.
The other two show what the linear combination of those wavefunctions, as given by Bloch’s theorem |,

would look like. See eqn. 5.13.
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Generalising to 2 and 3 dimensions: with 1 oribital per site

The generalisation is easy. To handle 2 and 3d lattices we need to write the wavefunction as
1 A
) = > e Rigr) (5.26)
R
1 A
(rl) = N > e By —R) (5.27)
R

Where the sum runs over all direct lattice vectors R and |¢Rr) is the atomic state centered at R. While
taking the expectation value of energy we will group the series of terms into three and ignore the interaction
between sites which are not nearest neighbours or next-nearest-neighbours:

H = T+Vi+Vo+Vs+...+Vy (5.28)
Ek) = (Yx|H|[yx) (5.29)
1 1 k.(R—R/)
= N > (ow/|H|¢r) + ~ > oé (or/|H|oR) + = (5.30)
R=R/ R R/
e
bours
~ Fy+ Z eik'RtR (5.31)
neigh
bours
Since all sites are identical, it is sufficient to sum over the nearest neighbours of the site at R = 0.
PROBLEM : Consider a 2-d rectangular lattice with sides a and b.
1. Show that following eqn. 5.31 the bandstructure would be of the form
E(ky, ky) = Eg — 2ty cos(aky) — 2ty cos(bky) (5.32)

2. What is the reciprocal lattice? Draw the first Brillouin zone.

3. Plot the constant energy contours, assuming t; > to > 0 and a < b. Why is this physically
reasonable?

4. Plot some constant energy contours. How do the contours look for small &7 How do the shapes
change at slightly larger k7 Do all constant energy contours close within the first Brillouin zone?

Similarly for 3d lattices like BCC with 8 nearest neighbours and FCC with 12 neighbours can be summed
up.

PROBLEM : Tight-binding bandstructure with a single orbital per site gives on BCC and FCC

1. For Body Centered Cubic lattice write down the co-ordinates of the nearest neighbours of (0,0, 0)
2. Then show, with 8 nearest neighbour hopping terms and a as the side of the cube

k k k
E(ky, ky,k.) = Ey + 8t cos %a COS %a coS %a (5.33)

3. For Face Centered Cubic lattice write down the co-ordinates of the nearest neighbours of (0,0, 0)
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4. Then show, with 12 nearest neighbour hopping terms and a as the side of the cube:

ky ky ky k., k., ky
E(ky, ky,k.) = Eg + 4t |cos Ta cos 7@ + cos 7@ cos 7@ + cos Ta cos Ta (5.34)

Counting the number of states in k space

Geometrically, periodic boundary condition in 1d means, putting all the lattice points on a ring. In 2d it
means putting them on a ”torus”, in 3d it would be some hypersurface that we can only define mathe-
matically.

Now think of a lattice with lattice vectors aj,as, ag and corresponding reciprocal lattice vectors bq,
bo,bs. Let’s take the N = Ny Ny N3 as the number of unit cells in the crystal. Note that it doesn’t imply
that we are taking a cubic/rectangular volume, only. In general (algebraically, in any dimension) periodic
(or Born von Karman) boundary conditions means that we require

P(r+ N;a;)) = ¢(r) (5.35)
etVikai  — 1 (Bloch's theorem) (5.36)
ko= Z %bi for integer m (5.37)

(5.38)

The volume of allowed k-space per point is then:

b1 b2 b3
Ak = .

Nl N2 Nl (5.39)
1 (2m)?

= —— 5.40
Nvum't cell ( )
(2m)°

= — 5.41
chrystal ( )

This means:

1. Whenever we need to sum over all states we can thus interchange discrete summation and continuous
integration by the following rule

) (5.42)

2. Since the k-space density is uniform, we can start from here and use the E(k) relation to convert
this into density of states in energy D(FE).

3. We need to multiply this by 2 for spin 1/2 particles like electrons. In general by (2s + 1) if the
particle has spin s, because each k-state can accommodate one particle with spin —1/2, one with
spin 1/2 etc.

The density of states in energy

We want to write an expression for the number of states between between E to E + dFE. We will call this
function D(E).
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Figure 5.3: Calculation of the k-space area/volume between two equal energy contours differing slightly
in energy.

In 1d it is trivial. We choose an interval k to k + deltak and the corresponding interval in energy E(k) to
E(k + 6k) = E 4+ §E. The number of states in these two intervals must be equal, so:

D(E)SE = D(k)ok (5.43)
L 6k
_ L 1 5.45)
~ ordE/dk (5

Because there is only one component of k the derivative is simple.

Now, in 2d and 3d we proceed as follows, follow the logic carefully, this would reappear many times in
different places.

1. We need to count all the states that lie between the two constant energy contours F and F + dFE.
These can have quite complex shapes depending on the E(k,, ky, k) relation.

2. To do this we calculate the k-space volume enclosed by the two contours and multiply the number
with V/(2m)3. Our volume element here is dSdk, .

3. The normal to an "equipotential” is given by the gradient. Hence the normal to E(k,,ky,k.) =
constant will be given by Vi E(ky, ky, k) So:

SE = |[ViB (ko ky k)| (5.46)
Vv SE
SDESE = g [ as B (k. Fy )] (547)
S
\% ds
-~ D(E) = (25“)(%)3/!VkE(kx,ky,k:z)\ (5.48)
S

In the last step we have included the spin-degeneracy. V is the sample volume. If we want density
of states per unit volume, obviously this will be dropped.
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4. Points where the group velocity vanishes can give rise to singularities in D(F), but these will be
integrable. If the gradient vanishes then we should be able to expand F around this point as

h? h?
k2 +
My 2my,

k2 (5.49)

B(ka, by k:) = Eo + 5 2

If all the coefficients are positive, then this is a band minima, if all are negative it is a band maxima
and if they are mixed it is a saddle point. Points where the density of states or its derivative is
singular are called van Hove singularities.

5.1.3 More than 1 orbital per site

At the beginning of the chapter we calcu-
lated the wavefunction/energy levels of a di-

atomic molecule. We had to solve for the 20— I . ' . '
eigenvalues and then get the coefficients of 150 o o o o
the atomic states which made up the molec-

ular wavefunctions. But no such proce- “r oo o ]
dure was needed when we solved the linear os P ° V es :
chain.  Why? The reason is that the sym- 00 b o oA
metry (Bloch’s theorem) told us what the co- re . .
efficients would Dbe. We now ask, what if oer i
there are two atoms a and b per lattice site 1or © . © © p
(the basis can of course have more) or two sl i
orbitals on the same atom (like a 2s and o o o

2p orbital or some s and d orbitals.). In P00 a5 0 05 00 05 10 15 20

these cases we still begin with the atomic

wavefunctions, but Bloch’s theorem cannot tell
us how much of the wavefunction of site @ Figure 5.4: Lattice vectors of Graphene. All the

and site b to take. We must solve for atoms are Carbon, but the two types of sites mean
those. that the Bloch functions cannot be written down
straightway.

Consider the example of a single sheet from
graphite (graphene). The triangular lattice has a two atom basis. We take the following as lattice
and vectors:

a

ap = 5(17 \/g)

az = g(—L V3) (5.50)
The two point basis is composed of :

Type A atoms : (0,0)

1
V3
Notice that the nearest neighbours of A are B type atoms. Thus the largest hopping terms would occur
between A-B overlaps.

Type B atoms : d =a(0,—) (5.51)

If |p4) and |pp) are states centered at A and B. So we form a set of two Bloch functions and make a
linear combination with unknown (to be solved for) coefficients o and

1 .

k,a) = \/—Ngeﬂ"qubM (5.52)
1 ik.

[YkB) = \/—Ngekp”lqu (5.53)

[Yk) = alvga) + BlYk,B) (5.54)
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Now we have:

Hlx) = Elx)
(YralHlYk) = E{Yraltx)
(Vxp|H[Yk) = E{Yxslix) (5.55)

The idea can be extended to more complex basis sets. For this we need to the following (the calcula-
tion/justification is left as an exercise).

(Vkaltka) =
<¢kAW}kB> ~ 0 (556)
(YualHlka) = Eo
(GralHls) = Y €*®(oa|H|¢p) (5.57)
(0 + emilems - emikaz) ((r)| Hlg(r — ) (5.58)
= <1 + 2cos (%) e_i§k9“> t (5.59)
= F(kg k)t (5.60)

where ¢ is again the nearest neighbour hopping amplitude. The hopping term occurs between the an atom
and its 3 neighbours, shown by black arrows in Fig. 5.4. If we considered next nearest neighbours as well,
these would have come from the terms in (Y4 |H |1x4). (Justify this as an exercise).

With these in place the set of eqns. 5.55 gives the eigenvalue equation:

( tF*(fj,ky) tF(%(; " > ( Z > = E( g > (5.61)

PROBLEM :
Show that:

1. the eigenvalues of matrix 5.61 are given by

E(ky, k,) = FEo+t|F(ky k)l (5.62)

k k 3
where  |F|*> = 1+ 4cos? %a + 4 cos %a cos gkzya (5.63)

2. The reciprocal lattice vectors of the graphene lattice are given by:

2 1
by = —(1,—
! a( \/§>

by = %(—1%) (5.64)

Two branches have now appeared, this is a common feature in problems where the lattice has a two basis
points, pretty much similar situations occur for electron energy bands as well as phonon bands (we will
see later).

Now we identify the first Brillouin zone of the triangular lattice and plot the energy eignenvalues in that
zone.
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Figure 5.5: Notice that at the six corner points the upper and lower bands touch. The dispersion relation
near those points is linear and hence the electrons near those points behave very differently from electrons
in most other common substances which have a parabolic dispersion. Also the "touch” implies that we

have a zero bandgap material.
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5.2 Measuring the effective mass: Cyclotron resonance

Since the effective mass is the curvature of the E(k) relation, matching this to experimental data is an
important part of refining band structure calculations. How do we measure this? We use the fact that
in magnetic field the electron orbits have a frequency of rotation. One way is to measure the resonant
frequencies in a magnetic field. We will see that this frequency is related to effective mass in a particular
direction. M is 3 x 3 matrix or the effective mass tensor. It is symmetric. The equation of motion of an
electron in a band is:

d
Mafv =—ev X B (5.65)
If we look for oscillatory solutions, we must have

v = Poet (5.66)

Let’s direct the magnetic field along z axis, so that B = Byz.

PROBLEM : Show that the last two equations imply

M, My, +i<2e M,

M,, —i<Bo M,, M,, [=0 (5.67)
M, MZZJ M.
And expanding the determinant gives
detM  e?B3
= 5.68
YA (5.68)

Notice that if we rotate the direction of the magnetic field, we can bring another effective mass into focus.

5.3 Orthogonalised Plane Waves (OPW) and Pseudopotential

First try the following problem:

PROBLEM : Consider a monatomic cubic lattice (again) with lattice constant a = 5A, in which the ion
cores sitting in the lattice sites have a Bohr radius of r = 0.1A. Bohr radius of an atom is the radius of the
1s state. This state behaves like the tightly bound states (ground state of the simple quantum wells) in
the Kronig Penny model that we studied. Estimate by simple arguments, the approximate number of the
reciprocal lattice vectors you will have to retain in the plane wave secular determinant (that we derived
in the context of Bloch’s theorem), to get a good description of this material. The numbers given to you
are typical, but not specific to any element. Obviously this will no longer be a "nearly free electron”
problem.

The nearly free electron and tight binding approximations represent two opposite limits. The complete
solution of the lattice potential should yield the plane wave like delocalised states as well as the localised
or tightly bound ”core” states. It would require a very large number (upto a million!) of plane wave
states to reproduce a deep core state. Also these ”plane wave” states and ”core” states must be mutually
orthogonal, since they belong to different eigenvalues of the same hamiltonian. However if we could some-
how write the plane wave states in a way so that they are by construction orthogonal to the core states,
then the problem would be simplified. Here ”simplified” means that a lesser number of components (not
a million, but in practice may be about 100) would be needed. This is a crucial point. Let’s see how.
Some of the intermediate algebra is left for you to complete:

First write down the tight binding state formed out of a core orbital (sum over core states are denoted by
¢ and sum over R denotes sum over all lattice site. Here for simplicity we stick to a monatomic lattice,
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H denotes the full lattice hamiltonian that contains the potentials created by all the atoms. G denotes
reciprocal lattice vectors and k is within BZ1.

(rlfer) = \/— Z kRp.(r— R) (5.69)

First we construct the orthogonalised plane wave (OPW) basis states

k) = 1k) = (ferlk)| fore)

[

Xk-c) = [k—=G) =Y (falk - G)|fer) (5.70)

[

We will use these rather than |k — G), to form the eigenvalue equation. The full OPW state is a linear
combination

Uk) = Calxk-a) (5.71)
G

We will assume that the core state has no dispersion and the energy of the state (r|f.k) can be replaced
by its atomic value E. independent of k

The main characteristic of the OPW state (eq 5.70) is that it is like a plane wave far from the ion core,
but oscillates very fast close to the cores. This allows it to remain orthogonal to the Bloch states (with
very little bandwidth) formed out of the core states (prove this).

Hlk—G) = (falk — G)Ec| for)

C

H|W) = > Cg
e

= AUy (5.72)

Now left multiply with (k — G’| and show that
(k—G'|H|¥) = > Cg
G

= )\ZCG
G

2
ok~ G)oaer + (G'IVIG) + 3 Eulfolk — G) (ks - G'|fck>]

daar — Y (feklk — G)(k — G| fer)

Cc

(5.73)

This means

¥ co

( (k- G)? A) Saer + (G'IVIG) + > (A= Eo)(farlk — G)(k — G'\fck>] =0 (5.74)

e The values of A that will arise as the roots of the determinental equation, are the desired band
energies.

e Notice how the core states have contributed an additional term to the potential. The original
potential term (G’|V|G) is negative in magnitude because it is the attractive Coulomb potential of
the atomic nucleii. But the new term is positive because A > E..

e Numerical computation show that the cancellation is very good, leaving often only 5% of (G'|V|G).
This effective potential is called the psedopotential.

e This also tells us why the band structure of real materials still has considerable similarity with the
nearly free electron result.
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5.3.1 The pseudopotential and the pseudo-wavefunction

We can now ask, whether a simplified equation can be found that the state @) = > Cq|k — G) satisfy.
G
This is the smoothly varying part of the OPW wavefunction Wy. We have

Uk) = Y Ca|lk—G) = (ferlk — G)|fur) (5.75)
G c
= Y Calk—G)=> Ca> (falk — G)|fer) (5.76)
G G c
= |P) = > (for| k)| fer) (5.77)
Therefore
H|Wg) = H[®g) =D (for|®r)Ee| for) (5.78)
= E|Pk) = E Y (fok|®x)|fer) (5.79)
) (5.80)
Therefore
H|k) = > (ferl®k)Eclfeor) = E|®x) = E Y (for|Pr)|fer) (5.81)
T\®g) + VI®k) + > (B — E){(fer|®k)| for) = E|P) (5.82)
T\®k) + |V + D (E = E)lfa)(frl | 126) = E|®) (5.83)
U
Convince yourself that the operator U is like an integral operator:
Ul) = VI®k)+ D (B = Eo)|for)(fer| Pr) (5.84)
(rlUIBk) = (F|V[®k) + D (E = Eo)(r|fo)(forlr’) (/| D) (5.85)
LUmEr) = Vo) + Y (B - E) / A’ oo () 2 () D) (5.86)
¢ K(r,r")

The pseudo-potential acts on the pseudo-wavefunction and produces the correct eigenvalues! The deep
coulomb potential near the nuclei and the sharp rise and fall (nodes) of the wavefunction have been
taken away. This OPW+Pseudopotenial method can be used to calculate real band structures of many
elements.

5.3.2 What have we still left out?

There are two things we have not considered at all. These are beyond the scope of this course.

1. We have ignored the spin of the electrons other than a simple degeneracy factor of 2. The spin enters
the band structure (even at zero magnetic field) through an effect called the ”spin-orbit” coupling.
This is a small perturbation, but can only be correctly deduced by starting with the Dirac equation
for an electron.

2. At the end of the day, no band structure problem is a single electron problem. The coulomb repulsion
between the electrons is strong, but it is a remarkable fact that they do not fundamentally alter the
band picture that we have calculated so far. Why it can happen was systematically explained by
Landau.



Chapter 6

Lattice vibrations

References:

1. Ashcroft and Mermin, Chapters 21,22,23,24

2. Kittel

It does not take much to motivate the idea that the lattice cannot be completely static. Let us recall,
what we know from the kinetic theory of gases. At any finite temperature the gas molecules move about
with kinetic energies proportional to the absolute temperature. In case of a solid such motion must be
somewhat restricted, otherwise the solid will just fly apart. So we can quite correctly surmise that the
atoms that sit on lattice points must execute some kind of motion about their equilibrium position. At
higher temperatures, the motion will be more energetic. It is interesting to point out an old, simple
criteria (due to Lindemann) that when the amplitude of vibration of the atoms about their equilibrium
position reaches about 10% of the lattice constant, the solid melts.

However, there are also a good number of simple experimental observations that suggest that the lattice
must act as a reservoir of energy.

e Consider a frozen inert gas lattice, it has no free electron gas moving around. But even these have a
specific heat, that varies in a particular way with temperature. In fact it is in general true for solids
that the specific heat (C,)of a solid approaches zero as T—0 and a near constant value at higher
temperatures.

e The scattering of X-rays, visible light, neutrons etc from crystals show distinct features that cannot
be explained if the lattice was always static.

We approach this problem exactly the way we treat small oscillations (and normal modes) in classical
mechanics.

o We first identify the sources of energy of the system.
e Then we write the Hamiltonian taking into account all the particles.
e The kinetic energy is simply 7' = ) p? /2m, as always, where ¢ runs over the index of the particles.

e We then approximate (Taylor expand) the pairwise sum of potential energies retaining the quadratic
terms only. The pairwise sum may be restricted to a few nearest neighbours in some (but not all)
cases.

e Recall that if our expansion is centered about an equilibrium point, then the first order term must
be zero.

e We then find the normal mode frequencies.

95
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Figure 6.1: The periodic boundary condition, in 1d means using a ring rather than a line. The compression
of the spring between i*" and i+1" site is given by u; —u;,1. Note that the correct sign of the displacements
is needed. Here we will consider displacements to be positive if it is to the right - following the usual
convention that the x-axis is positive in the right direction. The displacements are longitudinal.

e Once we have expressed the energy as a sum of harmonic oscillators, we can think about ” quantizing”
the system.

We first take a look at a (regulation) toy model of an 1-dimensional chain. Even though it is very simplified,
it allows us to draw some very general conclusions, that is why it is really important to understand this!

6.1 1-dimensional mass & spring chain

We will deal with the equilibrium positions of many particles and small deviations from these positions.
We need a systematic way to label them. We will use the convention that uppercase (X;, Y;, R;) will
denote equilibrium positions and lowercase letters (z;, y;, u;) will denote deviations from the equilibrium
positions.

Consider N identical particles (mass m, lattice spacing a) arranged on a ring as shown. We consider a
ring, to avoid the complexity associated with handling free ends of a chain. We can do the problem for a
long chain with free ends, but the answer turns out to be same for large V.

So, we write
2
~ K
H= 2% +5 > (Ungr — un)? (6.1)
n n
with the understanding that
UN = Uug (6.2)

Note that u, occurs twice in the potential energy part, once with w41 and once with u,_1. The equations
of motion can be written following the standard procedure:
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My = Pn
OH
- g7 6.3
D (6.3)
= K(up—1—2up + Upt1) (6.4)
We try a wavelike solution
Up = Eei(knafwt) (65)
where the allowed values of k£ must satisfy
etkNa — (6.6)

such that when we return to the n = 0 position, we don’t produce two different values of the displacement.
Using the solution 6.5 in eqn 6.4 gives the relation between w and k.

K ka
2 02
=2 6.7
w o sin” = (6.7)

Comparison with a general ”small oscillation” problem

When we deal with small oscillations in an arbitrary system, we cannot anticipate solutions for the mode
co-ordinates. In those cases (as in a molecule for example) we must diagonalize the hamiltonian first and
find the mode co-ordinates. In this case, thanks to the periodicity of the system we could write/guess the
mode co-ordinates before diagonalizing the hamiltonian.

If we wrote out the set of linear equations 6.4 in a matrix form, with
Uy = Ape ™! (6.8)

then the most general form of the matrix we can get is given in eqn 6.9. Notice that the most generic
form is not restricted to nearest neighbour couplings, but all columns will necessarily be rotated versions
of the first column. Such a ”circulant” matrix has only n independent elements.

We have an nxn matrix of the circulant form:

€0 Ch—-1 Cp-2 .. C2 (1 A Ag
C1 Co Ch—1 .. C3 C2 A1 A1
=\ (6.9)
Ch—2 Cp—-3 .. e Cp—1 An,Q An,Q
Ch-1 Cp—2 Cp—3 .. .. Co Apnq Ap_1

The eigenvectors will be of the form
A= (1,2’,22,..,..,2"71)T (6.10)

where 2" = 1. Prove this result by direct substitution. You should then be able to justify what we did in
eqn 6.6. Notice that utilising the specific form of the eigenvectors reduced a nxn matrix problem to just
one equation. Convince yourself that the n possible values of z will correspond to the different k vectors.

6.1.1 How many solutions to expect

Recall that a system with N degrees of freedom will have N mode frequencies. What are those? We have
not yet finished solving the problem. Using eqn 6.6 we see that the k values must be

o1 1 21 2 o N — 1
k=02 = . i (6.11)
a
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o = 4(K/m)sin” ka/2 : o’ = K/m

2n/a | 2nla | 2nla -
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Figure 6.2: Dispersion relation given in equation 6.7. Notice how the values of w repeats itself.

But there is something more to it. The displacements u,, only make sense at discrete points R,, = na.

This means that if we make a change

2
k—k+ %l (6.12)

where [ is any integer, the displacements will be indistinguishable. So the "useful” values of k£ can only
span a length 27 /a in k—space. This is also clearly seen by looking at the dispersion relation (Fig. 6.4),
which repeats with a similar interval. Usually we choose the region between [—m/a, 7/a] with the zero at
the center. This choice also highlights the symmetrical behaviour of +k and —k directions.

PROBLEM: Given that the vibrational frequencies of solids are often in the range of ~102Hz, consider
a chain of atoms with 50amu. What kind of spring constant (K) does it suggest between atoms? How
does it compare with a spring that extends by lcm if 1kg weight is suspended from it?

This multiple valued character of the possible wavevectors appears in other situations where a displacement
is sampled at discrete points in space, or a signal is sampled at discrete intervals in time (say every 1
millisec, for example). Can you see why? Recall the relation between sampling interval and aliasing of
high frequencies while doing a discrete Fourier transform.

Small k behaviour of w(k)

For small k we have i
w= 2w0—a (6.13)
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Figure 6.3: The diatomic chain. The lattice has a two-atom basis (labelled A and B), whose instantaneous
displacements are u4 , and upg, respectively. The two masses are still considered equal and the spring
constants are K and K'.

The phase velocity is clearly constant, as a result all frequencies travel at the same speed. Such modes
are called accoustic modes in obvious analogy with sound waves. It turns out that as long as the lattice
is monoatomic, all the vibration modes are of accoustic type. This is true not only for our ”toy model”
but also for real 3-dimensional solids.

6.1.2 1 dimensional chain with a two-atom basis

Now consider the system shown in Fig. 6.3, we can write down the sources of energy by adding kinetic
and potential parts as before. We write down the energy of one unit cell and sum over all the cells:

!/

H= Z Pi,n + szm + 5 Z(UB n — UA n)2 + 5 Z(UA n+l — UB n)2 (6.14)
- 2m 2m 2 ’ ' 2 , ,

n n

This leads to the coupled equations of motion:

mﬁA,n = pA,n
OH
ouap
= K(“B,n - UA,n) - K/(UA,n - uB,n—1) (6.15)
mﬁB,n = pB,n
OH
oup.n,
= —K(UB,VL - uA,n) + K/(UA,nJrl - uB,n) (616)

Then we do the trial solutions as :

wan = eqeithraed)
U, = egetthna—wt) (6.17)

which leads to

K+ K —mw? —K— K'e ke €a )
< K — Kleika K —I—K’ o mwQ €B =0 (618)
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Figure 6.4: Dispersion relation given in equation 6.19. Notice how the values of w repeats itself as before.

We need the eigenvalues of the matrix to get the mode frequencies. There should be two branches given

by :

mwQZ(K+K/):|:\/K2+K’2+2KK’COSI€CL (6.19)

The ratio of the two displacements, is given by :

€A K + K'e~ika

€A _ : 6.20

s K + K'eika| (6.20)
The first thing to notice is that one of the branches (the +ve solution) goes to zero as k—0, but the other
one tends to a finite value. For ka << 1 we can expand the solutions as:

/
Wy = ggié;fil-ycxkaf (6.21)
KK’

The two branches are shown in the figure, plotted for K’ = 2K and m = 1 in Fig.6.4

Why are optical modes so called

Notice the wy solution in equation 6.22, and compare the ratio of the displacements of the two types of
atoms. The ratio is close to -1. This means that they are vibrating out of phase with each other. That
can happen, for example if visible light (A ~ 500nm) excites a crystal of salts (like NaCl). Because the
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Figure 6.5: Phonon dispersion in Silicon. Notice how the simple model of 2atoms per unit cell, in figure
6.4 already captures the key features. LO stands for Longitudinal Optic, TO for Transverse Optic, and
similarly LA, TA denote the acoustic modes. For details refer to R Tubino, L. Piseri, and G. Zerbi,
Journal of Chemical Physics 56, 3 (1972) 1022-1039 and G. Dolling, Proc. Symp. Inelastic Scattering
Neutrons in Solids and Liquids, Chalk River, IAEA, Vienna, vol. 2, 1963, p. 37. Data like this is available
at <http://www.ioffe.ru/SVA /NSM/Semicond/Si/mechanic.html>

A and B atoms (separated by ~ 1nm) are oppositely charged, the long wavelength electromagnetic field
would push them in opposite directions. In the accoustic mode, the nearby atoms would vibrate in-phase.
See fig 6.5 for a real phonon spectrum and notice the acoustic and optical modes.

Phonon dispersion and the Fourier transform of the interaction strength

So far we have supposed that the interaction (spring like coupling) is only between the the nearest
neighbours. Now if we relax this what happens? We formulate the problem in terms of a Hamiltonian
as follows, still in one dimension, and using a ring with /N mass points as in fig 6.1 V,,,, denotes the
interaction strength between the sites m and n.

1 , 1
oH

SoPn = —— 6.24

p oz, (6.24)

_ Z Vimm (6.25)

(6.26)

Then we try an oscillatory solution of the form

Uy = Ae?Fma=et) (6.27)
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substituting this in eqn 6.25

_MwQei(kma—wt) _ Z anei(kna—wt)
,',MwQ(/{:) _ Z aneik(n—m)a

= Z V(lma — na|)eik(n_m)a
T o

You should be able to justify the last couple of steps for yourself. Also convince yourself that the earlier
result (w o sin ka/2) is a special case of this result.

6.2 Writing the lattice vibrations in 3D

The Hamiltonian for the 3D Bravais crystal is conceptually not hard to write, but there are a lot more
indices to be careful about. The energy of the system U depends on the instantaneous co-ordinates of all
the particles. We can write the total potential energy as a pairwise sum as before. But we need to keep
in mind the vector nature of all the displacements, since we are in 3D. Upto 2nd order we can write :

1 o*U
U +un Rt uat ) = URLR ) b3 D, D iy (629
RzR] v LM IV
1
=3 > > Du(RiRy)aiu), (6.30)

The indices 7,7 run over the lattice points, the indices (u,v) run over the x,y,z components of each
position vector or displacements. The first order term vanishes because the derivatives are evaluated at
the equilibrium positions.

This leads to :

P? 1
H = Z ﬁ + 5 Z Z DW/(RZ', Rj)xi,ﬂij, (631)
R; RiRj 224

and the equation of motion (there will be 3N such equations)

miiw = Z Z D,uu(Ri, Rj)ij, (632)
R;

v

The form of the equation 6.29 tells us that the elements of the 3x3 matrix D, will have certain symme-
tries/properties:

Duu(Ri,Rj) — D,ul/(Ri_Rj (633)
Duw(Rj —Ri) = Duw(Ri—R;) (6.34)
DW(RhRj) = Dvu(RiaRj) (6.35)

> DR;) = 0 (6.36)

We are now working in 3D, so the displacement of the particles is not necessarily along the direction of
propagation as we had in 1D. Keeping this in mind, we write the displacements (u has components x,,)
are :

u; = e(k)e!kRi—wt) (6.37)
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Using this form in equation 6.32, we get :

—mw’(K)eu(k) = Y Du(R)e™Re, (k) (6.38)
R
Dy (K)e, (k) (6.39)

D, (k) is also a 3x3 matrix and can be seen as a Fourier transform. We now have N clearly defined
eigenvalue equations, each producing 3 eigenvalues. The boundary conditions, in this case, is also periodic.
We set it such that the structure repeats after Ni,Ns and N3 units in z,y and z direction respectively,
with N = N7 Ny N3. The k vectors will be chosen such that

n1 no ns
k=—b;+—=by+—=b 4
N 1+ N 2+ N 3 (6.40)
This guarantees
u(R + Nja;) =u(R) (6.41)

where a and b are direct and reciprocal lattice vectors respectively. As we did for the 1-d chain, the
convention is to take the k-vector to lie in the first Brillouin zone.

The solutions are our 3N mode frequencies. All of these are accoustic modes, but can differ in their slopes
near zero. The three eigenvectors corresponding to the eigenvalues give the direction of polarisation €(k)
of the mode. As before the solution will give us the dispersion w(k). Although we have not committed
to any specific form of D(R) it is clear that as we move away from the lattice site, i.e R becomes large,
it must decrease rapidly. If we restrict ourselves to the nearest neighbours only, then (mathematically)
we would have something very similar to a ”tight binding” model, that we will use quite a bit when we
study electronic band structure.

6.3 The lattice as a collection of harmonic oscillators

You can skip this section for a first reading and go to section 6.4. But this is worth knowing how to
express a lattice as a collection of harmonic oscillators rigorously...

We have been using a vector k, to label the vibrational (plane wave like) states. The harmonic oscillator
like hamiltonian clearly suggests that a state with frequency w(k) should have an energy hw. This is
indeed correct but we haven’t quite proved it. Secondly if the ”quantized” waves are labelled by k and
w, it is legitimate to ask what the meaning of hk would be? Clearly it cannot be physical momentum,
because we have already seen that there is some freedom is choosing the values - for the 1-d chain we
could shift the wavevectors by 27 /a, if hk was physical momentum (like that of a photon or a moving
particle) we could not have done it. To understand what the lattice vibration state labels really mean,
we need to develop a little bit of (very useful!) formalism. Without this bit, the explanation of scattering
from a crystal would require a lot of handwaving arguments...that we want to avoid.

6.3.1 The harmonic oscillator revisited

Let us start by writing a harmonic oscillator hamiltonian with the bare minimum content. We will set
m =1, w =1, so that we get
RS
p b
H=—+— 6.42
Of course we know how the problem is solved quantum mechanically, but this time we want to think in a
slightly different way. Eqn 6.42 reminds us of an expression like 22 4 y2, which we could have factorized,
(using complex numbers) if these were just numbers. The “reminds us that they are operators, not pure

numbers. But how close can we get to factorizing it? Let’s see
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~

2

(w\;gp) (% ;iw) _ % N % n %(@5_ ) (6.43)
— H——( h) (6.44)

G- (o+ip) b
V2 V2 2

Recall that & and p are hermitian operators, but the presence of the i in the expression means, that if we
define (dropping the " from now on)

(6.45)

a=x+ip (6.46)
then
' =x—ip (6.47)
The definitions immediately give
[a,al] = & (6.48)
[a,a’a] = ha (6.49)
la,a'a) = —hal (6.50)

What is the significance of these operators. Well suppose (with no assumptions about the eigenvalues of
a harmonic oscillator being equally spaced etc.)

Hlp) = Al¢) (6.51)
Consider :
Haly) = (aH — ha)ly) (6.52)
= M) — haly) (6.53)
— (A= Ralw) (6.54)

Notice that the action of a on an eigenstate of H takes it to a state with the eigenvalue lowered by h. But
this his cannot go on indefinitely, because then the lowest eignevalue would be —oo! The only way for
this not to happen is for the series to terminate - thus the action of @ on the ground state must produce
a null state.

In a similar way (using the commutation relation 6.50) one can prove that the action of a' on an eigenstate
of H would be to take it to the next higher energy state. The relation between Z, p and a, af are linear
and it is easy to go back and forth between these two. If you compare the algebra required to compute the
matrix element of operators using Hermite polynomial type states (in the co-ordinate representation) and
the raising/lowering operator method, then you will immediately see the advantages. Any operator that
can be expressed as a polynomial in &, p can be easily turned into an equivalent expression consisting of
the ladder operators. We will see later that the operators will also be useful in a number of contexts. for
obvious reasons these operators are also called creation (raising the eigenvalue) and annihilation (lowering
the eigenvalue) operators.

This is a standard topic in any quantum mechanics text. Also at this point , we should note that we
had simplified the hamiltonian (eqn. 6.42) a bit too much. We need to put back the factors of m, w

etc. The conventional definition also absorbs the factor of / in the definition of the operators, so that the
commutator [a,a'] = 1. The usual definitions are :

Y - \/7 hlw (6.55)
o= e

&2>
DO
3

S

E
&2>

—_

(6.56)

)
>t
3
E
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which implies that :

Ho— m(@%) (6.57)
[a,al] = 1 (6.58)
6.59)

In) = —— (M)" 10) (6.60)

PROBLEM:
1. Invert the relations 6.55,6.56

2. Prove the statement made in eqn. 6.60. |0) denotes the ground state.

6.3.2 Using the ladder operators

There is some lengthy and messy algebra here, but it is worth knowing how it is done and how the steps
work out. We first note that the 3D hamiltonian of eqn. 6.31 is already in a quadratic form. But in 3D
each mode frequency has eigenvectors polarised along different directions. We denote the frequency and
polarisation vector by w(k) and €(k) Then we need to move over from spatial co-ordinate to wavevectors.
This is done by defining a ”fourier transform” of the operator relations as follows (/N is the number of
sites, s = 1,2,3 runs over the polarisation. R; runs over the lattice sites). Notice that the part inside
the bracket is like the operators we discussed in the subsection 6.3.1. One such operator is there for each
site and each mode. The total number of such operators must equal the number of degrees of freedom we
started with - which is 3N.

ks = \/—Ze—szles )< m%h(k)u(Ri)-i-i mp(Rz)> (6.61)

aLS = \/iﬁ ;eik.Ries(k). ( %h(k)u(fti) — mp(f{i)> (6.62)

Notice all the indices carefully, sometimes we omit bits of it, but you should at this point be clear about
the meaning of each index.

The set of equations need to be inverted. The procedure is outlined here, but some of the details are left
as an extremely important exercise.

e Add the expressions for ays and a_ys using the eqns 6.61, 6.62.

e Now look at the polarisation index or the dot product. Multiply both sides by €s(k) and sum over
s. recall that these three vectors are eigenvectors of a hermitian matrix. So these are complete,
orthonormal. This should take care of the €(k) from one side.

e Sum both sides over k after simplifying. This should produce a delta function because

> BRI = Nogg, (6.63)
k
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You should get the results

ni) %NZ g (et ol ) el (6.64)
p(Ri) = \;—ZNZ hmwTs(k)<aks—aTks) €s(k)ek-Ri (6.65)
ks

PROBLEM: Deduce eqns. 6.64,6.65 from 6.61,6.62, following the steps outlined in the preceding para-
graph.

Now we need to be able to simplify the 3D small oscillation hamiltonian (eqn. 6.31 using the operators,
the final result is very elegant and useful, but again there are some non-trivial steps needed to get there.

We need to evaluate the following starting with eqns 6.64,6.65

Loy flmel] flone€) (o ot Y (e - )

R; ks k’s’
x €s(k).€y (K )e IO T

= — Z hw <aks —a ks) <ak/s/ — aT—k’s’) (6.66)

How does the complicated looking first step simplify to eqn. 6.667

pP(Ri).p(Ry)
%; 2m

e We first do the sum over R; and get a delta function dyx. This delta function ”clicks” N times
and gets rid of the 1/N factor at the beginning.

e This still leaves us with the sum over polarisation indices ss’. This is easy because

€s(k).€g(—k) = s

We also need to use the fact that ws(k) = ws(—k)
e This leaves us with a sum on only one set of indices.

Now comes the other sum, using eqn. 6.31 as our starting point:

1 h
5 Z ZDMV(RiaRj)xi,ijvV - N Z ZZZ 2mw \/Qmws/(k/)

R:R; pv RZ,R pv o ks k’s’

X (aks + aiks> <ak/3/ + aT_k,S,) X Esu(k)ﬁs/y(k/)eik'Rieik"Rj

= 13 (09 (e +aly,) (0o + o) (6.67)
ks

How does the algebra work out to get to eqn 6.67 from the first step?

e First do the sum on R; (could have done the j sum as well). D, (R;—R;) can be fourier transformed

. . 4 . . / . ; . k! .
by introducing an extra factor of e ®Ri and changing the term e Ri to ¢&Rjeik"R;

e The fourier transform should yield D,,, (k) as in eqn. 6.39.
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e But the €, (k) are components of the eigenvector of D, (k) and the eigenvalues are w?(k). So we

can write :
Dyu(Kes, = —wi(k)es

e Then we do the sum on R; and get a delta function as before, allowing us to reduce the expression
to a single k sum.

e The sum on the polarisation indices follow.

e The w?(k) in the numerator cancels one factor of ws(k) in the denominator and the result follows...
The final result now (very simply!) follows by adding eqns. 6.66 and 6.67.

H =" hw,(k) <aL8aks + %) (6.68)
ks

Notice that the entire system behaves like 3N decoupled harmonic oscillators as we might have expected.
This now allows us to bring in a bit of thermodynamics into it and calculate the energy content of the
system and its specific heat etc.

6.4 Internal energy and specific heat of the lattice

The mean energy of a system that has allowed energy states F; at a certain temperature is given (ther-
modynamically) by :

Z El'e_BEi
7

Z efﬁEi
7

olnZ
= 55 (6.69)

where we have used the standard expression Z = >_ e #Fi for the partition function and 8 = 1/kT.

(B) =

7
Since the allowed energy states for an oscillator with frequency w are equally spaced in energy and the
resulting geometric series for the partition function can be easily summed up.

1
E;, = 4+ = | hw
<z+2>

Lz = el

i

_ Bhw
e 2
olnZ hw hw
%5 = 7 + e e (6.71)

If the number of modes per unit volume in an interval w to w + dw is D(w)dw, the total (per unit volume)
internal energy is obtained by summing over all of them. Then we obtain the specific heat (per unit
volume at constant volume, ¢,) by differentiating the total energy w.r.t temperature.

uywv = /de(w)hw <% + W%) (6.72)
ey = /de(w)hwa%ﬁ (6.73)

For our 3D system we must have
d*k

s
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where s runs over the three polarisation indices. We assume that the solid is isotropic and ws(k) = v|k|
where v is the sound velocity. The second assumption is justified at low temperatures, when only low
energy acoustic modes are occupied. The total number of modes must be 3N/V, so we must have a cut-off
for the integration such that for the acoustic (sound wave like) modes Eqn. 6.74 leads to

3w?

upto a cutoff frequency till 3N modes are accounted for:

wp
3N

/de(w) = — (6.76)
|4

0

N
L wp® = 6r*— (6.77)

V

This cutoff frequency is called the Debye frequency and if hwp is expressed in temperature units, then
the corresponding temperature is called the Debye temperature ©p. The integral in eqn. 6.73 can now
be evaluated with a simple substitution :

hwp = kpOp (6.78)
v = Bhw (6.79)
©p/T
N T\° xle”
¢ = 9—k — dr ——— 6.80
vB<@D> O/ (e — 1) (6.80)

6.4.1 Low and high temperature limits of the Debye formula
Low temperature limit

At low temperatures O p /T — o0, it is left as an exercise to show :

PROBLEM: Show that for T' << ©p

dr—— = (6.81)

The lattice specific heat should then vary as ~T° at low temperatures (7' << ©p). This is well verified
experimentally. Although we assumed a monatomic lattice, the result is far more general. The reason
is that at low temperatures the other (optical) modes do not contribute to the specific heat as they are
much higher in energy. So except for the value of the coefficient of T3, our conclusions remain correct,
because we have captured the essential part - the sound wave like modes.

High temperature limit : Dulong Petit value

If all the oscillators behaved classically, then they would have a mean thermal energy of k7'/2 per degree
of freedom. An oscillator in 3D has three kinetic and 3 potential (energy) degrees of freedom and hence
should have an energy density of 3nkT and hence a specific heat of 3nk, notice the two regimes shown in
Fig. 6.6.

The Einstein formula

To be written...when is it useful etc.
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Figure 6.6: The variation of the ¢,(T") as predicted by the Debye formula, eqn 6.80. Notice the inset,
where the low temperature part is plotted in a log-log scale to bring out the power law nature. The
T3 beahviour extends till about ~ 0.10p. At high temperatures the formula correctly approaches the

Dulon-Petit value.
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6.5 Electrodynamics in the polar crystal with no free electrons

When we treated the metal as a free electron gas we calculated the electrodynamic and thermodynamic
properties of this gas. We will do a bit of the same.

6.5.1 Forced vibrations of a polar lattice due to an incident electromagnetic wave

we calculated the phonon modes of the lattice before - these were free vibrations of the lattice, now if an
electromagnetic wave is present, we need to treat it as follows. Let us consider that atom of type A has a
positive charge and atom of type B has a negative charge (salts like NaCl). So we have the equations of
motions for a mass-spring system with an additional electric field. The electric field is likely to come from
electromagnetic radiation, so we neglect its spatial variation (i.e. ¢ = 0), as typical interatomic spacing
( 1 nm) is much smaller than the wavelength of visible light ( 500 nm). The equations of motion are :

maui; = —K(ua;—up;)— K(ua;—upi1)+ek
mAuj_E;,i = —K(UBJ‘ — uA,z‘—f—l) — K(uBﬂ- — UAJ‘) —eF (6.82)

The driving field is E = Epe ™' We neglect spatial variation and hence the solutions of this forced
vibration problem are expected to be of the form:

ug = ﬁAOefzwt

ugp = dpoe ! (6.83)
This leads to the set of equations
2K — mw? —2K wao \ eEO (6.84)
2K 2K —mpw? igo )\ —eEp '

The solution (the algebra is left as problem) bears some resemblance to the plasma oscillation problem
for free electrons.

~ GEQ GEO

us0 = =
ma [2[( (mLA + mLB> — w2] ma [w% - WQ]

- —GEO —eEo

B0 1 1 sl m [wz — WQ] (6.85)
mp |:2K (m_A + m_B> — W :| B T

wr is the optical phonon frequency that we have calculated before. The subscript 1" means that it is a
transverse mode - something that we will justify a little later.

Polarisability of the lattice

Our target is to convert this expression into an expression for polarisability. The dipole moment per unit
volume (polarisation) of the lattice must be ;
2Ne 1 ~

P = Ne(ua0 — u = E 6.86
e(tao0 — @po) 1= Wik 0 (6.86)

where we have used the standard expression for the reduced mass (u). The total polarisability would be
due to the movement of the atoms and the electronic polrisability of the core-states of the atoms. (There
are no free electrons here.) Using

D =¢w)E=¢FE+P (6.87)

We get
Pelectron 2Ne 1

eF wipl —w?/wk

e(w)=1+ (6.88)
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Clearly this diverges at w = wy. We can hide the frequency dependence of the second term by defining
the dielectric constants at very low and very high frequencies. Clearly

Pelectron + 2Ne

0) =1 6.89
(0) = 14 S (6.89)
E(OO) - 14+ Pelectron (6 90)
EQE ’
Hence eqn. 6.88 can be written in the more convenient form:
€(0) — e(0)
e(w) = e(o0) + = Y (6.91)

&(0) 1

g(w)

4 i
0.0 0‘5 1‘0 1‘5 2!0 2‘5 3‘0 3‘5 4.0
olo_
Figure 6.7: Plot of ¢(w) = €(o0) + %. Notice the divergence at wp and the zero crossing at wr,.
T

The two points are related very simply.

The divergence happens at the frequency of the transverse optical mode, the zero crossing is the longitu-
dinal optical mode. The logic that the zero crossing happens at the frequency of longitudinal oscillation
is as follows.

e In the insulating medium V.D = 0, because there are no free charges like free electrons. So we must
have V.E = —V.P/¢.

e For a transverse mode P = Iaei(k”'_”t), we must have k.P = 0 in this case. But for a longitudinal

mode V.P#0, hence V.E#0. So to ensure V.D = 0, we need e(w) = 0.

Now it is easy to see how the divergence and zero-crossing are related

w? = «(0) w2 (6.92)

This relation is called the Lydan-Sachs-Teller (LST) relation. The generic shape of the dielectric response
curve is is seen in many polar crystals like alkali halides. If the crystal is non-polar the frequencies merge.
Between wr and wy,, we see that e(w) < 0. This means that even though there are no free electrons, the
electromagnetic wave is attenuated in the medium due to lattice vibrations. The reflectivity of the crystal
would be almost 1, in this region.
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Light and lattice vibrations together

We just saw that that pas-
sage of light of a certain fre-
quencies, polarises the lat- 5 e e
tice. That means such :Polariton branches

light waves must transfer I

some energy to the lattice
as well and can get some
energy from the lattice vi- 3
brations. In any case it
means that the w(k) rela-
tion of the light wave must )
change.  The lattice vibra- - - T
tions and light waves must I e ,/
miz in some way. It I e
can be anticipated that the [ ~
mixing will be strongest in O"""
the region where the two 0 1 2 3
w(k) relations actually come kclo
very close to each other.
This indeed happens - see
the Fig. 6.8. See how
the red and blue lines -
the acctual dispersion, devi-
ates from the dotted lines,
the "non-interacting” disper-
sion.

4k

Figure 6.8: Plot of the upper and lower branches of the phonon-photon
mixed modes. The two independent modes would have crossed at a cer-
tain point if there were no energy exchange possible between the two
modes. The maximum distortion happens near the point where they would
have crossed. This kind of a situation is often encountered in solid state
physics- where two modes mix and then repel each other creating an ”anti-
crossing”.

Since we have already got the
relation eqn. 6.90 we can use it to write

e(w)
. J— w € 760 — EOO .
ke = \/oo+ T o/ (6.93)

For every k we can then have two solutions for w, these solutions are called the polariton modes of the
system. They are plotted in Fig. See how the photon like and phonon like modes (the straight lines have
got mixed up).

PROBLEM: Invert the eqn. 6.93 and show that

w(k) _ \/(eo —¢*) £ V/(co — ¢*)* — dewo (6.94)

wT 2600

where ¢ = kc/wp. Then calculate the small k£ and large k limits of the equation. Verify that the asymptotes
drawn in the Fig. 6.8 are correct.
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6.6 Electrons and phonons together: How an electron ”sees” a phonon?

Any metal/conducting material would have mobile electrons in them. How do phonons interact with
electrons and effect electric current? The problem is formulated in the following way:

e An electron is in an eignestate of the static lattice.

e But as the lattice vibrates the lattice potential deviates a little bit from what it was when all the
ions were sitting still in their respective equilibrium positions.

e We calculate the change in potential due to a small change of the lattice ions from their equilibrium
position.

e This extra part in the potential is the perturbation.

e We can use perturbation theory to calculate the transition rate from an eigenstate, with a certain
crystal momentum, to all other eigenstates of the static lattice.

e This transition rate is now equated to the relaxation rate. This relaxation rate is used in the simple
formula for resistivity (1/p = Ne?7/m), to get an expression for the measured resistivity, via the
Boltzmann transport equation.

e Some parts of this argument require very careful thinking. While the problem can be formulated
in very general terms, obtaining any closed form result requires several approximations that have
their regimes of validity. These must be carefully understood!

e The treatment of the problem that we give here, is due to Bloch and Mott.

The electron-phonon perturbation term

The presence of lattice vibrations means that instantaneous positions of the lattice sites are slightly
different from the static (equilibrium) positions. This implies that there would be a slight change in the
potential for which the Bloch states are eigenstates. However the potential seen by the electrons would not
be just this extra (deviation) potential. This potential would be screened by the presence of conduction
electrons. While the whole problem can be solved in this way, the entire calculation is quite involved. We
will show the form this interaction potential takes and point out an important conservation law resulting
from the form of this potential.

The total potential due to the ions in the lattice (assume that this is monatomic) is the sum over all ionic
potentials originating from the lattice points R,,

V(r) = Y v(r—Ry) (6.95)

The presence of the lattice vibration implies that these ions are disturbed from their equilibrium positions
by an amount dx,,, so the perturbed potential is:

V(r) = > wv(r—R,—dz,)

n

oV(r) = Zémn.anv(r - R,)
L6V(r) = =) 6z, Veu(r — Ry) (6.96)
For a phonon mode at wavevector g and a certain polarisation g4

6, = Ageqe't P e (6.97)

Hence we can write

SV (r)=—Aqeq.Vy Z [eiq'R"v(r - R,)| (6.98)
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The part within the box brackets looks exactly like a tight binding function and hence should have an
expansion of the form
Z [eiq'R”v(r — Rn)] = Z chei(quGm)'T (6.99)

where the reciprocal lattice vectors G, satisfy e!fGm =1 for all n,m. So we can rewrite eqn 6.98 and

sum over all possible q as:

SV(r)=—iY Ageq. Y (q+ Gm)ca,, TG (6.100)
q

m

This potential must be screened by the dielectric function of the free electron gas, but we neglect this,
since we are not going to calculate something quantitatively here. What kind of scattering between free

electron states (¢’*i'") can this potential cause? We need to look at the matrix element

M(ki, kyp) = (kg[0V (r)[k:) (6.101)
It is clear that the M (k;,k¢) can be non zero, only if

kf — kz‘ = q (6.102)
ki —k; q+Gp, (6.103)

Even though phonons carry no physical momentum, the conservation law looks very much like momentum
conservation. The change in crystal momentum of the electron has been taken up by the crystal momentum
phonons. Notice also eqn. 6.103. It is possible to have a situation where the change in crystal momentum
of the electron takes it to another Brillouin zone, due to the extra translation provided by G,,. Such
processes have been historically called umklapp processes.

PROBLEM: This problem is meant to illustrate the role/necessity of umklapp processes for large angle
scattering of electrons. Imagine a monoatomic, monovalent solid that freezes in an isotropic cubic lattice.
Denote the density of electrons (and also the atoms) by n = N/V. First show that the Fermi wavevector
(kr) and the maximum wavevector of the phonons within the Debye model (kp) are simply related. Then
show that if the deflection of an electron by larger than ~ 79° occurs then the process needs to be an
umklapp scattering. The number (~ 79°) is specific to the Debye model.

Relating the matrix element to resistivity

We need to relate transition probability integrated over all possible final states to calculate the relaxation
(decay) rate of a certain state. Recall the standard perturbative treatment of a constant perturbation
(switched on at time ¢ = 0). This means that the electron would be able to make transitions to states of
equal energy only.

Consider the hamiltonian p
zh%hlf) = Hy|V) + V|¥) (6.104)

We assume that we know the eigenfunctions of Hy and they are normalized over a volume §2 such that
Holuk) = Eg|ug) (6.105)

We need to trace the evolution of ¥ over time such that

(1)) = % Sk ()]ug) e et/ (6.106)
k
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as

Constant
energy
4+ surface

Figure 6.9: The transitions over which we need to integrate to get the total transition rate out of the
state |ug). Note that dS is a surface area and dk; has the same direction as the gradient Vi E(k), hence
the group velocity.

The initial conditions are
ag(t =0) =

Substitute eqn. 6.106 in eqn. 6.104 and then left multiply by <ukr\eiEk’t, and integrate over (2, neglect
terms which are second order like Vags, to get the time evolution of the coefficients

1 .
Zh%ak/ = ﬁ(uk/|V|uk>e’(Ek’_Ek)t/h (6.108)
This gives
1 2(1 — cos xt)
e[ = s | e Vi) P == (6.109)

where © = (Ey — Eg)/h.
The number of state in the volume dSdk is given by the usual density of states formula for k space. We
can then write for the transition probability per unit time

as 0 2(1 — cosxt)
P ! = — ’ 2 A1
(k = k')dS %%m&/m%wmy 20 Zcosat) )y (6.110)
For points close to the surface we can write
0(Ey — E 1
do = % = S ViE(k)|dky = vg|dk. (6.111)

We then note that the integral 6.110 has a strong maxima at z = 0 and get (see standard quantum

mechanics books for the details). We need to use the fact that
i 02 xt

SN 5 t
5122 2 — %5(:6) as t — oo (6.112)

to complete the integration in equation 6.110. We then get:

248"

Pk — k')dS' = o
g

1
4m2h2Q) I
We state without detailed proof that the expression can be used (assuming spherical symmetry and the
simplifying assumption that the transition rate depends only on |k — k’|) to write the relaxation time as:

1 — ; 2 } /
= h2ly| /|<Uk'|VIUk>| (1 —cos)dS (6.114)

T
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where 6 is the angle of deviation in the scattering k — k’ The purpose of writing it in this form is to
show that small angle scattering is not very effective in contributing to resistivity due to the emergence
of the 1 — cos f factor.

6.6.1 Using the Boltzmann Transport equation

The BTE tells us how the distribution function would change as a result of applied electric fields and
internal scattering processes. In a steady state the sum of these two must balance each other.

dr dk of
= Vil + SVl (6.115)

of
ot

collision

Using the semiclassical equation of motion for the k vector in an electric field F', for a spatially uniform,
steady state distribution we have:
of
5t

|| F
h

AV (6.116)

collision

The simplest approach to equilibrium (with characteristic relaxation time 7) for a distribution (f) slightly
pushed out of equilibrium (f°) is:

5 _ f0
of S (6.117)
ot collision T
Let F = (F,0,0), then equations 6.116,6.117 can be combined to give
F
1) = 10 (hot )
Of° |e|Fr
= 0 A1
= fO>k) + g(k) (6.119)

The last equation also serves as the definition of g(k), the deviation from equilibrium. If the only variation
is along x then the partial derivative can be replaced by a total derivative.By using the chain rule for

dfo
derivatives we can write the derivative % as (this is a useful identity, that we will use)
daf df d|k|
- = — 6.120
dk, d\k| dky ( )
df ky
= —— (6.121)
dJk] TH]

Change due to collisions in terms of P(kk’)

A particle entering the volume element around k comes from some k’, provided there was an initial filled
state at k’ and an empty state at k. This is because electrons are fermions.

d*k

Nip, =2

/ s’ f(k')(1 — f(k))P(K' — k) (6.122)

Similarly the number of electrons leaving the volume element at k can go to any k’ where it finds an
empty state. So,

d*k

Nowt = 2-—%
out (27T)3

/dS’ f(R)(1— f(E"))P(k — K (6.123)



117

Since P(k — k') = P(k’ — k), we get

4

dt = NZ — Nout

= [as' 1) 0] PR
— [ as' (o) - (k)] P(RK)

Frodf (K —k
_ gy BT A (R = e 124
/ S ) PR (6.124)
e|F df ks
I e 0.125
h dlk] k] (6.125)

In the last two steps we have used 6.119,6.121. Equating the last two steps we get the important relation

/dS’ <1 — %) P(kK') = E (6.126)

T T

Notice that the integration is over k/, whereas k remains fixed. We have taken the electric field F' to be
along @ direction. There is no loss of generality in taking k to be along & also.

/

k
e Let the angle between k' and k to be 6, such that k_x = cos 6.

xT

e We assume that the scattering does not depend on the azimuthal angle, so P(kk’) = P(0).

e dS' = k?sin@ dfde, where ¢ is the angle that changes if we keep the projection of k’ on k fixed and
rotate k’.

e We then get

= / k?sin @ dOde(1 — cosO)P(0)

N =

= 27T/<:2/ dfsinf (1 — cos)P(0) (6.127)

1
e The relaxation time has now been related to a microscopic scattering mechanism. The value of —
.

can be plugged in the simple formula for resistivity p = —
ne2r

What if there are many scattering processes?

We can also see if there are many scattering processes then the total rate can be obtained by adding the
rates obtained by integrating over the individual processes with scattering probabilities Py () , P; () etc.

The result would be 1 1 1
=— 4+ —4+.... (6.128)
Ttotal T1 T2

This result is called the Matthiesen’s rule, when applied to the contribution of many scattering processes
to the total resistivity.

How can we get ”resistance” from an elastic scattering calculation?

Resistance of a piece of wire produces the Joule heating. Clearly there is energy loss involved in the
process. Yet we used a formulation of elastic scattering throughout. Why did it work?

We could restrict ourselves (the integrations) to the fermi surface alone, because each scattering event
was approximately energy conserving. We are dealing with electrons with few electron volts of energy,
giving up some energy to the lattice. The quanta of lattice vibrations have energies of a few milli eV.
Now each scattering (transition) can cause emission and absorption of one phonon only and hence the
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fractional change in the electron’s energy is very small. That is why the method works. But we need to
justify why emission/absorption of 100 phonons does not happen in a single event.

Let us consider a lattice site (actually a mode co-ordinate) as a simple harmonic oscillator initially in a
state |n) and an electron in a state |k). Write the expression for the perturbing potential by displacing
the atom’s co-ordinate by a small amount. We have two sets of co-ordinates in the problem now - one for
the electron and the other for the phonon/harmonic oscillator. Show that the only allowed transitions are
those in which |n) — |n £ 1). If you have set up the problem correctly, this should follow from preperties
of the Hermite polynomials. Since the energy of the electron+phonon system must remain constant and
the phonon can only take up a tiny amount of energy in one event, it follows that the electron can only
lose a tiny amount of energy in one event. Of course the sum total of all the energy lost by the electron
will show up as Joule heat. This is why we are justified in considering the scattering as ”elastic”. Of
course if they were perfectly elastic then there could be no thermalisation or appearance of any Joule
heat.

The low and high temperature limits of resistivity: Bloch-Griineisen formula

Using the result we deduced in eqn 6.127 and some other simplifying assumptions (Due to Bloch,
Gruneisen, Sommerfeld and Bethe) an explicit formula for the resistivity due to electron-phonon scattering
can be deduced:

5
p(T) = p(0) + const. <®_Z;)> G(©p/T) (6.129)
where G(z) = /dz(ez N (6.130)

It is left as an exercise to show that at high temperature (" > Op), p o< T and at low temperature
p o T°. Notice also that there is a lot of similarity between how the specific heat varies with temperature
and how p(T)/T varies with temperature.

0.25 |-
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0.10 |-

(T/0)'G(a/T)

©® = Debye Temp
0.05 |

0.00 -

00 02 04 06 038 1.0 1.2 1.4
T/®

T
Figure 6.10: The integral in formula 6.130 plotted as a function of oo Notice the similarity between the
D
shape of the curve and the specific heat of a solid.

To evaluate the relations just derived in the last two sections is algebraically quite difficult and there are
many details which need to be taken into account. for example
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e The real phonon spectrum - not the Debye approximation
e The probability of both the normal and the umklapp processes.
e The fact that the fermi surface of the electrons is not always spherical.

e There are many other effects like impurity scattering, electron-electron scattering which also con-
tribute to the resistivity of metals.

e The variation resistivity at low temperatures can also be affected by small amounts of magnetic
impurities.

Two results however qualitatively stand out.

e At high temperatures R o< T for most metals. Typical values for Platinum is 0.385Q/ 1002 for every
Kelvin near room temperature. This can be qualitatively understood by looking at the amplitude
A, of the phonon mode at temperature T.

PROBLEM: Show using summing over all the harmonic oscillator levels that the mean energy of
the oscillator, and hence its amplitude of vibration is given by

hwy

o (6.131)

2 42
(E) = Mw, A}, =

Show that the high temperature limit of this expression is 7" and hence the modulus of the matrix
element 6.101 is also o<T'

e At low temperatures the phonon contribution falls off as R oc T
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Chapter 7

Magnetism

We know that the thermodynamic equilibrium of a system (at constant volume and temperature) is
governed by the condition that (Helmholtz) Free energy, F' should be minimum. F' can be a function of
many variables. Magnetisation per unit volume of a sample is defined as

1 0F

M(T,B)=——=— 7.1
Since ' = U — TS, if the entropy contribution is small then energy and free energy are often used
interchangeably. Magnetic susceptibility is then the second derivative defined as
oM 1 0°F
T=——=——=— 7.2
1) =55 = VB 7:2)

Units of magnetic quantities

The conventional definition of susceptibility uses H and M. Since these two quantities have the same
units, x = %—% is dimensionless. Recall that B = pg(H + M). The correct SI unit for B is Tesla, for
H and M the unit is ampere/mt. For some historical reasons the published data on x is written after
dividing the (volume susceptibility) x, = g—]‘g by density. It is called the mass susceptibility xm, = Xv/p-
So it is common to see x expressed in m3kg~!. In these units many common diamagnetic substance (e.g.
water) has y, ~ —107%, Oxygen (gas) is slightly paramagnetic with x,, ~ 1076, It is in general true
that paramagnetic susceptibilities are somewhat larger than diamagnetic susceptibilities. We will see the

reason behind this.

Analysing magnetic behaviour
We can try to understand magnetic behaviour of materials in a few steps.

e Understand what magnetic field does to individual ions sitting in a lattice, with no free electrons
around.

e What magnetic field does to a "free” electron gas in 2d and 3D.

e What happens when free electrons and ions with some magnetic moment come together.

7.1 Quantum mechanical effect of the magnetic field

The Hamiltonian with a magnetic field is written using the vector potential A as:

H=_—(b+IelA)’ +V +g (5 )S.B 7.3
(b + el A 4V 4 g (o (73)
We will assume that the magnetic field is uniform and given by Byz, and the following conditions
B = VxA (7.4)
VA =0 (7.5)
1

121
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As far as the spin of the electron is concerned we need to recall the following;:

e
=g(=—)S 7.7
p=g <2m) (7.7)
The spin operator for spin—% particles is
h

where o is a vector formed of the Pauli spin matrices.

(01 (0 i (10
=\10) i o) "o 1

It is left as an exercise to show that this leads to Hamiltonian for n independent particles
2 2
H = Lt 4+V ———|).B+—B ~ - 7.9
Ei 5+ +uB< z > + o EZ (27 + ;) (7.9)

where L and S are the total angular momentum and total spin operator of the system. The Bohr
magneton is defined as |e|/2m and has a value 9.27x10~2* Joule/Tesla, would often appear in many
calculations Notice that the spin part plays a role in the additional (perturbing) part but is not essential.

PROBLEM: Show using standard perturbation theory, that 7.9, that the shift in the energy levels due
to the presence of the magnetic field

L+goS ‘WB (—Hf?OS) [
_ 90 2 ) € 2 2 2
0E, = pp(n|B. (T) In) + pkh é | R +5-B (n| § (z7 +y7) In)  (7.10)

This simple result can be used for situations where the system can be represented as a collection of slightly
deformed individual ions.

Order of the perturbing terms

Consider a field B ~ 1Tesla. The term proportional to B is of the order of ugB ~ 10~*eV. On the other
hand the last term in 7.10 will be about 10* smaller than that at B ~ 1Tesla. Thus unless the the first
term vanishes, it is necessarily much less important.

However consider an important case where the first term is zero. The ground state of crystals composed of
ions/atoms with filled shells (inert gases and alkali halides) should have zero orbital and and spin angular
momentum. The equation 7.10 says that the energy of the system should increase a little with magnetic
field - this means that the response of these should be diamagnetic. This prediction is quantitatively
correct for inert gas and alkali halide crystals. This phenomena is usually called Larmor diamagnetism.

When the atomic shells are partially filled the second order term arising from the L and S contributions
with a negative sign will come into the picture for the ground state. Whether the (insulating) crystal
will be diamagnetic or paramagnetic depends on the balance between these two competing effects. The
paramagnetic term is attributed to Van Vlieck.

7.1.1 Forces on a magnetic dipole

We can now prove an interesting result. A small paramagnet cannot float (stably) in a magnetic field,
but a small diamagnet can. Let’s analyse the forces on a small dipole and try to see if there can be a
stable point. The energy of a dipole is

U=-m.B (7.11)
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We need to see if the energy has a stable minima. So the question is what is the sign of
V(—~m.B) =? (7.12)
For a dipole with a fixed moment (that is not effected by a B), this is
V2U = — [my V2B, +my,V>B, +m,V?B,] (7.13)
But in free space, with no radiation/ time varying electric field we have
V’B = VV.B-VxVxB
=0 (7.14)

Hence the laplacian of the individual components of the magnetic field are all zero and there is no point
of stable equilibrium. Now if the dipole is itself induced by the magnetic field, then we need to look at a
potential energy of the type:

VU = -V’xB.B = —xV* (B} + B, + B?) (7.15)
Now it is left as an exercise to prove the result (using the previous one) that :
V?’B.B =2 (|VB,> + |VB,|* + |[VB.|*) > 0 (7.16)

Hence for a diamagnet (x < 0) we can find stable equilibrium points in a magnetic field, but not for
paramagnets. As an interesting aside, since animal bodies are mostly water (which is slightly diamagnetic),
one can make a small frog float in strong (about 15-20Tesla) magnetic field!

PROBLEM: Calculate the susceptibility of an ion with angular momentum J as follows. Consider an ion
with total angular momentum J- such that it has 2J + 1 states. The partition function would be given

by

J
A Z e P9 uBBj=
jz:_J
NOF N gxupJ B
M = ———=—¢"upJB 7.17
a5 = 79 M J< T > (7.17)
where Bj(x) denotes the Brillouin function
2J+1 2J+1 1 1
B = th — — coth — 7.18
s@) = =55 coth —5—w = o7 coth 55a (7.18)
This leads to Curie’s law for high temperature (kg1 >> g*upB) susceptibility
N (¢*pB)? J(J +1

X=y T3 kT

7.2 Magnetic moment of an isolated atom: Lande g-factor & Hund’s
rules

An atom can have many electrons. These will have spin moment s; and orbital moment I;. To get the
total moments, we need to add
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There could be various values of L and S depending on the relative orientation of the individual momenta.
Predicting the correct value of L and S is what Hund’d rule does - we will do this in the next section.
Now, suppose we have been given the correct J, L and S values. We then need to relate it to the total
magnetic moment of the atom, so that we can predict its energy level in a weak magnetic field. The
problem is slightly non-trivial because the gyromagnetic ratios associated with L and S are not the same,
so the magnetic moment will not be, in a simple vector addition sense, point along J. We define the Bohr
magneton and the other relevant quantities as

le|h
N el e 22
1B o (7.22)
ps = —2’%35 (7.23)
p = —%BL (7.24)
(7.25)
The total moment is then

M :<J§@s+m

- —’%B(JJFS) (7.26)

7.2.1 Lande g-factor

Now we place it in a magnetic field. We will see how the problem is treated ”semi-classically” and then
quantum mechanically.

Semiclassical vector model

See fig 7.1. The vector J is assumed to go around the direction of the magnetic field (taken to be 2). We
want to take the projection of p and B along J. We will use the ”quantum” aspect that the z-component
of angular momenta can only be J, = Mh and that the magnitude of the angular momentum vector is
/J(J 4+ 1)h. But otherwise we treat the vectors classically.

AE = —u.B
-3 h)

(s
] |J|?> + J.S

- 4 ( |J|2 >MhB (7.29)

2 2 2

- < + 2|f1||2+ 151 >MB (7.31)
B (J+1)—LL+1)+5(5+1)

= up <1+ 3T >MB (7.32)
— MysupB (733)

The definition of the Lande g-factor is then

J(J+1) = L(L+1)+ S(S +1)

2J(J +1) (7.34)

gr =1+

It tells us how the spacing between the discreet Zeeman levels depend on J,L and S.
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Figure 7.1: Notice that the vectors J and p are not in general in the same direction.

The quantum mechanical treatment of the problem

Can this idea of a vector rolling on a cone and then taking its average value be placed on a firmer footing?
The obvious hamiltonian with a small magnetic field added as a perturbation is going to be:

H = Hy— uB
= Ho— Bu.

In absence of B, J and M are good quantum numbers and the electronic states are characterized by state
kets like |a, JM) where « is the set of all other quantum numbers - like radial quantum no etc. Obviously:

J.la, JM) = Mhla, JM) (7.36)

o, JM) = J(J+ 1D)h3|a, JM) (7.37)

All m states are obviously degenerate at B = 0. The standard problem is now to apply first order

perturbation using V' = —Bpu, as the perturbing potential. The operator for the magnetic moment is
given by:

pn = —%3(25+L)
- —l%B(J +8) (7.38)
AE = (a,JM|V|a, JM) (7.39)

= —B(a,JM|p.la, JM) (7.40)
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Now in place of the ”averaging” along the the direction of J that we used, we will utilise a theorem
that holds for the expectation value of any vector operator between angular momentum eigenstates -
the Wigner-Eckart theorem. The derivation of the result is given in many textbooks (e.g see Sakurai
for "projection theorem” for vector operators). If T' is any operator whose expectation value transforms
under rotation like that of a vector - then its expectation in angular momentum eigenstates is related to
the expectation of the angular momentum operator itself, in a simple way:

(o, JM|Jy | v, JM)
nI(J + 1)

(o, JM|T, |, JM) = (o, JM|J.T|cv, JM) (7.41)

There is no summation over M or J involved, it is a simple proportionality. Then taking 7}, = u., we get
for eqn 7.40 to be

AE = —B{a,JM|pu,|co, JM) (7.42)
M
= —B————(a, JM|J. JM 7.43
Now using
T = —’%B(J2 +J.S) (7.44)
we get

(o, JM|J? + J.S|a, JM)
R2J(J + 1)
(o, JM|J.S|ex, JM)
R2J(J +1) >

AE = upBM

= upBM (1 + (7.45)

The quantity within the brackets would lead to exactly the same expression as eqn 7.34, the steps are
trivial because we can express J.S in terms of J?, L? and S? . Notice how the Wigner-Eckart theorem,
which is exact, replaces our vector model ”assumptions”.

7.2.2 Hund’s rules

In the calculation of the Lande g-factor, we assumed that the values of L, S and J are given to us. But
since two angular momenta can be combined in various ways, we need a principle to tell us which is the
favoured combination. This principle (for a many electron atom) is the Hund’s rule.

The rule states that ”every orbital in a subshell is singly occupied with one electron before any one orbital
is doubly occupied, and all electrons in singly occupied orbitals have the same spin.”

This needs to be applied to the outermost (unfilled) shell of an atom only, since the fully filled shells have
zero net angular momentum. We do it in the following steps (these are partly empirical)

1. The z-component (S,) of the total spin should have the maximum possible value consistent with
Pauli exclusion principle. This means that if we have 6 d-electrons, then we should put 5 of them
in up-state and one remaining one in the down state, pairing up with any one up electron as
shown in fig. The qualitative justification is that if two spins point in the same direction then they
would try to stay farther apart in real space. This would reduce the Coulomb repulsion contribution.

2. The orbital angular momenta combine to give the highest possible total L, consistent with the
previous rule. This electron wavefunctions at large L are more spread out and this again reduces
the repulsive Coulomb interaction.

3. The angular momenta L and S combine to give J = |L — S| if the shell is less than half filled and
J = L + S when the shell is more than half filled.
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25417 ; notation
To specify the LSJ values, for historic reasons the following notation is used.
e The value of S is specified in terms of its multiplicity 25 + 1 as a superscript.
e The L value is specified by a letter S =0, P=1, D=2, FF =3, G =4 and then H, J, K etc.

e The J value is specified as a subscript - unlike the S value, it is not the multiplicity that is written,
but the value itself.

As an example the Fe?t ion has a spin state °D,. It means it has S =2, L =2, J = 4.

How well do these rules work?

The rules are stated for an atom, but magnetic materials are generally solids, so we really have to apply
the rule to ions sitting in a lattice. The rule also tells us that atoms with incomplete shells with large
capacity for holding electrons (d, f) are likely to have large moments. This is indeed correct - the transition
metals of the periodic table are where we find magnetic behaviour.

One would experimentally measure either the magnetic moment or the susceptibility of a certain amount
of the material and then try to see how much each moment must be contributing. See eqn 7.19. We can
use the Hund’s rule and Lande g factor to predict what the value of g*1/J(J + 1) should be and test it
against experimental data - for obvious reasons this is called the effective Bohr magneton.

See the following two tables for the f and the d block elements. This shows that the predictions are pretty
good for most f-elements but not so good for many of the d-elements. Somewhat surprisingly the data
seems to suggest that a better match would be obtained if we consider only S and set L = 0 for the d
elements. Why should it be so?
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Table 1 Ground states of rare earth ions with partially filled f shell, and effective Bohr
magneton numbers.

electronic ground calculated

ion configuration state term  p = g[J(J + 1)]'/?  measured p
La*t 4f°55%5p° 1So 0. diamagnetic
Ce®* 4f'5s%5p° 2Fy/2 2.54 2.4
pPrit 4f%55%5p° 3H 3.58 3.5

P 4 : s
Nd3**+ 4f355%5p° 4Ios2 3.62 3.5
Pm®**  4f%55%5p° 514 2.68 -
Sm?*+ 4f°55%5p° SHs/z 0.84 1.5
Eu®t 4f°55%5p° "Fo 0. 3.4
Gd3t 4f755%5p° 8572 7.94 8.0
Pht 4f85525p° "Fs 9.72 9.5
Dy** 47%5525p° ®His/2 10.65 10.6
Ho®*  4f'%55%5p° °Is 10.61 10.4
Erft  4f'155%5p5 “Iis/2 9.58 9.5
3+ 12 2 6 3

Tm 4f°*5s°5p Hsg 7.56 7.3
Ybit  4f1355%5p8 *Fr/a 4.54 45
Lu3t 4f1455%5p8 180 0. diamagnetic

Table 2 Ground states of ions with partially filled d shell, and effective Bohr magneton

numbers.

electronic ground- p calculated values p measured

ion configuration state term  g[J(J + 1)]*?  2[S(S +1)]*/? values

Y Y 3d' 2Da/2 1.55 1.73 1.8
v+ 3d® 9 28 1.63 2.83 2.8
Ot WAL 3d3 ‘Fa/n 0.77 3.87 3.7 3.8
Mn3* Cr?t 3d* *Do 0. 4.90 5.0 4.8
Fe*t Mn*t 3d° 655 /2 5.92 5.92 5.9 5.9
Fe?t 3d® SDa4 6.70 4.90 5.4
Co*t 3d" Fy 7.54 3.87 4.8
Ni** 3d° 3F4 5.59 2.83 3.2
Cn?t 3d° *Ds;2 3.55 1:73 1.9

Figure 7.2: The list is reproduced from a book by Grosso & Parravicini. See the comparison between the
experimental values and the predictions based on Hund’s rule. Try to calculate the the LSJ values from
the electronic configurations by applying the rules, yourself.
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Figure 7.3: The typical behaviour of spontaneous magnetisation of a ferromagnet. This magnetisation
is the maximum one can measure for a sample of the ferromagnet with no applied field. In general the
measured value would not be this because of the presence of magnetic domains. We will deal with this
very important practical aspect of domain formation later.

Adiabetic demagnetisation method of producing very low temperatures

To be written

7.3 The electron gas in a magnetic field: oscillatory phenomena

To be written

7.4 Exchange interaction and ferromagnetism

A few elements in the periodic table - namely Fe, Co, Ni can have very large magnetisation without any
applied external magnetic field. These are metals, so they have free electrons as well as some electrons
which form a very narrow band - arising from the d electrons of the atom. It turns out that to understand
the origin of this effect, it is necessary to consider all the electrons at once. In all the problems we have
done so far, we treated one electron in the field of all the atoms.

Why dipolar interaction is not the cause of ferromagnetism
The interaction energy between two dipoles cannot account for ferromagnetism.
e Dipole-dipole would favour antiparallel alignment

e The energy scale is too small to account for ferromagnetic Curie temperature of ~ 1000K. Curie
temperature is that above which there is no spontaneous magnetisation in the system - see fig 7.3.
Above T, iron would behave like a paramagnet.

Recall that each dipole is of the order of the Bohr magneton. Their energy of interaction is

1 R .
Upg = 5—0—3 [B(mq.7)(ma.7) — my.ma] (7.46)
T
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Table 7.1: List of some ferromagnetic Curie Table 7.2: List of some anti-ferromagnetic Neel
temperatures (Wikipedia) temperatures (Wikipedia)
Substance Curie temp (Kelvin) substance | Neel temperature (Kelvin)
Iron (Fe) 1043 MnO 116
Cobalt (Co) 1403 MnS 160
Nickel (Vi) 631 MnTe 307
Iron Oxide (Fe203) 895 MnF, 67
Gadolinium (Gd) 292 FeF, 79
F6203 948 F@Clg 24
FeOFey03 858 FeO 198
NiOFey03 858 CoCly 25
CuOFey03 728 CoO 291
MgOF€203 713 NiClQ 50
MnBi 630 NiO 525
MnSb 587 Cr 308
MTlOFGQ 03 573
YE;F65 012 560
CrOs 386
MnAs 318
Dy 88
EuO 69

2
We can estimate this expression assuming a separation of r ~ Inm, Uy ~ Z—g% is a very small
energy.

e The only source of such a strong interaction is the electronic Coulomb interaction, but how does it
come into play in magnetism?

We have the following problem
H-Y B Y+ s Y (0
—~ 2m 4 T e 2 5 |rs — 75 '
e Here i runs over all the electrons and f runs over all the lattice sites.

e Vj(r;) means the potential due to lattice site f on particle i.

e Wavefunctions centred on different sites will be taken to be orthogonal - which is not strictly true,
but we have done the same for all our tight-binding type calculations.

The hamiltonian (7.47) can also be written as a sum of single particle and two particle (interaction) terms.
H = Y hi(rs) + Y hij(ri,mi)
i 1,J
where
p?
o= ‘
hry) = Py §f Vi (ry) (7.48)

11 &2

- - - 7.49
47Te2|ri—'rj| ( )

hij(rs, i) =
In all previous chapters we ignored the fact that two electrons will repel (interact with) each other -
this we can no longer do. We shall see that it is Coulomb interaction in conjunction with antisymmetry
requirements which ultimately give rise to magnetism. We need to develop a way of writing wavefunction
of many electrons together and then take expectation values of such many particle wavefunctions to
identify the correct ground state of the Hamiltonian.
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7.4.1 Origin of the exchange interaction between two electrons
The Hydrogen molecule

The Hy molecule has two electrons which may be thought of as coming from two atoms, marked A and B
in fig. We write the wavefunction of the two electron state, using the atomic states as the basis functions.
Let ¢4 denote a 1s wavefunction centered at site A. The spin part of the wavefunctions are denoted
by a and 8. There are possible four combinations, where we do not need to put two electrons at the
same site. The state are not normalised at this point. The factor of % would have given us the correct

normalisation, if the states were orthogonal.

pardon) = 5| Golriat ontre 0
sl = 75| ot enten s
|y dBr) = % zgi:ﬂﬁ zggz;ﬁ (7.52)
SR P i s

The states ¢4 and ¢p are not orthogonal, because they have a little overlap at the middle. Thus our
basis states are not orthogonal, but there is nothing wrong in that.

Now, since we know that isolated atom solutions (call the ground state energy of each atom to be Ejp),
we know that the energy levels of the system, when the A-B distance is very large must be 2Fy. The
2-electron hamiltonian with the Coulomb interaction included can be written as (notice the sign of the
various interaction terms):

2 2

1 1 1 1 1 1 1

p=P, B ( + + + >+ (7.54)
2m  2m  Amweg \|ra—71| |ra—m2|  |rp—mri| |rp— 1ol deq |r1 — 72

Here 74, rp denote the coordinate of the A and B site. What are the expectation values of this Hamil-
tonian in the Slate determinant states that we have just written down? Notice that from this point we
cannot draw any analogy with classical behaviour, because there is no analogue of symmetric or anti-
symmetric wavefunctions in classical physics. Before we go ahead and calculate the expectation values
there is a bit more work to do with the wavefunctions. Recall that the two electron wavefunctions can
be written either in the [5152521529), or |S1525 Sz) form. We prefer the second form. It is left as an
important exercise to verify that :

The state S =1, Sz =1
Vi1 = |dar,dBt)

= % [9a(r1)dB(r2) — ¢B(r1)da(r2)] a(1)a(2) (7.55)

The state S =1, Sz =0

(par, dBy) — |PaL, dBY)
V2

[¢a(r1)¢B(r2) — ¢B(r1)Pa(r2)] (a(1)5(2) + 5(1)a(2)) (7.56)

LA

1
22

-
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The state S =1, Sz = —1

Ui 1 = |pa,¢By)

= % [¢4(r1)oB(r2) — ¢B(r1)¢a(r2)] B(1)5(2) (7.57)

The state S =0, Sz =0

Wy — |pat, dBy) + |PaL, dB1)
’ V2
1

%E (6a(r)65(r2) + dp(r)oa(r)] (a(1)BR) — A(1)a(2)) (7.58)

Normalisation of these states

What is (¥11|¥;,1) ? To compute this we have to remember that the wavefunciton contains both spatial
and spin parts.

(U11P11) = %((¢A(7”1)\¢A(7°1)>(¢B(T2)!¢B(T2)> —{(pa(r)|¢p(r1))(dp(r2)lda(r2))
+  (¢B(r1)|oB(r1))(9a(r2)|9a(r2)) — (B (r1)|da(r1))(Da(r2)|dB(r2)))
= 1-w? (7.59)
where
W = (¢a(r)|op(r)) (7.60)

is the overlap integral. But the normalisation is not the same for all the states. Following the same process
(but the algebra has to be carefully done) we can show the full set of results:

(Uy4|0pq) = 1-W?
(U10|T10) = 1+W?
(U _q|Ty 1) = 1-W?
(Wop[Too) = 1+W? (7.61)

It is left as an exercise to work out the full algebra - notice the difference in the sign of W?2. When both
spins are up or both are down, then it has a negative sign, otherwise it is positive.

Now we get back to the Hamiltonian and rewrite it in two rather obvious parts. We define the isolated
atom part, (which does not depend on how far the atoms are) of it as

2 2 1 2 2 1
YO S S W . R (762
2m  Ameg |ra — 7] 2m  Aweg |rp — 1o
and the interacting part of it as
2 1 1 1 1
AH=—-° ( + - - > (7.63)
dreg \|rg —r1|  |ra—mre| |ri—mre| |ra—rp|

We have now formulated the problem clearly. We need to evaluate for each |S1525S5%) state

(VIAH|W)

) (7.64)

For example:

(V11|AH[Wy 1) = S [(@a(r)es(re)|AH|pa(r1)op(r2)) + (9a(r1)¢p(r2)|[AH|da(r1)ds(rs))]

[(ba(r1)¢B(re)|AH|pp(r1)da(r2)) + (dB(r1)da(r2)|AH|PA(r1)dB(r2))]
—J

qu—lwu—l
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where

K = (oar)on(ra)|AH|pa(r)é5(ra) (7.65)
= [ [ ndraoatPlostPar
J = (¢B(r1)oa(r)|AH|pa(r1)dB(r2)) (7.66)

- / / BradProd’y (1) 8% (r) AH S (11 )b (r2)

Notice that the K integral is like the perturbative part of the potential averaged over the charge density.
But the J integral has no such simple interpretation. Notice how the arguments of the two wavefunctions
have been interchanged or exchanged - this is called the exchange integral. Now we can work out the
other three integrals. We get

(U1 1|AH|W ) K—J
(Uy1|0y4) 12
(ViolAH[W9)  K-—J
<\I!170’\IJ170> 1 + W2

(W G| AHE, ) K—J
(U, —1|¥1,-1) 14+ W2
<\D070’AH’\I}070> . K+J
(Wo,0[%0,0) 1w

Convince yourself that the signs of the exchange integral is different in the triplet state (= 1) and the
singlet state (S = 0). Both, the K and J terms are functions of [r4 — rp|. Explicit calculation of the
terms show that J > K. Then we see:

J— KW?

Towr (7.67)

Esinglet - Etm’plet =

If W is small, J is negative then the singlet lies lower in energy. An antisymmetric spatial part and a
symmetric spin part is favoured.

The sign of J

The integral J can be written (from eqn 7.67 and using the form of AH)

g 1 1 1 1
= e (9B(M)da ()] s B eyges Rk vy Bl ey TB‘m(m)(pB(rQ»
2
= e —W<¢A(r1)|7‘r3 " lop(r1)) — W<¢B(T2)Im|¢,4(r1)> (7.68)
1
2
+ W 4|7°A — 7"2| + <¢A(r1)¢B('r2)| |,’a1 — ’l"2| |¢B(T1)¢A('r2)>

Can you see that if W = 0, then J > 0. Thus if the basis functions are orthogonal, the exchange term
must be positive. This is a very important conclusion.

The excited states of Helium atom

The He atom contains two electrons and in the ground state both these electrons must be in the 1s state.
Thus the spins must be oppositely directed and there is only one possibility consistent with the exclusion
principle - the singlet state 1Sy following the LSJ notation. Now consider an excited state where one of
the electrons is put in a higher state (may be 2s, may be 2p). So the two electron states will have to be
built out of one 1s and one 2s state. Following the convention of naming atomic wavefunctions with nim,

we can write
E = Eip0 + Epm + AE (7.69)
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We can write the full wavefunction by constructing a Slater determinant out of two one electron states
Wig9 and V,;, along with the spin functions as before. But now the two wavefunctions are necessarily
orthogonal and the exchange integral must be positive - unlike the Hy molecule. Thus the lower excited
state should be a triplet. This striking prediction of quantum mechanics is indeed known to be correct.
(See Sakurai’s QM book for details)

Formulation of the equivalent spin hamiltonian

So we see that the exchange integral behaves differently in the singlet and triplet states. If we ignore the
”small” term contributed by non-orthogonality (1¥) in some cases, then we can say that the sign of J is
the principal contribution that changes. Is there an operator that will take on eigenvalue +1 in the triplet
state and —1 in the singlet state? Then that operator multiplied by the magnitude of J would reproduce
the correct two electron energy levels. Heisenberg and Dirac pointed out that the operator S;.S5 does
just that. Write the total spin for two Spin—% particles as

S? = (81 + 8,)?
S? + 82 +28,.8,

1 1/1
1 -1 ifS=0
..§+251.S’2 = { 1 S—1 (7.71)
The hamiltonian of the form
1
H=K-J <§ + Sl.SQ> (772)

will thus reproduce the observed energy eigenvalues in the triplet and singlet states. An apparent dipole-
dipole like interaction term has arisen out of Coulomb interaction and antisymmetry requirements of the
total wavefunction (Slater determinant). Now we need to extend these ideas to many electron systems.

7.5 The ferromagnetic state from Coulomb interaction

We have N electrons and N lattice sites. We label the lattice sites by a,b,c,d.... and the electron spatial
co-ordinates by r1, r2, T3 ...rn. The Hamiltonian is

2 2
D; 1 1 €
H = - Ve(r; —. 7.73
i
——— ~
K.E. lattice potential e-e Coulomb interaction

We need to take the expectation value of this H is fully antisymmetrized Slater determinant states. We
will start by taking the expectation in a state where all the sites have spin 1. The electrons are not
completely localized but do not have large nearest neighbour hopping matrix element. In other words
these electrons reside in a narrow band.

We denote the single electron eigenstates by

Pa, Do, Pe---Pf

implying that the wavefunction is centered around the site a,b,c etc, which appear as the subscript. We
will also write the terms in such a way that r1, r2, r3 ...rn occur in their natural order. So each term of
the Slater determinant (except for the sign) will be built up as follows, see fig 7.4
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Figure 7.4: If ¢, is assigned to box for r1 it gives the function ¢,(r1)

7.6 The state with all spins pointing in the same direction

The Slater determinant with all spin up states is defined as :

gba (rl) gba (7“2) [ ¢a(rN)
1| () du(ra) . du(rN)
Tvwoo o
én(r1) on(r2) .. .. on(rN)
When expanded this will have N! terms and if
(@2(r)|dy(r)) = Oay (7.75)
then \/i\f_' is also the correct normalisation.

If fully expanded an expectation value of the type (®|H|®) will have at least NIx N! terms. Obviously
tabulating all of these and finding a trend or pattern among them would be just impossible. We group
them in a particular way and the important fact is that only a small fraction of them are different from zero.

We first group the terms in the hamiltonian (eqn 7.73) as follows:

2 2
D; 1 1 e
H = g - g Ve(r; —. g 7.76
- 2m + 7 rlrs) + 2 4mey ; |y — T ( )
i#]

Then we pick any one ket state from the N! terms. Say

X = ¢e(T1)bg(T2)6(r3)Pa(Ta) s (T5)... P2 (TN) (7.77)

Then from the bra side we pick a term with exactly the same sequence

X" = 0e(r1) ey (r2)y(r3)d4(ra)d3(rs) ... 03 (TN) (7.78)

Now consider:

2 2
Pi _ 240
<x o+ ijvfm) x> = <<z>e =t zfjvfm) ¢e>
= Ey (7.79)
All the other terms just pass through, since no term in the hamiltonian part contains the co-ordinates of

ro, r3 ...rN. Because all lattice sites are equivalent, the number Ej is independent of which lattice site
(e) appeared with 1.
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2
To this we need to add the contribution of the coulomb part > Tme Z | ¢ | This gives
ri—Tj
i?fj
K = d3 d3 * 7.80
247’1’602/ T’ TN 1—’)"J|XX ( )

62
— Z/ d T‘1d3'r']| |Pe(7'1)Px(’r‘J) (7.81)

2 471'60

Where p. = ¢.¢; and z is the state associated with ;. As we sum over j we will find z taking all the
indices a, b, ¢, d, f, ... except (e). Again the result is independent of our choice of the electron co-ordinate rq

Hence we can write

3 p—g—i—ZV(’r")—Fl Ly ¢
i X 2m 7 s 2.47'('60 ; ’Ti—Tj’ X
i
= Y (Ey+K)
= NE (7.82)

But we started picking an arbitrary permutation egbdf... So the same arguments work for each of the

1 1
VN!VN!

N! permutations. The sum over all the N! permutations then cancels exactly with the arising

from the normalisation of ®.

So the energy expectation from the direct terms, including the coulomb part scales with N as one would
expect.

Because the number of site indices and the number of electron co-ordinates are the same there can be no
pair of terms (one from the ket side , one from the bra side ) that differ only in one position.

But there can be terms which differ in two places leaving the other N — 2 terms same. To evaluate these
terms we will group the hamiltonian differently

P
2m

H:

i

> (47T€0 |74 —rj|> +ZZVf (r3) (7.83)

(ij) pair

The expectation of the first part in any cross term is zero. This is because there would be at least one ¢
state in the ket side that will hit a different state in the bra side.

for the second part, the N — 2 state (sites) other than those which go with r; and rg are identical on
both sides. Let’s assume we have

e ¢, (r1)Pn(r2) on the ket side
e ¢ (r1)¢k (r2) on the bra side

There are N(N — 1) ways of choosing these states. The value of the term will depend on the (m,n) pair
that is chosen.
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1
dmeg |7°1 ]

o = <¢n<r1>¢m<rz> +ZVf (r1) + ZVf (r2) ¢m<r1>¢n<rz>> (7:84)

We retain only the potential arising from the ions at the m and n sites. Hence

62

Jn = <¢n(r1)¢m(’r2) + Vin(r1) + V(1) + Vin(r2) + Viu(r2)

¢m(r1)¢n(rz)> (7.85)

47‘(’60 ‘7‘1 - 7‘2‘

Jmn Will depend on the relative locations of m and n. If the electron states are spherically symmetric like
s states, then they will depend on the distance alone but for d or f orbitals the relative orientation will
also be a factor.

Now it may appear there is some inconsistency in claiming that single particle operators cannot contribute
to terms where the bra and ket states differ in two locations and still retaining the the single particle
potential in the expression. If the states were exactly orthogonal this would be correct, but as an exercise
you can try to figure out how the small non-orthogonality plays a role.

The next figure (fig. 7.5 shows how many ways the exchange term can be chosen. The N! factor will again
cancel with the normalisation. Then, because J,,, also falls off with distance (|m —n/|), we will retain the
nearest neighbour exchange only. We can retain more terms, but this will not change the conclusions.

N(N-1) X NGy x (u-2)!
Wewys A55LARA
A P ; permombndionn
‘ Chided- it S ¥ P

e ek £ hr=. .

Figure 7.5: No of ways of the exchange term can be constructed.

If we retain only nearest neighbour terms, then the first factor N(N — 1) — Nz where z is the number of
nearest neighbours in the lattice.

The numerical value of J can be positive or negative depending on a lot of fine details of the wavefunction
and the potential.

Also we can absorb the factor of 1/2 in the definition of J

Now comes a crucial point. These terms will all come with a negative sign in the energy expectation.
This is because ¢,,¢, appears with their order reversed on two sides. This means in the expansion of the
determinant, they differ by exactly one “exchange” and hence must occur with opposite sign. So finally
we can write for the energy of a state with all spins pointing in the same direction:

(®|H|®) = N(Ey — 2J) (7.86)

We need not consider terms with three (or more) positions differing in the bra and ket. Because we
only have potentials (operators) that involve the co-ordinate of two particles at once, there will be some
electron co-ordinate that will ”pass through” and find itself associated with a different state (site) on the
other side. This will make such terms zero or very small. So we do not look for terms any more complex
than the exchange terms.
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7.7 A state with one spin flipped

Now suppose we have a state with one site spin (say site labelled f) flipped. How does the energy
expectation change? The state is

(baT(rl) ¢aT(T2) e e ¢aT(TN)
our(r1)  der(r2) . . Pu(rN)
2= TN bl bp(ra) - - Gplrw) (7.81)
.QZ;NT(TI) ;J;NT(""2) ;Z;NT(TN)
(Pf|H|Ps) =7

The first set of terms, which have the orbitals appearing in the same order in ket and bra, will remain
the same. The downspin state will hit a downspin state.

The exchange integral will vanish if either of the states m or n contains the flipped spin. The hamiltonian
contains no spin-flipping term, the spin co-ordinate just passes through. Hence the down spin associated
with 7 say will find itself with an upspin state. This orthogonality is exact, unlike the site to site (ap-
proximate) orthogonality.

So some of the terms which were being subtracted before are no longer going to be subtracted. Their
number is equal to the number of the nearest neighbours of the flipped spin state. We thus have:

(Bf|H|® ) = (B|H|D) + 2] (7.88)

If J > 0 then the all spin up state lies lower in energy, even though there is no magnetic interaction at
all in the hamiltonian. This will be the key element in the explanation of ferromagnetism.

But this excites state is highly degenerate, since we could have flipped any one of the N spins. So we
must make a linear combination of all the possibilites and write:

U=> a0 (7.89)
f
Now, to solve:
HV = EU (7.90)
HY ap®p = EY apdp (7.91)
f f

Y ap(@p|H|Dp) = EY ap (@f|dp) (7.92)

f/ f/ %(?ff/

We would then need to solve a linear set of equations, to get the coefficients and the eignevector, but first
we need to calculate (®p/|H|Py).

Since the flipped spin is at different sites in the ket and the bra, it implies that the sequence of terms
must differ in at leat two places, because unless f hits f’ the spin-spin orthogonality will make it zero.
But to ensure that we need to make at least one place different (f in place of f’). Since no term with one
place different can contribute, we need to look into only those terms (exchange) with two places different.
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2
We have already shown that it the sequences differ at two places, then the % type terms cannot con-
m

tribute.
The exchange terms are not too small only if f and f’ are nearest neighbours.

Now consider a 1D ring, so that there are only two nearest neighbours:
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Figure 7.6: The only exchange terms between (® ¢/|H|® ) will be non-zero if f' = f £+ 1.

Again the choice of coordinates can be made in ¥ Co ways after f is chosen. The next figure (fig 7.7)shows
the cancellations with normalisation etc.
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Figure 7.7: The counting of the number of terms....
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So finally we get :

<‘I>f/‘H‘\I/> = —af,lJ—afHJ (793)
(Bf|H|®f) = = (B|H|D)+ 2] (7.94)

Thus the set of linear equations again reduce to the ”circulant” type matrix that is typical of many
"nearest neighbour” coupling situations. The eigenvectors are formed of N** roots of unity.

(E — FEy — Q)G,f + (af,1 + af+1) J (7.95)
27

H ith k= —j

ence wi N
ap = et (7.96)
U= ) eMepy (7.97)

!

E—-FEy = 2J(1—coska) (7.98)

These excited states are called spin wave states. The appearance of k makes the origin of the ”wave”
aspect clear. In the later sections we will see that the ”equivalent” Heisenberg spin hamiltonian reproduces
the same result, provided the exchange parameter J is used as a phenomenological input. Within the
”spin hamiltonian” there is no explanation of the origin of J.

7.8 Magnitude of J : Why is Iron ferromagnetic?

The answer to this apparently very basic question is not very straightforward. Let’s recall the expression
for J,,, in equation 7.85

62

+ Vin(r1) + Va(ry) + Vin(r2) + Va(r2)

I = {on(ra)omra n(r)n(rs) )

dmeg |11 — 72|

The interaction between the electrons give positive contribution (the first term) the other attractive terms
would give negative results. If the charge is somewhat far from the nucleii and concentrated in the in-
between region then we may expect the result to be positive. However what is true for direct ”charge”
like terms (p = ¢*¢) is an indication of what may happen for the ”cross terms” and not a certainty. d
and f shells fulfill this criteria better - but only a full numerical calculation can give the answer. Broadly
speaking we require:

e Atoms with incomplete shells of high azimuthal quantum number

e The atoms should not be too close - then the negative contribution of the attractive potential would
dominate.

e The atoms should not be too far - then there can be very little overlap of the orbitals.

e This fine balance between the attractive and repulsive terms determine the final value of J, it turns
out, among the elements, it is best satisfied by Iron, Nickel and Cobalt.

The ferromagnetic transition temperature

When there are lots of excitations above the ground state then the ferromagnetic state will be destroyed.
Since the energy of these excitations are related to the exchange integral, the ferromagnetic T is ultimately
related to the strength of this quantity. Loosely speaking I ~ kgT,.. See table 7.1.
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7.8.1 The Heisenberg spin hamiltonian finally

All the discussion can now summarised in a single and remarkably simple expression. Since each spin flip
of the electron on the atomic site costs energy we write including an external field in the z-direction.

H=> —J;s S’—MBBOZSZ (7.99)

]

In the simplest case i, j are restricted to being nearest neighbours.

But the interaction can spread beyond that. It is entirely possible for the J;; to change sign as a
function of distance.

In such a case the nearest neighbour interaction is ferromagnetic but the next nearest neighbour
interaction can be antiferromagnetic.

This kind of competing interactions can give rise to a very rich variety of magnetic ground states.

Excited sates of the Heisenberg hamiltonian : Spin waves, magnons

Recall that spin and angular momentum have similar quantum mechanical properties. We do the analogue
of the the determinant eqn. 7.89, in terms of the spin raising and spin lowering operator. The combinations

Sy = S;+1iS, (7.100)
S_ = 5,15, (7.101)
have the properties that they change the S, value of an angular momentum state by one unit (h). The

minimum and maximum values of s, are —S and S in steps of one. The magnitude of the total spin is
S% = S(S + 1), as usual

Si(R)S:)r = V(S—S)(S+1+8.)[S.+ R (7.102)
S (R)S:)r = V(S+S)(S+1-5.)[S. - r (7.103)

The Hamiltonian can be written as

1
H = 3 > —J(R— R)Sr.Sw
R,R’

_ % > —-J(R-R) BS(R)&(R') + %&(R)S,(R’) +5.(R)S.(R')
R,R’
_ % S —J(R—R)[S:(R)S_(R) + S.(R)S.(R))] (7.104)
R,R’

The ground state is

0) = []15)m (7.105)
where S is the maximum eigenvalue of S, hence
S.(R)=S|S)r (7.106)

Now construct a normalised low lying state differing from the ground state only at the site R by one unit
as:

IR) = (7.107)

1
\/T—SS—(R)\W

and the spin wave state, using the expression 7.89 as

VN

=

1
=—> ¢*FR) (7.108)
R
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PROBLEM: Using eqn 7.103 and 7.102 show that
S (RS, (R)|R) = 2S|R’) (7.109)

This simple results can be used to work with the hamiltonian 7.104 which has been reduced to a very
similar form.
Show that the ground sate energy of H as in eqn. 7.104 is

Ey=-5") JR-R) (7.110)
R,R’/

The two results eqn 7.109 and 7.110 can now be used together to sum over all sites in the Hamiltonian
to show that

HIR)=E|R)+S> J(R-R)|R) - |R)] (7.111)
=

The problem shows that the action of the Hamiltonian takes a flipped spin from the site R to R’. We
have encountered this situation a few times before (in writing Bloch states for example). Thus a linear
combination of the |R) can be used to write (excited) eignestates of the Hamiltonian. It turns out that
the combination is as given in equation 7.108. It is not necessary to assume this form, it can be proved,
but we would assume this form and go ahead.

Using the result eqn. 7.111 we can write:

H (Z e““'R|R>> = Ey (Z e““'R|R>> +5 Y JR-R)*E(R) - |R)) (7.112)

R R R, R’
- B <Ze““'R|R>> + > (1—6““'XJ(X)> <Zeik-R|R>> (7.113)
R X=R—R’ R
CHIE) = Y <1 . eik'XJ(X)) k) (7.114)
X
S B(k) = ;J(X)sirﬁ% (7.115)

The intermediate steps are left as as exercise. The energy of the spin wave state can thus be reduced to a
sum over the exchange integrals. The summation can be done once the lattice structure is known. Often
we can restrict the sum the just over nearest neighbours.

7.8.2 Decrease of magnetisation of the excited states

Notice the similarity of this energy dispersion relation with phonons. The similarity is bit more than
mathematical- both these states (lattice waves 7 spin waves) describe bosonic excitations about a ground
state. We call the magnetic excitation a magnon”. The reduction of magnetisation from the saturation
value (at T'= 0, M(0) = NS ) can be understood as the total number of magnons present in the system.
This is given by summing over the magnon population following a Bose-Einstein distribution

M(T) 1

Mo - s "W (7.116)
k
v [ &k 1
=1 N—S/ (27)3 eE®) kT _ | (7.117)
0
= v 32 1 r Nz
= 1= gxgksT) 2 | o1 (7.118)
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The final expression assumes that the temperature is small. We have written £ = ak? for small |k|
by aproximating the dispersion relation. This 7%/2 reduction of saturation magnetisation is well verified
experimentally and is often called Bloch’s T°/2 law.

Antiferromagnetic and ferromagnetic magnons

To be written

Further simplifications of the Heisenberg spin hamiltonian: the Ising model

To be written

Dimensionality, magnetic order and phase transitions

To be written

Magnetic domain: how does it occur

To be written

Hysteresis in ferromagnets

To be written
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Appendix A

Fermi Surface, electrons and holes

We have seen in earlier chapters that most of the response of an electron gas in a substance comes from
the region around the Fermi energy. This means that the shape and structure of the Fermi surface is
something very crucial. The problem is also instrinsically linked to the band-structure problem, since the
filling of the levels (upto the Fermi energy) requires a knowledge of the density of states. That is why we
are dealing with the fermi surface shape after doing a few things with calculating the band structure.

We would again start by drawing the free electron fermi surfaces - but in cases where it spans more than
one Brillouin zone. What is the utility of plotting free electron surfaces? The answer is that in many
cases the band structure of metals differs significantly from the free electron result only near the zone
boundaries. Thus, if one can draw the surfaces for the free electron case, then with relatively minor tweaks
around the zone boundaries, one can make a reasonable sketch of how it will look for a real metal. That
is why we do it.

A.1 The free electron ”squarium”

Consider a hypothetical 2D "metal” with one, two or three electrons per atom. The real space lattice is
a square. What would its fermi circle look like? Let us assume that the lattice constant is a. Then its
reciprocal lattice is also a square with lattice constant 27 /a. Each k-state can accommodate two electrons
- one of each spin. If we have x electrons per atom then the radius of the Fermi circle is (show this as a

simple problem)

krp = ! 2rx (A.1)
a

Depending on the value of x it can span multiple Brillouin zones. The interpretation of the next figure
A.1 is left to you as a simple exercise. There is no reason to believe that x must be an integer. Using
”dopants” it is possible to create a situation where there are 1.5 electrons per unit cell or something like
that. However, if we restrict ourselves to simple monatomic lattice, then we can have only integer values
of z.

145
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Figure A.1: The Fermi circles for 1,2,3,4 electrons per site. Notice how the circle spans into several
Brillouin zones. You should be able to interpret the meaning of the various points and lines.



A.1. THE FREE ELECTRON "SQUARIUM” 147

A.1.1 1 electron per atom

In this case the Fermi circle is fully contained in the first zone. Fig A.2 shows this.

1 electron/unit cell : ZONE 1

felelel
DO0OOC
2000

Figure A.2: The Fermi circles for 1 electrons per site. All occupied states are in the first zone. The k,
and k, axes are in units of 27 /a.
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A.1.2 2 electrons per atom

In this case the Fermi circle spread over first and second zone. Fig. A.3 and Fig. A.4 show this. Notice
how the branches can be translated back into the first zone if we want. Using the figure, you can deduce
what reciprocal lattice vector translation would do the job for various segments.

A point to notice is that the branch in zone 2 starts filling from the periphery towards the centre. We
will see later that such an arrangement of the states, where the occupied states enclose the unoccupied
higher energy states lead to a strikingly different behaviour of the electrons. By comparing the figures
A4, A5 and A.6 you can see how the BZ2 branch grows inwards as the number of electrons increases.

2 electrons/unit cell : ZONE 1

J678TETE
:-jﬁ:<> oo
-j-j_:<> o> O
1O 0 0 O

-20 15 10 05 00 05 10 15 20

Figure A.3: The Fermi circles for 2 electrons per site. Occupied states are in the first and second zone.
The k, and k, axes are in units of 27 /a.
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2 electrons/unit cell : ZONE 2
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Figure A.4: The Fermi circles for 2 electrons per site. The parts in the second zone. The k, and k, axes
are in units of 27 /a.
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A.1.3 3 electrons per atom

In this case the Fermi circle fills the first zone completely and spreads over the second zone. Fig. A.5
and Fig. A.5 show this. Notice how the branches can be translated back into the first zone if we want.
Using the figure, you can deduce what reciprocal lattice vector translation would do the job for various
segments.

3 electrons/unit cell : ZONE 2

20

JSVESVEVE VS

-1.0 | -

18 ><><><><

_20 1 | /\ | 1 | 1 | 1
20 -1.5 -1 .0 -0.5 : 0.5 1.0 1.5 20

Figure A.5: The Fermi circles for 3 electrons per site. The parts in the second zone. The k, and k, axes
are in units of 27 /a.
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A.2 4 electrons per atom

The fermi circle now covers BZ1 fully. BZ2, BZ3 and BZ4 are partially filled as the figures A.6, A.7 and
A.8 show.

4 electrons/unit cell : ZONE 2

o L
:“°?:3BEEE

Figure A.6: The Fermi circles for 4 electrons per site. The parts in the second zone. The k, and k, axes
are in units of 27 /a.
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4 electrons/unit cell : ZONE 3
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-2.0
-20 15 10 -05 00 05 10 15 20

Figure A.7: The Fermi circles for 4 electrons per site. The parts in the third zone. The k, and &, axes
are in units of 27 /a.
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4 electrons/unit cell : ZONE 4
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Figure A.8: The Fermi circles for 4 electrons per site. The parts in the fourth zone. The k, and k, axes

are in units of 27 /a.
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A.3 Doing the same in 3D

We can now work out how things will be in 3D. We will look at a FCC (real space) lattice with 1, 2 and
then 3 electrons per atom. If the conventional cubic lattice constant is a, then the sides of the conventional
cube in reciprocal space would be 47 /a.

A.3.1 1 electron per atom

In this case the fermi sphere is within the first zone.

Lattice : FCC

k-space : BCC

1 free electron/atom

BZ1 holds full Fermi surface

Figure A.9: The Fermi sphere for 1 electron per site.
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A.3.2 2 electrons per atom

Lattice : FCC

k-space : BCC

2 free electrons/atom
BZ1 part of Fermi surface

Figure A.10: The Fermi sphere for 2 electrons per site - the BZ1 part.
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Lattice : FCC

k-space : BCC

2 free electronsfatom
BZ2 part of Fermi surface

Figure A.11: The Fermi sphere for 2 electrons per site - the BZ2 part, translated back to BZ1.
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Fermi surface of
divalent FCC metals
like Cu, Ag, Au

Figure A.12: The more realistic Fermi sphere for a divalent metal like Cu, Ag, Au. The most important
feature is the "necking” near the hexagonal faces of the zone boundary.

In reality the divalent metals have a necking of the fermi sphere near the hexagonal faces of the zone
boundary rather than a clean cut of the fermi sphere. See the figure A.12.
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A.3.3 3 electrons per atom

Lattice : FCC

k-space : BCC

3 free electrons/atom
BZ2 part of Fermi surface

Figure A.13: The Fermi sphere for 3 electrons per site - the BZ2 part, translated back to BZ1.
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Lattice : FCC

k-space : BCC

3 free electrons/atom

BZ3 part of Fermi surface
.

i

Figure A.14: The Fermi sphere for 3 electrons per site - the BZ3 part, translated back to BZ1.
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A.4 Electrons and holes

The word "hole” comes up in more than one context. It is important to know the exact meaning of this.
It is not always merely an absence of an electron.

A.4.1 The equation of motion of a particle in a band

The components of the equation of motion of a particle in a certain k state in a band £(k) can be written
as :

d’UZ' —
— =M LF; (A.2)

where F' is the "force” on the particle, given by
F = —|e|](E+vxB) (A.3)
The elements of the inverse effective mass matrix are given by

. 1 9%

= A4
4 h? Ok;0k; (A.-4)
The velocity is the group velocity given by
1 0&
et A.
Uj ho kj ( 5)

A.4.2 Sign of the effective mass

Consider a simple one-dimensional band structure shown in the figure. We can see for the lowermost
band near k = 0 all the derivatives are positive. In 1d all the derivatives become total derivatives and the
things are simple. Since all the derivatives are simple the equation of motion is appropriate to that of a
particle with negative charge and positive mass.

Now consider the same band near the Brillouin zone. the first derivative is positive but the second deriva-
tive is negative. Thus the equation of motion is appropriate to that of a ”particle” with negative charge
and negative mass. The important quantity driving the motion of a charge is the e/m ratio. Because of
the essential change in the sign of the second derivative the ratio has changed sign. We can think of the
motion, as if it is that of a positive charge and positive mass.

Notice that the equation of motion does not care whether there actually is a particle in that state or
not. Also important is that somewhere in between there must be a point (of inflection) where the second
derivative changes sign.

Now consider the band just above (marked 2). Due to the shape of the band, we must have d€/dk < 0
always. You can see that at the lower energies the sign of the second derivative is positive this time.

Comparing the two situations you also see that in the first case the higher energy states surround the
lower energy states. In the second case it is just the opposite.

A.4.3 Direction of the gradient

Consider a 2D case for simplicity, where the filling of a band has just started from the edge. Here the
higher energy states are inside. Notice how the sign of the derivatives are different in the two cases, shown
in the figure.

Now consider a state whose evolution is given by

dk e
E = _ﬁ (E+UXB)
1
v = Vi€ (A.6)

h
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You can show by taking the dot product of first equation with B, that the component of k in the di-
rection of B does not change. Similarly, by taking the dot product and v, we can show that there is no
component of dk/dt in the direction of the gradient to a constant energy surface. The electron thus stays
on a constant energy surface. So geometrically it executes an orbit on a constant energy surface.

The sense of rotation would be different if V& points inwards or outwards. Here again you can convince
yourself that an orbit that encloses higher energy empty states, experiences an opposite push. This is
also "hole like” behaviour. The effective mass doesn’t come into consideration here.

A.4.4 Current carried by a band

The current carried by a band can be written as a sum over filled states or as a sum over unfilled states.

i o= el o CF
filled  (27)3
| |/ v >k el v >k
= — e - 5 e
ar (2m)3 unfilled  (27)3
Bk
— 04| v (A7)

unfilled  (27)3
The integral of group velocity over a full band will vanish. This is in general true that the integral of a

derivative of a periodic function over a full period vanishes. It is left as an exercise to supply the argument.

We cannot mix the ”electron” and ”"hole” type description within a same band. But if two partially filled
bands exist, we can treat one of them as an electron band and the other as a hole band. In semiconductors,
this is often done and we write when n electrons (in conduction band) and p holes (in valence band) are
driven by an electric field:

J = (nle|un + plelpy) E (A.8)

A.4.5 The semiclassical evolution of a k-state

The evolution of a k-state is governed by

o el 1
k=" (E+ Vil x B (A.9)

In a case where B and E are perpendicular, it is useful if we define an auxiliary function

_E><B

w=—0 (A.10)
It can be shown that the ”Lorentz force” like equation can be written in a compact form
k= —|—;"_L| (Vi|€ — hk.w] x B) (A.11)

The algebra is left as an exercise. The useful physical picture is that the k-space trajectories are given by
intersections of planes perpendicular to the magnetic field with surfaces on which the function £ — hk.w
is constant.

Some of these trajectories are closed and some of them are open. In a band it is not possible for all the
trajectories to be open or all of them to be closed. Though certainly not obvious, it turns out that in the
high magnetic field limit it is only the closed orbits that contribute to the Hall current (voltage). Thus if
the unoccupied levels are closed orbits, then the band will behave like a hole band, if the occupied levels
are closed then the band will behave as an electron band. The fact that some metals show ”hole like”
Hall voltage, arises from this.
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Hall voltage in a two band case

We consider the most common geometry where the material is in the form of a thin rectangular slab, the
electric field driving the current is along the length of the slab. The magnetic field is perpendicular. Let’s
consider the case of FCC Aluminium, which has three electrons per atom. We have seen in such case BZ1
is completely filled. BZ2 and BZ3 are partially filled. A fully filled band will carry no current. We can
add the current carried by the two active bands in matrix form by writing

j: (02+03) FE (A12)
where
o o 1 ( P2 RQB >
2 p22 + Ry?B2 \ —RoB o
1 P2 R3B )
N A.13
7 = (A.13)

We have used the shorthand R = 1/ne for the Hall coefficient. We now need to invert o3 + o3 to get the
composite resistivity matrix. The algebra is certainly long drawn, but it gives the final result

<§§>:<—§B Rf)(‘;z) (A.14)

p _ Rops® + Rapy® + RoRs(Ry + Ry)B? (A.15)
(p2 + p3)? + (R2 + R3)?B? .
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What is the high field limit |[RB| >> p of R in this case? Clearly we need to retain only the B? terms.
We then get

where

p (A.16)
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But if one of the bands act like a hole band the the plus sign would be replaced by a minus. This is the
key to understanding why some ”free electron metals” like Aluminium give the opposite sign of the Hall

voltage.

Hall voltage of trivalent Aluminium

In the chapter on free electrons (table :), we saw that the carrier density of Al, calculated from the Hall
voltage at high magnetic field, turns out to be about one-third of the expected value and of opposite sign.
So the charge carriers appear to be holes. We can understand this in terms of the Fermi surfaces of a
3e/atom FCC solid that we have seen.

Let’s say there are N unit cells, hence 3NV electrons.

e BZ1 is full and that holds 2N electrons. This full band is inert.

e The remaining N electrons are now partly in BZ2 and partly in BZ3.
e BZ2 is hole like (closed orbits are unoccupied.) So we have
NeBz2 +NhBz2 = 2N (A.18)
Ne,Bz2 + Ne,Bz3 = N (A.19)
S MeBz3 — Nhpz2 = —N (A.20)

The apparent carrier density is thus —% of the total number of free electrons.



