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Chapter 1

Preliminaries

1.1 Introduction

The quantum Hall effect (QHE) refers to a set of phenomena and associated phases of matter
found in two-dimensional electron gases subjected to a large perpendicular magnetic field'.
The phenomena are typically divided into two classes, the integer quantum Hall effect (IQHE)
and the fractional quantum Hall effect (FQHE), depending on the Landau level filling fraction, given
by v = nhc/eB, where n is the two-dimensional electron density and B the magnetic field
strength. The combination ¢, = hc/e = 4.137 x 1077 G - cm? is the Dirac flux quantum?, hence

v=4.14-n[10" em™?]/B[T] . (1.1)

Thus, in a field of B = 4.14 T, the Landau level (LL) filling fraction v = 1 occurs for an electron
density n = 10" cm™2.

The IQHE was discovered by von Klitzing in 1980 in routine magnetotransport studies of sili-
con MOSFETs’. The FQHE was discovered by Tsui and Stérmer in 1982 %, in GaAs—Al,Ga,_,As
heterojunctions. The experimental setup is depicted in Fig. 1.1, and some spectacular data
shown in Fig. 1.2. An electrical current / is established along the z direction, and the longi-
tudinal and transverse voltage drops V} and V}; are measured, from which one obtains, in the
linear response regime, the resistances R; = V; /I and Ry = V};/I. In the IQHE, one observes
that R} remains constant along plateaus as the filling fraction v is varied (either by varying
the electron density n, typically with a gate, or by varying the magnetic field B). The plateau
values are given by Ry = h/pe?, where p € Z is an integer, for v = p. In the FQHE, one observes

The effect has been seen in hole gases as well.

2This is often more conveniently expressed as ¢, = 4.137 x 10° T - A%, where 1T = 10*G.
%K. von Klitzing, G. Dorda, and M. Pepper, Phys. Rev. Lett. 45, 494 (1980).

4D. C. Tsui, H. L. Stérmer, and A. C. Gossard, Phys. Rev. Lett. 48, 1559 (1982).
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Figure 1.1: A Hall bar setup.

plateaus at rational fractions v = p/q, typically with ¢ odd®, where Ry, = ¢h/pe®. The quantity
R = h/e* = 25,812.8Q is known as the quantum of resistance.

1.1.1 Resistance, conductance, resistivity, conductivity

In the linear response regime, one has V,, = R ; I;, where R is the resistance tensor. It’s matrix
inverse, G = R™!, is known as the conductance, with I, = Gaﬁ V. The units of each element
R, of the resistance tensor are Ohms (), hence the units of G 5 are QL

Resistance and conductance are not materials parameters (i.e. intensive quantities); you can’t
look up the resistance of copper in a table, for example. If, ceteris paribus, you double the length
of a copper wire, its resistance doubles®. What doesn’t change is the metal’s resistivity, p, which
is a materials parameter’. The corresponding linear response relation is between current density
and electric field, viz. £, = p,z j; - The inverse of the resistivity tensor is the conductivity tensor
o = p~', for which j, = 0,,E5.

For an isotropic d-dimensional cube of side length L, in zero magnetic field, if the current
along one of the cubic axes is I then the current density is j = I/L%"'. Similarly, if the voltage
drop along this axis is V, the electric field is E = V/L. Thus R = V/I = pL*~?, and we see
that resistance and resistivity in general have different units. Similarly G = oL%2 In two
dimensions, resistance and resistivity have the same dimensions, but nevertheless resistance is
a geometric quantity. Consider a L, x L, rectangular sample with conductivity tensor

— Oy U:vy
o <a a) , (1.2)

yr vy

>The even denominator quantum Hall effect is very interesting and distinct from the odd denominator effect.

®Assuming, that is, that the length L is longer than the inelastic scattering (or phase breaking) length, ¢ s For
L < {,, quantum interference effects become important and Ohm’s law is no longer valid.

"The resistivity will in general depend on the temperature, and on the density and type of impurities present,
as well as on the material itself.
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Figure 1.2: Low temperature (I' ~ 150mK) longitudinal resistivity p,, and Hall resistiv-
ity p., as a function of applied magnetic field in a two-dimensional electron gas system
(GaAs/AlGaAs heterostructure), from R. Willett et al., Phys. Rev. Lett. 59, 1776 (1987). Each
dip in p,, and concomitant plateau in p,, corresponds to a distinct phase of matter.

with j = oE. In general, linear response transport is described by the set of equations J; =
L, F,, where the {J,} are generalized currents and the {F}.} generalized forces. Onsager reci-
procity® then requires

Ly(B) =mn;n, Ly(—B) (1.3)

with no sum on 7 or k, where 7, = +1 according to whether J; is symmetric or antisymmet-
ric under time reversal, ie. J7 = n,J;. Thus, 0,,(B) = o0,,(—B) since both j, and j, are
odd under time reversal. But B — —B reverses the orientation of the (z, y, B) triad, hence
0,,(—B) = —0,,(B), and we have that the off-diagonal elements of the conductivity tensor are
antisymmetric: 0,,(B) = —o,,(B). Now let’s write the current densities as j, = I,/L, and

Yy

J,=1,/L,,and the fieldsas £, =V, /L, and £, =V, /L, . We then have

S|

J o
- 7\
7 Y l N7

T o)) ) (50
Yy -~ x — T Ty x ~ xT , (1'4)
< 0 L' L, Ty Oyy 0 Lyl vy

8See L. D. Landau and E. M. Lifshitz, Statistical Physics, part I, §120.
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from which we read off the relation between conductance and conductivity tensors,

L
G, G ) (L O) < o o ) (L—l 0 ) 0 Oy
TT Ty | — Y Tz Y T -~ — z . (15)
<ny ny O Lr _ny Uyy 0 Ly ' _ny i_z Uyy

Similarly, the relation between resistance and resistivity tensors is
R, R P P
(Rm Rmy) =Y : (1.6)
Yy Yy “Pay L_i Pyy

-1
(- ) e )
“Pry  Pyy Oy Oyy Ore T 02y T2y Oua

—A/kgT
7

Finally,

Along the QH plateaus, as 7' — 0, the longitudinal resistivity vanishes as p,, (1) e
where A is the energy gap for transport. Thus, at 7' = 0 the resistivity and conductivity tensors
are purely off-diagonal, with p,; = p,, €,sand 0,5 = 0,,€,5, withp, =1/0, .

1.1.2 Semiclassical magnetotransport theory

Combining Newton’s second law with the Lorentz force law for a particle of charge —e and
mass m, we have
®_ _ g P, P (1.8)
dt cm T
where the last term is a frictional force which in metals and semiconductors typically comes
from electron-impurity scattering’, with 7 the transport scattering time'’. We take B = Bz,
and write the current density as j = —nep/m. Defining the cyclotron frequency w, = eB/mc, and

setting p = 0 in steady state, we obtain

ner

E+wrijxz+3=0 |, (1.9)
m

the solution of which is j = o E, where the conductivity tensor is

ne’t/m (1 —w,r
g = TW <(,L)CT 1 . (110)
Taking the inverse, we have E = pj, with resistivity tensor
I m 1 CUC’T
p=0 = (_WCT 1 ) ) (1.11)

9Electron-phonon scattering, electron-electron scattering, and boundary scattering are also present.
!0There is an important difference between the single particle scattering time 7,, and the transport scattering
time 7. See, e.g., §1.5 of my Physics 211B lecture notes for details.
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What is n? Naively one might think it is the total electron density, but of course this is
wrong. As we know from elementary solid state physics, filled Bloch bands are inert and
carry no net current. A somewhat more realistic linearized Boltzmann equation approach, as-
suming an isotropic parabolic conduction band with electron carriers, yields the same result,
with n = [de g.(¢) f%(¢ — p) the conduction electron density, with g,(¢) is the conduction band
density of states and f°(¢ — p) the Fermi function, and m replaced by the effective mass m*
of the conduction band. All the fully occupied bands below the conduction band contribute
nothing to the current. Note that p,, = p,, = m*/ne’r because the system is isotropic. For
the anisotropic parabolic band, where the effective mass tensor m;, s has eigenvalues my.,, then
along its principal axes one of course has p,, = m}/ne*r and p,, = m /ne*t, with p,, = B/nec
as in the isotropic case.

One interesting feature of the semiclassical Boltzmann result is that the diagonal terms of the
resistivity tensor are independent of magnetic field. Thus, dp,,/0B = 0, and the magnetoresis-
tance Ap,,,.(B) = p,.(B) — p,,(0) vanishes. This is in general not the case if one has multiple
bands contributing to the transport current (say conduction electrons as well as valence holes),
or in the case where the Fermi surface has open orbits which span the Brillouin zone. Thus,
as a function of B, the semiclassical result says that p,,(B) is constant and p,, (B) is perfectly
linear. This it completely different from the results shown in Fig. 1.2, except in the very low
field regime.

1.1.3 Mobility, cyclotron frequency, and electron-electron interactions

The mobility ;1 is defined by the combination ;¢ = er/m*. Thus, in zero field, the steady state
electron velocity is v = ©E, so mobility has units of [u] = cm?/V-s. In MOSFETs, mobilities are
seldom more than a few tens of thousands in these units. But in MBE-grown GaAs heterostruc-
tures, mobilities as high as 10" cm?/V -s have been achieved. In GaAs, where the conduction
band is isotropic and has effective mass m* = 0.067 m,, one finds

7=38x10""Ts - plem®/V-s] . (1.12)

Thus, for = 10° cm?/ Vs, one obtains 7 ~ 38 ps.

The cyclotron frequency is given by the combination w, = eB/m*c. With

h
by = ?C = 4.14x107"G-cm? |, h=6.63x10"Yerg:s = 4.14x10" Vs |, k, =8.62x107%V/K ,

(1.13)
Thus, for GaAs conduction electrons, one obtains

w, = 2.63x10% HzB[T] , w.r=10"*plem?/Vs] B[T] , hw, =1.73meV-B[T] = 20Kk, B[T]
(1.14)
At fields B ~ 10 T and in samples of mobility 4 ~ 10%cm?/V s, we have w,7 ~ 1000 > 1.
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As we shall see, quantization introduces a new length scale, ¢ = (fic/eB)?, called the mag-

netic length. This depends only on physical constants and the magnetic field strength. One

finds
0 = (¢p/2nB)Y* =257 A/\/B[T] . (1.15)

From this length scale, we construct the energy scale e?/el for electron-electron interactions.
For GaAs, where ¢ = 13, we have

e_z =4.31meV - \/B[T] = 50.0K k,\/B[T] . (1.16)

€

114 FE x B driftand separation of time scales

For a classical particle of charge e moving in the (x,y) plane and subjected to a magnetic field
B = Bz, the equations of motion are given by the Lorentz force law,

mi=-VV - Brxz . (1.17)
&

We now write r(t) = R(t) + £(t). We presume that the guiding-center motion R (¢) executes
large excursions, slowly drifting along equipotentials of V' (r), while the cyclotron motion &(¢)
executes fast small excursions with characteristic time scale 27/w.. This assumption will be
borne out in the following analysis.

The zeroth order theory is simply given by
c

R=—-——:xVV(R
"~ eB” (R) (1.18)

§=w.zx¢

Thus, the guiding-center executes a slow drift in the direction of VV' x z, while the cyclotron
coordinate executes counterclockwise circular motion as viewed from above.

Proceeding with the expansion in powers of the cyclotron motion, we have

mR, +mé, = —0, V(R) — 50,0, V(R) — 16,€, 0,050, V(R) + ...

e R, — =
—Cas Rg — —€apds
Here we have used the relation, for any vector w,
€apUp = (U, , —u,) = (ux2), . (1.20)

We assume R, = 0 on average, leading to the slow equation,

B .
% €sRs = —0, V(R) = 1(¢,6)0,0,0,V(R) —... | (1.21)
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Figure 1.3: Cyclotron motion and guiding-center drift.

where <§ 5 §7> is averaged over the fast motion, and the fast equation,

B .
mé, = 850,05 V(R) = — syt (1.22)

On the fast scale of the £(¢) motion, the guiding-center R(¢) is assumed constant. Fourier
transforming the fast motion, we write £(¢) = Re¢? e, with

_ 2 . 0
(ot s 1) (8 -

—imww, +V,, —mw’*+V,, )\

where V,; = 0,05 V(R). Solving for w, we take the fast root of the resulting quadratic equation
and obtain

,_ 1 (wz VetV ) Ry \/1 L2Vt V) Ve =V VR
2 C

wy ==
AN m mw? m2wi mwi (1.24)
, VV
=w; + + ..
Thus the local cyclotron frequency is given by w,(R) = w, + V;Zgz) to lowest nontrivial order.

c

We will need the corresponding eigenvector for the high frequency root. Writing £° = (u§,, v &),
with |u|? + |v]* = 1, we have
Vo +imww,
\/(Vm —mw? )%+ |V, + imww, |?

2
vam — MWy

\/(V:'c:c - mwi)2 + |ny + imwcw+|2

(1.25)

Averaging over the cyclotron motion, we find

ul? Re (uv
(& §B> = %58 (Rl (lw) 71§|2 )) : (1.26)
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L

Since w, ~ w,, we obtain u ~ —5 and v = % Thus the guiding-center motion is given by the

equation

B )
= s Ry = =0,V 10, VIV = =0, Vig(R) (1.27)

where the effective guiding-center potential is

Va(R)=V(R)+1&VV(R) . (1.28)

[S)

This makes good physical sense: as the electron moves slowly along the equipotential, it sam-
ples, through its small and fast cyclotron excursions, the local environment, inducing a gradient
squared correction to the local value of V(R).

For a classical electron moving in a circular orbit of radius r, setting the centrifugal force
F, = mv?*/r equal to the Lorentz force evB/c yields the relation v = eBR/mc. The kinetic
energy is then T = imv® = ¢2B*?/2mc®. If we now quantize semiclassically, demanding
- B = (n+ 1)¢,, then r2 = (2n + 1)(* where ¢ = (hc/eB)"/? is the magnetic length. The
kinetic energy is then 7' = (n + 3)hw,. Thus &, = r, in our above derivation of the effective
potential, with n the Landau level index.

The potential V' (r) is due to extrinsic disorder, arising typically from the irregular placement
of the dopant atoms in a heterostructure, or semiconductor-oxide interface disorder in a MOS-
FET. In heterostructures, the dopant ions are typically several hundred Angstroms removed
from the 2DEG layer, and V' (r) is smooth on this length scale. Suppose the two dimensional
electron gas lies in the plane z = 0 and consider a ‘delta doping’ profile in which the donor den-
sity is Ny(z,y, z) = N4(r) 6(z — d) where d is the distance between the 2DEG and the dopant
layer. The electrical potential ¢(r) at » = (z,y) in the 2DEG plane is then given by

d% r dq, - o dme g - o 2me exp(—|q|d)
_ z N igr ig.d — N 1q-r 1.29
¢(T) /(27T)2_/ o d(q) € € q2 + qg /(277')2 d(q) € |q| ) ( )

and we see that the components of N,(¢) with high spatial frequency are attenuated expo-
nentially. This smooths out the random potential experienced by the electrons in the 2DEG.
MOSFETs are typically much dirtier, with correspondingly lower mobilities, hence V' (r) there
is disorder on shorter length scales. Indeed disorder is essential to the quantum Hall effect,
since in a pristine system we can always perform a Lorentz boost to a frame where B = 0 and
deduce o,, = —nec/B. (This argument is quite a bit more subtle if there are other features
breaking translational symmetry, such as leads and surfaces.)

1.2 MOSFETs and Heterojunctions

Where do two-dimensional electron gases (2DEGs) come from? As noted above, the IQHE was
first discovered in silicon MOSFETs while the FQHE was first discovered in GaAs heterostruc-
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Figure 1.4: Junction between a p-type semiconductor and a metal. Left: Zero bias. Right: Metal
biased negative with respect to semiconductor, creating an accumulation layer of holes and a
net dipole moment at the interface.

tures. Details of the modeling and important semiconductor physics in these systems are dis-
cussed in the 1982 review by Ando, Fowler, and Stern''. Today, we have new two-dimensional
systems which exhibit the QHE, such as graphene. Graphene is particularly interesting because
it is a ‘Dirac material’ in which the electronic band structure features Dirac points, which are
conical intersections of conduction and valence bands described by a two-dimensional Dirac
Hamiltonian. More on this later.

In a metal, internal electric fields are efficiently screened and excess charge migrates rapidly
to the surface, with charge density fluctuations attenuated exponentially as one enters the bulk.

The Thomas-Fermi screening length, \,, = (4me? g(eF))_l/ ? is short (a few Angstroms) due to
the large density of states at the Fermi level. In semiconductors, the Fermi level lies somewhere
in the gap between valence and conduction bands, and the density of states at ¢ is quite low.
Screening is due to thermally excited charge carriers, and since the carrier density is small in
comparison to that in metals, the screening length is many lattice spacings.

Consider now a junction between a semiconductor and a metal, with an intervening insu-
lating layer. This is called MIS, or Metal-Insulator-Semiconductor, junction. If the metal is
unbiased relative to the semiconductor, their chemical potentials will align. The situation for a
p-type semiconductor - metal junction is depicted in the left panel of Fig. 1.4. Next consider the
case in which the metal is biased negatively with respect to the semiconductor, i.e. the metal is
placed at a negative voltage —V'. There is then an electric field E = —V ¢ pointing out of the
semiconductor. Electric fields point in the direction positive charges want to move, hence in
this case valence holes are attracted to the interface, creating an accumulation layer of holes, as

1T, Ando, A. B. Fowler, and F. Stern, Rev. Mod. Phys. 54, 437 (1982).
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Figure 1.5: Junction between a p-type semiconductor and a metal. Left: Metal biased positive

with respect to semiconductor, creating a space charge depletion layer. Right: Strong positive
bias creates an inversion layer of n-type carriers in the p-type material.

depicted in the right panel of Fig. 1.4. On the metallic side, electrons migrate to the interface
for the same reason. No charges move across the insulating barrier. Thus, a dipole layer is created
across the barrier, with the dipole moment pointing into the semiconductor. This creates an in-
ternal potential whose net difference ¢, ;.1 — @semiconductor(—00) = V exactly cancels the applied
bias. This condition in fact is what determines the width of the accumulation layer.

What happens when the metal is biased positively? In this case, the electric field points into
the semiconductor, and valence holes are repelled from the semiconductor surface, which is
then negatively charged. This, in turn, repels electrons from the nearby metallic surface. The
result is a space charge depletion layer in the semiconductor, which is devoid of charge carriers
(i.e. valence holes). This situation is sketched in the left panel of Fig. 1.5.

Finally, what happens if the bias voltage on the metal exceeds the band gap? In this case,
the field is so strong that not only are valence holes expelled from the surface, but conduction
electrons are present, as shown in the right panel of Fig. 1.5. The presence of n-type carriers in
a p-type semiconductor is known as n-inversion.

Remember this:

o Accumulation : presence of additional n-carriers in an n-type material, or additional p-
carriers in a p-type material.

e Depletion : absence of n-carriers in an n-type material, or p-carriers in a p-type material.

e Inversion : presence of n-carriers in a p-type material, or p-carriers in an n-type material.
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Figure 1.6: The MOSFET.

Inversion occurs when the presence of a depletion layer does not suffice to align the chemical
potentials of the two sides of the junction.

1.2.1 The MOSFET

A MOSEFET (Metal-Oxide-Semiconductor-Field-Effect-Transistor) consists of two back-to-back
p-n junctions, and, transverse to this, a gate-bulk-oxide capacitor. The situation is depicted in
Fig. 1.6. If there is no gate voltage (1, = 0), then current will not flow at any bias voltage V'
because necessarily one of the p-n junction will be reverse-biased. The situation changes dras-
tically if the gate is held at a high positive potential V;, for then an n-type accumulation layer
forms at the bulk-gate interface, thereby connecting source and drain directly and resulting in
a gate-controlled current flow. Although not shown in the figure, generally both source and
drain are biased positively with respect to the bulk in order to avoid current leakage.

1.2.2 Heterojunctions

Potential uses of a junction formed from two distinct semiconductors were envisioned as early
as 1951 by Shockley. Such devices, known as heterojunctions, have revolutionized the electronics
industry and experimental solid state physics, the latter due to the advent of epitaxial technol-
ogy which permits growth patterning to nearly atomic precision. Whereas the best inversion
layer mobilities in Si MOSFETs are p &~ 2 x 10% cm?/V s, values as high as 10" cm?/V s are pos-
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un-ionized

doped Al,Gaj_xAs

undoped AlyGaj_yAs

"\<2DEG
GaAs

Figure 1.7: GaAs—Al,Ga;_,As heterojunction.

sible in MBE-fabricated GaAs—Al,Ga;_,As heterostructures. There are three reasons for this:

(i) MBE (molecular beam epitaxy), as mentioned above, can produce layers which are smooth
on an atomic scale. This permits exquisite control of layer thicknesses and doping pro-
files.

(ii) Use of ternary compounds such as Al,Ga;_,As makes for an excellent match in lattice
constant across the heterojunction interface, i.e. on the order of or better than 1%. By
contrast, the Si—SiO, interface is very poor, since SiO, is a glass.

(iii) By doping the Al,Ga;_,As layer far from the interface, Coulomb scattering between in-
version layer electrons and dopant ions is suppressed.

Let’s consider the chemical potential alignment problem in the case of an n - n heterojunction,

5 o980 ®® 5
0O 0 0 0O 0O O @ GR

E.ﬂl...l..
GLko 0 o 0 0 O O

"_J.L.

0
Evy

0
Ev.u

Figure 1.8: Accumulation layer formation in an n-n heterojunction.
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(b) p-accumulation

(c) n-inversion (d) p-inversion

Figure 1.9: Accumulation and inversion in semiconductor heterojunctions. Red regions repre-
sent presence of conduction electrons. Blue regions represent presence of valence holes.

sketched in Fig. 1.8. In the GaAs—Al,Ga;_,As heterojunction, GaAs has the smaller of the two
band gaps. Initially there is a mismatch, as depicted in the left panel of the figure. By forming a
depletion layer on the side with the larger band gap (Al,Ga;_,As), and an accumulation layer
on the side with the smaller gap (GaAs), an internal potential ¢(z) is established which aligns
the chemical potentials.

Fig. 1.9 shows the phenomena of accumulation and inversion in different possible heterojunc-
tions. There are four possibilities: (a) n-n, (b) p-p, (c) n-p with the n-type material having the
larger gap, and (d) n - p with the p-type material having the larger gap.

1.2.3 QM of electron motion normal to 2DEG planes

Consider the case of an n-accumulation or n-inversion layer as depicted in Fig. 1.9. Let the
direction perpendicular to the 2DEG be z, and let the 2DEG lie on the z > 0 side of the interface.
Assuming that z is a principal axis for the effective mass tensor (with eigenvalue m,), and
the magnetic field is along +2z, the single electron Hamiltonian is separable into degrees of
freedom in the (z,y) plane and those in the z direction, i.e. H = H, + H . The eigenvalues and
eigenfunctions for H |, which governs the planar degrees of freedom, were discussed in §1.3.
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Here we consider H % which we model as

h: 0?
with
2recetz ifz >0
Vv = — ~ - 1.31
(2) = —e(2) {OO L (131

Here o is the 2D charge density of the space charge layer and ¢ the dielectric constant for z > 0.
Thus, we have a triangular potential.

1/3
AE( L ) | (1.32)

dmoem,

Next, define the length scale

the energy scale ¢ = h?/2m\?, and the dimensionless length s = z/\. Then

82

with wavefunctions subject to the boundary condition ¢(0) = 0. The solutions are Airy func-
tions. Recall the Airy differential equation,

Al"(z) — zAi(z) =0 . (1.34)

Thus, the eigenfunctions of H are given by ¢, (z) = Ai(z + (,), where Ai(¢,) = 0. The first few
zeros of Ai(z) are given by

(,=-23381 , (,=-4.0879 , (3=-55206 , (,=—6.7867 , (;=—7.0441 .
(1.35)
The energy eigenvalue corresponding to the eigenfunction ¢,,(2) is €, = —(, ¢ .

1.5

l.’ Bi(x)

F

/
|'III._ i
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Figure 1.10: Airy functions Ai(z) and Bi(x). Image credit: Wolfram MathWorld.
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1.3 Quantization of Planar Motion

1.3.1 Cyclotron and guiding-center operators

Initially we shall assume spinless (i.e. spin-polarized) electrons. Later on we will include ef-
fects of the Zeeman term and explore exchange interactions within a Landau level. The single
particle Hamiltonian is then

H= ﬁ (v + EA)2 LV (1.36)

where V(r) is the potential. On a toroidal base space, V (r) is a doubly periodic function with
spatial periods L, ,, and V(r 4+ L,) = V(r) for a = 1,2. We assume B = — Bz is constant'*. The
cyclotron and guiding-center momenta are defined to be

T=p+ EA
R (1.37)
K=p+-A—-BXxr
c c
In component notation, we have Ky, = 6A — 2 e“ 0 Tp- The commutators are
ih?
[ﬂwﬂy] = ; (8HA -0,A ) =2 w
[KM,KV]:;(aMA —0,A,+2B¢, ):—FEW (1.38)
[Wu,/{] :—C(ﬁuA - 9,A,+ Be, ):0 ,
i
where ( = /hc/eB is the magnetic length. Now we write
h
= lBym—ley——CVX , (1.39)
where x(r) = x(r + L,) is an arbitrary gauge function which is periodic on the torus'.
Now define the complexified operators
, h : B : :
T =7, +im, :—,(8 +1i0,) + — (y — iz) — h (0, + i0,) x
Y2 ! (1.40)
Qh = ; z /402 . A 7 /402 ; ’
<8 + @ —1 8)() = X e/ (_2i1,0) /4 e7iX

2By orienting B along — 2, the non-Gaussian part of the lowest Landau level wavefunctions will be holomor-
phic in z = « + iy, rather than in Z = x — iy.

13To demonstrate the manifest gauge covariance of our description, we shall carry around the gauge function
x(r) for a little while. Students should note on their course evaluations that the professor is sensitive to people
with diverse gauge preferences.
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and
h B
fi:fix+i/<;y:;(8x+i5y)—(;—c(y—ix)—h(@x+i8y)x L1
2h (= % - o _ I .
= — - — SIX p2Z/A6 (o —zZ /402 —ix
- <0 Wz 20)(> eXe (—2ih0)e e :

where ( = /hc/eB is the magnetic length. We have used z = z + iy, Z = « — iy, in which case

0

825

=300, -i9,) .,  O0=-=4(0+i9,) . (1.42)
Note that

o — 9 (1.43)

under Hermitian conjugation. The commutators of the complexified cyclotron and guiding-
center operators are given by

2h?
[W,WT} = [FLT,FL} = (1.44)
with [, k| = [T, k] = 0. We may now define cyclotron and guiding-center ladder operators,
g 2 . k= iVah (1.45)

14 4

with canonical commutators [a, a'] = [b, b'] = 1. The kinetic term in the Hamiltonian is then

7 i h?

0= om " m Tame ~ Meldat D) (1.46)

Note that H, is cyclic in the guiding-center operators, hence each eigenvalue ¢, = (n + 1)hiw,
is extensively degenerate. As we shall see below, the degeneracy of each of these Landau levels
is in the thermodynamic limit equal to N;, = BA/¢,, which is the total magnetic flux through
the system in units of the Dirac flux quantum.

We may also define the complexified cyclotron and guiding-center coordinates, £ and R, as
follows:

il? il?

g:?W:\/iga 7 R:—?n:\/ﬂbT 7 (1.47)
with [R, R1] = —2¢% and [¢,£T] = 2¢%. Note then that the complexified position z = = + iy is
then given by

)2
z:%(w—m):R—i—g:\/ﬂ(a—i—bT) , (1.48)
with z = 2 = \/2¢ (a' + b). For reference, we also have
0—1id —i(b—cﬁ) 0—1id —L(a—bT) (1.49)
X NG, ) X NG, . .
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Finally, the following relations may be useful:
a = \/56 eiX e—z2/4€2 5€zz/4z2 eiX 7 h— \/56 eiX e—zz/u? aezz/u? eiX (1.50)
and
al = —/20 eix 27/ § o= 7E/A o—ix , bl = — /20 eiX 27/ § o= 7E/A oix (1.51)
Exercise : Show that the angular momentum operator satisfies

L, =eX(ap, —yp,)e X =h(b'b—ala) . (1.52)

1.3.2 Landau level projection

Consider the Hamiltonian H = H, + V(r) confined to the plane. We may write the potential as
a Fourier integral

V(r) = / T V(k)e™r (1.53)
T)= (27‘(‘)2 (& . .
Write » = R + £ as a sum over guiding-center and cyclotron coordinates. Since [R,,,{5] = 0, we
have that

1. L. 1. 1. _22 . T - 07
ek _ Gk R k& _ JikR —k*2/4 jilka /2 ezeka/\/i

.22 LBt . . t T
—e k20%/2 eszb /\/i eszb/ﬁ esza /\/i ezéka/\/?

(1.54)

We have skipped a few steps. First, we have written k - € = Re (k&) = (k& + k€). Then we
wrote § = V2laand ¢ = \/§€ a' in terms of the cyclotron latter operators. Finally, we wrote
eilkal+ha) V2 — o=I20/4 githal citha/V2 ysing the Baker-Campbell-Hausdorff equality,

1
et =t P e (1.55)

which is true when both A and B commute with their commutator [A, B].

Now suppose we project the Hamiltonian onto the n'" Landau level. This means we evaluate
it’s expectation value in the cyclotron oscillator state |n). The result (n|H |n) is still an op-
erator, but only in the space of guiding-center states. In other words, it will only involve the
operators b and b' (or R and R'). Now we have to roll up our sleeves and do some work. We

have
exp (ilka/V'2) |n) :Z% (zﬁ\/_/;) a|n) :Z% (%) 1/#\n—g> (1.56)

j=0 "

and so

(n| exp(ifkaT/\/ﬁ) exp(%l?:a/\/i) |n) = . % <ZL) (- %k2€2)j =C,(kl) . (1.57)
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Therefore, ,
B
V(R) = (n|V|n) = / iz V) M ) (1.58)

Let’s examine what happens for the first few values of n:

Cy(kl) =1
Cy(kl) =1 — 3(kt)? (1.59)
Cy(kl) =1 — (k0)* + L (kO)*

where by (k()* we mean |k|*¢*. Multiplying by the exp(—3k*(?) factor, and expanding in pow-
ers of k, we see that the projected potential V, (R ) is given by V(R) plus a series of corrections
which can be expressed in terms of powers of the Laplacian V? acting on V(R). For example,

Vo(R)=V(R)+1CVV(R)+... (1.60)
which is the quantum analog of Eqn. 1.28.

Some words of caution are appropriate here. Since [R,,, R ] = —il*¢,;, we must not be cava-
lier regarding operator order. To be safe, we might choose to express V,,(R) in some canonical
form, such as the normal ordered form, in which all the R operators appear to the right of all R
operators'*. That is, we write

exp(ik - R) = exp(4kR) exp(LkR') exp(ik*[R, RT])

. , 1.61
= exp(—1k*(*) exp(kR) exp(ikRT) (161

in the integrand of Eqn. 1.58. Also, it goes without saying that (n | Hy|n) = (n + )hw, . ButI
suppose I said it anyway.

1.3.3 Landau level mixing

It is apparent that the Hamiltonian 4 = H, + V' (r) may be written as

H= ) H,(R)n)n|

n,n=0 (162)
Hnn’(R) = (n + %)hw(ﬁ 5nn’ + Vnn’(R) )
where, for each {n,n'}, V, .,(R) = (n|V |n’) is an operator in the space of guiding-center
degrees of freedom, given by
2
ko , 22 _
V. (R) = /(;lw)z V (k) et R e R/ (| exp(%ka*/\/i) exp(%k‘a/\/ﬁ) In') . (1.63)

4 And, hence, all guiding-center annihilation operators b appear to the right of all guiding-center creation oper-
ators b'.
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The off-diagonal terms describe Landau level mixing processes. For example, if we retain only
the n = 0 and n = 1 LLs, we have the truncated Hamiltonian

1 hw 0 d% - ik 202 1 —ZW%/\/E
— [ 2 c k'R —k?(2/4
Htrunc ( 0 %hwc) + /(271’)2 V(k) € € (lgk‘/\/? 1— %k2€2) . (164)

Since there is a gap of /. between consecutive Landau levels, LL mixing is usually treated
perturbatively.

1.3.4 The lowest Landau level

The eigenvalue of a'a is an integer which corresponds to the Landau level index. For states in
the lowest Landau level, we have

ah(r) =0 = P(r) =X A8 po) (1.65)

where z = x + iy. At this point, f(z) is any analytic function. As we shall soon see, periodicity
on the torus further constrains the form of f(z).

In zero magnetic field, the density of states (per unit area, per unit energy) is constant:

d*: kdk m
B = d = = — =

(1.66)
since ¢ = h*k*/2m. When B is finite, the spectrum collapses into discrete Landau levels with
energies ¢, = (n + 3)hw, . The density of states is

o0

g(e,B) = B Zé(e —(n+ Hhw) . (1.67)
¢0 n=0

The number of Landau levels below energy £ is E/hw,., rounded to the nearest integer. To
check the coefficient B/¢, in the above expression note that the total number of states per unit
area below energy F is then

B E mE
—_ oy 1.
¢y hwe 2mR2 (1.68)

which agrees with the B = 0 result. Below, we shall count the number of states precisely using
a toroidal geometry.

We define the wavefunction ¢, (r) to satisfy av, = by, = 0. Imposing normalization,

Po(r) = (2m?) 712 eiX(r) g=22/48 (1.69)
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B >0

0
0 fhw, 3 fiw, 3hw, T hw,

Figure 1.11: Density of states in d = 2 for B = 0 (red) and B > 0 (purple).

A complete and orthonormal set of wavefunctions is given by the collection

n m m+n
w (’l") _ (aT) (bT) w (T‘) _ (—\/éf) ez’x(r) ez2/4€2 " 5771 6_22/%2
m Vol vm! 7’ V2ml?m!n! 1.70)
n! z N " e .
— (_l)n ] (@) Lgm_n)(22/2€2) 6—zz/4€ ezx(r)
(@) 1 .—a x d*

where Ly (z) = L a7 e” Lo (2" e™") is an associated Laguerre polynomial. Note that, per
Eqn. 1.52, this is also an eigenbasis of angular momentum, viz.

L.|m,n) = h(b'b—d'a)|m,n)=h(m—-n)|m-n) . (1.71)
Completeness entails the relation Y ° > /|m,n)(m,n| =1, which is to say

SN ) () =S =) (1.72)

m=0 n=0
Note, however, that if we sum over only the states in the lowest Landau level, then
pix(r) g—ix(r!)

E ( 1 /22\" e e

Vo) ¥y, 0("") Yy E _ (_) o PE/AP —2'F AL
) m, ' 2
2ml — ml 20

m=0
eiX(r) g —ix(r') 2z 27 27
272 P

I ae e
eix(r) g—ix(r') |z — 2|2 g ImzZ
= — € -
onz P 1z o

X () g=ix(r') (r—r)?  rxr-z
2702 402 202

(1.73)
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rather than §(r — »’). This tells us that the shortest distance scale on which we can localize an
electron in the lowest Landau level is the magnetic length /.

In the lowest Landau level (LLL), we may write

ex(m) 2 \" e
_ —zZ /4l ) 1.74
Onlr) = <¢§£) ‘ (74

This is generally known as the angular momentum basis.

1.3.5 Landau strip basis

Had we instead chosen the gauge A = —Bxy (again corresponding to B = —Bz), then

eB 2
_ o -

H. —
07 om 2m

(1.75)
There is now translational invariance along y, hence the wavefunctions may be written as
Y(z,y) = e*¥ ¢(z), with ¢(x) an eigenfunction of

2 eB 2 2
I A L k) M A T VR S
Hy(ky) = 55 4 o = 28 gl (a — k,)* (1.76)

This is the one-dimensional harmonic oscillator, with eigenfunctions ¢, (x — (> k,), where

Do) = —— (nl®) VK (2] ) e (1.77)

21|

;

where H, (u) is the n* Hermite polynomial, and corresponding eigenvalues ¢, = (n + 3)hw, .
The full basis set of wavefunctions as a function of (z, y) is labeled by a discrete Landau level
index n and a continuous index k, , viz.

Vo, (@,y) = L, P eV 6, (2 = Ck,) (1.78)

On a cylinder RxS' where y € [0, L, ], periodic boundary conditions requires k, to be quantized
due to the relation e*vv = 1.

1.3.6 Magnetic translation operators

The magnetic translation operators (MTOs) are defined as

t(d) = exp(ix - d/h) = exp[(db— db")/V2(] . (1.79)



22 CHAPTER 1. PRELIMINARIES

For each d, t7'(d) = t!(d), i.e. each MTO is a unitary operator. Note also that [¢(d), 7] = 0, so

the magnetic translations commute with the kinetic energy, H, = % . Acting on any function
of the coordinates, we have

Hd) o(r)t1(d) = (r+d) (1.80)

which is why ¢(d) is a translation operator. It is a worthwhile exercise for the student to show
that while t,(d) ¥(r) = ¢ (r + d), where t,(d) = exp(ip - d/h) = exp(d - V) is the translation
operator with B = 0, for the MTOs we have

t(d) h(r) = eX) gmiX(rtd) omidxr 220y gy (1.81)

Due to the magnetic field, two arbitrary magnetic translations do not necessarily commute.
Rather,
. a 2 P 2
t(d)) t(dy) = e* N BP0 4(d) + d,) = F DRy (dy) t(dy) (1.82)

Thus, [t(d,),t(d,)] = 0if and only if 2 - d; x d, = 27(?q, where ¢ is an integer.

1.3.7 Coherent state wavefunctions

Having tired of carrying the stupid gauge function x(r) with us for so long, we will now drop
it", which means working in the symmetric gauge, with x(r) = 0. Consider again the MTO,

t(R) = exp(ir - R/h) = eF-ROD/V2
~RR/4€* ,—Rb' /\/2L ,—Rb/ V2t

(1.83)

=€

where we have again invoked BCH. The LLL coherent state wavefunction is defined to be'®
|R) = t1(R)|0) = ¢ BRMAC RV 0 ) (1.84)

It is left as an exercise to the reader to verify the following formulae:

1 —irxR-2/202 —(r—R)? /442
¢R(T):<T|tT(RHO>:W€ xR2/20° ,—(r—R)*/4t
R|R) = (R-R)> RxR 2
< ‘ > =exp| — e — 9 57 (185)

/dzR (R)(R|= |m.0)(m.0| =11
22 _m:O ’ T 0

15As we are feeling persons, we hope that the gauge function manages to find its way back home to its loved
ones, whom it can regale with heroic stories of having served alongside other important factors in various opera-
tors and wavefunctions.

1®When confining our attention to the LLL, it is convenient to drop the cyclotron quantum number and write
the guiding center vacuum state simply as | 0) rather than | 0,0 ).
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Thus, the coherent state wavefunction g (r) is Gaussianly localized about » = R, but contains
phase information as well. The coherent states admit a resolution of unity within the lowest
Landau level, or indeed for any Landau level if we define | R,n) = t'(R) | 0,n ), in which case

d’R >
m=0

is the projector onto the n'" Landau level.

1.4 Landau Levels in Graphene

1.4.1 Quick overview

First we will skip all the details and quickly derive the spectrum of the Landau levels in
graphene, which is different than for the case in ballistic 2DEGs. Then we will circle back
and build a model of what graphene actually is at the atomic level and validate everything we
find. We'll even allow for lattice strain and see how it can generate a pseudomagnetic field which
in experiments can be on the order of 300 Tesla!

The two-dimensional Dirac Hamiltonian is

H=hv,o- -q=h, (qx +ig, 0 ) , (1.87)

where v = ¢/300 is the Fermi velocity in graphene. At this point, the electron spin is a specta-
tor, and the Pauli matrix structure here is in the isospin space associated with the two triangular
sublattices of the hexagonal graphene structure. To describe the Zeeman term, or, more inter-
estingly, spin-orbit effects, we would need to invoke a second set of Pauli matrices (7%, 7%, 7%)
acting on the spin degrees of freedom'”. In the presence of a magnetic field, the minimal cou-
pling prescription applies'®, and we have

0 «f
H(A) =, <7r 0) (1.88)

where 7 = h(q, +iq,) + £(A, +iA,) as before. We then have

2he heB,
— (0,4, -0,4,) = - , (1.89)

c

[, 7] =

7In graphene, spin-orbit effects are very weak due to the low Z value of carbon. In higher Z systems, spin-orbit
effects are crucial and may give rise to topological insulator behavior.

8The validity of the Peierls substitution E, (k) — E, (k + ;% A) for Bloch electrons is a nontrivial matter and
was first established by W. Kohn, Phys. Rev. 115, 1460 (1959).
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Figure 1.12: Landau levels in monolayer graphene, as reported by L.-J. Yin et al., Front. Phys.
12,127208 (2017). Left: Differential conductance spectra of a graphene monolayer on a graphite
surface as a function of bias voltage and for several values of magnetic field. Right: The LL
dispersion is in excellent agreement with the 2D Dirac theory.

and assuming B = —Bz, we again recover [r, 7| = 2h*(~2? with ¢ = \/hc/eB the magnetic
length. Defining the cyclotron ladder operators a = ¢7/v/2 hand a' = ¢x'/\/2 h as before’, we

have
o \/§th <O CLT)

H / a 0

(1.90)

Note that the guiding center operators b and b' are cyclic in H, hence there is an extensive
degeneracy of each Landau level.

It is easy to see that the eigenvectors of H, expressed in terms of the cyclotron oscillator states

In), are given by
o= (1) o= () (1.91)

wheren € Z, = {1,2,3,...} . The corresponding eigenvalues are

hvg

; (1.92)

E,=0 , E,,=+V2n

YNot quite as before. In Eqn. 1.45 there is an extra factor of i which we find convenient to remove here.
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Figure 1.13: Infrared cyclotron resonance data on high mobility monolayer graphene by B. J.
Russell et al., Phys. Rev. Lett. 120, 047401 (2018). The interband LL transitions are measured at
tixed B = 8T'. The density n and thus the filling fraction v are varied by an applied gate voltage.
Left: (a) Normalized transition at v = 0, showing the first six resonances. (b) Color map of
resonances vs. filling fraction, showing small variations even at fixed w, . (c) Schematic of inter-
LL transitions. Right: Dependence of the first four inter-LL transitions on filling fraction. Note
each filled LL index corresponds to Av = 2 because of spin degeneracy.

We now note several important distinctions between this spectrum and that for the ballistic
case derived in §1.3:

(i) The LL spectrum is particle-hole symmetric, with a zero energy LL and symmetrically
arranged levelsat £, = —F .

n

(ii) Rather than the ballistic LL spectrum E, = (n + 1)hw, where w, = eB/mc, the Dirac LL
spectrum is not evenly spaced nor is it linear in B. Instead, energies grow with LL index

and field as /|nB].

It turns out that this is only half the story, because there is another Dirac point in the graphene
band structure where the corresponding long wavelength Hamiltonian is A’ = ¢”Ho®. The
eigenspectra of these two 2D Dirac Hamiltonians are therefore identical.

Scanning probe measurements in monolayer graphene shown in Fig. ?? reveal an excellent
tit to the Dirac dispersion of Eqn. 1.92. More careful investigations, however, from infrared
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cyclotron resonance (Fig. 1.13) show small variations in inter-LL resonance energies at fixed B
as a function of the filling fraction v . These are attributed to interaction effects, which we shall
study later on in these notes.

OK, now let’s derive all this stuff from scratch.

1.4.2 Direct and reciprocal lattice

Graphene is a two-dimensional form of pure carbon arranged in a honeycomb lattice, where
each site is threefold coordinated. The electronic configuration of C is [He] 2s? 2p®. The 2s and
2p orbitals engage in sp? hybridization, forming on each carbon atom three planar orbitals
oriented 120° from each other. These engage in covalent bonding with each of a given C atom’s
three neighbors. The remaining fourth electron is in a p, state — the so-called 7 orbital. The
simplest model of graphene considers as inert the [He] core and the covalently bonded sp?
orbitals and focuses on the remaining single 7 electron per site.

The honeycomb lattice is a triangular Bravais lattice with a two element basis. The Bravais
lattice sites are located at R = n,a, + nya,, with elementary direct lattice vectors

al—a(lm—‘gy) , az—a(m+\f) , (1.93)

as shown in the left panel of Fig. 1.14. The basis vectors are then 0 and §, = éy, where § = a/ V3
is the spacing between C atoms. It is useful to define the two other nearest neighbor vectors
d, 3 as shown in the figure, in which case

6, = ( a; + a,) ’ 9y = %(201 +ay) ’ 0y = %(_‘11 —2ay) . (1.94)

Note that d, + 8, + d; = 0. The reciprocal lattice is triangular, with elementary reciprocal lattice

vectors
4 4

T (fa-ti) . b= (Farti) (1.9

Note that a; - b; = 27J;; . Let the tight binding hopping matrix elements along the 4, , d,, and J;,
directed links be —t,, —t,, and —t;, respectively. Writing the fermionic creation operators for
electrons at the A and B sites in unit cell R as af, and bk, the tight binding Hamiltonian is then

H= —Z {(t1 abbp +t, a}zb}pra1 + g aLbR_%) +H.c.}

R
S {az b, (1 + v e e 4 H.c.} ,
k

b1:

(1.96)

where we have written ¢, = ut, t, = vt, and t; = wt, with ¢ the fundamental hopping energy
scale and u, v, and w all dimensionless. We have diagonalized H within each crystal momen-
tum k sector via the relations

an = rz

1 ik
ay e'* , ak:\/—NiZaRe kR (1.97)
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Figure 1.14: The honeycomb lattice is a triangular Bravais lattice with a two element basis (A
and B). Left: Real space lattice, with elementary direct lattice vectors a, 2. Right: Brillouin zone,
with elementary reciprocal lattice vectors b, » and high symmetry points identified.

where N, is the number of unit cells, and with corresponding definitions on the B sites. Thus
{ap.aly} = g p and {a;. al, } = 0}, . We now define

Y = utveru pwe ke (1.98)
k

which allows us to write

0
H=-t>"(a} b}) (72 70'“) (Z:) . (1.99)

k

The energy eigenvalues are this F, . = +t|v,|. Again, electron spin is a spectator at this point,

so each level is doubly degenerate in the absence of, ¢.., a Zeeman term?.

It is convenient to write the crystal wavevector k as

0, 0,
— 1.1
k= b, + b, (1.100)

in which case exp(ik - a, ,) = exp(if, ,) .

1.4.3 Long wavelength Hamiltonian

When © = v = w = 1 and all the hopping amplitudes are equal to ¢, there are Dirac points at
the two inequivalent zone corners K and K’ = —K, where K = i (b; +b,). Atk = K, one
has v, = 1 + €2™/3 4 ¢727/3 = (), and similarly for k = K’. What happens when the hopping

2For a detailed description of the electronic properties of graphene, see A. H. Castro Neto et al., Rev. Mod.
Phys. 81,109 (2009).



28 CHAPTER 1. PRELIMINARIES

amplitudes are not all the same? Having chosen the overall energy scale t, we may fix the sum
u + v 4+ w = 3 and choose to write

u=1+%e+3e, v=1—-1e+%e, w=1-1¢e, . (1.101)

We will write k = K + ¢, with the deviation g from the Dirac point presumed to be small.
Similarly, we presume that the dimensionless hopping anisotropies ¢, , are also small. Working
to first order in smallness for each, we find

s = (1+ 3o+ o) + (L= ey 4 12) @75 (Lig oy +..)

+(1-te)e™P (1—iq-ay+...)
= —@ (¢, —iq,) a + i (3e, +e9) — i @ (e, —e9) + ... (1.102)
= —Fa(q —ig, +Q, —iQ,)
where | .
Q, = “33a (3e;, + &5) , Q, = % (e —&7) . (1.103)

We may even allow ¢, , to vary slowly in space, in which case we must also impose the canon-
ical commutation relations |q,, z B} = —i0,5 - Note that we may now read off v, = V3ta/2h.

In the presence of an external gauge field, the prescription is the usual minimal coupling, viz.

Ticrq = — %0 (qx —1q, + Q, —1Q, + % A, —1 % Ay) : (1.104)
Note that ¢, = —i 0, and ¢, = —i 0, are in fact differential operators for our purposes. Further
defining
0= g, zﬁa{(q 40 +6Aw)—z’(q +Q +6—Ay)} (1.105)
= "2 2T We T y Ty + =2 :
we derive
[0,6"] = 2a° (@Qy —-9,Q, + %) =+r? | (1.106)

We presume that 2 is a constant, independent of space. If the sign on the RHS is positive,
define 6 = ra, with [o, f] = 1. Else, if negative, define § = ra'. In the former case, we have
Vi +q = —re and in the latter vy, . = —ral. Thus,

0 6 0 o 0 af
HK:t<9T 0) , HK,JF:Tt(aT 0) , HK,_:rt<a 0) ) (1.107)

Let’s work out the eigenspectrum for H__; the H_ case is equivalent since H_ = 0” H _o". Let
al0)=0and|n) = (af)"|0)/vnlwith n € Z,. Then it is easy to see that

H [¥,)=0 ) H+|\I]:|:,n> :i\/ﬁ’rt|‘;[l:|:,n> (1.108)
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where

|‘110>=<‘g>) : |Wiv">:%<:&\lzn—>l))' (1.109)

The corresponding eigenstates of H_ are then given by 0® | V) and 0 |V, , ). These are the
Landau levels of the 2D Dirac Hamiltonian. As with the familiar case with continuum Landau
levels from a ballistic dispersion, the Dirac Hamiltonian Landau levels are also massively de-
generate. Note that the Landau level energy varies as /n and not linearly in n as in the ballistic
case!

1.44 The K’ valley
Consider now the other inequivalent zone corner, located at K’ = —K. We then have
V-Kiq = UTUV e~ 2m/3 ol ay | g o27i/3 o—ig-ay

= Y3 (q, +iq,) a+ 1(3e; +2) +1 % (5, — &) (1.110)

e[S

a(q, +ig, — Q, —iQ,)

Again we include the electromagnetic gauge field via minimal coupling,

/3 . . € . €

VoKiq = 73a<qm+zqy—Qx—zQij%ijLz%Ay) , (1.111)

and we define

= —La (g =+ ) Zi (g -, + S
0= kiq 5 a {(qx Qr+ = ) i (qy Qy+ ) : (1.112)
we derive
eB,
0.0 =3 (- 0,Q,+9,0, + ﬁ) =452 . (1.113)
i

The Hamiltonian in the K’ valley is Hy, =t g % . Note that the magnetic flux has the

same sign in Eqns. 1.106 and 1.113, but that the contribution from the hopping anisotropy is
reversed. This is because magnetic flux breaks time reversal symmetry and hopping anisotropy
does not, even though the spatially varying hopping anisotropy, which is due to strain, can
generate Landau levels. What happens is that the Landau levels in the K valley are the time
reverse states of the Landau levels in the K’ valley.
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1.4.5 Strain and pseudomagnetic fields
We now need a model for the distortions ¢, , . Consider the case of triaxial strain where the local
displacement at position (xz, y) is given by u(z, y), where

u, =2nry , U, = n(z® —y?) . (1.114)

Here 7 has dimensions of inverse length. Since hopping amplitudes typically vary exponen-
tially with distance, we write, phenomenologically,

ts=t exp<50 _A |5|) , (1.115)

where §, = a/+/3 is the unstrained nearest neighbor C-C bond length and ) is a constant with
dimensions of length corresponding to the transverse extent of the atomic 7 orbital. Under
strain, we have

8§58 =6+uR+06)—u(R) |, (1.116)

and therefore to lowest nontrivial order
o, =0, +2n (X, +Y4,)

, (1.117)
o, =0, +2n(X0,-Y4,) ,
with R = (X, Y). From these relations, we obtain the extensions
6] = 8y = 8,(8) X +A,(8) Y (1.118)
with o o
A, (8) =206, - 20,0, A, (8) =26, - (62 -107) . (1.119)
Thus,

A8)=-2n6yy , AS)=2n0(—2+39) . A(&) =22n5(Lz+1g) . (1.120)

We now have

t(d) =t exp<5° ; |5|) =t(1—A@)-R/A+...) (1.121)
which says
t(R)= (143, +Lie)t= (14200 Y A +.. )t
(I—fe +ie)t=(1+V3no XX =YX ' +...)t (1.122)
ty(R) = (1—te))t=(1—V3ns XA —nd YA +...)¢

~
[\
S

oy
N—

I

Solving for €, , , we obtain

ey =V3n5 (— X +V3Y)A™!

(1.123)
£y = 300y (VBX +Y)\™!
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Figure 1.15: Strain-induced pseudo-Landau levels in graphene, reported by N. Levy et al.,
Science 329, 544 (2010). Upper left: STM images taken at 7.5 K showing a monolayer graphene
patch on a Pt(111) surface. Several nanobubbles are visible. Right: STS spectra at 7.5 K showing
locations of n = 0, n = 1, and n = 2 pseudo-Landau levels. Lower left: The energies of the
pseudo-LLs are proportional to |n|*/2, in agreement with the Dirac theory.

and therefore the effective strain gauge field components are

1
Qz 12\/3(1, ( €1 + 82) n / (1124)

Q, = % (€5 —&1) = 2nX/A

This is wonderful! The effective strain gauge field corresponds to a uniform fictitious magnetic
field, with
0,Q, —0,Q, =4n/X . (1.125)

1.4.6 One-dimensional analog

There is a one-dimensional version of the strain gauge field. Consider a bipartite one-dimensional
chain with alternating hoppings ¢, = ut and ¢, = vt. The Hamiltonian at wavevector £ is

H, =— (0* 70"“) where 7, =u+ve® | (1.126)
Tk
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The energy eigenvalues are +t|v,|. For uniform hopping v = v = 1, the gap collapses at k = 7.
Writing v = 1 + % candv=1— % e,and k = 7 + ¢, we obtain, to lowest order and in the long
wavelength limit,

M =q = —ig+te=—-0,+e(x) . (1.127)

Note [, 71| = 2&'(x) = £r?. Assuming r is both constant and real, we then define 7 = r o, and
.i.

we once again have H, = rt (o?* g) and H_ =rt (g 06 ), with the Dirac spectrum E, = 0

and E, , =+/nrt.

1.5 An Electron on a Torus

1.5.1 Constraints of finite geometry

On an infinite plane, each Landau level is infinitely degenerate, with the number of states per
Landau level per unit area given by B/¢, = 1/2r(?. As diagonalizing infinite-dimensional ma-
trices is time-consuming, it is useful to impose a finite geometry, rendering each Landau level
tinite in size. Computational approaches have been exceedingly important in the development
of the theory of the FQHE, often providing essential insights. In principle one could choose any
orientable two-dimensional manifold as a base space, but the two simplest and most useful ge-
ometries have been the sphere and the torus. Use of the spherical geometry was pioneered by
Duncan Haldane®'. Here we will focus on the torus geometry”. One reason the torus is par-
ticularly useful is that it is not simply connected. Topologically, it is a product of two circles:
T? = S' x S'. This furnishes us with an opportunity to impose generalized periodic boundary
conditions, which physically corresponds to threading each of the two circles with flux. Differ-
entiating with respect to these fluxes can tell us about the Hall conductivity! So when it comes
to finite geometries, to paraphrase Orwell: sphere good, torus better!

On the torus, we require that the area 2 = z - L, x L, = 2n(’N, be quantized in units of
21(*, where N, = Bf2/¢, is the number of flux quanta, if we are to have [t(Ly), t(Ly)] = 0.
Then since V(r + L,) = V(r), we have that { H, t(L,), t(L,) } is a complete set of commuting
observables. Since the ¢(L, ,) are unitary, the eigenstates |1, ) of H may be chosen to satisfy

HLo) [ Vo) = € [9) (1.128)
foralla € {1,..., N, }. The dimension of the Hilbert space is N, as we shall see.

We will consider potentials V' (r) which are periodic on the torus. This is equivalent to a
periodic potential, and any reciprocal lattice vector G as

ZSee F. D. M. Haldane, Phys. Rev. Lett. 31, 605 (1983).
22 Also largely pioneered by Haldane.
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where 5 0
m N m™
b1:§L2Xz , b2:§ZXL1 s (1130)

with integer n,,, where 2 = z - L, x L, = 2r(*N, is the area of the torus. With the above
definitions of the primitive reciprocal lattice vectors b, ,, we have b, - L, = 274,,,. Thus,

2 2
PixG= %‘g (ny Ly —nyLy) . (1.131)
Thus,
(2 x G) x L, = —27l’n, 5 (1.132)

and therefore [¢((?2 x G), t(L,)] =0fora =1,2.

For any vector Q, we define its complexification as @) = @, + iQ,,. The complexified elemen-
tary reciprocal lattice vectors are then

2 271

?Lz ) by = b2,:v + ib2,y -0

The modular parameter 7 = 7, + i7, is defined as the complex ratio

by = by, +iby, = — L . (1.133)

r=22_ 22 2y (1.134)
Ly Ly, +ily,
For a general reciprocal lattice vector G = n,b, + n,b,, then, we have
o
G=G,+iG, = % Ly (ny —ny7) . (1.135)
The unit cell area is then
Q=2r’N =Im (L, L,) = |L,|*7, . (1.136)
Then we have
ingz = i|G|2€2 = m((nlﬁ —ny)* 4+ n? 7'22) . (1.137)
1.5.2 Lowest Landau level Hamiltonian
The potential may be written in terms of its Fourier components, viz.
V(r) _ Z VG G Z VG ei(G2+C¥z)/2
G G
_ Z VG eé2(G7TT—é7r)/2fl 6Z2(C_¥R—G5T)/2ﬁ (1 ]_38)
G

_ Z VG e—G2£2/4 e£2G7rT/2he—ZQG‘7r/2ht(€2£ % G)
G
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If we project onto the lowest Landau level, we obtain

V=P V(r)Py=> Vge @tz xaq) . (1.139)
G

Define the unitary operators

t, = t(Ly/N,) : ty =t(Ly/N,) . (1.140)
Then it is easy to show
Furthermore, we have
n, L no L - _
t(P2x G) = t< L2 2 1) = e~/ N g (1.142)
N¢> N¢>

We can define an N,-element basis {| k) } which satisfies the following:

t | k) =N |k —1)

, . 1.143
t2 | k‘> _ 6Z62/N¢’ 627”k/N¢’ | k’) ( )

with [k + Ny) = [k). Note that ¢, t,[k) = /Mo t,t, | k) for all k, and furthermore that
t(L,) k)= £ | k) = et | k) for all allowed a and k. Thus,

<l{3 | t(€2£ % G) |]€/> _ e—iwnlnz/N(b 6in1€2/N¢ 62m’kn1/N¢ 6—in2€1/N¢ <]{7 ‘ % + n2>
(1.144)

€_i7"”1”2/N¢ ei(nlez—nzel)/Nd) e27ril<m1/N¢S

kki4ng,
where 0, ; = 0}, ;1100 N, - Thus, the Hamiltonian for our system is

Hkkl(91’92) _ 2 : . 6—7r[(n17—1—n2)2+n%7'22]/2N¢7'2 6—i7rn1n2/N¢ ei(n1€2—n261)/N¢ 627rin1k/N¢ 5k Wn
1272 ) 2

TLl ,TL2

(1.145)
Checking that the Hamiltonian is Hermitian, we have

2 2 . . . ~
H]:k/ _ § : Vr:kl " 6_”("17'1_"2) /2Ny, e—ﬂnlr2/2N¢ emrnan/N¢ 6_’("192_"291)/N¢ e—27rzn1k/N¢ 5k Win,

ny,ngy
_ § : . e—ﬂ(anl—n2)2/2N¢T2 6—7'(77,%7'2/2]\7(;5 eiwn1n2/N¢ ei(n192—n291)/N¢ eZWinl(k’—nz)/N¢ gk/ i

172 J 2
ny,ngy

_ —7(ny T —ny)2 /2N, Ty —mn3Ty /2N, —imning /N, i(n,0,—ny0,)/N, 2mink'/N, 5 _
= g Viim, € 972 7M1 o e MMM e 2 €T O oy, = Hpg

Tq,Ny
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where we haveused V7 |, '=V_, _, and then replaced n,, with —n, , in the second line.
As an example, consider a case where V (r) = V;, /®1702)7 4 V) o=t ™ and N, = 3. We
then find
0 _Vlﬂjl L V ez7r/3
H=| ~Vie 0 Vi erfigo | el (1.146)
‘/1»:1 e—iw/3 el ‘/171 e—iw/3 e—la 0
where @ = (6, — 6,). For example, to compute H,,, with & = 1 and ¥ = 2, we need
n, = —1 to satisfy the Kronecker delta in eqn. 1.145, and therefore n, = —1 as well, cor-
responding to V_, _; = Vi";. Working out the phase of the matrix element, we then have

o—im/3 o0, —0,)/3 g—2mi/3 _ i

—e. For k = 1and ¥ = 3, we need n, = 1 in order to satisfy
k =k + 1 mod N. Thus n, = 1 as well, corresponding to V, ;, and the phase of the matrix
element is 6—i7r/3 6i(92—91)/3 627ri/3 — ei7r/3 6—@'04.

A detailed discussion of the LLL wavefunctions on the torus is given in §1.8 below.

1.6 Lattice Models and Hofstadter’s Butterfly

1.6.1 Tight binding with B =0

As you may have heard, solids are composed of atoms?*. Suppose we have an orthonormal set
of orbitals | aR ), where a labels the orbital and R denotes a Bravais lattice site. The label « may
refer to different orbitals associated with the atom at R, or it may label orbitals on other atoms
in the unit cell defined by R. The most general tight binding Hamiltonian we can write is

H=Y" > H, (R-R)|aR){dR| | (1.147)
R R a,a

where H,,(R— R)=H},(R —R) = (a,R| H|d, R) is the Hamiltonian matrix, whose rows
and columns are indexed by a composite index combining both the unit cell label R and the
orbital label . When R = R’ and a = d/, the term H,(0) = ¢, is the energy of a single electron
in an isolated a orbital. For all other cases, H,,,(R— R') = —t,,, (R — R') is the hopping integral
between the a orbital in unit cell R and the a’ orbital in unit cell R'. Let’s write an eigenstate

|4) as
=> > t¢urlaR) . (1.148)
R a
Applying the Hamiltonian to | ¢ ), we obtain the coupled equations

> Hy(R—R)typ| =F ZZ%RMR . (1.149)

R,R' a,a’

2 A somewhat more nuanced description: solids are composed of ions and electrons.
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Since the | aR ) basis is complete, we must have that the coefficients of | aR ) on each side agree.
Therefore,

> Hy(R—B)Yyp =Et,g . (1.150)
R a

Bloch’s theorem

We now use Bloch’s theorem, which says that each eigenstate may be labeled by a wavevector
k, with ¢, = \/—% u, (k) e™® . The N~Y/2 prefactor is a normalization term. Multiplying each

side by e~**® we have
) (Z H,,(R—R) e‘““'(R—R’)) g = E(k) uy, (1.151)
a/ R/

which may be written as

Zﬁaa’(k) ua’(k) = E<k) ua<k) ) (1152)
where
H,, (k)= H,(R)e ™ (1.153)
R

Thus, for each crystal wavevector k, the u,, are the eigenfunctions of the r x r Hermitian ma-
trix H,,, (k). The energy eigenvalues at wavevector k are given by spec(H (k)), i.e. by the set of
eigenvalues of the matrix H (k). There are r such solutions (some of which may be degenerate),
which we distinguish with a band index n, and we denote v,,,(k) and E, (k) as the correspond-
ing eigenvectors and eigenvalues. We sometimes will use the definition 7, (k) = —H,, (k) for
the matrix of hopping integrals.

In Eqn. 1.147, R and R’ label Bravais lattice sites, while a and «’ label orbitals. We stress
that these orbitals don’t necessarily have to be located on the same ion. We should think of
R and R’ labeling unit cells, each of which is indeed associated with a Bravais lattice site. For
example, in the case of graphene, | aR ) represents an orbital on the a sublattice in unit cell R.
The eigenvalue equation may be written

A

H. (k) u,, (k) = E, (k) u,, (k) | (1.154)

aaq

where n is the band index. The function u,,,(k) is the internal wavefunction within a given cell,
and corresponds to the cell function u,,(r) in the continuum, with a <> (r — R) labeling a
position within each unit cell. The full Bloch state may then be written

| Ung) = 1) © |ty ) (1.155)



1.6. LATTICE MODELS AND HOFSTADTER’S BUTTERFLY 37

so that

Vo (Rya) = ((R|@(al) (k) @|u,)
* ( >< 1 k> (1.156)
= (R|k) (a|u,,) = —=e*Tu,,(k)

VN

Here we have chosen a normalization ), ‘um(k) ‘2 = 1 within each unit cell, which entails the
overall normalization ) 5 , ‘@an(R, a)‘2 = 1.

1.6.2 Go flux yourself : how to add magnetic fields

To simplify matters, we consider only s-orbitals on two-dimensional lattices. The general tight-
binding Hamiltonian is written

H==%" <t e, +t0.cl, cr) , (1.157)

r<r!

where the notation » < r’ means that each pair (r,r’) summed only once. We may write
tppr = ti,. = |t,..|exp(i4,, ), where A, . is a gauge field living on the links of the lattice. Let
p denote a plaquette on the lattice. Then the dimensionless flux ¢, (in units of iic/e) through
plaquette p is

b= > A (1.158)

(rr’)edp

where the sum is taken in a counterclockwise fashion along the links on the boundary of p. The
tight-binding Hamiltonian exhibits a gauge invariance under

et (1.159)
— ei(ar_a"‘l)t / .

trr’ T

Consider now the case of the square lattice. It is clear that any configuration of the A,,, which
is periodic in the structural unit cell, i.e. under translations by elementary direct lattice vectors,
must correspond to ¢, = 0 for every plaquette p**. This is because the phase A, is associated
with the directed link from r to 7/, and parallel links on opposite sides of the elementary square
plaquette will yield equal and opposite values of A, because they are traversed in opposite
directions. In order to describe nonzero flux per plaquette, the configuration of the lattice gauge field

2More precisely, if A,.,., is periodic in the structural unit cell, then each structural unit cell is congruent to a zero
flux state. However, it may be that a structural cell is comprised of more than one elementary plaquette, as is the
case with the triangular lattice (each structural cell consists of two triangles), or that there are closed loops which
don’t correspond to a structural unit cell due to further neighbor hoppings. In such cases, there may be closed
loops on the lattice whose flux is not congruent to zero. See §1.6.3 for some examples.
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Figure 1.16: Gauges for the square lattice Hofstadter model. Left: ¢ = 7 case. ¢,,» = t on all
links except those with slashes, where ¢,,» = —t. Right: ¢ = %w. Each arrow corresponds to a
factor of exp(2mi/3).

A,., must break lattice translational symmetry®. Consider the case where ¢ = 7 in each plaquette.
A configuration for the gauge field A,.,, yielding this flux distribution is shown in the left panel
of Fig. 1.16. All links have A, = 0, hence t,,., = texp(iA,, ) = t, except for the links depicted
with slashes, for which A, = mand t,,, = —t. The magnetic unit cell is now a 2 x 1 block
consisting of one cell from each sublattice (blue and red). We call this a magnetic unit cell
to distinguish it from the structural unit cell of the underlying square lattice. The structural
Bravais lattice is square, with elementary direct lattice vectors are a; = az and a, = ay. But
the magnetic Bravais lattice is rectangular, with elementary RLVs a; = 2az and a, = ay. From
Bloch’s theorem, the phase of the wavefunction varies by exp(ik - a;) = exp(i6,) across the unit
cell in the z-direction, and by exp(ik - a,) = exp(if,) in the y-direction. The Hamiltonian is

Ay 2c0s0, 1+ e
H(0) = —t (1 4 —9c0s 92) (1.160)

The energy eigenvalues are £, (8) = :I:Qt\/ cos?(36,) + cos?f, . The band gap collapses at two
points: (6,,6,) = (7, +i7). Writing (6,,6,) = (7 + 6, , £i7 + 6,), we find

E. (6)= :i:2t\/sin2(%51) +8in’d, = +2ta\/2¢} + @ (1.161)

which is a Dirac cone! Thus, the dispersion for the square lattice 7 flux model has two Dirac
points. Here, g = k — k, is the wavevector measured from either Dirac point.

The 7 flux state is time-reversal symmetric, since under time reversal we have exp(i4,,.) —
exp(—iA,, ), hence ¢, — —¢,. But flux is only defined modulo 27, hence 7 — —7 = 7 yields
the same flux configuration.

A more interesting state of affairs pertains for the case ¢ = 2, for which a valid gauge

configuration A, is shown in the right panel of Fig. 1.16. Now there are three sites per unit

2By “nonzero” flux, we mean ¢ mod 2 # 0.
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Energy £

Figure 1.17: Magnetic subbands for the square lattice Hofstadter model for flux per plaquette
¢ € [0,27]. Blue bands at ¢ = 0 and ¢ = 27 have the full bandwidth W = 8t. At¢ = 7
(purple), there are two subbands with £_ € [-2+v/2t,0] and E, € [0, 2v/2t] which touch at F = 0.
Similarly, at ¢ = :I:%w (green), there are four subbands, with the central two bands!bagain
touching at £ = 0. At ¢ = :f:%ﬂ' (red), there are three subbands. Continuum Landau levels are
shown radiating from the lower left corner.

cell: A (blue), B (red), and C (green). The Bloch phase accrued across the magnetic unit cell in
the +& direction is e*%1, and in the £+ direction is e**?z. Thus

) 2 cos b, 1 e~
H(0) = —t 1 2cos(f, + %) 1 . (1.162)
et 1 2 cos(f, + 4F)

The general case where the flux per structural unit cell is ¢ = 27p/q is known as the Hofstadter
model® In this case, the magnetic unit cell is a ¢ x 1 block, and the resulting ¢ x ¢ Hamiltonian

26See D. R. Hofstadter, Phys. Rev. B 14, 2239 (1976).
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is given by
2 cos B, 1 0 0 e~
27
1 2 cos (6, + Tp) 1 0
4m
) 0 1 2cos (6, + Tp) 1
H(0) = —t 0 ]
0 1
et 0 1 2cos (0, + L(qq_l)p)
(1.163)
There are thus ¢ magnetic subbands. Note that
H(6,,0,+ %22) = XUH(0,,0,) U X" (1.164)
where X; =0, .| moq, and U = diag(1, e, - - - ¢*1). Thus,
spec H (6,0, + %’) =spec H(0,,0,) (1.165)

as we saw explicitly in the ¢ = 2 case above. A plot of the magnetic subbands in (£, ¢) space,
known as Hofstadter’s butterfly, is shown in Fig. 1.17.

In the limit where the denominator g of the flux ¢ = 27p/q is large (for fixed p), the flux per cell
is very small. We then expect to recover the continuum Landau level spectrum E, = (n+3)hw, .
To express this in terms of the flux ¢, note that the B = 0 dispersion is

E(k) = =2t cos(k,a) — 2t cos(k,a) = —4t + tk*a® + ... | (1.166)

which allows us to identify the effective mass m from the coefficient of the k? term, with the
result m = h?/2ta*. The magnetic field is the flux per unit area, hence B = ¢hc/ea®. Thus,
2
B e ote 2

¢ mce c ea? h

(1.167)

This describes the corners of the Hofstadter butterfly in Fig. 1.17, where continuum Landau
levels radiate outward from the energies +4¢ according to
and

E,(¢) = i<4t —(2n+1) ¢t>

for ¢ < 1.

E.(¢) = i<4t —(2n+1) 21— ¢) t) . (1.168)

1.6.3 Unit cells with zero net flux

As mentioned in a footnote above, it is not quite true that a lattice gauge field A, which is
periodic in the underlying Bravais lattice unit cell leads to zero net flux in every plaquette or
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Figure 1.18: Two models with zero net flux per unit cell which still break time reversal sym-
metry. Left: The unit cell of the triangular lattice consists of two triangles.

closed loop of links on the lattice. Two counterexamples are shown in Fig. 1.18. The first
example is that of the triangular lattice, where each structural unit cell is a rhombus consisting
of two elementary triangular plaquettes. Consider now the situation where each horizontal link
carries a U(1) phase o, i.e. A,,, = t¢'®, while the remaining links all have 4,,, = 0. Computing
the U(1) flux by taking the directed sum counterclockwise over each triangle, we see that all

the up triangles carry flux ¢, = «, while all the down triangles carry flux ¢ = —a = 27 — a.
If, as before, we take the elementary direct lattice vectors to be a, , = a(1z £ %3y) and write
k=Y7,0,b/2r, witha, b, =210,,
lattice model is given by H = 3", E, a}, a;,, where

then the tight binding Hamiltonian for this triangular

E, = —2tcos(k-a; +k-ay,+a)—2tcos(k-a,) —2tcos(k - ay)

1.169
= —2tcos(#, + 0, + ) — 2t cos 0, — 2t cos b, ( )

A more interesting state of affairs is depicted in the right panel of Fig. 1.18, which is graphene
augmented by nearest neighbor same-sublattice hopping terms, which is the celebrated Hal-
dane honeycomb lattice model” . Inscribed in each hexagonal cell are one up-triangle of A site,
depicted by blue dots in the figure, and one down-triangle of B sites, depicted as pink dots in
the figure. Again we take a, , = a(1& =+ %) for the underlying A Bravais lattice, with the basis
vectors 0 and §;, = ay. The nearest neighbor hoppings between A and B sites all are taken to
have amplitude ¢,, while the inscribed A and B same-sublattice hoppings are taken to be ¢, ¢

ZF, D. M. Haldane, Phys. Rev. Lett. 61,2015 (1988).
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and t, ', respectively, and taken in the counterclockwise direction around the inscribed A and
/ paths. An on-site energy term +m , called the Semenoff mass, is added to the hopping terms.
One then obtains the tight binding Hamiltonian

H = Z { — tl (1 + eik'al + 6_“‘"“2) aJI; bk: _ tl (1 + e—ik-a1 + 6ik.a2) bL aj,
k

+ [m — 2ty Re (eid’ eikr(artay) o pid pmikay | pid e_ik'%)} CLJ,L a,

. o o (1.170)
|: = 2t2 Re (621/1 6—zk-(a1+a2) + 6zw ezk-al + 6zw 6zk~a2)] bz bk}

-3tk o () fat) ()

Hpp(k) =m — 2t,[cos 0; + cos 0, + cos(0; + 0,)] cos ¢ — 2t,[sin b, + sin b, — sin(6; + 6,)] sin ¢
Hgg(k) = —m — 2t,[cos 0, + cos 0, + cos(6, + 0,)] cos i + 2, [sin 6, + sin 6, — sin(0; + 6,)] sin¢)
Hpg(k) = Hip(k) = —t; (1 4+ €1 +e7%) . (1.171)

In the Haldane model, ¢ = ¢, in which case we may write H (k) in terms of Pauli matrices, as

H(k) = —2t,[cos 6, + cos b, + cos(8; + 0,)] cos ¢ — ¢, (1 + cos 0, + cosb,) o™ (1.172)
+t,(sinf, —sin6,) 0¥ + (m — 2t,[sin 6, + sin 6, — sin(6, + 6,)] sin gb) o*

What makes the Haldane model so interesting is that its band structure is topological over a
range of the dimensionless parameters m/t, and ¢. (Without loss of generality, we may set
t, = 1.) More on this below!

1.6.4 General flux configuration on the square lattice

More generally, consider a magnetic unit cell formed by an M x N block of structural unit
cells, as depicted in Fig. 1.19. Each structural cell p is labeled by the indices (m, n), where the
Bravais lattice site its lower left corner is max + nay . To assign the lattice gauge fields, do the
following. For r = maz + nag and v = ma& + (n + 1)ag withn < N, let A_, = S * Gi -
For the n = N, we include the Bloch phase 6,, so that A,,, = 6, + > ®; , » also noting that
(m, N+1) = (m,1). This sets A, for all vertical (y-directed) links. The only horizontal links for
which A,,, are nonzero are those with r = Maz+nay and v’ = az+nay ; note (M+1,n) = (1,n).
Then A, =6, — > -1 ¢i;- One can check that this prescription yields the desired flux
configuration, as well as the two Bloch phases.
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Figure 1.19: Lattice gauge field configuration for a general M x N rectangular lattice with flux
®m.n in unit cell (m, n) and Bloch phases (6, 65).

1.7 Berry Phases, Fiber Bundles, Chern Numbers, and TKNN

1.7.1 The adiabatic theorem and Berry’s phase

Consider a Hamiltonian H(A) dependent on a set of parameters A = {\,,..., A}, and let
| ¢ (X)) satisfy the time-independent Schrodinger equation,
HN) 9,(A) = E,(A) [@a(A)) (1.173)

Now let A(¢) be continuously time-dependent, and consider the time-dependent Schrodinger
equation

z‘hdit () = HA®) | () . (1.174)

The adiabatic theorem states that if A(¢) evolves extremely slowly, then each solution | ¥, () )
is proportional to | ¢, (A(t)) ), with

10, (A1) = exp (i, (1) exp(—% / d En(/\(t’))) (D)) (1.175)
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with corrections which vanish in the limit |[A|/|A| — 0. Taking the time derivative and then the
overlap with the bra vector (¢, (A(t)) |, one obtains the result

D) (g, (D) | L1 0u(A0) ) = AN - X = 1) (1.176)
where P
AN = {0aN) | S [2u(3) (1177

Note that A% () is real. In particular, if A(¢) traverses a closed loop C with infinitesimal speed,
then the wavefunction | ¥, (¢) ) will accrue a geometric phase ,,(C), given by

4 (C) = ]{ ix-A(A) (1.178)

c
called Berry’s phase®.

In the adiabatic limit, the dynamical phase A" [* dt’ E,(X(t')) becomes very large if E, #
0, because the path A(t) is traversed very slowly. We may remove this dynamical phase by
defining the Hamiltonian

H, (AN =HM\) —-E,(\) . (1.179)

n

We define | U, (t)) as the solution to the Schrodinger equation
_d ~ ~ ~
ih 2 19a(0)) = Hy (D) [ V,(0)) (1.180)

in the adiabatic limit. The adiabatic wavefunctions | ¢, () ) are the same as before, but now sat-
isfy the zero energy condition H,(A) | ¢,(A)) = 0. Clearly | ¥, (A()) ) = exp (i7,(t)) | gn (A1) )
and the dynamical phase has been removed. However, note that the geometrical phase v, does
not depend on the elapsed time, but only on the path traversed, viz.

A

e = m(N) = /dx AN (1.181)

Ao

where A\; = A(0), and where the integral is taken along the path in traversed by A.

1.7.2 Connection and curvature

The mathematical structure underlying this discussion is that of the Hermitian line bundle, the
ingredients of which are (i) a base space M which is a topological manifold; this is the parameter

2See M. V. Berry, Proc. Roy. Soc. A 392,45 (1984).
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Figure 1.20: A Hermitian line bundle consists of a base space M and a fiber | ¢(A)) which
twists as the point A moves around the base space.

space for A, and (ii) to each point A € M is associated a fiber which is the adiabatic wavefunction
| ¢.(A)) € H, which is a complex one-dimensional subspace of some Hilbert space H. As A
moves around the base space M, the fiber twists around. The adiabatic theorem furnishes us
with a way of defining parallel transport of | ¥, (X)) along the curve C?°. The object \A,, () is the
connection and the geometric phase v(C) is the holonomy of the connection®™. As a holonomy,
7(C) depends only on the curve C and not on where along the curve one starts.

The curvature tensor for the bundle is given by

v I
- 8- 2%
. v (1.182)
:Z.<8<pn 8son>_l.<8son 8son>
oA, 1 oA, oA, 1 OA,
Using completeness of the | ¢, ) basis, we may write the curvature tensor as
(Pul aas 0o 5 [ en) — (4 v)
O (X)) =1 = = , (1.183)
N=i2 E, - E)

Note that | ¥,,(¢) ), which depends explicitly on elapsed time and not solely on the position A along its trajec-
tory, can not be said to be parallel transported along any curve.
3See B. Simon, Phys. Rev. Lett. 51,2167 (1983).
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where the prime on the sum indicates that the term [ = n is to be excluded. We see that in
this formulation the curvature tensor is actually independent of any phase convention for the
adiabatic wavefunctions | ¢,,(A) ). So long as the adiabatic eigenstate | ¢, (X)) remains nonde-
generate, the denominator in Eqn. 1.183 remains nonzero, hence the curvature tensor 2(X)
is nonsingular. The same cannot be said about the connection A(X), however, because it is
gauge-covariant. This means that if we multiply the adiabatic wavefunctions by phases, with
| 0, (X)) = exp(if,(A))]|¢,(N)), the connection changes accordingly, with

e
oA

How can we fix a gauge in order to give unambiguous meaning to .4,(A)? One way might
be to demand that the adiabatic wavefunction amplitude be real and positive at some partic-
ular point in space r,, i.e. (ry|¢,(A)) € R, for all A\ € M. For lattice-based models, where
the adiabatic wavefunction is a vector of amplitudes for each orbital and each site within the
appropriate unit cell, we could similarly demand that one of these amplitudes be real and pos-
itive. This prescription fails if there exists a value of X for which this wavefunction amplitude vanishes.

A,(A) = A,(N) (1.184)

As we are about to discover, the integral of the curvature over a two-dimensional base space
is a topological invariant, meaning that it remains fixed (and indeed quantized) under con-
tinuous deformations of the Hamiltonian H (). Using Stokes’ theorem, we can turn an area
integral of the curvature into line integrals of the connection. However, having chosen a partic-
ular gauge for the adiabatic wavefunctions, it may be that the connection is singular at certain
points. Therefore the line integrals cannot be completely collapsed, and we obtain the result

/d2)\ 22\ = - Z%d/\ AN (1.185)
M i,

where the loop C; encloses the i*" singularity A, of the connection in a counterclockwise man-
ner’'. This is the generalization to Hermitian line bundles of the index formula in Eqn. 1.288

for the Gauss-Bonnet theorem. Quantization follows by writing |, (X)) = €™¢A=2) |5 (X))
in the vicinity of A = A;, where ¢; is an integer and
Ay — A,
A—A) =tan 2102 1.1
=) = (2 ) (1.186)

The integers ¢; are chosen to “unwind’ the singularity at each X;, so as to make the gauge
transformed connection AZ(/\) =i (2,(A) | Vy|@,(A) ) nonsingular®. We then obtain
1
C = / AN =D g . (1.187)

2
M

31We must assume that the base space M is orientable.

32Note that we have employed a singular gauge transformation, which is necessary to do the desired unwind-
ing. Also note that the integers g, should also carry a band index n, which we have suppressed here for notational
simplicity.
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Thus C,, € Z is the Chern number of the Hermitian line bundle corresponding to the adiabatic
wavefunction | ¢, ) .

The simplest nontrivial example is that of a spin-; object in a magnetic field B(t), with

_ o cos 6 sin 6 exp(—i)
A(t) = gpnB - o = gy B <sin9exp(i¢) cos 0 ’ (1.188)

where B = B n is the adiabatic parameter which varies extremely slowly in time. The adiabatic
wavefunctions are

\w+<e,¢>>=(“) , \so_<e,¢>>=(‘“), (1.189)

v

where n = (sinfcos¢, sinfsin¢, cosf), u = cos(360), and v = sin(0) exp(i¢). The energy
eigenvalues are I/, = +gu,B. We now compute the connections,

. d - . |
A+:Z<<P+|£\g0+):z(uu+vu):_%(1_(3089) =1y
d . (1.190)

A= ifo| g leo) = iuii+ve) = +3(1 - cos0) o= +50

where w is the differential solid angle subtended by the path n(t). Thus, 7, (C) = F3w is F
half the solid angle subtended by the path n,(¢) on the Bloch sphere. We may now read off the
components A%, = 0 and A? = F1(1 — cosf) and invoke Eqn. 1.182 to compute the curvature,

29(0,¢) = Fising . (1.191)

Note then that the integral of the curvature over the entire sphere is given by

2 T
/ do [do 2996, ¢) =2nCL (1.192)
0 0

where C, = F1 is the Chern number. Equivalently, note that both connections are singular
at 0 = m, where the azimuthal angle is ill-defined. This singularity can be gentled through an
appropriate singular gauge transformation | ¢, ) = ¥ |3, ) = ¥ | @, ), where ( is defined
to be the angle which increases as one winds counterclockwise around the south pole, hence
¢ = —¢. This corresponds to ¢, = F1 in our earlier notation, hence again C', = F1.

As we saw above, this is a general result: when the base space M is two dimensional: the
integral of the curvature over M is 27 times an integer. This result calls to memory the famous
Gauss-Bonnet theorem (see §1.10 below for more), which says that the integral of the Gaussian
curvature K over a two-dimensional manifold M is

/dS K=4r(1—-g) , (1.193)
M
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where g is the genus (number of holes) in the manifold M. In the Gauss-Bonnet case, the
bundle construction is known as the tangent bundle of M, and the corresponding connection
is determined by the Riemannian metric one places on M. However, independent of the metric,
the integral of K is determined solely by the global topology of M, i.e. by its genus. Thus, in
three-dimensional space, a sphere inherits a metric from its embedding in R3. If you distort
the sphere by denting it, locally its curvature K will change, being the product of the principal
radii of curvature at any given point. But the integral of K over the surface will remain fixed
at 4m. Just as the genus g of a Riemann surface is unaffected by simple deformations but can
change if one does violence to it, such as puncturing and resewing it**, so is the Chern number
invariant under deformations of the underlying Hamiltonian, provided one does not induce
a level crossing of the adiabatic eigenstate | ¢,, ) with a neighboring one. Also, note that if the
connection A, (\) can be defined globally on M, i.e. with no singularities, then C,, = 0.

1.7.3 Two-band models

For the two band (S = %) system with Hamiltonian H = gu,Bn(A) - o, one can verify that we
may also write the Chern numbers as™

X L
Co=tt fa. 2 o (1.194)

In this formulation, the Chern number has the interpretation of a Pontrjagin number, which is
a topological index classifying real vector bundles (more in §1.10.2 below). Thus, for a tight
binding model on a bipartite lattice, the most general Hamiltonian may be written

H(k) = dy(k) + d(k) - o | (1.195)

where k is the wavevector and where each d*(k) is periodic under translations of k by any
reciprocal lattice vector G. In this case \,, = k,, are the components of k, and M = T is
the Brillouin zone torus. Note that the sum of the Chern numbers for each of the + and —
bands is zero. As we shall see below with the TKNN problem, for a larger spin generalization,
i.e. when the magnetic unit cell contains more than two basis elements, the sum ) C, of the
Chern numbers over all bands also vanishes. Consider the two band model with

_ (m —2tcosf, —2tcosb, A (sinf; — isiné,)
H(6) = ( A (sinf, +isin6,) —m + 2t cos 0, + 2t cos b, (1.196)
As before, 0, = k - a,,. Note H(0) = d(8) - o with
d(0) = (Asinf,, Asinf,, m — 2t cos; — 2t cosb,) (1197)

= |d| (sind cos ¢, sin¥sin ¢, cos )

M. Gilbert’s two commandments of topology: (I) Thou shalt not cut. (II) Thou shalt not glue.
3The dependence of the magnitude B = |B| on A is irrelevant to the calculation of the Chern numbers. The
equivalence 1 = zfo 2 for z = (3) is known as the first Hopf map from CP' to S2.
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Note the adiabatic parameters here are ¢, and 6,, upon which ¥ and ¢ are parametrically de-
pendent. Does d(6) wind around the Brillouin zone torus, yielding a nonzero Chern number?

First, you might be wondering, where does this model come from? Actually, it is the Hamil-
tonian for a p, + ip, superconductor, but we can back out of H(#) a square lattice insulator
model involving two orbitals a and b which live on top of each other at each site, and are not
spatially separated®™. The parameter m reflects the difference in the local energies of the two
orbitals. The nearest neighbor hopping integrals between like orbitals are ¢,, =t and ¢,, = —¢,
but t,(+a,) = 4 A and t,,(+a,) = £1A, with t,,(—a, ,) = t},(+a, ,) due to hermiticity.

The energy eigenvalues are

E (6) = :I:\/A2 sin?0, + A2sin?0, + (m — 2t cos ), — 2t cos,)? . (1.198)

The Wigner-von Neumann theorem says that degeneracy for complex Hamiltonians like ours
has codimension three, meaning one must fine tune three parameters in order to get a degener-
acy. The reason is that for [/ = d - o describing two nearby levels, the gap is 2|d|, thus in order
for the gap to vanish we must require three conditions: d, = d, = d, = 0. For the real case
where d, = 0 is fixed, we only require two conditions, i.e. d, = d, = 0. For our model, the gap
collapse requires

Asinf;, =0
A sinf, =0 (1.199)
m — 2t cos €, — 2t cosfy, =0

Thus, degeneracies occur at (0,,6,) = (0,0) when m = 4¢, at (7, ) when m = —4t, and at (0, 7)
and (7, 0) when m = 0. It is clear that for |m| > 4¢ both Chern numbers must be zero. This is
because for m > 4t we have d,(6,,6,) > 0 for all values of the Bloch phases, while for m < —4t
we have d_(6,,6,) < 0. Thus in neither case can the d vector wind around the Bloch sphere, and
the Pontrjagin/Chern indices accordingly vanish for both bands.

Now consider the case m € [0, 4t] . Recall that the eigenfunctions are given by

cos(30 — sin(29) e

| ‘P+> = (sm(%(g) ;X) ) | 90—> = ( CO<82( 29) ) ) (1.200)
with eigenvalues +|d|. The singularity in both | ¢, (6,,6,)) occurs at ¥ = . Recall that d =
|d|(sind cos x , sin¥sin x , cos¥) , which entails d = (0, 0, —|d|), i.e. d, = d, = 0O and d, < 0.
This only occurs for (6,,6,) = (0,0). All we need to do to compute the Chern numbers is
to identify the singularity in ((6,,6,) about this point, i.e. does ( = —x wind clockwise or
counterclockwise, in which case ', = —1 or C, = +1, respectively. Treating ¢, , as very small,
one easily obtains ¢ = —tan'(6,/6,), which is to say clockwise winding, hence C, = F1.
Exercise : Find C for m € [—4t,0].

%In this model they are both s-orbitals, which is unphysical.
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Haldane honeycomb model

In §1.6.3, we met Haldane’s famous honeycomb lattice model, H(0) = d,(0) + d(0) - o, with

0(8) = —2t,[cos 0; + cos b, + cos(f; + 6,)] cos ¢

) =

) = —t,(1 + cos, + cosb,)
):
)

U Q.

1.201
0) = t,(sinf, — sinb,) ( )

) = m — 2t,[sin 0, + sin 6, — sin(6; + 0,)] sin ¢

Y

(
(
(
(

QL &

z

The energy eigenvalues are £, (0) = d,(0) £ |d(0)|. Now is quite easy to demonstrate that
| sin 6, +sin 6, —sin (6, +6,)| < 21/3, and therefore that the d(6) cannot wind if [m| > 31/3t, |sin ¢|
and C = 0. As above, we set d = |d|(sin¥ cos x , sin¥sin x, cos1), and the singularity in both
wavefunctions occglrs at v = m, which requires d,(8) = d,(0) = 0 and d_(0) < 0. This in turn

requires ¢, = 0, = 2ws where s = sgn(sin ¢) . We now write 0, = 2 w5 + 4, and find

d,(0) 5,5
_W\Y) 09270 . B o )
tanx = 279y = 3, 7 g, En(sing) = tanla — 3)sgnlsing) -, (1.202)
where § = || (cosa,sina). Thus the winding of ( = —x is in the sense of that of o if s < 0

and opposite if s > 0, and we conclude C, = Fsgn(sin ¢). The topological phase diagram for
the Haldane honeycomb lattice model is shown in Fig. 1.21. The phase space is a cylinder in
the dimensionless parameters ¢ € [—, 7| and m/t, € R. Regions are labeled by the Chern
numbers C, of the two energy bands.

Note on broken symmetries

In §1.4.3 we derived the long wavelength Hamiltonian for the K and K’ = —K valleys of
graphene. If we adopt a pseudospin convention for the valleys, with Pauli matrices r, and
where 7% = %1 corresponds to the £K valley, we may in one stroke write the long wavelength
graphene Hamiltonian as

Hy=Lta(q,0" 7" +q,0%) . (1.203)

This Hamiltonian is symmetric under the operations of parity (P) and time-reversal (7). Under
P, we switch valleys, switch sublattices, and send ¢, — —¢, . Under 7, we switch valleys and
send ¢ — —q. It is also important to remember that 7 is antiunitary, and includes the complex
conjugation operator K. The matrix parts of these operators, i.e. other than their actions on the
components of g, are given by

P=ocY7" , T =irYK . (1.204)

Note that 72 = —land 7! = =7 = K1Y (—i). Of course P> = 1 and thus P~! = P. One can
now check explicitly that PH,P~! = TH,7 ! = H,.
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Figure 1.21: Topological phase diagram for the Haldane honeycomb lattice model, in which
regions in the (sin ¢, m/t2) cylinder are labeled by the Chern numbers C.. of the energy bands.

There are three ways to introduce a gap into the model, i.e. to gap out the dispersion at the K
and K’ points at the two inequivalent Brillouin zone corners:

1. The first way is by introducing a Semenoff mass term, which is of the form Vg = Agqo*.
This turns graphene into boron nitride (BN), distinguishing the local 7-orbital energies
on the B and N sites. One can check that

Po*P ' =—0° , To*T ' =+40" | (1.205)
and therefore the Semenoff mass breaks parity and preserves time-reversal.

2. The second way comes from the Haldane honeycomb lattice model at m = 0, where
VH == AH UZTZ .

Po*r* Pt = 40717 ; To'r* T ' =—o"1" . (1.206)

This term, the Haldane mass, preserves parity but breaks time-reversal. It leads to a
topological band structure in which the bands are classified by nonzero Chern numbers.

3. The third way involves introducing the physical electron spin, and arises from spin-orbit
effects. It essentially is described by two copies of the Haldane model, in which the up
and down spin electrons couple oppositely to magnetic flux. This was first discussed by
Kane and Mele®, and is described by the perturbation Vi, = Ay 0°77s° . where s is the

%C. L. Kane and E. ]. Mele, Phys. Rev. Lett. 95, 226801 (2005).
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electron spin operator . The Kane-Mele mass term preserves P and 7 symmetries:
Por?s* P! = +0°1°s° , T o*m°s* T ' = +o* 175" . (1.207)

Therefore, following the tried and true rule in physics that “everything which is not for-
bidden is compulsory”, there must be a KM mass term in real graphene. The catch is that
it is extremely small because graphene is a low-Z atom, and first principles calculations™
conclude that the spin-orbit gap is on the order of 10 mK — too small to be observed due to
finite temperature and disorder effects. However, there are many materials (Bi bilayers,
HgTe/CdTe heterostructures, various three-dimensional materials such as a-Sn, Bi, Sb, _,
and others) where the effect is predicted to be sizable and where it is indeed observed.
This is the essence of topological insulator behavior.

1.7.4 The TKNN formula

Recall the Hamiltonian of Eqn. 1.163 for the isotropic square lattice Hofstadter model with flux
¢ = 2mp/q per unit cell. A more general version, incorporating anisotropy which breaks 90°
rotational symmetry, is given by®

t 2t, cos (0, + ?) t 0
0 t 2t, cos (0, + 4%) t

H(elv 92) == 0 tl
0 tl

(1.208)
This is a ¢ x ¢ matrix, and the ¢ eigenvectors | ¢, (0) ) are labeled by a band indexn € {1,..., ¢},
with component amplitudes ¢, ,, () satistying

Haa’<9) Soa’,n<0> = En<0) (pa,n(o) : (1209)

From Wigner-von Neumann, we expect generically that neighboring bands will not cross as
a function of the two parameters (6,, 6,), because degeneracy has codimension three. Thus,
associated with each band 7 is a Chern number C,,. By color coding each spectral gap according
to the Chern number of all bands below it, J. Avron produced a beautiful and illustrative image
of Hofstadter’s butterfly, shown in Fig. 1.22 for the isotropic square lattice and in Fig. 1.23 for
the isotropic honeycomb lattice.

%See Y. Yao et al., Phys. Rev. B75,041401(R) (2007).
3We drop the hat on H(0) but fondly recall that H,,, () is the lattice Fourier transform of H,,, (R — R/).
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Figure 1.22: Avron’s depiction of the Hofstadter butterfly for the isotropic square lattice sys-
tem. The band gap regions are color coded by Chern number, C', which is the sum of the Chern
numbers of all bands below a given gap. White regions correspond to C' = 0. See ]. E. Avron,
Colored Hofstadter butterflies, in Multiscale Methods in Quantum Mechanics, P. Blanchard
and G. Dell’ Antonio, eds. (Birkhduser, 2004).

It turns out that the Chern number is not just an abstract topological index. It is in fact
the dimensionless Hall conductivity o, itself, provided the Fermi level lies in a gap between
magnetic subbands. This was first discovered by Thouless, Kohmoto, Nightingale, and den
Nijs, in a seminal paper known by its authors’ initials, TKNN. In fact, we’ve developed the
theory here in reverse chronological order. First came TKNN, who found that the contribution

(n

o'%) to the total Hall conductivity from a band lying entirely below the Fermi level is given by

2
ol = < C, , where

2w 2w
o 0p,,
oot

0 0

o)~

9o,
50 >> (1.210)

is an integral over the Brillouin zone. They proved that this expression is an integer, because

¥D. ]. Thouless, M. Kohmoto, M. P. Nightingale, and M. den Nijs, Phys. Rev. Lett. 49, 405 (1982).
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Figure 1.23: Colored Hofstadter butterfly for the honeycomb lattice system, from A. Agazzi,
J.-P. Eckman, and G. M. Graf, J. Stat. Phys. 156, 417 (2014).

invoking Stokes” theorem,

2 21

i Ao, \ |
ango/d92<80n 8—92>91:0 —%/d91<%

0

0,=27

On
o0, )

(1.211)
0,=0

But since H(6,, 6,) is doubly periodic with period 27 in each of its arguments, we must have

| gpn(eh 27T) > = eifn(el) | gpn(eh O) >

‘ 1.212
|0, (2m,60,) ) = €92%) | (0,6,)) (212

Thus, one finds .
Co = 5-(£27) = £,0) + 9,(0) — g, 2m)) . (1.213)

But we also have

|04(0,0)) = e[, (0,2m) ) = 7D 790D | o (27, 2mr) ) (1.214)
— e_ifn(o) e_ign(zﬂ') eifn(Zﬂ-) | (lpn(27r7 0) > — e_ifn(o) e_ign(27r) eifn(zﬂ') eign(o) ’ 9011(07 0) > ,
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and therefore exp(2miC,) = 1 and C,, € Z. But just as Berry didn’t know he had found a
holonomy, TKNN didn’t know they had found a Chern number. That mathematical feature
was first elucidated by Avron, Seiler, and Simon®’, in a paper which is widely appreciated but
which, understandably, is not known by its authors’ initials.

To see why Hall conductivity is related to Berry curvature, consider an electric field E = E, gy,
and the single electron Hamiltonian H(E,) = H(0) — eE,y, where H(0) = % + V(r) has
eigenstates | o) and eigenvalues ¢,,. First order perturbation theory in the electric field term
says

where the prime on the sum means the term w1th B = ais excluded. Let’s now compute the
expectation of the velocity operator v, in the perturbed state | o’ ). We have, to lowest order,

o Z (a]u, |8)(Blyla) +{alyl)(Alela) o

(a']v,]a")

We now invoke the Feynman-Hellman theorem, which says

h(alv,[B)
(alylB) =~ 5 : (1.217)
1 804 - 66
multiply by the electron charge —e, divide by the area of the system (2, and sum using the Fermi
distribution over the levels | o), to obtain the current density j, :

2 iy’ . .
2 hZZf 0o gy BBl

. (&
Jo =By g (a—c,)

where f, is the Fermi function at temperature 7', chemical potential ;, and energy ¢,. The
above expression for o,, = j,/E, is known as the Kubo formula for the Hall conductivity. At
T = 0, the Fermi distribution becomes the step function f, = O(E — E,).

Suppose our system lies on a torus defined by the spatial periods L, and L,. Define the gauge
transformed Hamiltonian

H(0) =e 4" Hetlm | (1.219)
where L L
z X z X
q =0, a9 L9, 9 2 (1.220)

with Q = 2 L, x L, = 2nl*p with p € Z, i.e. the total magnetic flux through the system is an
integer multiple of the Dirac quantum. Then

aH_% e—zqrh ezqr_ aq ~

00, 00, 00, ’

7. E. Avron, R. Seiler, and B. Simon, Phys. Rev. Lett. 51, 51 (1983).

(1.221)
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because [H,r| = (h/i) v. Thus, defining | &) = exp(—iq - r) | «), and recalling the definition of
the wavevector g = ¢, 6, L, x z/$1, we find

gZ = Neg, €, % QL?) (1.222)
We then find ,
Oy = fE—z ~ az ol (1.223)
where the sum is over occupied states below the Fermi level, and where
~ | 9H o | ~
ol = e_}j o ;e } (a5 (Lf iii)‘ 7, 17) , (1.224)

which is precisely of the form of Eqn. 1.183. Thus, if we now uniformly average over the boundary
phases 6, and 0, , we obtain

.27r 2 ~ | OH OH | ~
k)= fon e, CIEDOEND e
0 0 B

. B 7Ca (1.225)

i.e. each filled band « contributes < C to the total Hall conductivity whenever the Fermi level
atT = 0 lies in a gap between energy bands. For a crystalline (periodic) system, averaging over
0, 5 is tantamount to integrating over the Brillouin zone.

1.8 AppendixI: Basis Wavefunctions on a Torus

Periodic boundary conditions on the torus requires ¢(L,) |1 ) = e?= | ¢) for all states | ¢ ). Let’s
examine what this requires for the analytic part f(z). We have

t(L) — ¢imL/h _ ei(nE+RTL)/2h
_ 6—LI_,/4€2 6m£/2h 6mTL/2h (1.226)

LT A2 in 25 402 TH  —s5 /902 S/402 ;g
—e LL/4¢ X 622/44 €La€ zZ/2¢0 eLé) ezz/4€ e X

Thus, with ¢ (r) = X e=**/4 f(2), we have
t(L) w<r) _ e—LE/M2 eiX €z2/4£2 eié 6—22/262 L0 f(Z)

= eiX e_LZ//4Z2 6—22/452 €_ZE/2£2 f(Z + L) (1227)

Thus, we must have 4 o
Flz 4 L) = el eLala/ A8 2La/2 §(5) (1.228)
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valid for @ = 1,2. Note that integrating the logarithmic derivative of f(z) around the torus
yields

L, L
% dz f'() _ [dz d | (1) Y, /2d2 d | ({GE+L)
el _ (=== _ S\ el MY A it V4
2mi f(z) 27 dz f(z+ L,) 27 dz f(2)
” 0 0 (1.229)
Ll — L2 — — —
_ [ Ly, fdz L _LL,-LL 1 _ 2 _
- Jemi2er ) 2mi 202 27 202 2m(2 T
0 0
which establishes that f(z) has precisely N, zeros on the torus.
Now consider the Jacobi theta function,
Oy(w|o)=—i Y (—1)"emolmtd) enthiv (1.230)

where Im (o) > 0. This function is quasiperiodic over the fundamental domain for w, which is
a parallelogram with sides 1 and o, satisfying

Y(w+m|o)=—-9(w]|o)

, : 1.231
I (w+mo|o)=—e e ™Y (w| o) ( )

From the above relations, integrating the logarithmic derivative of ¥, (w | o) establishes that the
function has one zero in the fundamental domain, located at w = 0. Iterating the second of the
above relations, one has

Oy (w+ jro| o) = (1) e 2% =m0y (w|o) (1.232)

for any integer j. In addition, using the Poisson summation formula,

Z §(x —n) Z g2mime (1.233)

n=—oo m=—0Q

one derives the identity

9y (w]|o) = \/; e~ im(1+0)/4 o—iw?/mo I (w ‘ -1 . (1.234)

Now consider the function

f(Z) eL 22 /4021, Mz/L1 9 (L_ . ﬂ_c
1

¥ Ll) . (1.235)
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Then
f(Z + Ll) _ _€L1E1/432 eilz/252 o f(Z)
) ) (1.236)
f(z + L2) _ (_1)N¢ 6L2L2/4é2 6L2z/252 AT 2miN,C f(z) ’
where 7 = L,/L,. Invoking the periodicity requirements, we obtain
e 1.237
ei)\T e27riN¢C — (_1)N¢ €i92 ( . )
Thus, we have
and
(=t ot imh 6+ @t Ur (1.239)

T )
27TN¢ 27TN¢

where k, and k, are integers. Since k;, — k; + 1 increases the argument of the ¥-function by a
multiple of ¢ = 7/N,, one can invoke the quasiperiodicity relation, whence one finds that this
results in a multiplication of f(z) by a constant. Therefore, we are free to select a fixed value
for k,. We choose k; = —1. Then

Oy + TNy +2mky (7 —0)) 7T (1.240)
= +
2m Ny 2w N,
So our basis functions are
ix i 25402 L, 22/402L, i(0,—7)z mZ L
Uy(r) = C eX Ny gm22/A8 oLy 2 /ALy (i(6,=m)z/ Ly 191<L—1 — ¢, N, 21) : (1.241)
where 0, + 7N, + 21k (r—0,)
2 m ) s m — 1 T
= 1.242
F 2w N, * 2w N, ( )
and C'is a constant independent of £. Then after some work one can show that indeed
ty ¢ (r) = €Ny (r)
0N omik/N (1.243)
ty () = e/ TN gy (1)
Finally, define
wzizu—i-ﬂ) , (1.244)
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where (u,v) € [0,1] x [0, 1]. Then with ¢, (w) = ¥, (2 = wL,,z = wL,),

(bk(’w) _ Ceiwk/N(b €7TN¢(’LU—’LT))/2T2 ei(€1—7r)w 191 <7TU) . ﬂ_c—k %) (1245)
(o]
. , . k 0, + TN, 6, —
— (O ™/ Ny im Ny (wokTv?) Li(0; —) (ut o) 191<7Tu - NZ - 2N, Fmr : 12N;T> . i) ’
which is holomorphic in 7. The normalization condition is
11 1/2
2ml? N3 0, — )2
1= Q/du/dv |6 (u,0)[* = |C) <7¢’> exp(w) . (1.246)
Ty 2w Ny
0 0

1.9 AppendixII : Coherent States and their Path Integral

1.9.1 Feynman path integral

The path integral formulation of quantum mechanics is both beautiful and powerful. It is use-
ful in elucidating the quantum-classical correspondence and the semiclassical approximation,
in accounting for interference effects, in treatments of tunneling problems via the method of
instantons, etc. Our goal is to derive and to apply a path integral method for quantum spin. We
begin by briefly reviewing the derivation of the usual Feynman path integral.

Consider the propagator K (z;, z;,T'), which is the probability amplitude that a particle lo-
cated at = x; at time ¢t = 0 will be located at z = z; at time ¢t = T". We may write

K (x;, L, T)= <xf | e HT/ | ;)

| | | (1.247)
— <xN ‘ e—st/ﬁ 1 e—st/ﬁ 1---1 e—st/ﬁ | .CCO>

zwhere ¢ = T'/N, and where we have defined z, = z; and z, = z;. We are interested in the
limit N — oo. Inserting (N — 1) resolutions of the identity of the form

we find that we must evaluate matrix elements of the form

[e.e]

(jar |7 HM 2;) ~ /dpj (jar |y ) (pj| e M e Vel 3
- (1.249)

_ /dpj iPs (Tj11—3;) p—iep}/2mh —ieV (z;)/h

—0o0
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The propagator may now be written as

ON-1 ON-1 N-1 e c
(x| e HT/M) / H dx; / kl:[() dpy, exp {2 [pk (Tpy1 — X)) — ml;i % V(xk)] }

k=0

- (QZ’Zm)N]O]ﬁd% exp{ggj{ m (S )2—v<xj>}}
= [Dst0 { /dtl i _V@)H | (1.250)

z(0)= EN

.

z(T)= Tp

where we absorb the prefactor into the measure Dz(t). Note the boundary conditions on the
path integral at t = 0 and ¢ = T'. In the semiclassical approximation, we assume that the path
integral is dominated by trajectories (¢) which extremize the argument of the exponential in
the last term above. This quantity is (somewhat incorrectly) identified as the classical action,
S, and the action-extremizing equations are of course the Euler-Lagrange equations. Setting
dS = 0 yields Newton’s second law, mi@ = —0dV/0x, which is to be solved subject to the two
boundary conditions.

The imaginary time version, which yields the thermal propagator, is obtained by writing
T = —ihf and t = —iT, in which case

Euclidean action S

-
7 N\

hB
(zp|e P | 2,) = /Dx(r) exp{ — % /dT [%miz + V(:c)} } : (1.251)
av(O):avi 0
z(hﬁ):zf

The partition function is the trace of the thermal propagator, viz.

o0

Z=Tre " = /dm (] P |z) = /Dx exp (— Sglz(7)]/h) (1.252)

—00

The equations of motion derived from Sy are mi = +0V/0z, corresponding to motion in the
‘inverted potential’.

1.9.2 Primer on coherent states

We now turn to the method of coherent state path integration. In order to discuss this, we
must first introduce the notion of coherent states. This is most simply done by appealing to the
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one-dimensional simple harmonic oscillator,

2
P
H = o T Imwia® = hwo (a'a + 1)

where a and a' are ladder operators,

_ x t_ z
a £8x+2€ , a £8x+2£

with ¢ = /h/2mwy. Exercise: Check that [a,a] = 1.
The ground state satisfies a 1)y(z) = 0, which yields

o(z) = (27r€2)_1/4 exp(—ax?/40%)

The normalized coherent state | z ) is defined as
) = e 3 el 0) = 3 3 2 )
z)=¢e e =e —|n

The coherent state is an eigenstate of the annihilation operator a:
alz)y==z|z) = (z|a' = (z]|z

The overlap of coherent states is given by

(21| 2) = e—%\le e—%l%\2 %1%

61

(1.253)

(1.254)

(1.255)

(1.256)

(1.257)

(1.258)

hence different coherent states are not orthogonal. Despite this nonorthogonality, the coherent

states allow a simple resolution of the identity,

—|Z

27 o T

/ dzz:dRezdlmz
which is straightforward to establish.

To gain some physical intuition about the coherent states, define
Q WP
20" h

z

One finds (exercise!)

Vpolr) = (] 2) = (2m(2) V4 7P/ iPr/h e

(1.259)

(1.260)

, (1.261)

hence the coherent state ¢, , () is a wavepacket Gaussianly localized about = = @, but oscil-

lating with momentum P.
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For example, we can compute

(Q,P|q|Q,P)=(z|l(a+a")|z) =20Re z=Q
h h (1.262)
(Q;P\p|Q,P>=<Z\ﬂ(a—aT)|z>:Z|mz:P
as well as
(QP1¢*1Q.P)= (2| (a+a)|z)=Q+¢
) B 12 RN = (1.263)
(QPIP*Q.P)=—(2]zla—d)|2) =P+ 5 .
Thus, the root mean square fluctuations in the coherent state | ¢, P ) are
Ag=(= 275% , Ap:%: mZLuO, (1.264)

and Aq - Ap = % h. Thus we learn that the coherent state v, p(q) is localized in phase space, i.e.
in both position and momentum. If we have a general operator A(q, p), we can then write

(Q,P|A(q,p)|Q,P) = AQ,P)+O() (1.265)
where A(Q, P) is formed from fl(q, p) by replacing ¢ — @ and p — P. Since
d_zz:dRezdlmz dQ dP

= = 1.2
271 T 2th (1.266)
we can write the trace using coherent states as
. 1 7 7 .
TrA:ﬂ dQ/dP(Q,P|A\Q,P) : (1.267)
m

We now can understand the origin of the factor 277 in the denominator of each (g;, p;) integral

. . . dq.dp,
over classical phase space in the metric du = [, St

Note that w, is arbitrary in our discussion. By increasing w, , the states become more localized
in ¢ and more plane wave like in p. However, so long as w, is finite, the width of the coherent
state in each direction is proportional to /4'/2, and thus vanishes in the classical limit.

The resolution of the identity in Eqn. 1.259 prompts the following question. Suppose we
consider an infinite discrete lattice {| z,,,, )} of coherent states, with z,, , = (m + in)/7, called
a von Neumann lattice of coherent states. The dimensionless phase space area A per unit cell of
this lattice is 7, which is the denominator in the integral resolution of the identity in Eqn. 1.259.
One might expect, then, that while this basis is not orthogonal, since

—r(m—m')2/2 6_7r(n—n’)2/2 6i7r(mn’—nm') ’ (1268)

<Zm,n | Zm’,n’> =e€
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that the Gaussian overlaps could be undone, i.e. the overlap matrix could be inverted, and a
complete and orthonormal set of localized LLL wavefunctions could be constructed. Alas, this
is impossible! As shown by Perelomov*!, there is a single linear dependence relation among
the von Neumann lattice of coherent states, when A = 7. For S < 7, the lattice is overcomplete
by a finite amount per unit area. Similarly, when A > 7, the lattice is undercomplete by a finite
amount per unit area. But when A = 7, it is undercomplete by precisely one state. This state is
necessary to include in order for the filled Landau level to carry a Chern number C' = 1. Thus,
the von Neumann lattice cannot be used as a basis to describe the quantum Hall effect.

1.9.3 Coherent state path integral
Now we derive the imaginary time path integral. We write
(2| e P z) = (zy | e M1 em<t/h g e/t 5y (1.269)

inserting resolutions of the identity at N — 1 points, as before. We next evaluate the matrix
element

—€ 6<Z|[—[|Z—>
(z]e H/E|Zj—1>:<zj|zj—l>'{1_ﬁj—“+-~

(25| 25-1)

(1.270)
= (55 e { - £ G 1500}
where
H(zw) = % = e (0] H(a',a) e [0) . (1.271)

This last equation is extremely handy. It says, upon invoking eqn. 1.257, that if H(a,a') is
normal ordered such that all creation operators a' appear to the left of all destruction operators
a, then H(z|w) is obtained from H (a', a) simply by sending a' — z and a — w. This is because
a acting to the right on | w ) yields its eigenvalue w, while a' acting to the left on ( z | generates
Z. Note that the function H(z|w) is holomorphic in w and in Z, but is completely independent
of their complex conjugates w and z.

The overlap between coherent states at consecutive time slices may be written

(zj|2j_1) = exp { - %[_j(zj —z1) — 25— Ej—l):| } ) (1.272)

#A. M. Perelomov, Theor. Math. Phys. 6, 156 (1971).
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hence

N-1
(2anlan_g) (2 lz) =exp {% [ZJ g+1 i) — Ej(zj - Zj—l)} }

=1 (1.273)
X exp {% 20(2 — %) — 5 Zn(2n — ZN—I)}
which allows us to write down the path integral expression for the propagator,
8 2z
—BH o ¥l —
(arle ) = [ I1 57 (- Seltey 311)
N-1 N
) B ) € (1.274)
Selleg 5/h = X (13 = 500 = a5 = 3) + ILETE
i=1 j=1
+5% (% —2vor) — 545 — &)
In the limit N' — oo, we identify the continuum Euclidean action
7 d d
1 z z 1
_ _ i _dz  dz 1y
Selt=(r) 2r/h = far { (- T )G |z>} o7
0
+3 % |2 — 2(hB)] — 55 [2(0) — 2]
and write the continuum expression for the path integral,
(zle™™|z) = / Dlz(7), 2(7)] e~ el (1.276)
z(O):zi
z(hﬁ):zf
The corresponding real time expression is given by
(o[ €= HT ) / Dl(t), 2(1)] SO 0N/ (1.277)
z(0)= 2
zZ(T)= Zg
with
r 1 [ dz d 1
Z 2
_ _ az  _dz 1o
S0, 2O/ O/dt { (5 -2 5) -G |z>} -
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The continuum limit is in a sense justified by examining the discrete equations of motion,

188E - _ € 8H(5k+1|2k)
hom kT AR T
(1.279)
1 &S’E B € 8H(2k|zk_1)
T T R T =
which have the sensible continuum limit
dz  0H(Z|z) dz  0H(Z|2)
h dr 0z ’ h dr 0z (1.280)

with boundary conditions zZ(%3) = Z; and 2(0) = z,. Note that there are only two boundary
conditions — one on z(0), the other on z(h3). The function z(7) (or its discrete version z;) is
evolved forward from initial data z,, while z(7) (or Z;) is evolved backward from final data Z,.
This is the proper number of boundary conditions to place on two first order differential (or
finite difference) equations. It is noteworthy that the action of eqn. 1.274 or eqn. 1.275 imposes
only a finite penalty on discontinuous paths.*” Nevertheless, the paths which extremize the
action are continuous throughout the interval 7 € (0, 23). As z(7) is integrated forward from
2, , its final value z(h3) will in general be different from z; . Similarly, Z(7) integrated backward
from Zz, will in general yield an endpoint value z(0) which differs from z. The differences
z(hf) — z and z(0) — Z are often identified as path discontinuities, but the fact is that the
equations of motion know nothing about either z; or z,. These difference terms do enter in a
careful accounting of the action formulae of eqns. 1.274 and 1.275, however.

The importance of the boundary terms is nicely illustrated in a computation of the semiclas-
sical imaginary time propagator for the harmonic oscillator. With H = fiw, a'a (dropping the
constant term for convenience), we have

Lol o~ 72l
(2] exp(—Bhwgala) | z) = e 25 2l 3™ 2L (| exp(—Bhwg a'a) | n)
mao Vil (1.281)

::wp{—%%F—%%F+%%5““}

The Euclidean action is Ly = 1h(ZZ — 2Z) + hwy Zz, so the equations of motion are

1
2
_OH OH

subject to boundary conditions z(0) = z,, Z(h5) = Z. The solution is

woT

A1) =ze” o E(T) = et (1.283)

#2In the Feynman path integral, discontinuous paths contribute an infinite amount to the action, and are there-
fore suppressed.
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Along the “classical path’ the Euclidean Lagrangian vanishes: L, = 0. The entire contribution
to the action therefore comes from the boundary terms:

Se/h=0+37(2 — 2z 70) — 12(z e — )

(1.284)
= 3l + gl = gz e
What remains is to compute the fluctuation determinant. We write
cl
Zj=z; +n;
o (1.285)
zj =Z; +1);
and expand the action as
%8 1 9°Sg 1 9°Sg
> _ cl zcl E - _
Sellz), 23] = Sell] 7 HWWU 3 9202, M T 3 Brgz, W
" B (1.286)
=891 Z(z = ij 1) J
=6; + 5 (zZ zl) (Cz'j Aﬁj) (zj) + ...
For general 1, we obtain
e OPH (% |2;)
Aij =0y — Oijy1+ 7 W Oij+1
e OPH(z, |2-1)
By =+ o 5 (1.287)
€ O’H(z;44]%)
Co=h o

with ¢ and j running from 1 to N — 1. The contribution of the fluctuation determinant to the
matrix element is then

N-1
d%?l 1 1 1 Akl Bkl 1 1 Re m
/I_Il 271 {_ 2 (Re 7 Im nk) (—i z) (Ckl Ak 1 —i Im
]:
A B
o oaa—1/2
= det (C’ At)

In the case of the harmonic oscillator discussed above, we have B;; = C;; = 0, and since A;;
has no elements above its diagonal and A;; = 1 for all 7, we simply have that the determinant
contribution is unity.
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1.10 Appendix III : Gauss-Bonnet and Pontrjagin

1.10.1 Gauss-Bonnet theorem

There is a deep result in mathematics, the Gauss-Bonnet theorem, which connects the local
geometry of a two-dimensional manifold to its global topology. The content of the theorem is as
follows:

/dS K =2mx(M)=2r> ind(V), (1.288)
M pn

where M is a 2-manifold (a topological space locally homeomorphic to R?), K is the local
Gaussian curvature of M, givenby K = (R, R,)!, where R, , are the principal radii of curvature
at a given point, and dS is the differential area element. Here V' (z) is a vector field on M, and
ind, (V) refers to the index of V at its i*" singularity x;. The index is in general defined relative
to aﬁy closed curve in M, and is given by the winding number of V' (x) around the curve, viz.

incd (V) = j{dm -V tan™! (‘/2<w)) . (1.289)
C

Vi(z)

If C encloses no singularities, then the index necessarily vanishes, but if C encloses one or more
singularities, the index is an integer, given by the winding number of V around the curve C.

The quantity x(M) is called the Euler characteristic of M and is given by x(M) = 2 — 2g,
where g is the genus of M, which is the number of holes (or handles) of M. Furthermore, V ()
can be any smooth vector field on M, with z; the singularity points of that vector field*.

To apprehend the content of the Gauss-Bonnet theorem, it is helpful to consider an example.
Let M = S? be the unit 2-sphere, as depicted in fig. 1.24. At any point on the unit 2-sphere,
the radii of curvature are degenerate and both equal to R = 1, hence K = 1. If we integrate the
Gaussian curvature over the sphere, we thus get 47 = 27 X(Sz), which says x(S?) =2 — 2g = 2,
which agrees with g = 0 for the sphere. Furthermore, the Gauss-Bonnet theorem says that any
smooth vector field on S? must have a singularity or singularities, with the total index summed
over the singularities equal to +2. The vector field sketched in the left panel of fig. 1.24 has
two index +1 singularities, which could be taken at the north and south poles, but which could
be anywhere. Another possibility, depicted in the right panel of fig. 1.24, is that there is a one
singularity with index +2.

In fig. 1.25 we show examples of manifolds with genii ¢ = 1 and g = 2. The case g = 1 is the
familiar 2-torus, which is topologically equivalent to a product of circles: T? = S' x S, and is
thus coordinatized by two angles ¢, and 6,. A smooth vector field pointing in the direction of
increasing ¢, never vanishes, and thus has no singularities, consistent with ¢ = 1 and (Tz) =0.

#The singularities &, are fixed points of the dynamical system & = V ().
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ind(V) = ind(V) = +1 ind(V) = +2

ZBL N .'I:l

Figure 1.24: Two smooth vector fields on the sphere S?, which has genus g = 0. Left panel: two
index +1 singularities. Right panel: one index +2 singularity.

Topologically, one can define a torus as the quotient space R?/Z?, or as a square with opposite
sides identified. This is what mathematicians call a ‘flat torus” — one with curvature K =
0 everywhere. Of course, such a torus cannot be embedded in three-dimensional Euclidean
space; a two-dimensional figure embedded in a three-dimensional Euclidean space inherits a
metric due to the embedding, and for a physical torus, like the surface of a bagel, the Gaussian
curvature is only zero on average.

The g = 2 surface M shown in the right panel of fig. 1.25 has Euler characteristic y(M) = —2,
which means that any smooth vector field on M must have singularities with indices totalling
—2. One possibility, depicted in the figure, is to have two saddle points with index —1; one of
these singularities is shown in the figure (the other would be on the opposite side).

1.10.2 The Pontrjagin index

Consider an N-dimensional vector field £ = V(x), and let n(x) be the unit vector field defined
by n(z) = V(z)/|V(x)| . Consider now a unit sphere in n space, which is of dimension (N — 1).
If we integrate over this surface, we obtain

Q f do it = 2T (1.290)
N et O’a n = — 5 .
L(%34)

which is the surface area of the unit sphere SV ~*. Thus, 2, = 27, Q; = 47, Q, = 272, etc.

Now consider a change of variables to those over the surface of the sphere, (§;,...,&{y_1). We
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Figure 1.25: Smooth vector fields on the torus T?, and on a 2-manifold M of genus g = 2

then have

on® on®~
Qy = %daan“:%d]v_l €y g MM 1.291
N : vy 0§, Oy ( )

SN-1

The topological charge is then

1 on® on~
Q= j{dN‘lf €aroq. M 1.292)
Qpy b 05 Oy, (
The quantity (@) is an integer topological invariant which characterizes the map from the surface
(&, ...,&y_1) to the unit sphere |n| = 1. In mathematical parlance, ) is known as the Pontrjagin

index of this map.

This analytical development recapitulates some basic topology. Let M be a topological space
and consider a map from the circle S' to M. We can compose two such maps by merging the
two circles, as shown in fig. 1.26. Two maps are said to be homotopic if they can be smoothly
deformed into each other. Any two homotopic maps are said to belong to the same equivalence
class or homotopy class. For general M, the homotopy classes may be multiplied using the
composition law, resulting in a group structure. The group is called the fundamental group of
the manifold M, and is abbreviated 7, (M). If M = S?, then any such map can be smoothly
contracted to a point on the 2-sphere, which is to say a trivial map. We then have 7, (M) =
0. If M = S', the maps can wind nontrivially, and the homotopy classes are labeled by a
single integer winding number: 7, (S') = Z. The winding number of the composition of two
such maps is the sum of their individual winding numbers. If M = T?, the maps can wind
nontrivially around either of the two cycles of the 2-torus. We then have ,(T?) = Z?, and in
general 7, (T") = Z". This makes good sense, since an n-torus is topologically equivalent to
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Figure 1.26: Composition of two circles. The same general construction applies to the merging
of n-spheres S, called the wedge sum.

a product of n circles. In some cases, 7, (M) can be nonabelian, as is the case when M is the
genus g = 2 structure shown in the right hand panel of fig. 1.25.

In general we define the n'™ homotopy group w, (M) as the group under composition of maps
from S™ to M. For n > 2, 7,(M) is abelian. If dim(M) < n, then 7, (M) = 0. In general,
7, (S™) = Z. These n'™ homotopy classes of the n-sphere are labeled by their associated Pontrja-
gin index Q.
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