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Preface

This is work in preparation. There are undoubtedly many typos, and the notations between
the different chapters may not be fully uniform, but hopefully the notes will improve during
the course and the coming years. The document will be updated as errors are detected and
corrected.

We welcome your comments on explanations that you find confusing or particularly clear,
trivial or incomprehensible.
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Chapter 1

Quantum Coherence in Condensed
Matter

1.1 Effects of Phase Coherence

1.1.1 Resonant Tunneling

Consider a double barrier structure comprising two scattering centers in an otherwise clean
one-dimensional structure as shown in Figure 1.1. Classically the transmission probability
through the structure can be obtained from the probability of transmission (77;) and reflection
(R;) for each barrier (T; + R; = 1) by accounting for multiple reflections between barriers as

T1 T2 B T1 T2 Tl

T=Ti(14+ RoR RoR1RoR )Ty = = 7 —
1(1+ RoRy + RoR1RoRy +...)T5 Rl T.10-T0 0o T

which is always less than T}, ¢.e. it is harder to get through two barriers than one. Hardly
surprising. What may be surprising at first is that the total transmission probability is not
proportional to T12 but to only 77 for small transmission. The reason is that if the particle
gets through the first barrier, it bounces several times between the barriers and hence has
many attempts to get through the second barrier; in the limit of small T a particle is almost
as likely to exit to the right as it is to exit to the left (once it has passed the first barrier),
hence T ~ T7/2 as our calculation shows.

In quantum mechanics we cannot sum the probabilities for different trajectories but, in-
stead, we have to sum the transmission amplitudes. During each passage between the barriers

L

I L

Figure 1.1: A double barrier structure comprising two barriers with transmission probabilities
T} and T5, separated by distance L.
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the wave function accumulates phase kL, which yields the total transmission amplitude

R Lt b,

t=t1e™ (14 e rgry + M orgrirory + . )ty = ——2——
1 — e?Flpiry

so that the transmission probability is given by

[t1ta]? |ta]*

T = - —ro—ri b=t T 555 -
|1 — kL2 T2TT0EE e2ikLy2|2

We now write r; = VR1€F and t; = /T1€'*T where T} + R; = 1 to get

T} T}
T = . = ! :
(1 — cos(2kL + 2¢R)R1)? + sin?(2kL + 2¢r)R? T2+ 4(1 — 1) sin?(kL + ¢r)

Now it is not true that T' < Ty, and in particular if kL 4+ ¢gr = nm, n € Z, T = 1 regardless
of the transparency of an individual barrier: the particle is transmitted with unit probability
regardless of how reflective the individual barriers are. This is the well-known phenomenon
of resonant tunneling. Near a resonance, i.e. for kL ~ nm — ¢, we get

T2 1
T ~ 1 =
TP +4(1 = T)kL = (nn = 6p)? 1 +450 kL — (nw — o))

showing the Lorentzian line shape of the resonance. It is important to notice that the res-
onance width is given by 1 = 41;?1 kL — (nm — ¢g))? or [kL — (nm — ¢g)] = :I:Q\/,{l——ﬂ
implying that for low-transparency barriers the resonances are very narrow, and in the limit
of vanishing barrier transparency the resonance becomes a §-peak.

Two features are responsible for the difference between the classical and the quantum
results: (i) in quantum mechanics we had to add the amplitudes of different ways of arriving
at the same final state, and (ii) the phase accumulated during propagation between the
barriers is always kL. The first of these is carved in the stone that Bohr & Co. brought down
the mountain, but the second is an assumption.

Let us now relax the assumption and postulate that, due to some unknown process, the
phase changes by an amount 6; during the 4§ round trip between the barriers. We then have

t =ty FH00/2(1 4 2RLAOL ) 4 AR e L )ty
so that
T({6;}151)
— |t1|4 ‘1 + eQikL+917a% + e4ikzL+01+02r411 + .. ‘|2
T2 |1 4 ZRLAOIH20R Ry | ARLAOL 02+ 4OR B2 | “2
or

) i 2
> L
TP 3 eI em T 0y T 0
= T[T R 4 2Re Y Yl 2 s o]

where the second term describes interference between different paths. Let us now assume that
all the phase changes 6; are independent random variables that follow a Gaussian distribution
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phase sigma squared

Figure 1.2: Transmission as a function of 2(kL — ¢) and o2 for T} = 0.1.

P(0) with standard deviation 0. We can then obtain the average transmission probability
(T') for a collection (ensemble) of such systems by

0o 00 00 oo n—1
@) = [ TLdsPOpT(6,)32) =T | S R+ 2Re 3 37 et mlkboom =30 gy
—004 1 n=0 n=0m=0

where I used [*_df P(6)e = \/—; [ dhe?/(20%)¢if — ¢=o*/2 This result shows that the
2no oo

interference terms are reduced by the phase fluctuations: the exponent has acquired the part

—(n —m)o?/2 the dampens the off-diagonal n # m terms. Proceeding further by evaluating

the geometric sums we get

—i2n(kL—¢p)+nio?
R)Tn39" pn

—i2(kL—¢R)+%02R1

_ 2 1 oo _i2n(kL—¢r)—nic?2 pnl—e

(T) = Tj = +2Re Sonsg ek or) oot By .
2

_ T12 1 e? R%—l

1
_ + 2Re
1=RY o2 2419377 cos(2(kL—p )R

14 R —e 2(FE-0R) 302 gy i2(kL-0p) =307 gy

Since there were ample possibilities for errors in this lengthy calculation, let us check the
two limits we know: the classical result and deterministic quantum case. The classical limit is
obtained by completely smearing out the phase information by setting 02 — oo, which yields

T2 T,
T oo = 1 _
Tho—co 1-R?} 2-T)

as above, and the deterministic phase evolution is obtained by setting o2 = 0, which yields

7
1+ R?—2cos(2(kL — ¢r))Ry

<T>0=0

also in agreement with the previous result. For intermediate o2 the result is between the
classical and quantum limits as shown in Figure 1.2.
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Thus, we have concluded that if the phase accumulated during propagation fluctuates
randomly, resonant tunneling (and other interference phenomena e.g. in optics) are sup-
pressed. How much phase fluctuations can be tolerated, then? Let us consider the resonant
case kL = ¢g so that

02R2_1
T)= T2 ! 2 R L 2 i ! T
) U 1-RY o2 R241-2¢27° Ry 14R3—eZ°Ri—e 2Ry
1
— €27 4R 1-Ry
6%02 _Rl 1+R1
The relevant scale for importance of phase fluctuations is seen by solving 7' = ﬁ which is
1-Ry

the average value of the classical (T = ) and resonant (7" = 1) transmissions. This yields

1+R;
%02 = In(14T71) For small barrier transparency this gives %02 ~ T, which can be understood
by noticing that, classically, the average number of times the particle must impinge upon the
second barrier before it succeeds in getting through is 1/77, so that the total variance of its
phase upon exit is (1/71)c?; hence, if 02 ~ Ty, the total variance upon exit is a number
independent of 77, making it reasonable that resonant transmission can be seen if 02 < T}
while if o2 > T}, resonant transmission is destroyed.

Phase fluctuations result in a randomization of the phase of the wave function. If a state
that has energy e and a well-defined phase at time ¢ = 0 undergoes phase fluctuations, the
phase measured after time dt has a probability distribution centered around ¢ = et/h. The
width of the distribution increases with dt, and after some time the width has increased to 27,
meaning that the phase has become completely uncertain (phases that differ by a multiple
of 2m are indistinguishable). The time it takes to reach this situation is called the phase
breaking time 74. An alternative definition of the phase breaking time is based on evaluating
the average phase factor (ei¢(t)> as a function of time: at ¢ > 0 the magnitude of the average
phase factor decreases exponentially with time, and the phase breaking time can be defined
through [(e’?®))| ~ e~%/7¢. Both definitions yield the same result within factors of order
unity.! In order for resonant transmission to survive phase fluctuations, the above analysis
shows that, at small barrier transparencies, phase breaking time must be at least 74 2 %
where v is the velocity of the particle between the barriers; faster de-phasing results in a
transmission that is far below unity.

1.1.2 Persistent Currents

We will now consider a collection of independent electrons confined to a small ring-shaped
conductor of radius R. The ring is pierced by a magnetic field that is entirely confined in
the inside of the ring and does not penetrate into the conductor at all. Hence, classically the
electrons are completely unaffected by the magnetic field since the field strength B vanishes
inside the conductor. Quantum mechanically, however, the fundamental quantity is the vector
potential A, which does not vanish inside the conductor, and may therefore influence the
electrons.

!Technically, one should distinguish between the energy relaxation time 7z and the phase breaking time
T¢. The former describes how quickly an excited state such as an electron above the Fermi surface loses
its energy, while the latter describes how quickly the phase of the wave function describing the excitation
becomes randomized. Usually the two times are roughly equal but if energy relaxation occurs through a series
of scattering events all involving small energy transfers, the phase memory may be lost before energy is fully
relaxed.
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The system is described by the Schrédinger equation

1
[% [—ihV + eA(r)]? + V(r)] P(r) = EY(r)
where V x A = B and V/(r) is the potential that confines electrons in the ring. In the simplest
case the ring is infinitesimally thin both in the radial direction and the z-direction so that
V(r) = Voo(r—R)é(z), Vo < 0. In this case the only degree of freedom is the angular position
@ along the ring, and the Schrédinger equation simplifies to

where we assumed that the magnetic field is in the z-direction and cylindrically symmetric
about the origin » = 0. To be specific, let us consider a magnetic field that is non-zero only
for 7 = 0 and has a total magnetic flux ®. We then have ® = [, d*rV x A(r) = ¢, dl- A(r)
where () is an arbitrary region surrounding the origin and 0f2 is its boundary. Let us specialize

to a circular region with radius p so that ® = p f027rdg0<,5 - A(r). By cylindrical symmetry the
D A
p P

Hence, within the conductor the vector potential is given by A(R,y) = %@, and the
Schrédinger equation becomes

integrand must be independent of ¢ so that we have ® = 2mpd - A(p, ) or A(p,¢) =

h? d 9]

— | —i— 4+ — =€

5 T2 [ d¢+ @O} Y(p) = ev(p)

where ®y = h/e is the magnetic flux quantum. Since the variable ¢ does not appear in
the Hamiltonian, the Hamiltonian commutes with the angular momentum operator, and the
eigenfunction () can be written as \/%—Wew@. Substituting in the equation we get ¢, =

2
% [E + %] . Since the wave function must be single valued as ¢ — @ + 2w, the angular

momentum quantum number ¢ must be an integer.
Thus, the single particle levels are characterized by an integer valued quantum number /,
which is connected to the angular momentum in the z-direction through L, = hf, and have

2
energies €y = % [ﬁ + %] . At temperature T = 0 sufficiently many states with lowest

energies are occupied that all electrons can be accommodated. To see what implications this
has let us first consider spinless electrons (fictitious particles that are identical to electrons
except that they have no spin). Then each (-state can accommodate one electron. If the
number of electrons in the ring is odd, N = 2M + 1, then at zero penetrating flux & = 0
the states with £ = —M to £ = M are occupied, and the two highest occupied states are
degenerate. If ® is now increased from zero, the energies of states with negative ¢ are reduced
while those of states with positive ¢ are increased, and for & = ®(/2 it becomes energetically
favorable to occupy the state ¢ = —(M + 1) rather than the state £ = +M, meaning that
at this value of the magnetic flux the total angular momentum increases from L, = 0 to
L,=—-(2M+1)h = —Nh. At & = 3P(/2 another increase takes place and L, becomes —2Nh
so that in general L, = —[®/®+1/2]Nh where [z] is the least integer not greater than z. For
an even number of particles N = 2M at ® = 0 the states from { = —(M — 1) to £ = (M — 1)
are occupied, plus either one of the states £ = + M, and the total angular momentum is seen
tobe L, = —Mh=—(N/2)h for 0 < ® < &g, so that L, = —[®/Pg|Nh — (N/2)h.
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The total angular momentum is not directly observable. However, the velocity associated
with the state |¢) is A~ 'R0, = % [E + q%], and the current carried by a single electron

traveling with velocity v is —ev/(2wR), so that the total current carried by a collection of
electrons with the total angular momentum L is

1 & o o (L. @
I=—e " (LA NZ )= - Ne— (224 2,
eZmeR< * <I>0> “ormR? <Nh * <1>0>

This current can, in principle, be measured: the current in the ring causes a magnetic flux
through the loop (cf. an electromagnet), which slightly changes the total magnetic field from
the externally applied one. In practice, however, the change is so small that the measurements
are extremely challenging. Substituting the total angular momentum L, obtained above

shows that the quantity in the parentheses varies between —% and +%, so that the maximum

persistent current is %TZ—%. This can be written as evp/L where vp is the Fermi velocity
(velocity of highest occupied state at B = 0) and L = 27 R is the circumference of the ring.
Hence, the total current is effectively given by the last occupied state as contributions from

the other states cancel out.

Persistent currents are purely a quantum mechanical phenomenon even though they re-
semble ordinary diamagnetic or paramagnetic response — even in the incoherent regime
surface currents arise as a respond to an external magnetic field. The difference is two-fold:
persistent currents emerge even if the magnetic field inside the conductor vanishes as long
as the electronic states encircle a magnetic flux (classical response is proportional to mag-
netic field in the conductor), and the magnitude of the current is inversely proportional to
the system size L. Persistent currents are also fundamentally different from currents that
appear as a response to external electric field. The conductive currents represent a balance
between the external fields that tend to excite electrons to states with higher energies, and
scattering mechanisms that tend to relax the electron distribution towards a thermal equilib-
rium. Persistent currents, in contrast, are a property of the ground state and exist even in
a thermal equilibrium. Equilibrium currents can only exist if the time reversal invariance is
broken: time reversal invariance implies that time-reversed states are degenerate and hence
occupied equally in an equilibrium, and since time-reversed states carry opposite currents,
the net current in equilibrium vanishes.

A crucial requirement for the appearance of persistent currents is that the phase coherence
of the wave function is maintained around the loop — if the state acquires an undetermined
phase during propagation around the loop, there is no reason for £ to be integer, and there is
no response to the external flux. Consequently, the effect can only be seen in relatively small
rings and at low temperatures.
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Home problem 1: Persistent currents
Consider a system of noninteracting electrons, i.e. spin—% particles
with charge —e.

1. Sketch the persistent current at zero temperature as a function
of the magnetic flux for systems with 4M, 4M + 1, 4M + 2 and
fbox 4pr + 3 electrons.

2. Estimate the temperature requirement to observe persistent
current. Can you say something about how the current behaves
as a function of temperature?

1.2 Coherent transport

Let us now investigate transport in the phase-coherent regime in more detail, and pay par-
ticular attention to low-dimensional systems.

1.2.1 Landauer-Buttiker formalism

Consider an impurity-free one-dimensional wire, i.e. a wire that is so narrow that only one
transverse mode is occupied: current between two reservoirs with chemical potentials p 7, and
uR is given by (charge) x (density) x (velocity), which yields

I = —e[% deD(e)[f(e—pr) — fle— pr)lv(e
= —e [ deQ;‘;i[f(e—uL)—f(e—m)]%j—
= —ep [Toode[f(e = pr) = f(e = pr)]
= —ep [T delf(e—p—zeV) — fle—p+zeV)]

and at low temperatures f(e) ~ ©(—e¢) giving

dl e2

v h
which is the quantum conductance. The inverse quantum conductance Rx = h/e? is known
as the von Klitzing constant, or quantum resistance, and roughly equal to 26 k2. This
conductance value plays an important role in many small devices that often behave qualita-
tively differently depending on whether some device resistances are smaller or larger than the
quantum value.
A crucial ingredient of the derivation was the cancelation between the (directional) density

of states D(e) = %% and the velocity ;13312 If the wire has Width W, the energy of the n'P

2
transverse mode is h g/z n?, so if the Fermi energy exceeds 4 2m W2 , two transverse modes are

occupied etc.. In the absence of scattering, each transverse mode contributes independently to
the current, and if N transverse modes are occupied, the conductance is therefore Gy = N5

Allowing for two spin states, the conductance becomes Gy = 2N %

Hence, we find that a one-dimensional conductor has a finite conductance at zero temper-
ature even if there are no impurities. This is in a remarkable contradiction with conventional
wisdom that states that the conductance of a pure metal diverges at zero temperature! What
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about disordered wires where an electron entering the wire has transmission amplitude t,
[t|> < 1, to get through the wire? We can analyze this case quite easily by noticing that those
electrons whose energies lie below both Fermi levels py and pr do not contribute to a net
current through the wire — there are equally many electrons moving in both directions —
and for energies uy > € > up there are only electrons entering from the left; of these, only
the ones that emerge out of the wire on the right contribute to the net current, implying that

1 [HL ) ) e2
1= _GE/ de |t(e)|* = |¢] EV

LR
where I assumed that the transmission amplitude is only weakly dependent on the energy
on the relevant energy range. The result is intuitively appealing: a reduced probability for
transmission results in a reduced conductance. This result is known as the Landauer formula
for conductance after the late Rolf Landauer, and is often used to calculate conductances of
quantum mechanically coherent structures.

The expression can be generalized, firstly, to the case of many modes in a two-terminal
wire. Then electrons entering the wire in mode n may be scattered into mode n’, and either
be transmitted through the wire with amplitude ¢,,,, or be reflected with amplitude r,,,,. The
resulting conductance for the wire can be written as

62
G = Tr(tTt)Z

(proof left as a home problem). A generalization to a more complicated conductor with many
current terminals and voltage probes is also straightforward: At current terminals we specify
the chemical potentials, and at voltage probes the chemical potential is adjusted so that the
net current through the voltage probe is zero (ideal volt meter). The resulting expressions
for current and voltages, which only require knowledge of the different transmission and
reflection amplitudes, are occasionally lengthy but the underlying physics is quite simple.
These generalizations of the Landauer formula were first considered by Markus Biittiker in
the 1980s, and are known as Landauer-Biittiker formalism.

While the physics of the Landauer-Biittiker formalism looks simple in the formalism,
there are a number of subtleties. Firstly, the result goes against ”common knowledge”, and
initially the formalism was met with a great deal of scepticism. Alternative derivations using
slig2ht1y different arguments were presented, with a final result that assumed the form G =

2
S
divergent result as |[t|> — 1. The debate was only resolved once Daniel Fisher and Patrick
Lee in 1981 derived the Landauer result using a standard field theoretical technique that was
significantly more complicated but also more acceptable to physicists at large. Somewhat
later it was realized that the difference between |t|? and [t|?/(1 — [t|?) corresponds to two
different experiments: the first result is obtained if the wire is connected to two reservoirs with
fixed chemical potentials, and the second result corresponds to a contactless measurement.
Since one typically measures conductance with the first method, the counterintuitive result
is usually the appropriate one: it essentially states that the smallest theoretically achievable
contact resistance between a single mode quantum wire is e2/(2h), so a wire with two ends
has a minimal resistance of e2/h.

The second subtlety has to do with dissipation. Resistance implies dissipation, ¢.e. that
energy is transferred from the electron system to something else, and it is hard to see where

that agrees with the above result for small transmissions but reproduces the classical
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and how such a dissipation can occur in a clean wire. This problem can be resolved by
considering a three terminal configuration where a clean wire connects the left terminal L
to a voltage probe VP and a clean wire connects the voltage probe to the right terminal R.
If the transmission probabilities between L and V P, and between VP and R, are equal to
one, then the condition that the net current in the voltage probe vanishes implies that the
the chemical potential of the voltage probe must equal the average of the chemical potentials
ur, and pg, independent of where the voltage probe is located. Consequently, the interior
of the wire is at a constant potential, the internal resistance of the wire is zero, and the
entire voltage drop occurs at the end of the wire, in accordance with the contact resistance
interpretation given above. Hence, dissipation occurs at the contacts between the wire and
the reservoir (typically slightly on the reservoir side). Since in the reservoirs there are many
degrees of freedom with a dense energy spectrum, energy can easily be redistributed between
them, and the conceptual problem with dissipation disappears.

1.2.2 Integer Quantum Hall Effect

A particular system where the Landauer-Biittiker formalism can be applied very easily and
successfully is a two-dimensional electron gas in a strong perpendicular magnetic field. This
system has proven to exhibit very rich physics, and has thus far resulted in two Noble prizes
in Physics. For now we will focus on the Integer Quantum Hall Effect (IQHE) that can
be understood without considering the effects of electron-electron interactions (hence ”two-
dimensional electron gas” — technically, gasimplies a non-interacting system). The Fractional
Quantum Hall Effect (FQHE) that takes place in a two-dimensional electron liguid at higher
magnetic fields is discussed in the chapter on the joined effects of coherence and interactions. 2

Our starting point is the Schrodinger equation for electrons confined to a plane and sub-
jected to a magnetic field. The equation reads

1
—(—ihV + eA) %Y (r) = Ey(r
— (—iV + eA)0(r) = B (r)
where A is a vector potential associated with the magnetic field B = BZ through B = V x A.
There are many choices of the vector potential that give rise to the same magnetic field (many
gauges), and for our present purposes the choice A = Bzy is the most convenient (transverse
gauge). Inserting this to the Schrodinger equation yields
R [ 02 0? eB 0 1 55
——— ==+ = +2i—x— x, —mwix“(z,y) = EY(x,
om |92 Y a2 T2 R Ya, D@, y) + gmwez (e, y) = E¢(z,y)
where w, = % is the cyclotron frequency. The Hamiltonian is seen to commute with 9,
implying that the wave functions can be chosen to be eigenfunctions of the momentum in the
y-direction, and written in the form v (z,y) = e*¥uy(z). The remaining function u(z) can
be solved from 2 42
h 1, hk o
————=ui(x) + =mwi(x + — )“ug(z) = Bug(x).
T (a) + gt + ) @) = Buo)
This is recognized as a Schrodinger equation for a harmonic oscillator with frequency w. and
center at zo(k) = — Dk k2, where (, = 1/% is the magnetic length. Hence, the energy

eB — Mo

2Experimentally the two effects are seen in similar, often the same, system. The distinction between electron
gas or electron liquid only refers to the importance of electron-electron interactions in the explanations of the
experimentally observed effects.
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spectrum of electrons in a magnetic field is given by E,; = (n+ %)hwc which is independent of
the quantum number k that determines both the momentum in the y-direction and the center
of the wave function in the z-direction. The wave functions may be visualized as spaghetti
centered at different points in the z-direction and running along the y-direction. The energy
of each strand of spaghetti is independent of its position in the sample and is entirely given by
the quantum number n. States with the same n are degenerate and form a so-called Landau
level. The number of states in a Landau level can be determined by considering periodic
boundary conditions in the y-direction, which implies a finite spacing Ak = 27/L between
the allowed k-values, and requiring that the center of the state falls within the sample in the
x-direction. The end result is that the degeneracy of a Landau level is AB/®, where AB is
the magnetic flux through a sample of area A and ®y = h/e is the magnetic flux quantum.
For a typical experimental sample the area is about 10~%m? so that at a magnetic field of
one tesla the Landau level degeneracy is roughly 2.5x1010.

When the chemical potential lies in the gap between two Landau levels, those levels that
are below p are full and levels above i are empty. The density of electrons in the sample is
therefore NB/®y. We know from simple electron transport theories that the Hall conductance
of an electron system with areal density p is given by pe/B so that if p = NB/®, the Hall
conductance equals o,y = Ne/®y = N % Hence, if an integer number of Landau levels is
occupied, the Hall conductance is quantized to an integer times the von Klitzing conductance.
For the experimental discovery of this Integer Quantum Hall Effect, Klaus von Klitzing was
awarded the Nobel prize in Physics in 1985. The degree of accuracy of the quantization is such
(roughly 1071%) that it has been adopted as a resistance standard, effectively replacing the
old definition of an ampere: the ohm is defined so that the Hall resistance of a certain type of
device equals 25812.807 2. Experimentally it is also seen that when the Hall conductance is
quantized, the longitudinal conductance (which is the usual dissipative conductance) vanishes.
This can be understood as a direct consequence of the fact that when some Landau levels
are completely full and others completely empty, the only scattering mechanisms that could
lead to resistance require exciting electron from one Landau level to another, which requires
energy hw.; for a typical experiment in GaAs, this energy at a field of one tesla equals 17
meV which is quite large, comparable to thermal energy at about 200 K.3

While the above explanation of the IQHE is at first sight appealing, it does not fare well
under a more careful analysis. Firstly, all experimental samples are dirty to varying degrees,
and it seems unreasonable from the above arguments that the Hall conductance should be
quantized to the observed degree of accuracy. Secondly, in a typical experiment the electron
density is fixed by charge neutrality — deviating from charge neutrality is far too costly
energetically — and only for isolated, individual points on the magnetic field axis does the
fixed electron density correspond to a chemical potential in the gap between Landau levels; yet,
the Hall conductance assumes its quantized value over wide ranges of applied fields. Thirdly,
it appears absurd that a low-energy measurement, which typically only probes electrons near
the Fermi level, should be sensitive to electrons far below the Fermi surface. Fourthly, a more
detailed version of the above analysis, which allows for scattering by impurities, involves the
only existence proof in condensed matter physics: regardless of the level of disorder, there
exists at least one electron state per Landau level that can propagate through the sample;

3Tt may be surprising that a vanishing longitudinal conductance implies vanishing longitudinal resistance.
The explanation is that both conductance and resistance are 2-by-2 matrices and p = 6%, If 04y = 0 in

. o o . . . .
6= < e w ), also the diagonal element of the corresponding resistance tensor vanishes.
_Uzy Ozxx
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Figure 1.3: Edge states in the integer quantum Hall regime. Energy of a state in a sample of
width W wvs. the expectation value of the position. Note that each Landau level contributes
one state at the chemical potential near both sample edges.

typically, in physics proofs are constructive, saying something about the solution (in addition
to its existence).

All the above objections can be dealt with using the Landauer-Biittiker formalism as we
will now see. To begin with, let us introduce a potential V' (z,y) that confines the electrons
to the sample. A general potential renders the Schrédinger equation unsolvable analytically
— essentially only a parabolic confinement is analytically tractable in the z-direction —
but the qualitative consequences can easily be inferred. As a result of the confinement in
x-direction, the energy of a state becomes dependent on where the state is localized in the
transverse (x) direction, hence, the energy E,; acquires a k-dependence. Also, regardless of
the value of k, the state cannot be located outside the sample as defined by V' (z,y); hence, for
any k, (@)nr = [*° da|upk(2)|?x € [-W/2,W/2] where £W/2 are the edges of the sample.
Consequently, the energy E,,; as a function of the expectation value (x), is qualitatively given
by Figure 1.3. The figure shows, firstly, that there are states at the Fermi level regardless of
the value of the chemical potential, secondly, the states at the Fermi level are located near
the edges of the sample, and thirdly, each (even partially) occupied Landau level contributes
one state at the Fermi level near both sample edges. Additionally, since Oy (x)nr < 0, states
near the right edge of the sample have negative velocities in the longitudinal (y) direction,
while states near the opposite edge have positive velocities.

Now the mysteries noted above disappear one by one: according to Landauer-Biittiker
formalism, the conductances only depend on the probabilities of electrons being transported
from one electrode to another, and since electrons on the Fermi level are confined near sample
edges, they are inevitably transported from one electrode to the next one in the clockwise
direction — transmission probability to the next electrode in the clockwise direction is 1 and
in the counterclockwise direction it is 0; the number of states at the Fermi level stays constant
over wide ranges of the magnetic field, implying wide quantization plateuax as is observed;
since each even partially occupied Landau level contributes states to the Fermi level, their
contribution to low energy experiments is natural; finally, the nature of the propagating modes
is now clear: they are edges modes propagating along the edges of the sample. We can now



18 CHAPTER 1. QUANTUM COHERENCE IN CONDENSED MATTER

also see that sufficient disorder would allow electrons to scatter all the way across the sample
and eventually reverse their direction of propagation, thereby destroying the quantization.
Careful consideration along these lines can be used to predict the widths of the Hall plateaux
and how they depend on sample width, temperature, disorder potential etc..

1.3 Localization: coherence effects in disordered systems

All naturally occurring systems contain impurities, defects, or other imperfections to varying
degrees. These result in a potential landscape that has a random potential superimposed on a
regular one such as the potential arising from a periodic crystal. This random potential gives
rise to many different effects such as a transition from ballistic transport (transport without
scattering) to diffusive transport that is described by frequent scattering by imperfections.
The nature of these two transport regimes is most clear if we consider how far a particle
moves in time dt: in the ballistic case, if the particle was at position rq at time ¢;, then at
time t5 it will be in position ro such that ((r; —ry)?)'/2 = |ty —t;| while in the diffusive case
the root mean square displacement increases as ((r; —ry)?)/2 = 2D /|ty — t1| where v is the
speed and D the diffusion constant.

The two transport regimes are separated by the mean free path ¢, or the elastic scattering
time 7o transport is ballistic in length scales L < £ or time scales t < 7, and diffusive
on larger scales. Phase-breaking phenomena introduce a new time scale 74 or corresponding
length Ly. In practice phase breaking occurs at longer length and time scales than impurity
scattering (this need not be true in the cleanest semiconductor systems) so that the system
size L may be either in the ballistic, phase-coherent regime L < ¢, in the diffusive, phase
coherent regime ¢ < L < Lg, or in the classical regime Lg < L.

Somewhat surprisingly, quantum phenomena may be seen even in the classical regime when
the system size is larger than either £ or Ly. One of these phenomena is strong localization,
or simply localization, or more specifically Anderson localization after Philip W. Anderson,
one of the most influential condensed matter physicists of this and the last century and the
winner of the 1977 Nobel prize in Physics (for his work on localization). Strong localization
is an effect that arises from similar considerations that result in the concept of the mean free
path, and in some cases it results in a conductance reduction by 100%. Weak localization,
in contrast, is much weaker effect, mostly associated with phase breaking, and discussed first
in the late 1970s by a school of Russian physicists including Boris Altshuler, Arkadi Aranov,
Dmitri Khmelnitskii, Anatoly Larkin and Boris Spivak.

Strong localization

Consider a d-dimensional cubical sample with side length L — how does the conductance
between two opposite faces change with changing L? The classical answer is easy: the con-
ductance is directly proportional to the cross section of the conductor, which is L%, and
inversely proportional to the length of the conductor, so that G ~ L% 2. This result is usually
given in the form iﬁ?}g = [(G) where 3(G) is called the scaling function, and has classically
the form B(G) = (d — 2). Hence, in three dimensions the conductance increases with sys-
tem size, in one dimension it decreases, and in two dimensions the classical conductance is
size-independent.

Quantum mechanical effects lead to corrections from this classical behavior. If the system
is very disordered, particles tend to be localized near the potential minima, and transport
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through the system becomes difficult. The eigenstates 1, (r) of a random potential have a
typical size £ so that |ta(r —ry)|? ~ e~ T Tal/€ for |r —r,| > €. At zero temperature there
is only one state at the Fermi level, and all transport involves particles entering and leaving
that state. Transport hence involves a factor that is the amplitude of an electron at one
edge of the sample being in the state on the Fermi level, and a factor that an electron in
the state on the Fermi level is on the opposite edge of the sample. The product of these two
factors is independent of where in the sample the state on the Fermi level is located, and
yields a conductance that decreases exponentially with the sample size as e ~£/¢. This simple
analysis excludes transport through extended states (such as 11 (r) = €’*T) which occur in
cleaner systems and have large amplitudes on opposite sample edges, thereby avoiding the
exponential decay. If the disorder is not strong, the classical result is only slightly modified,

and the end result is
3(G) = (d—2)—5, G >
InG, GK

%%

Here a is a constant that is usually positive.

An important feature of the scaling function is that 3(G) is negative for all G in one and
two dimensions (in the two-dimensional case 3(G) may become positive for large G in the
presence of an external magnetic field), while in three dimensions §(G) is negative for small
G and positive for large G. The sign of g is of substantial importance (indeed, discovering
a sign change of the corresponding scaling function in QCD gave the Nobel prize in Physics
in 2004). A positive 3(G) means that the conductance increases with increasing system size,
a behavior usually associated with metals, and a negative 3(G) implies that conductance
decreases with increasing system size, a behavior typical of insulators. The point separating
these two behaviors, 3(G.) = 0, is associated with a metal-insulator transition. In the
absence of magnetic fields the metal-insulator transition is only seen in three dimensions
where sufficiently clean systems behave as metals and sufficiently dirty systems as insulators.

From the above discussion it may not be completely clear why strong localization is a
quantum phenomenon: very little quantum mechanics was visible in the analysis. Firstly, in
three dimensions the existence of a metal-insulator-transition is clearly of quantum mechani-
cal origin as the classical analysis predicts always a positive 5(G), and the transition appears
as a result of two asymptotic behaviors with different signs of the scaling function. Secondly,
you can understand the localization as arising from transport through a random potential
landscape with many barriers and potential wells. The total transmission through this com-
plicated potential is in general quite low as we saw in our analysis of resonant tunneling, and
only at certain resonant energies may the transmission be substantial. Since the resonant
energies for different potential wells in the random potential are different, it is quite difficult
to get a resonant transmission through the whole structure.?

There are also other mechanisms that may lead to a metal-insulator transition, typically
associated with electron-electron interactions. They will be discussed in the Chapter on cor-
relation effects. Conventionally, a metal-insulator transition that is associated with disorder
in the system is known as Anderson transition, and a transition associated with electron-
electron interactions is known as Mott transition after Sir Neville Mott who shared the 1977
Nobel prize with Phil Anderson and John van Vleck.

4Such resonances, known as stochastic or Azbel resonances, are predicted to exist even for random potentials,
but they are typically very narrow and occur at random energies.
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At T = 0 localization implies that conductance decreases exponentially with increasing
sample size. What about finite temperatures? At a finite temperature transport takes place
by electrons hopping between different localized states. If an electron hops between two states
that have energies E; and Ey, the energy difference must be supplied by the thermal bath,
which implies that the hopping rate will be proportional to e~ (Ef—Ei)/ksT — Another factor
arises from the overlap between the initial and final states: if they are centered at positions
R; and Ry, this results in the factor e~ Ri—Ryl/€ where € is a length scale describing the size
of the localized states. The first, thermal factor favors long hops since if you search over a
sphere of radius R, there are typically 4%RQJ’D(E F) states per unit energy near the Fermi level.
Here D(ef) is the density of states. Consequently, searching over a sphere of this size centered
at R;, one typically finds a final state whose energy deviates from F; by ﬁ. Thus, the
rate for hopping a distance R is roughly given by

—E_pg_3
F(R) ~ e & "4xR3D

where 3 = (kgT)~!. The hopping rate is maximized for hops of the optimal length Ropt =

1/4
[% %] ~ T—1/4 that is, at low temperatures long hops are favored and at high tempera-

tures hop length decreases. Typically the hops with optimal length dominate conductance so
that the conductance is obtained by substituting Rop¢ to I'(R), which yields a conductance
whose temperature dependence is given by

G~ e AT

This is known as Mott’s T%/4 law, and has been verified by several experiments.

The optimal hop length cannot be shorter than the lattice spacing, which implies that
the above analysis breaks down at sufficiently high temperatures when the hopping distance
becomes a temperature-independent constant, and the hopping rate only depends on temper-
ature in the usual activated manner G ~ e~ Ta/T,

Weak localization

Weak localization is a general term that refers to many quantum effects in conductance. These
effects originate from the phase coherence of the quantum states, and therefore typically
depend on the phase breaking time 74 or, equivalently, on the phase coherence length Ly. As
a matter of fact, weak localization corrections to conductance are the most common way of
measuring the phase breaking time.

Weak localization results are derived rigorously using quantum field theoretical techniques
to analyze the effects of impurities in quantum mechanical systems, and the techniques are
beyond the scope of this course. However, many of the results can be understood based on a
simple physical picture which we will consider in the following.

The conductance is a measure of how easily electrons can move from one place to another.
Large conductance implies that it is easy for an electron to leave its original position and end
up somewhere else, while low conductance implies that an electron is likely to stay near its
original position. In diffusive systems an electron moves along a rugged trajectory, bouncing
off impurities, and after having bounced off many impurities, it may end up near its initial
position — hence, some of the possible trajectories of the electron form closed loops. In
classical physics this connection is formulated quantitatively as the Einstein relation (derived
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by Einstein in his most cited article as a connection between viscosity [the equivalent of
resistance in fluid dynamics| and diffusion constant), which relates the diffusion constant
D to the conductivity ¢ and the density of states g—” as o = e2D‘é—”.5 Let the quantum
mechanical amplitude for traveling the loop C; be A;. Classically, the probability of the
electron returning to the vicinity of its initial position is then the sum of probabilities over

all loops, or
Pa=)_|4;P
J

where P; = |Aj|2 is the probability for traveling one loop. Quantum mechanically, however,
we need to sum the amplitudes first and only then take the square, so the quantum return

probability is
Pouantum = | Y AjP =Y 147 + ) 443
J J J#3

The last sum describes interference between different loops, and each term can be written as
|Aj||Aji| cos|f; — 6] in terms of the magnitudes and phase of the individual amplitudes. If
the phases are random, the cosine averages to zero, and the classical and quantum results
coincide. For different loops the phases are usually unrelated so the interference effects can
be assumed to be small.

However, each loop can be traversed in two directions, clockwise and anticlockwise. Let
us call these loops C'j_ and C’;r, and separate their contributions to the quantum probability.
We have then |A(Cj_)|2 + |A(C’;r)|2 + A(C]-_)A(C’;r)* + A(C]-_)*A(C;r). The phases of these
two trajectories are not unrelated: if an electron has wave vector k during its passage between
point Ry and Ry on the counterclockwise path, it accumulates phase k- (R —R4) during that
part of the loop; on the clockwise path the electron propagates from R to R with wave vector
—k, and accumulates phase —k-(R;—Rg) — exactly the same as on the counterclockwise path,
implying that A(C;r ) = A(Cj"), and the two countertraversed paths yield a contribution 4|4; |2
to the quantum mechanical return probability but only contribution 2|A;|? to the classical
return probability. Consequently, a quantum mechanical particle is more likely to return to
its original location and less likely to move away, which results in a lower conductance than
what would be expected classically.

The above argument relies entirely on the special phase relation between the two coun-
tertraversed trajectories. This special relationship ceases to be valid if the time it takes for
the electron to traverse the loop exceeds the phase breaking time, or if the loop size exceeds
the phase breaking length. The minimum propagation time for a loop is roughly given by
the elastic scattering time 7 since for times shorter than 7 the electrons move ballistically
along straight trajectories. Hence, only loops with traversal times 7 < ¢ < 74 contribute to
quantum corrections in conductance. On this time scale the motion of an electron is diffusive
and the probability distribution of finding the electron at distance r from its initial position
is roughly Gaussian with a variance that increases as t, P(r) ~ t~% 2¢=r%/ (DY) 50 that the
probability of finding it near its initial position (r = 0) decreases as t=9/2. Hence, the total

number of loops with traversal times in the required range is proportional to f:d’dt /2,

5If there is an electric field E across a sample, then the chemical potential of particles with charge g obeys
‘;—’; = gF. The diffusive particle current due to a concentration gradient is given by jg’) = —D‘;—Z = —Dg—z ‘;—’;
where the second equation holds under the assumption of local equilibrium. The associated diffusive charge
current is hence j(DC) = —qQDle—ZE. If the total current vanishes, as is the case in equilibrium, this diffusive

current must be canceled by the drift current j = o E, which yields the Einstein relation.
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Since each of these loops gives a similar relative correction to the conductance, the overall
quantum correction is
So (1o/T)V2,  d=1
— ~ =k In(ry/7), d=2
(1o/7)" Y2, d=3

where k is a constant that depends on 7 and hence on the amount of disorder.

Hence, since the phase breaking time depends on temperature, one way to investigate
the quantum corrections to conductance in experiments is to look for temperature dependent
contributions. This is, however, not very practical as many classical effects also depend on
temperature. A better way is to realize that the special phase relationship between the
countertraversed paths can be removed by breaking time reversal invariance by introducing
a magnetic field: a high magnetic fields changes the trajectories of the electrons, but at
low magnetic fields the trajectories are almost unaffected while the relative phases of the
two orientations of the loops differ by 2®/®y as we determined in the persistent current
analysis. Here ® is the magnetic flux through the loop, which equals BS where S is the cross-
sectional area of the loop in the direction perpendicular to the magnetic field. If the transport
is diffusive, the cross sectional area increases with time as 2Dt. If the phase difference
due to flux exceeds roughly 27, the quantum effects are washed out. This happens if ¢ 2>
8 = 7Py /(2DB), and we must replace the upper limit of the integral yielding the quantum
corrections be the smaller of 75 and 7. This means that as the magnetic field is increased,
fewer and fewer loops contribute to the quantum corrections to conductance, making them
less and less important. Since the quantum corrections reduce conductance, we conclude that
the conductance of a disordered system should increase as the magnetic field is increased.
This phenomenon, known as negative magnetoresistance, has been confirmed in numerous
experiments, and is used as a standard tool to measure phase breaking times. It is particularly
well suited for the task since all classical effects lead to positive magnetoresistance and occur
at higher magnetic fields than the quantum corrections.

Universal conductance fluctuations

Another phenomenon associated with phase coherence is known as universal conductance
fluctuation. It emerges as an answer to the question How much does the conductance vary be-
tween nominally similar conductors? By nominally similar we mean that the conductors have
same dimensions, same impurity concentrations etc. — essentially, we consider an ensem-
ble of conductors and investigate the sample-to-sample variations of the conductances. The
variations arise because the impurities occupy different positions and the associated potential
variations have different magnitudes in different samples; in effect, the variations reflect the
varying potential landscapes in different samples (the potential landscape can be thought of
as the sea floor, and the charge carriers as a fluid filling the sea: the conductivity depends on
the local sea depth (carrier density) and the location and shape of islands (potential barri-
ers)). An ensemble can be created either by having several physically different samples, or by
subjecting one sample to external controls (such as electric or magnetic fields) that change
the potential landscape.

Let us again consider what happens in a classical system. Classically we can divide a
sample of length L into a series of thin slices. The slices are roughly independent of each
other if their thickness exceeds the scattering length ¢, so the number of slices is L/¢. If each
slice is nominally similar, they all have average resistances R, and the slice-to-slice variance
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is 5R(2). The average resistance of the full sample is then a sum of the resistances of individual
slices, Ravg = (L/€)Ry, and the total variance dR? = (L/{)6R? so that the relative standard
deviation decreases with increasing length as L~1/2 as usual.

A key assumption in the above analysis was that the slices were assumed to be indepen-
dent. If the system is phase coherent, this assumption fails, and we need to reconsider. The
exact analysis is rather complicated, but a simple physical argument can be constructed by
noticing that in a sample with many transverse modes, the total reflectance R (not resistance)
is given by the sum over transverse channels as

R= Z |ra6|2
af

where 7,3 is the reflection amplitude from transverse mode 3 to mode « (note that the total
reflectance and the total transmittance T are related by R+T = N where N is the number of
transverse modes. Since the conductance is G = %T according to Landauer, knowing R will
yield conductance.) Now assume that the N? different contributions a3 to the reflectance
are independent so that the variance of the reflectance is given by N2[(|rag|*) — (|ras|?)]. We
can evaluate this by dividing the reflection amplitude 7,3 into terms that come from different
particle trajectories — Feynman paths, if you are familiar with the path integral formulation
of quantum mechanics. This gives 7,3 = ), rag(i) where rog(7) is the contribution of the
trajectory i so that the first term of §R? can be written as

asl®)
2ijk
2022 7ap (i) Tap (i)
2(|rasl?)?

—~

|7

l(raﬁ (i)*raﬁ (j);""aﬁ(k)raﬁ (l)>
)

Q

where we only included the diagonal (manifestly real) terms (i = k,j =) and (i =1,j = k)
under the assumption that the off-diagonal terms depend on phases that average to zero.
From (G) = N% - % Zaﬁ<‘7“aﬁ|2> and the fact that G o« N/¢/L (conductance is linearly
proportional to wire width and inversely proportional to wire length), we conclude that
(Irapl?) o< (1/N)(1 — £/L) so that R? oc N?[(1/N)(1 —¢/L)]*> = (1 — £/L)?, that is, the
variance of the reflectance is to leading order independent of the size of the sample. Since
T = N — R, we have 672 = 6R? ~ 1 implying that 6G? = (%)2 so that the standard
deviation of conductance is equal to the conductance quantum, and independent of sample
size or the conductance: universal conductance fluctuations.® This is in blatant contradiction
with the classical result that would imply sample size dependence (as we saw above) but also
typically yield a result that conductance fluctuation depends on the average conductance.
The above seems like a de-tour — we really wanted the conductance, or total transmit-
tance, but we started by analyzing the reflectance — was it really necessary? It turns out
that it was. The key assumption above was that the reflection amplitudes r,g are statistically
independent so that it is possible to add averages and variances. This turns out to be a good
assumption. In contrast, the transmission amplitudes .5 are not statistically independent,
and carrying out the analysis in those terms would either have been more complicated or,

5A more careful analysis reveals that the fluctuation are a% where the constant a depends on the shape of

the sample. The constant does not, however, depend on the size of the sample or the impurity concentration
(as long as transport is diffusive).
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Figure 1.4: A typical magnetofingerprint of a small sample, taken and Georgia University of
Technology and showing the conductance as a function of an applied magnetic field.

more likely, yielded an erroneous result. The fact that the transmission amplitudes are not
independent can be understood using the trajectory (Feynman path) picture: in a disordered
sample, there are relatively few preferred paths through the sample, and the main contribu-
tion to transmission comes from these paths (sort of like numerous small mountain streams
merging into large rivers before reaching the ocean). The reflected paths, in contrast, typ-
ically never penetrate very far into the sample, and one reflection event is therefore quite
independent of other events. If you are not satisfied by these heuristic arguments, the real
way of obtaining universal conductance fluctuations is explained by Patrick Lee and Douglas
Stone in Phys. Rev. Lett. 55, 1622 (1985). The heuristic argument was presented by Patrick
Lee a year later.

Experimentally UCF has been seen in numerous experiments. The typical experiment
measures conductance variations as a function of an external weak magnetic field as shown
in Fig. 1.4, or as a function of carrier density. The resulting G(B) plot looks like noisy data,
but the plot is perfectly reproducible for a given sample (as it should be, it is determined
by the exact positions of impurities), and is commonly known as the magnetofingerprint.
When the sample is heated up, the impurities can move around, which results in a new
magnetofingerprint.

1.4 Origins of decoherence
Wherefore decoherence? The phase of a wave function evolves in time as e’Z*/" where F is
the energy: hence, phase fluctuations are related to energy fluctuations. To analyze the origin
of phase fluctuations, we divide the universe into a ’system’ — what we are interested in —
and ’environment’ — the rest. While the universe as a whole is, presumably, described by
quantum mechanical equations of motion and possesses a phase that evolves in a deterministic
fashion, any small part of it (the system) is coupled to its environment more or less strongly
and therefore does not have a constant energy and, consequently, not entirely deterministic
phase evolution. Hence, phase coherence is lost due to interactions between the system and
its environment.

The distinction between the system and the environment is quite an abstract one. Some-
times they are two spatially separate parts — e.g. a single hydrogen molecule (the system)
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in hydrogen gas (the environment) — but more often the environment refers to those degrees
of freedom that are not explicitly accounted for in the Hamiltonian of the system, as is for
instance the case when we describe metals as a collection of independent electrons in a static
lattice: the environment of an electron contains both other electrons and lattice ions, and
the coupling between the system and the environment is in the form of electron-electron and
electron-phonon interactions.

For now, let us denote those degrees of freedom that we are interested in by {zgystem } and
the rest by {Xeny }- The Hamiltonian can then be written as

H = Hsystem({xsystem}) + Henv({Xenv}) + Hcoupling({xsystema Xenv})

where the first two terms describe the isolated system and environment, respectively, and the
last term describe a coupling between the two parts. The isolated systems can be described
by wave functions that only depend on one set of variables and whose energies are entirely
determined by Hgystem Or Heny,

Hsystem({xsystem})wa({:fsystem}) = eoﬂ[)a({:ﬂsystem})
Henv({XenV})d)ﬁ({Xenv}) = E%nvgb,@({XeHV})

The separation system-environment is only useful if the coupling between those two is so
weak that to a first approximation we may entirely neglect it. Then the starting point of our
description of the system is in terms of the eigenstates of an isolated system,

[Hsystem({$system}) + Henv({Xenv})] [wA({$system})¢B({Xenv})]
= (ea+€5") [Pa{Zsystem }) B ({ Xenv })] -

The impact of the coupling to the environment is perturbative, resulting in mixing of eigen-
states whose energies are close to each other and slight shifts of the eigenenergies. More im-
portantly, the joint eigenfunctions of the system-environment complex are not simply given
by products of a system eigenfunction and an environment eigenfunction, as would be the
case if the two parts were completely decoupled, but are of the more general form

H\ijy({xsystema Xenv}) = Ey\yw({xsystemy Xenv})
\II’y({xsystem7 Xenv}) == Za,,@ Ovaﬂ¢a({xsystem)¢ﬁ({Xenv}) 7é wA({xsystem)¢B({Xenv})

To see explicitly how coupling to an environment leads to de-phasing, consider a situation
in which the system and the environment are decoupled until time ¢ = 0, and then a coupling
is switched on. At time t = 0~ the system was in its eigenstate |k) with energy e but
because of the coupling, at times ¢ > 0 the state |k) is no longer an eigenstate with a definite
energy, and therefore its phase does not evolve in a deterministic fashion: |k) splits into many
components with different energies and different phase evolutions. Because a perturbation
such as the system—environment coupling predominantly couples unperturbed states whose
energies are close to each other, the distribution of the phase of the state at ¢ > 0 is initially
quite narrow and increases with time. In a simplest model the phase performs a random walk
with both an average and variance that increase roughly linearly with time, (¢(t)) ~ € and
([(t) —€t]?) ~ Dgt. If the coupling with the environment is symmetric in the energy space,
we have € = ¢, but in general this need not be the case.

One common way of describing the system-environment problems is to use density ma-
trices. Let us first ignore the division between the degrees of freedom, and simply consider a
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physical system with states |W.). If the probability of the system being in state |¥,) is w,,
the expected result of a measurement that is described by operator A is

((4)) = Z w’Y<\IJ’Y|A‘\II’Y>
v

where we introduced the notation ((A)) to denote the ensemble average. We can re-write the
ensemble average in terms of another basis |®) as

((A)) = wy D (T, @)(PIAIR") (@[ W,) = ) <Z wv(‘l’/ww><‘l’v‘q’>> (@] A]2).

Y D, P’ D, P’ y

Defining a new operator

p= Zwvl%ﬂ‘l’vl
¥
we can write the ensemble average as

((A)) =) (@'[p|®)(®A]@) = Tr(pA).
o0/

The operator p is known as a density matrix and it is quite a convenient tool in describing
coupled quantum systems.

By substituting A =1 we see that Trp = 1 which corresponds to normalization of proba-
bilities, ZV wy = 1. In the special case that one of the weights w, equals unity, meaning that
the system is known to be in a particular state, we even have Trp? = 1.7

Applying the density matrix formalism to the system-environment complex, it is most
convenient to use the direct product basis ¥,¢g, and write the density matrix as

p = waslta)lds) (sl (Yal-
.3

If we now consider a measurement that is only sensitive to the system degrees of freedom,
which are included in 1)’s, we have the ensemble average

(A)) = 30,5 was(dslés) (alAlYa) A
= S (L Was(@165) (0 [0a) 310} al)) (016") (W] Al)

= S (S sl G162) 2w e Walu)) WIAN).

Here we can identify the quantity inside the parentheses as a reduced density matrix for the
system
ps =D > wap(dlds) (¥ |va) (Palt)) (Pald) = Trep
¢ ap
which is a partial trace of the full density matrix p. The density matrix pg only depends on
the system degrees of freedom, and has matrix elements (1|pg|t)’). The system expectation
values can now be written as

((4)) = Tr(psA).

"This special situation is known as a pure state, and the more general situation is referred to as a mixed
state.
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The reduced density matrix pg is a much more convenient quantity than the full density
matrix p. The diagonal elements of the reduced density matrix are given by

Wlpslv) =D > wap(dlds) (Wla) (Walth) (@sl0) = D D wasl(dlos) > (1 [1ha)?

¢ a,beta ¢ B

which is manifestly real and positive. Physically, the diagonal matrix elements of the density
matrix given the probability of finding the system in a particular state. The off-diagonal
matrix elements of pg are, in contrast, given by sums of complex numbers. They represent
coupling, or coherence, between the different states of the system.

While the reduced density matrix is more manageable than the full density matrix in terms
of degrees of freedom, its dynamics is complicated to describe. In principle the time depen-
dence can be obtained by first considering the full density matrix p(t) = >y [V (¢))(¥(¢)| and
taking the partial trace over the environmental degrees of freedom. In practice, however, the
calculations tend to get quite complicated, and are usually carried out using the path integral
formalism of quantum field theory. Typically, however, the off-diagonal matrix elements of
the reduced density matrix decrease as a function of time, reflecting the reduction of coher-
ence due to coupling to the environmental modes, The diagonal elements remain non-zero as
required by the probability conservation Trp = 1. Hence, the diagonal elements of pg have a
simple classical interpretation as probabilities while the off-diagonal elements are inherently
quantum mechanical. The exact dynamics of the density matrix typically couples the diag-
onal and off-diagonal elements (time evolution of the diagonal elements is connected to the
off-diagonal elements and wvice versa). Often, however, one can show that the off-diagonal
elements are of lesser importance and one can express the system’s time evolution entirely
in terms of probabilities of the system being in a particular state. This description is known
as a master or rate equation, and is often used as a starting point for dynamic analyses in
the classical or semi-classical regime. We will employ the master equation formalism in the
discussion of Coulomb blockade systems in the next chapter.

Dissipation, or equilibration in general, is not straightforward to describe in quantum
mechanics. In classical physics dissipation is often accounted for by viscous damping terms
in the equations of motion along the lines

mdPe(t) = Fla(t) — 19 (t)

where the two first terms constitute the Newtonian equation of motion for a particle of mass
m in a force field that depends on the particle’s position. The second term on the right hand
side results in an acceleration that is in opposite direction as the velocity (7 > 0), in other
words, it describes dissipation. Multiplying the equation by 0.z, using F(x) = —9,V (z) and
E = (m/2)[0;z]? + V() we see that the energy of the particle decreases according to

OE(t) = —[Bra(t)]? = —%Ekm(t).

In ordinary quantum mechanical treatments the energy is an eigenvalue of the Hamilton
operator, and as long as the Hamiltonian is time independent, the energy is also time indepen-
dent: quantum mechanics cannot describe dissipation. However, even in quantum mechanics,
energy can flow between two coupled subsystems, and the energy any one subsystem need
not be conserved. Using this idea one has introduced quantum descriptions coupling the
interesting degrees of freedom (the system) to uninteresting ones (the environment), thereby
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allowing some dissipation in the system. The most common implementation of this idea is
due to Caldeira and Leggett, who described the environment as a collection of independent

harmonic oscillators, Heny({X;}) = 3272, —%;—;2 + %mw?X ]2] that are linearly coupled to
j

the system degree of freedom x by Hcoupling = 2, ) C;xX;. This method is quite general as the
spectrum of environmental frequencies {w;} and the coupling to the different environmental
modes Cj can be chosen to meet the requirement of the specific problem at hand. In partic-
ular, choosing a set of linearly spaced oscillator frequencies and coupling constants C'; that
increases linearly with the frequency w; of the environmental mode, results in the classical
viscous (ohmic) damping.®

In the usual description of condensed matter systems the starting point — the system — is
to treat electrons as a collection of independent particles and the underlying lattice as a static
structure only giving rise to a periodic potential. Within this assumption, the electrons are
described as Bloch waves with well-defined band indices and quasimomenta. This description
is only valid over time scales in which it is reasonable to neglect the coupling between the
electrons themselves (electron-electron interaction) and coupling between electrons and lattice
vibrations (electron-phonon coupling), or any other perturbation that changes the energy of
the electron. These two scattering mechanisms have been considered in great detail; however,
there is only limited consensus of what the resulting phase breaking time is: for the electron-
phonon scattering it has been shown that 7,1 ~ T? where the exponent p is either 4 (for
dirty 3-dimensional metals), 3 (clean metals), or 2 (dirty metals with some impurities that
do not vibrate together with the host lattice). Experimentally, values of p ranging from
roughly 1.4 (outside the wide theoretical range!) to about 4 have been observed. Typically,
the phase breaking time associated with electron-phonon scattering is of the order of 107! -
1077 seconds at the temperature of one kelvin depending on, e.g., the sample dimensionality
and amount of disorder.

The issue with the phase breaking time arising from electron-electron interactions is rather
similar. Theoretically, in clean 3-dimensional metals the inverse phase breaking time due to
electron-electron scattering is predicted to vary as the second power of temperature (p = 2)
while in disordered metals it is expected to obey a p = 3/2 law.® Experimentally, the first
prediction is confirmed (with the reservations at the lowest temperatures that we are soon to
discuss) while in disordered samples the data suggests p ~ 1 rather than p = 3/2. For two-
dimensional electron systems t;l is expected to vary as T2 In T at relatively high temperatures

and as TInT at low temperatures; experimentally, the data suggests AT2 + BT?/3 where the
second term arises from the scattering processes involving very small energy transfers — this
term would be absent in the expression for the energy relaxation time 7. The low-energy
processes dominate at temperatures below 1 K.

Often we talk about phase breaking length L, instead of phase breaking time. The two
are in one-to-one correspondence to each other: phase breaking time is the distance that
an electron, on the average, travels in time 74. If the system is clean, electron transport is
ballistic and we have Ly = vp7y4, while if the system is disordered, electrons are scattered by
impurities and travel in a diffusive manner, leading to Ly = /D7y where D is the diffusion
constant.

8Tt turns out that the ohmic limit is slightly pathological and a more reasonable model is obtained if the
linear increase of Cj is cut off at some high frequency wp.

9The first of these results will be derived later in the discussion on Fermi liquids and electron-electron
interactions.
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Another time describing decoherence effects is the Thouless time 71}, or the corresponding
Thouless energy Ery = h/7Th and the Thouless length L1y, = /D7ry. The Thouless energy
measures the system’s sensitivity to boundary conditions: it is the change in the energy
eigenvalue when the periodic boundary conditions ¢(x + L) = () are replaced by the
antiperiodic ones, ¥ (z + L) = —(x). If the phase of the state gets randomized between the
boundaries of the sample, or if the amplitude of the wave function vanishes on the opposite
side of the sample, the changing boundary conditions have no implications, and E1y, = 0.
Since Ery, may vary from one quantum state to another, the value that characterizes an entire
sample is obtained by averaging, and the average value can be approximately related to the
system size by the classical diffusion law E1y, = AD/L?. The Thouless energy appears in many
phase-sensitive results, for instance the magnitude of the persistent currents is proportional
toA \/QAETh where A is the typical level spacing; the conductance of a quantum wire is roughly

&

T o €l The Thouless time is not quite the same as the de-phasing time since insensitivity

to boundary conditions arises also as a consequence of strong localization.

Fact or Fiction?

As is probably evident from the above discussion, the temperature depen-
dences of the different contributions to the phase breaking time are not com-
pletely understood: the theoretical analysis is complicated by the interplay of
many physical mechanisms, and experimentally it is very hard to isolate or
even identify the different contributing scattering mechanisms.

Quite recently (1998), a group of experimentalists carried out a series of exper-
iments indicating that the phase breaking time saturates at low temperatures
as shown in Figure 1.5, instead of diverging as all theoretical analyses pre-
dict. This resulted in a heated debate where the theorists argued that the
experiments were wrong in the sense that either the electrons were heated up
by some mechanism, or that there was a scattering mechanism that was not
frozen out at the experimental temperatures (for example, magnetic impurity
scattering, or time-dependent noise that leaked into the measurement system
due to insufficient filtering). The experimentalists maintained the integrity of
their data and how it was obtained.

Subsequently, many theoretical explanations were put forward as possible ex-
planations, but most of them could be discounted on various grounds. Re-
cently, the discussion has essentially died out — the issue has become very
much of a hot potato, best not to touched — and no true consensus has been
reached. Most physicist, I believe, continue to think that the phase breaking
time increases beyond bounds as the temperature approaches absolute zero.“
Were the opposite true, this would have major consequences and invalidate
much of the theoretical foundation of condensed matter physics.

“The leading candidate for an explanation is magnetic impurities, which have been shown
to affect the low-temperature de-phasing rate even in concentration below 1 ppm, and result
in a saturation through a compensation between the electron-electron scattering and the
Kondo effect, both discussed in the next chapter.
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Figure 1.5: Temperature dependence of the electron dephasing time 74 in a number of systems
(from R. A. Webb, P. Mohanty, and E. M. Q. Jariwala, Fortschr. Phys. 46, 779 (1998)).



Chapter 2

Correlation Effects

2.1 Correlations in classical systems: Coulomb blockade

2.1.1 Double Barrier Structure: Single Electron Transistor
Qualitative discussion

How much energy is required to add one electron to an electric conductor? The precise answer
to this question depends both on the internal structure of the conductor through electron-
ion interactions, and on the presence of other metallic bodies through the creation of image
charges. For simplicity, let us ignore all complications of the first type, assume a spherical
conductor of radius R, ground all other metallic bodies, and place them infinitely far from the
conductor. The electrostatic potential of the conductor then depends on its charge through
V(Q) = %% so that the energy cost of charging up the conductor with charge @Q is

Q 2
_ g _ Q
EQ) = /0 dq47reR ~ 8meR

Writing this in the usual capacitance form Q?/(2Cy) shows that the ground capacitance of
the conductor is Cy = 4weR, which is directly proportional to the size of the conductor (for
the older generation this has no news value: in older systems of units the unit of capacitance
is centimeter).

Consider now a very small grain, connected to two external electrodes by means of tunnel
junctions, and to a third electrode by a capacitive coupling as indicated in Figure 2.1. We
will refer to the first two electrodes as source and drain, and to the last one as gate. Now the
electrostatic situation is more complicated, and we need to analyze the circuit more carefully
to determine the energy F(Q). Let us indicate the potentials on the external electrodes V;
and the capacitances between the grain and the electrodes by C; (j = s,d,g). If we denote
the image charges on the electrodes by —@Q); and on the ground plate by —Qo,' we have
Q= Qo+ Zj Qj, V =Qo/Co, and V =V, + Q;/C; where V is the potential on the grain.
By solving this system of equations we get V(Q) = [Q + Ej C;V;]/Cx, and integration yields

Q* 1 ~

_ @1 Vvi— L wo_o2- Lo
BQ) =56, CZQZJ,:CJVJ_%*E(Q R TR

n practice, “ground plate” refers to all metallic bodies other s, d, and g. They are usually far from the
grain so we can often ignore the small capacitance Co.

31
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where Cx, = Cy + > ; C; is the total capacitance between the grain and other conducting
bodies kept at constant potential, and Q =-—> y C;V;.

Cs Cy
Vs \A

T

Ve

Figure 2.1: Schematic picture of a single electron transistor (SET)

The first issue we wish to address is to determine how much the charge on the grain varies.
Let us start by considering the equilibrium case V5 = V;. The grain charge changes only if
an electron tunnels between the grain and either the source or the drain. Let us take as a
reference state a configuration where the charge on the grain is zero, so that if M electrons
of charge —e tunnel into it, the grain charge will become —Me, and the electrostatic energy
of the grain becomes E(—Me). The total change in electrostatic energy due to the tunneling
processes is

SE(M) = [E(~Me) + MeVy] — B(0) = M?e2/(2Cx) — Me[-V, — CLZQ],

where we have accounted for the change in the electrostatic energy in the source (or drain)

electrode. We can simplify the expression to get §E(M) = Ec[M — (Q§T/(—e))]? — %
where Q§f = — Ej C;V;+CxVy is an offset charge and Ec = €2/(2C%) is the charging energy.
Since § (M) has its minimum at M ~ QT /(—e), at low temperatures charge tends to flow
between the grain and the electrodes so that the grain charge becomes approximately QSH.

The fluctuations in the grain charge are given by the variance §Q? = (Q?)—(Q)?, where the
angular brackets (...) denote average over different charge states of the grain. In equilibrium
the probabilities of different charge states of the grain are proportional to e PE(M) and we
have

(@)= 2713 (~Me)e PEO
M

and
<Q2> — 71 Z(M€)2e—,36E(M)
M

where Z =), e~ BIEM) = At high temperatures the granularity of charge can be ignored and
we get by symmetry (Q) = Q§f, and from the equipartition theorem [1/(2C%)]{(Q — (Q))?) =
%k:BT or 5ng = CxkpT. At low temperatures, in contrast, the granularity of charge cannot
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be ignored, and we must do the sums numerically to obtain 5ng.2 The fluctuations are

smallest when the minimum of 6E(z) occurs at an integer value of z, and they are largest
when the minimum occurs at a half-integer value of z. In terms of the offset charge QSH these
two cases correspond to an integer and half-integer multiples of e. In Figure 2.2 we have
plotted the charge fluctuations in units of e? as a function of 3E, and QSH /e. The behavior
of the system is periodic in QSH with period e, and we only need to consider offset charges
in the range Q¢ €] — e/2,¢/2].> The essential physics behind the fluctuation results is now
easy to understand: the tunneling electrons try to screen out the offset charge the best they
can; for QSH = 0 the screening is optimal if no extra electrons tunnel to or from the grain,
whereas for QSH = ¢/2 perfect screening is not possible due to charge granularity, and the
optimal solution is to have the number of extra electrons fluctuate equally between 0 and 1
so that the grain is charge neutral in the average.

. 0.
variance

Figure 2.2: Fluctuations of the grain charge as a function of temperature and the offset charge.

So far we have considered the equilibrium case with Vy = Vj;, and we have found that the
amplitude of charge fluctuations in the grain depend on Sﬂ and therefore on V;. The charge
fluctuations do not result in a net current through the grain since charges are equally likely
to enter and exit the grain through either source or drain junction. Let us now introduce a
small source-drain voltage V4 such that V, = V;+4 V4. The structure is no longer symmetric,
and there is a net current flowing from source to drain through the grain. The amount of this
current is determined by the amount of asymmetry, i.e. by Vg4, and by the ease with which
charge in the grain can fluctuate, which is related to (5ng.

For simplicity, let us first consider the zero temperature case so that at Vg = 0 charge
fluctuations are completely suppressed except if Qgﬁ is a half-integer multiple of e. Then
charge can only flow through the grain if each step in the current-carrying process reduces
the total electrostatic energy — that is, if it is profitable from an energy point of view for an
electron to jump into the grain from one either the source or drain, and then continue to the
other electrode. Thus, charge can only flow through the system if (now we denote the electric

2Actually, the sums can be related to the Jacobi elliptic theta function of the third type,
93[iBE(QST /(—e)),e P and its derivatives, see e.g. 1. S. Gradshteyn and I. M. Ryzhik, Table of Inte-
grals, Series, And Products, (Academic, Orlando, 1980).

3The offset charge Q§T need not be an integer multiple of e since it depends on the continuously varying
voltages Vi, Vg, and V.
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charge of the tunneling particle by ¢ rather than —e)
1 1
VO + SVedl > B(Q+q) — B(Q) > a[V® — SV

where V) = (V, + V;)/2. For a symmetric structure with Cy = Cy we get that charge can
only flow if

eff
Vil > 20210

Hence, if QSH vanishes, current can only flow if Vy; > eCy, which is the effect known as
Coulomb blockade: at low source drain voltages the charging energy cost blocks current flow
through the grain; at a finite temperature thermal fluctuations smoothen out the blockade
and some current can flow even at smaller voltages.* Since the offset charge can be controlled
with Vj, the current blockade may be lifted if V; is adjusted so that QSH is a half-integer
multiple of e. This can be used to construct a switch in which the source-drain current is
controlled by the gate voltage. The switch is known as the single electron transistor since its
operation is based on changing QSH by less than the charge of a single electron.

We made two implicit assumptions in the above analysis: we assumed that the number of
electrons in the grain was an integer, and we ignored any charge redistribution effects. The
former assumption is justified if the grain is sufficiently well isolated from its surroundings
so that quantum fluctuations do not destroy charge quantization. We may estimate the
typical time scale of charge variations using classical circuit theory and an equivalent circuit
for the double barrier structure (Figure 2.3) where we have included the resistances of the
tunnel barriers. A net charge @ on the grain relaxes towards zero exponentially as Q(t) =
Q(0)e  (FetC3) wwhere Ox, = Cs + Cyq+ C,y and Reg = Ry | Ry = RsRa/(Rs + Ry) is the total
resistance between the grain and ground. Hence, the relevant time scale for charge variations
is the RC-time 7rc = RegCy. The quantum mechanical lifetime of a spontaneous charge
fluctuation is 7¢ = h/E(e) = 2Cxh/e?. If this time is much shorter than the time needed to
create a charge variation on the grain, 79 < Trc or, equivalently, Reg > h/ e2, spontaneous
charge fluctuations are greatly suppressed, and the assumption of integer charge on the grain
is justified.

Our other implicit assumption, ignoring charge redistribution effects within the grain, is
valid if we only consider frequencies that are much lower than the frequency of charge motion
inside the grain, that is, plasma frequency. In the case of a three-dimensional grain this
condition is not particularly restrictive since 3D plasma frequency is very high, approximately
1THz. In 2D the situation is somewhat more difficult since the plasma frequency for two-
dimensional charge oscillations depends on the wavelength, but plasma frequencies in two-
dimensional grains that are small enough to exhibit Coulomb blockade are also in the terahertz
range.

Apart from these approximations charging phenomena are very robust. Since Coulomb
blockade is effectively a classical phenomenon, its existence does not depend on subtleties like
phase coherence. In is also quite insensitive to impurities — they may affect the precise gate
voltage values at which a transmission resonance occurs, but they do not change the spacing
of the resonance peaks. Consequently, Coulomb blockade structures are quite attractive

4The characteristic temperature scale T¢, which is given by kpTc ~ %, increases with decreasing de-
vice size, implying that practical Coulomb blockade devices must be quite small. Using the spherical grain
approximation and relative dielectric constant ¢, &~ 10 we have T¢ ~ l”TmK .
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Figure 2.3: Equivalent circuit for a double barrier structure. The gate resistance R, is usually
much larger than the two other tunnel resistances and therefore we can set R, = oo.

from an application point of view, and indeed some applications based on them are already
approaching commercialization. The major difficulty is the fabrication of sufficiently small
structures that can operate at practical temperatures (77K or higher).

Quantitative analysis

A more complete description of Coulomb blockade phenomena can be obtained from a master
(or rate) equation which describes how the probability P(N,t) of finding net charge —Ne on
the grain evolves with time. The charge on the grain may change by tunneling across either
junction, which leads to the set of equations

PED = DJAES (N - DJP(N - 1,t) — T,[AE; (N)]P(N,1)
+ TLAE; (N +1)]P(N + 1,t) — T4,[AES (N)]P(N,t) 2.1)
+ d[AE;(N )JP(N —1,t) — T4[AE] (N)]P(N,t) ’
+ T4[AE; (N +1)]P(N + 1,t) — T4[AE] (N)|P(N, 1)

where AET(N) is the energy change due to an additional electron entering the grain across
the left junction if the grain initially has net charge —Ne, AE; () is the energy change due
an electron leaving the grain across the left junction, and AE;‘E(N ) are the corresponding
energy changes associated with tunneling events across the right junction. These energy
changes are determined by electrostatic energies; for example, for a symmetric structure with
Vg = —Vs and Cy = C5 we get

e2 Cg
AE(N) = 202[(N+1) N2]—(CZV Vo).

If the gate capacitance is much larger than the junction capacitances, this is approximately
AES(N)~ (N + 3)& —e(Vy = Vi)

The coefficients I'(AE) give the tunneling rates across the barriers, and are determined
by barrier properties and energy considerations. Probably the simplest way to obtain them
is to assume that (i) density of states is constant on both sides of the junction,® (ii) tunneling

5Constant density of states is an approximation that can be satisfied only if the spacing between different
energy levels is much small than the other relevant energy scales kT and |eViql.
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matrix element is the same for each tunneling process regardless of the quantum mechanical
states involved in the process, (iii) all dissipative mechanisms can be ignored so that energy
is conserved in each tunneling process, and (iv) chemical potentials between the two sides of
the junction differ by Apu. Using these assumptions, the tunneling rate I' is proportional to
[T denp(e — p— Ap)[1 — np(e — p)] where np(e) is the Fermi function and the two factors
give the proportions of full and empty states on the two sides of the barrier, respectively.
Changing integration variable to z = (<=1 yields I'(Ap) = AAp/(1 — e P24 where A is a
proportionality constant. The constant A can be determined by calculating the current across
the junction, which is on one hand given by —e[l'(Au) —T'(—Ap)] = —eAApu, but on the other
hand it is also given by U/Rp where U = Ap/(—e) and Ry is the tunneling resistance. This
yields A = 1/(e?Rr) and hence I'(Ap) = ﬁl_ﬁ%. The chemical potential difference Ap
can also be viewed as a energy difference AE between the states of the system before and
after a tunneling event, so that I'(AFE) = 62}% 1_?_%. Note that the 7" = 0 limit of these
tunneling rates is particularly simple: I'(AE) = ©(AE) EQARET,
the system would increase as a result of a tunneling process.

Most of the time we are interested in the steady state behavior of the device so that
P (N) = 0. In this case the master equation reduces to a matrix equation the solution of which
yields the steady state probabilities P(/N). As an example of the master equation approach
we now apply (2.1) to a symmetric structure Ry = Ry, Cs = Cy, and Vs = —V; = Vy/2,
and determine the steady state probabilities P(/V) and the current through the structure as
a function of the source-drain voltage.

which vanishes if the energy of

Grain spectrum
— E(1009)
- E(IOOS)x
/ — E(1007)
E(Ny) 1 /77 E®s -1
Hy — E(1006) /
EN-D— — ——

E(1005)

E(Ns)

Figure 2.4: Definition of the continuous parameters N; and Ngy. In this particular case,
Ng =~ 1007.5 and Ny ~ 1006.5, which implies that in steady state (7" = 0) only the probabil-
ities P(1006) and P(1007) are non-zero. The arrows indicate possible transitions involving
configurations with the indicated number of electrons in the grain before the transition.

For simplicity we start with the zero temperature case and set V,; = 0. It is useful to define
continuous parameters Ny and Ny such that ps + E(Ns — 1) = E(Ns) and similarly for Ny.
Hence, electrons can enter the grain with N electrons from lead § (6 = s,d) if N5y —1 > N,
and they can leave the grain with N electrons by tunneling into lead § if N > Ny, see Figure
2.4. For concreteness, let us assume that the polarity of the applied voltage is such that
ts > g and hence Ny > N;. We can distinguish three different ranges of grain charge N:
(i) N > Ng — 1: all rates for tunneling into the grain are zero, (ii) Ny > N: all rates for
tunneling out of the grain are zero, and (iii) net charges not covered by cases (i) or (ii): at
least some in-tunneling and out-tunneling rates are nonzero. The states corresponding to
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cases (i) and (ii) can occur in steady state only if they can be reached from some state with
lower (case (i)) or higher (case (ii)) charge N, consequently, P(N) must vanish for N > N
and for Ng—1 > N. Let us now define Ny = [Ny] and m = [Ng] — [Ny] where [z] is the largest
integer not larger than x. Physically, Ny corresponds the smallest number of electrons the
grain may contain in steady state, and Ng+m corresponds to the largest number of electrons
in the grain in steady state, i.e., P(Ny + «) is non-zero only for « = 0,...,m. At T = 0 the
tunneling rates are given by I'T (N) = RSICE pos(Ng =N —1) and I' (V) = %Czpos(N —Ng),
where pos(x) = xO(x) is x if = is positive and zero otherwise.

We can now solve the master equation recursively starting from « = 0 and obtain

PN()—I-O[ H No—]—l F(NS—No)F(No—Nd—I—l)
No—Nd+j+1 (NS—No—a)F(No—Nd-l-l-f—Oé)

where I'(z) is the gamma function and we used z = I'(z + 1)/I'(z). For small voltages we
have [Ng] = [Ny4], all rates are zero, hence only P(Ny) is non-zero (P(Ng) = 1), and the
current vanishes. The current can only start to flow when [Ng] — [Ng] = 1, which is exactly
the condition we obtained earlier with a simple energetics argument. For large voltages
|Vs — V4| the width of the allowed charge interval, m, is large, and we can approximate the
distribution P(IN) by a Gaussian — note, for example, that if Ny and N, are integers, the
distribution is binomial, which may be approximated by a Gaussian for large m. We write
P(N) x e Y =N)? which has its maximum for N = N. We can determine N by symmetry:
the only a-dependent terms are the two I'-functions in the denominator, and their product is
minimized if the arguments of the functions are equal, which yields N = %. The width
of the distribution we obtain by writing P(Ny + «) x exp[—InT'(Ng — Ny — a) — InT'(Ng —
Ny + 1+ )] and expanding the exponent to second order in « near Ng+ o = N. This yields
vy=1q (%) where 9(z) is the logarithmic derivative of the I'-function, ¢(2) = 4 InT'(z).
For large voltages, i.e. for large (Ny — Ng), we may approximate I'(z) ~ e*("#~1) (Stirling’s
formula) so that 1(z) =~ In(z) and ¢'(z) ~ 1/z, for details see e.g. 1. S. Gradshteyn and
I. M. Ryzhik, Table of Integrals, Series, And Products, (Academic, Orlando, 1980). Hence,
we have

P(N) =~ 1 e 1N-N)?

vy

where N = % and v = Ns+Nd’ and the prefactor was determined by normalization.
Thus, the probability P(N) is largest for those charge states N which are strongly coupled to
both leads, and decreases to zero near the edges of the allowed interval — roughly speaking,
states with large N are rapidly emptied into the right lead but only slowly replenished from
the left lead, while the opposite is true for states with small N. In the middle of the allowed
range tunneling-in and tunneling-out are equally fast.

Inserting this into the expression for the current at the left junction I = ) ﬁbz(N s —
N —1)P(N) yields

e Ng—Ng;—1 1 e 1 e
I = = — VS —_— = ‘/; - .
R,Cs, 2 R, ( 202> 2R, ( d Cg)

Thus, the large-voltage IV-curve has the same slope as the I[V-curve in the absence of Coulomb
blockade, but it is shifted to larger voltages by amount e/Cy = 2E¢/e.
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The finite temperature case is harder to analyze except in the limit Ec > kpT > |eVyy|
when at most two charge states are occupied with significant probability. The resulting two-
state system can be solved straightforwardly to obtain

[— ABAE sinh[$ B(AEs—AEy)]
- eRs  cosh[1B(AE.+AEg)|—cosh[ B(AE.—AEy)]

X

1
AE; coth[1 BAE]+AE, coth[ BAE,]

where AE; = E(N —1) — E(N) + eVs and AE; = E(N — 1) — E(N) — eV;. The differential
conductance G(V') = % at zero bias is now

1 BAE

GVer = 0) = 2 Sk (GAE)

(2.2)

— B(N-1)— - _ 1 BelVeVy™)
where AE = E(N—1)—E(N). As afunction of gate voltage we have G(Vy) = 17 Smnlge(v, V)

where Vg(N) is the gate voltage value for which E(N) = E(N—1). The differential conductance
at zero applied bias voltage is plotted in Figure 2.5.

GR,

0.3

0.25

0.2 r

0.1

0.05

0 L L L
-10 5 0 5 10
e(Vg- Va")/ (kgD

Figure 2.5: Differential conductance at zero bias voltage as a function of the gate voltage.
The full width at half maximum is AV, ~ 4.35552%,

Hence, the zero bias conductance exhibits a series of peaks and valleys as the gate voltage
is varied, corresponding to different values of N. All peaks have the same, temperature
independent height ﬁ which is exactly half of the large voltage conductance, whereas the
peak widths are linearly proportional to temperature 7. The peak width is directly related
to the number of single particle states that contribute to G, which increases as T', but since
the total conductance of the peak is constant, the contribution from each single particle state
decreases with increasing temperature as T~!. This behavior can be verified experimentally in
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semiconducting quantum dots, where the density of states is very small so that D(ep)kpT < 1
and the number of contributing single particle states does not increase smoothly with 7. In
this case the T-dependence of the conductance peaks follows the T'~!-law as has been seen
experimentally.

In the appendix A we discuss the role if the electromagnetic environment on Coulomb
blockade. It is clear from the beginning that the electromagnetic environment — that is, the
impedance of the equipment connected to the tunnel junctions — plays an important role in
CB structures: we have thus far considered blockade in a system with two junctions and con-
cluded that the resistivities must exceed the quantum resistance for the blockade to appear.
In the appendix we analyze a more general case where a single junction is connected to an
impedance Z(w), and we will find that a conventional blockade emerges if the low-frequency
impedance exceeds 26 k{2, while for lower impedances the low-frequency current follows a
power law I ~ V1T where a ~ Z(0)/26k). The importance of this result will become more
clear in the section on Luttinger liquids, where we discuss another origin of power laws in
conductance. Experimentally, it can be quite difficult to infer the origin of this type of simple
behavior that can be attributed to different physical reasons.

Home problem 2: Coulomb staircase

Consider a strongly asymmetric double barrier structure such
that Rp > R; meaning that the central grain is much more
strongly coupled to the left lead. A voltage Vi is applied to the
left lead and voltage Vg = —V[, is applied to the right lead. Both
leads are assumed to be internally in equilibrium at all times. For
simplicity, consider the zero temperature limit only.

1. Without doing any calculations but simply relying on physical
argumentation, determine qualitatively the N-dependence of
P(N;Vyp).

2. Using the master equation (2.1) show that your result in part
1 is correct.

3. Using the result of part 2, show that the current-voltage
characteristics of this asymmetric structure are step-like, i.e. the
current is nearly constant for a range of voltages Vi, and then
increases steeply to new plateau. What is the step height AI?
What is the physical reason for the current steps?

2.2 Correlations in quantum matter

The electron-electron interaction has also more subtle effects than those describable within
the capacitance approach used in the discussion of the Coulomb blockade. Interactions be-
tween charge carriers result in correlations in particle motion, i.e. the motion of one particle
affects that of another one. For the mesoscopic phenomena discussed in Chapter 1 these cor-
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relation effects are of little qualitative importance, and, if at all necessary, can be accounted
for by adjusting the phase breaking time (see the discussion in Sec. 1.2). The fact that we
can "absorb” the effect of the electron interaction by simply renormalizing a parameter may
appear rather surprising. In fact, this state of affair is quite common for interacting fermions,
and applies to a variety of systems, spanning very different energy and length scales: Con-
duction electrons in ordinary metals and semiconductors, liquid He?, the interior of neutron
stars, nuclear matter, and quark-gluon plasmas all belong to this class. To a first (and often
very good!) approximation, properties of these systems can be obtained by simply treating
the fermions as independent particles with adjusted, or renormalized parameters. In the ele-
mentary text book treatment of conduction electrons in metals one does not even bother to
carry out this renormalization (c.f. Sommerfeld’s independent electron model), and still the
theory gets most of the physics right.

How can such a simple-minded approach possibly work? To answer this question, one
must include the electron-electron interaction (or, in a more general setting, the interaction
among whatever fermions that make up the system) and study its effect (or "non-effect”!)
on the physics. There are many ways of doing this, the (historically) most important being
perturbation theory. Other approaches include wvariational calculations and renormalization
group methods. The picture that emerges from all these different methods may be interpreted
within Landau Fermi liquid theory, one of the high points of theoretical physics from the last
century (Lev Landau, 1956). Landau’s theory explains why the independent electron approx-
imation works so well in many condensed matter applications (like the study of electronic
properties of mesoscopic systems or bulk metals). Equally important, the theory points to
its own demise for electrons that organize to form collective phases of matter: Already the
same year as Landau worked out his theory, Leon Cooper pointed out that a weak attractive
interaction among electrons in a metal — mediated by phonons — would cause an ”instabil-
ity” of the electron liquid, leading to superconductivity. This phase of electronic quantum
matter cannot be described by Landau Fermi liquid theory but requires a very different type
of theory. Since the late 70s an increasing number of condensed matter systems have been
discovered which do not conform to Fermi liquid theory. Examples include fractional quantum
Hall systems, high-temperature superconductors and other complex oxides, ”heavy fermion”
materials, quasi-one-dimensional organic conductors and carbon nanotubes, trapped ultra
cold Fermi gases, and a rapidly growing number of specially designed semiconductor-based
nanoscale devices. Our theoretical understanding of these systems remain scattered and in-
complete. Despite a concerted effort by many researchers, real progress is coming only slow
and piecewise. In most cases we understand why Landau Fermi liquid theory fails, but there
is yet no consensus that the proposed alternative theories properly ”do the job” 6. In other
cases the very breakdown of Fermi liquid theory remains somewhat of a mystery. A case in
point is the so called ”optimally doped” metallic phase of the Cu-O based high-temperature
superconductors where every experimentally measured non-equilibrium property (resistivity,
Raman scattering, nuclear relaxation rate,...) is in conflict with the Fermi liquid picture of
how a metal should behave. A recent count estimates that more than 10° scientific articles
have been published about this problem since the discovery of the high-temperature super-
conductors in 1987. Yet, there is no consensus about what mechanism is responsible for their

5There is one striking exception to this statement: The theory of the fractional quantum Hall effect (FQHE)
pioneered by Robert Laughlin. For his achievement, Laughlin shared the 1998 Nobel Prize in Physics with
Horst Stérmer and Daniel Tsui, the two experimentalists who discovered the effect. More about this fascinating
physics in the next chapter!
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violation of ”text-book” Fermi liquid physics.

The importance and depth of the problems involved — their common denominator being
the presence of strong correlations — has turned the field of strongly correlated quantum mat-
ter into one of the most active in Physics today. The impetus is two-fold: On the practical
side, the high sensitivity of many correlated-electron materials to changes in external param-
eters holds promise for the development of new technologies (sensors, elements for control
and diagnostics,...), while in other applications this same property may interfere with desired
device operation, in particular at the nano or mesoscopic scale. Either way, it is crucial to de-
velop the theoretical tools required for an understanding of the underlying physics. At a more
”fundamental” level, the very existence of strongly correlated quantum matter raises difficult
conceptual questions about how to understand the emergence of the defining properties at
the mesoscopic or macroscopic scale from those at the atomic level.

The problem is hard on two counts. First, given a model of a many-particle system where
interaction and correlation effects are built in from ”scratch” (and not simply added as a
perturbation) we lack the conceptual, mathematical, and computational tools to efficiently
carry out a reliable analysis, except in a few fortuitous circumstances.” Secondly, materials
that exhibit effects from strong electron correlations — such as metallic oxides, intermetal-
lic compounds, or organic conductors — often have a complex structure that is difficult to
characterize in detail. Also, the typical hypersensitivity of these materials to atomic im-
perfections and sample preparation methods make experiments hard to reproduce. All is
not gloom, however. Progress in nanotechnology has made possible the manufacturing of
nanoscale structures that show strong correlation effects, and which are much easier to con-
trol experimentally than ”traditional” bulk materials. An important example is the Kondo
effect in quantum dots, where high-precision measurements have allowed tests of theory at
an unprecedented level. Another example is the Mott transition in ultra-cold fermionic gases
trapped in one-dimensional optical lattices. The study of these and related phenomena —
to be discussed in Sec. III — has opened up a vista on problems that for a long time were
considered to be out-of-reach for experiments. Indeed, the study of correlation effects in
nanoscale structures has boomed in the last few years, both in experiment and theory. There
is a perception among many researchers that this is the "way to go” to make progress on
the notoriously difficult problem of strongly correlated quantum matter. Yet, many ques-
tions remain unanswered, and new questions — specific to the nano- or mesoscale — have
appeared. One such very basic question is how to understand the interplay between coher-
ence and correlation effects. In the single-particle picture of mesoscopic physics each electron
— or quasiparticle, to use the language of Landau Fermi liquid theory — is associated with a
wave function that carries a phase that is well-defined on time scales shorter than the phase
breaking time. This leads to all kinds of strange and beautiful coherence phenomena, some
of which have been discussed in the previous chapter. If interactions among electrons become
more pronounced, as a result of changing temperature, magnetic field, or some other exper-
imental parameter, the single-particle physics may break down and give way to a strongly
correlated system where the electrons organize into collective states. Given this, how do we
account for coherence effects at the nanoscale? Are they lost, or do they reappear at the
new collective level? This is a difficult and fascinating question that defines much of current

"The theory of the FQHE, mentioned in the previous footnote, is one example. Another class of problems
where there has been substantial theoretical progress are those that can be reduced to a one-dimensional
geometry for which there exist a number of powerful analytical and computational techniques (Bethe Ansatz,
Density Matrix Renormalization Group,...). More about that in Sec III.
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research in the field. We shall touch on it as we go along, but an answer must await progress
in experiments as well as in theory.

The rest of the chapter is organized as follows: In section 2.2.1 we give a pedestrian view of
perturbation theory applied to interacting electrons. This section serves a two-fold purpose:
First, to introduce some standard concepts and methods from many-particle physics (second
quantization, Feynman diagrams, ...), and secondly, to provide a "microscopic” underpinning
of Fermi liquid theory. This theory is the topic of Sec 2.2.2. After a general introduction we
look at a few simple applications of Landau’s theory to liquid *He, and then discuss how to
extend it to electrons in metals. Most of the material follows Landau’s original approach, but
we shall also look at the more ”modern” view of a Fermi liquid as a fixed point theory under the
renormalization group. Sec 2.2.3 deals with failures of Fermi liquid theory, taking us into the
exotic and sometimes bewildering realm of non-Fermi liquid physics. We shall here focus on
one particular paradigm for thinking about non-Fermi liquids, that of quantum criticality, and
briefly discuss its application to heavy fermion materials. In Sec 2.2.4 finally, we give a fairly
detailed exposition of another paradigm that replaces that of Landau’s whenever electrons
are confined to one dimension (as in quantum wires or in carbon nanotubes): the Luttinger
liquid. This section also contains an introduction to the powerful method of bosonization.

2.2.1 Interacting electrons: perturbative approach

As our case study, let us take a metal and write down its Hamiltonian H:

H = Hel + Hz'on + Hel—ion + Hel—imp (23)
where
Hep = Ho+ Hint (2.4)
H;,, = Hiomk:in + Hzocm—ion + thonon (25)
Hel—ion = Hgl—ion + Hel—phonon (26)
(2.7)

The term H,; represents the part of H that contains only the conduction electrons: Hj is
the kinetic part, while H;,; is the Coulomb interaction among the conduction electrons. H oy,
in turn is the part that contains only the ions that make up the crystal lattice. Hjop gin is
the kinetic energy of the ions, H?m_im describes the interaction between the ions in their
equilibrium positions, and Hpponon is the correction to this interaction from vibrations of the
ions around their equilibrium positions. Hg_;., in turn controls the interaction between the
conduction electrons and the ions, with the term H Sl_z- on Tepresenting the interaction with the
ions in their equilibrium positions, and He;—phonon the electron-phonon term that encodes the
effect of the lattice vibrations on the conduction electrons. Finally, H¢_ iy is an interaction
between conduction electrons and impurities or lattice defects.

Elementary text books in condensed matter physics start with
0 p; 1
Ho + Hel—ion = z]: % + 5 Z; ‘/el—ion("’j - Ré), (28)
]7

where the index j labels the electron momenta p; and coordinates r;, with £ labeling the
ions with coordinates Ry. Vg_;on is the electron-ion potential. Assuming that the lattice
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is periodic, one shows that the effect of the potential term can be encoded by replacing
the free electron wave functions (plane waves) by Bloch wave functions. One then adds
the electron-impurity term Hg;_;p,, and studies its effect on the Bloch electrons, most often
using a relaxation time approximation. Finally, one cranks up the temperature, and includes
also the electron-phonon term He_phonon- (Nota bene: The Hamiltonian knows nothing
about temperature. It is only the effect of the electron-phonon term H¢j—phonon that becomes
important at finite temperature, and therefore has to be included.) But what about the
Coulomb interaction H;,; among the conduction electrons? In fact, it is usually neglected!
Since all interaction terms in the Hamiltonian in (2.3) are of the same order of magnitude, all
being Coulomb interactions, it is a priori not obvious that this approach should work. That
a separation between electron-electron and electron-ion interactions makes sense is another
matter: The motions of the ions are slow while the electrons move fast, hence the two dynamics
are effectively decoupled (Born-Oppenheimer approzimation). But how can one exclude the
electron-electron interaction all together? Here we ”turn the table” and focus on the electron
Hamiltonian

, p2 1 e2
= L H.. 2.9
el i 2me + 871'60 ; "f’i — ’f’j| + Hy ( )

To satisfy the condition of charge neutrality, we have included the lattice ions as a fixed
uniform positive charge background, representing it by the ion self-energy term H,.® Smear-
ing out the ion charge uniformly over space and decoupling it from the conduction electrons
means that we neglect the presence of the crystal lattice and its effect on the electrons. In
particular, it means that we forsake the possibility to have a nontrivial band structure or,
for that matter, an interaction between electrons and phonons, or between electrons and
whatever defects or impurities are embedded in the lattice. It also means that we take the
electron coordinates as continuum variables. The continuum limit approximation introduces
some formal problems, which, however, can rather easily be taken care of. The neglect of
band structure and interactions with phonons or impurities may appear as a more serious
distortion of the facts. However, as long as we are only interested in the qualitative aspects
of the electron-electron interaction, the omission of the lattice is legitimate.? The model in
Eq. (2.9) goes under many names: The jellium model, the interacting electron gas, or, maybe
most appropriate — considering the high density of conduction electrons in a metal — the
electron liquid.

To make progress we shall carry out second quantization of H; in (2.9). (See Appendix
3.1.1 for details.) As a first step we pick a single-particle basis with states|\) = |k, o)), with
k) [0)] the single-particle momentum [spin] in the state with label A. Evaluating the matrix
elements

2 2
p p

A) = O = E\Oyv 2.10
2m6| ) D O AOAN (2.10)

oy

8As a reminder of having added H, to He; in Eq. (2.3) we have put a prime on H,;.

9This is actually a bit optimistic. There exist a number of situations where lattice and impurity effects
feed back dramatically on the electron-electron interaction. A case in point is the nesting of the square
Fermi surface for electrons hopping on a two-dimensional lattice. ”Nesting” means that one section of the
Fermi surface can be connected to another section via a constant vector. This feature results in a strong
enhancement of interaction effects. Nested Fermi surfaces have been invoked by some theorists trying to
explain the strange metallic behavior of complex oxides, like the high-temperature superconductors. We shall
come back to the concept of nesting when discussing singular scattering of electrons in one dimension.
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¢ Vi — ) = C s b =Vibyd (2.11)
4:7760 /.L |'f‘ _ T,| lu’ - 47'('60]{73 OO/ O'HG'MI —_— vYoNO U/»‘«UH” .
with k, = |k,| = |k)x — kx| = |ky — k,|, and following the second-quantization manual in

the Appendix, we obtain:

1
ol = Z EACKC)\ + ) Z VVCK—VCL"FI/CIUIC)\ + Hy. (2.12)
A Apv

Here, and in what follows, we use the short-hand notation A —v = (k) —k,,0)) and p+v =
(ky + ky,0,), exploiting the fact that the Coulomb interaction, with momentum transfer
indexed by v, is spin independent.

The second-quantized form of H), in Eq. (2.12) allows us to write down a perturbative
expansion of the groundstate energy E on compact form:

nt|4) (i Hint|0)
E; — Ey

0|H; .
E = (0[Hy|0) + (0| Hint|0) + Z ol + higher order terms + H;  (2.13)

with Hy =), EAc;cA and H;,; = (1/2) Z)\W Vyc;_ycjﬁycucx, and where

|0) = H c;%\vacuunﬂ (2.14)

k<kp
is the groundstate of the non-interacting theory H.!’ The first-order term, (0|H;,|0), is a
sum over matrix elements (0|Vyci\_ycl 4,Cuc|0). It is convenient to represent these matrix
elements by Feynman diagrams (see Appendix C). The basic diagram for a first-order process
is depicted in Fig. 2.6.

Figure 2.6: Feynman diagram representing the matrix element (out|Vyc;_VcL L CuCAliny).

Since | in) =| out) =| 0) (using the notation from the Appendix) we have to identify
incoming and outgoing electron lines. There are two way of doing this, corresponding to the
Feynman diagrams in Figs. 2.7 and 2.8 (b), respectively.

10Tp the electron liquid model employed here, the dispersion relation is spherically symmetric, implying that
the ground state|0) in D=3 is a filled Fermi sphere, with the Fermi surface the surface of the sphere. (In D=2
[D=1] the ”Fermi sphere” is a filled disc [line].) Taking the lattice into account implies the possibility of a
nontrivial bandstructure, with a Fermi surface that may take on a complex shape. The best available methods
to obtain the groundstate|0) in the presence of the lattice are those method based on density functional theory
(pioneered by Walter Kohn who was awarded the 1998 Nobel Prize in Chemistry for his contribution).
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Figure 2.7: Feynman diagram for the matrix element <0|Voc;clcuc>\|0>.

u

Figure 2.8: Feynman diagram for the matrix element (0|V)_ uchI\c“cﬂO).

The diagram in Fig. 2.7 is obtained by taking A = A—v and 4 = p—v, implying that v = 0.
Anticommuting c) through ¢, and CL and carrying out the sum in Hj,;, it immediately follows
that the diagram in Fig. 2.7 contributes a term to the groundstate energy that is i¢dentical to

the Hartree term in mean field theory:
Vo
FEartree = o Z AT - (2.15)
Ap

Here n) and n, are the groundstate densities of electrons with quantum numbers A and
i, respectively. In the thermodynamic limit (i.e. with a very large number of conduction
electrons) one can show that the Hartree term in Eq. (2.15) cancels the ion self-energy term
H . This simplifying feature is special to the electron liquid, and does not hold on a lattice,
where the electrons see a non-uniform background of ions.

Turning to the diagram in Fig. 2.8, we have again identified |in) and |out) states, now by
taking A = p + v, implying that ¥ = A — . By again anticommuting the electron operators
in H;,; and performing the sum over A and p one obtains the contribution:

Vi
Eexchange = - § 5 un)\n,uécucrw (2.16)
Ap

i.e. the well known Hartree-Fock exchange term from mean-field theory (for a review, see the
Appendix).

Summarizing, we have obtained the satisfying result that lowest-order perturbation theory
for the electron liquid exactly reproduces mean-field theory. Strengthened by this success, let
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us next tackle the second-order term in the perturbative expansion in Eq. (2.13):

S (O|Hint|?) (i| Hint |0)
1 E;—Ey

<0|CA w AH-:/CMCA' i)(i |C M’CL’+V’C 1¢xr10)

=312 e VoV I (2.17)
= const. x Z fd3k: BPly pr o X [

In the third line we have replaced the sums over v and v’ by integrals, and used that V,, ~ 1/ k‘,%
The "[... ... |7 is shorthand for ”everything else” (which, at this point of our analysis, is not
important). To find out about possible constraints on the integration variables k, and k,/ in
(2.17), we again pass to diagrammatic language. From the Appendix, we know that the basic
second-order Feynman diagram can be drawn as in Fig. 2.9.

Vo
A’ I ! I I
A=V W4V } W
Vyr
Figure 2.10: Feynman  diagram  representing the  second-order  process
<0’V—I//CT)\/CL/C)\/—I//CM/'FV/ ‘Z> <i’VV/ CI\/_,,/CL/_i_V/C)\/Cu/ |0>

Identifying incoming and outgoing states, |in) = |out) = |0), produces two new diagrams,
one of which is depicted in Fig. 2.10. This particular diagram is obtained from that in Fig.
2.9, by taking N = X — v/ —v and ¢/ = ¢/ + v/ + v, implying that v = —1/, i.e. k, = —k,.
Carrying out the integrations we thus obtain the second-order contribution

const. X Z/d?’k d3

The divergence in (2.18) is bad news. What to do?

) (ky 4+ ky) X [..n)] = 0. (2.18)
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The standard route is to resort to perturbative quantum field theory which provides
a machinery to re-sum the perturbation series and obtain a finite answer. Infinite pieces
of various sums and integrals (like that coming from the second-order contribution in Eq.
(2.18) are isolated and made to cancel each other. For the electron liquid this feat was first
achieved by Gell-Mann and Briickner in 1957, building on earlier work by Bohm and Pines.
The particular calculational strategy taken by Gell-Mann and Briickner is known as the
"random phase approximation” (RPA), and becomes exact in the limit of an infinite density
of electrons. Unfortunately, its exposition goes beyond the present course.!! Here we shall
instead ”simulate” the result of the RPA calculation by using a few tricks and shortcuts (and
sticking with ordinary quantum mechanics).

By inspection of (2.18) it is clear that the heart of the problem is that we have a long-range
Coulomb interaction, falling off as 1/r, with r the distance between two electrons:

ik-r
N/er d?’r:i—gﬁooas|k]—>0. (2.19)
To cure the problem we ”regulate” the theory (as it is called in technical jargon). That is,
we remove the zero mode k = 0, ”cutting oftf” the tail of the Coulomb interaction at large
distances. This takes care of the divergence of the second-order term in (2.18). However, the
full perturbation series still diverges since the second- and higher-order terms can be made
arbitrarily large. So we need at least one more trick: We split the Coulomb interaction in two
parts; one that acts over short distances only (k > k.), and one that acts over long distances
(k < k¢).'2 The short-range part roughly falls off as an exponentially screened (Yakawa)
potential, while for sufficiently large values of k. the long-range part varies very slowly in
space. This last property can be taken advantage of. Describing the effect of the long-range
Coulomb interaction by a time-dependent electric field E, we write:

0A 0A
E:—E—v;Vk<kc(|ri_rj|)%_E’ (2.20)

)
i#]

where in the last term we have dropped the gradient contribution, exploiting the fact that
Vie<k.(r) varies slowly in space. Writing the vector potential A and the field E as Fourier
series,

1

A(r) = mzk:kaexp(ik.r), (2.21)
E(r) = —— 3 kPeexp(ik 1), (2.22)

vV VGO L

HThe RPA calculation is a main staple of any Ph.D. level course in many-particle physics, but requires
an extensive grounding in quantum field theory techniques and Feynman diagrammatics. The notion of
”random phase approximation” comes from the neglect of certain terms in the perturbative expansion that
carry randomly varying phases. Physically, the approximation is equivalent to neglecting the coupling between
density fluctuations of different wave vectors. The RPA has been widely used in condensed matter and nuclear
physics.

12WWhat is a ”short distance” depends on the choice of k.. One can show that a good choice is to take
ke =~ wp/vr, where vp is the Fermi speed and w, the ”plasma frequency”, to be defined below. For our
qualitative discussion here, however, we may keep k. as an arbitrary parameter.
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we can take the canonically conjugate variables @ and P, = 0Qy /0t as collective coordinates
that describe the effect of the long-range Coulomb interaction of the electrons.'® To see how
this procedure simplifies the problem, let us go back to first-quantized language and express
the Coulomb interaction H;,; between the electrons as a Fourier series (with the zero mode
subtracted):

’ (ik - (ri — 7))
T R

i,] 0<k<kc k>kc
i#]

_ e? exp(ik - (r; — 7,
- 2Ve Z Z + Z k2 s 2V60 Z k2

ig \O<k<ke k>kc k0
= Hyp<k, + Hpsp, — 2Ve Z =k (2.23)
k0

Quantizing A and E, i.e. taking [Q k’?Pk] = ihék/ L We then replace Hyr, by an integral
over the effective electric field E,

Hycr, = %0 / dBrE? (2.24)

and absorb the vector potential A into the kinetic term of H.; by minimal coupling

p;, > pP;+ eA. (225)
We can then write H,; = Hy + H;y; as
2
1
H, =~ ZZ—me p; + \/_Zk:lexpzk ;)
7 k<kec
exp| zk — 7]
LYY >
2V60 7 oh, 2V60 prs k
1 [ /
s 3 k.kpkpk,/drexp[ (k+K)-7] (2.26)
O0<k<kc
0<k! <ke

It is maybe not obvious that we have gained much by this detour. With a few more ma-
nipulations, however, we will easily be able to read off the physics! First, recall that p;
and r; are canonically conjugate variables, i.e. [riq,pjg] = 1hd;j0ag, with o,8 = z,y,z2.
This implies that p;exp(ik - r;) + exp(ik - r;)p; = 2p,; exp(ik - r;) — hkexp(ik - 7;). Intro-
ducing the ("plasma frequency”) parameter w} = ne?/mey with n = N/V, and using that
[ expli(k + k') -r]dr = V5(k + k'), it is then straightforward to mold Eq. (2.27) on the form

explik - TZ —r;]  ne? 1
e Y 9 2

,J k>ke k#0

Hel ~

13 A quick recipe for showing that Qi and Py are canonically conjugate: Write a Hamiltonian H ~ S d*rE?,
insert the Fourier series for E from Eq. (2.21), differentiate with respect to Py, and use Hamilton’s equation
OH/OP; = 0Qy/0t.
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1 N 9 ne?
0<k<ke
hk:
k‘Qk — ) exp(ik - ;)

AV VGO k; Z 2

> QuQuk-ED expli(k+ k) ). (2.27)
QVGOme 0<k,k <ke i
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We have here used that Q_, = —Qj and P, = —P”,, as follows by choosing a real-valued
vector potential A. The first three terms in (2.27) are written solely in ”electron variables”
(p;,Ti), and hence describe electrons interacting via a short-range (screened) two-body po-
tential. The fourth term describes collective modes, with variables (Qg, P;). The fifth term
is an interaction between the screened electrons and the collective modes, while the sixth
term, finally, corresponds to interactions among the collective modes themselves. The latter
are called (or plasmons [?quantized plasma oscillations”]). Their origin can be visualized by
imagining that we insert a test electron into the electron liquid. This electron pushes on the
surrounding electrons, which overshoot and relax, and as the effect propagates through the
liquid, a collective charge oscillation (of frequency w,) is created.

To continue the analysis, one writes H; in (2.27) on second-quantized form, performs a
canonical transformation, and then analyzes the resulting Hamiltonian perturbatively. We
shall not carry out this program, which — although straightforward — is calculationally some-
what cumbersome. The outcome of the analysis is that the electron-plasmon interaction in
the fifth term of (2.27) can be largely eliminated by a renormalization of the electron mass,
m — m*. Similarly, most of the plasmon- plasmon interaction (sixth term in (2.27)) is ab-
sorbed by a renormalization of the plasmon frequency w,. The picture that emerges is that the
strongly interacting particles in the electron liquid can be described as a collection of weakly
interacting quasiparticles (electrons with renormalized masses and interacting only over short
distances via a screened potential) and plasmons (quantized collective charge oscillations).
As it turns out, the picture can be made sharper and its origin shown to be deeper and more
ubiquitous than what our perturbative sketch may suggest. To see how, we turn to Landau
Fermi liquid theory.

'JH']

Figure 2.11: Plasmon mode and particle-hole excitation continuum (hatched area) of an
electron liquid (d = 3).
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2.2.2 Fermi liquid theory

In the previous section we saw how the electron liquid may be described as a system of weakly
interacting elementary excitations. These came in two brands: Quasiparticles (screened elec-
trons with renormalized masses) and collective excitations (plasmons with renormalized fre-
quencies). This structure of excitations is not unique to the electron liquid, but applies to all
known normal Fermi liquids. Roughly speaking, a "normal Fermi liquid” is a quantum liquid
of fermions with no broken symmetries (that is, the groundstate of the liquid respects all the
symmetries of the Hamiltonian), and with the fermions interacting via a repulsive potential
that does not cause singular scattering (i.e. all scattering amplitudes remain finite).!* At
temperatures below the degeneracy temperature T'r the available phase space for scattering of
the fermions becomes highly restricted, making possible a description of the quantum liquid
in terms of a dilute collection of weakly interacting elementary excitations. This was the great
insight of Lev Landau in 1956. Landau developed the theory for explaining the properties
of liquid 3He (the simplest known Fermi liquid), but soon thereafter people realized that the
theory is more general, and can be applied also, for example, to the electron liquid.

Landau’s original approach was phenomenological. He started with some general as-
sumptions, considering only macrosocopic phenomena where momenta and frequencies of the
experimental probes (particles, fields,...) are much smaller than the Fermi momentum and
energy of the system under study. Landau then showed that the response to these probes can
be obtained by considering a collection of effectively noninteracting fermionic quasiparticles
and collective excitations (oscillatory modes of the Fermi surface) with properties encoded by
a set of parameters (effective mass, effective frequencies, and Landau parameters) that can
be determined from a few experiments. Given this, the theory then gains predictive power.
The results of Landau’s theory (and also some of his assumptions!) were subsequently de-
rived ”microscopically” (that is, starting from a microscopic Hamiltonian) using perturbative
quantum field theory (Pitaevskii 1959, Luttinger and Nozieres 1962,...).

In what follows we shall basically follow Landau. As his formulation has a certain ”airy”
quality, it is easy to get misled and believe that the theory is maybe not all that useful.
This is wrong! Landau’s theory is deep and subtle, it has made unexpected predictions, and,
most importantly, it serves as a conceptual pinnacle for thinking about a variety of condensed
matter problems. As the reader will realize when starting applying it (even at the mundane
level of homework problems), there are quite a few surprises in store! A modern and elegant
perspective on the theory from the vantage point of the renormalization group has been given
by Shankar. Quoting Shankar: ”For many readers of Landau’s work there was an element of
mystery surrounding some of the manipulations. This had to be so, since Landau substituted
forty years of subsequent developments with his remarkable intuition.” This comment will be
appreciated as we continue.

Basics

As a starter, we recall that the ground state of a system of non-interacting fermions is char-
acterized by the fact that all single particle energy levels below the Fermi energy are occupied
and all states above the Fermi level are empty. Hence, the occupation probability in ground

MThis is a textbook statement that is somewhat oversimplified. There are other mechanisms besides broken
symmetries and singular scattering that may invalidate the use of Fermi liquid theory. Some of them are fairly
well understood today, like the presence of certain types of fermion-impurity interactions. Others remain to
be clarified. We shall return to this issue in section 2.2.3.
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state is ng(p) = O(u — €(p)). All excited states correspond to different occupation probabili-
ties n(p) = no(p)+0n(p), where the deviation from the ground state is given to an eigenstate
of the Hamiltonian, then the distribution function changes with time, and after some decay
time 7 the deviation from ground state differs significantly from the initial one dn(p,t = 0).

The simplest candidate for an excitation is a single particle excitation with either dn(p) =
+1 for some p such that e¢(p) > p or on(p) = —1 for some p such that ¢(p) < p. This type
of excitation is an exact eigenstate of the Hamiltonian if the system is non-interacting and,
following Landau, we propose that it may even be a good approximate eigenstate of an inter-
acting Hamiltonian. A heuristic argument proceeds via a ” Gedanken Experiment”: Starting
with the non-interacting system, let us imagine that we ”"turn on” the interaction very slowly,
so slow that the system has time to adjust itself, with the original noninteracting eigenstates
smoothly turning into new states of the interacting system. With a 1-to-1 correspondence
between non-interacting fermion states and states of the interacting system, we can use the
same quantum numbers to label the new states and also the same Fermi distribution. This
latter feature is supported by a rigorous theorem proven by Luttinger (1961): ”The Fermi
surface of an interacting system encloses the same volume as a corresponding non-interacting
system with the same particle density.” In the case of an interacting system the ground
state may differ from that of a non-interacting system and the dispersion relation €(p) may
be modified by interactions, so it is not quite appropriate to call these excitations simply
particles and holes, instead, the terms quasiparticle and quasihole are used. A quasiparti-
cle state can be pictured ”perturbatively” as in Fig. (2.12) where a fermion added to some
single-particle state |k) causes other fermions to be excited out of the Fermi sphere (because
of the interaction between particles). If the resulting state — which is a superposition of
many different single-particle states — can be labelled by the momentum k of the ”original”
single-particle state (as ascertained by Landau!), we may treat it as being effectively occupied
by some particle, and this is what we call the quasiparticle.

i

\.\ interactions
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Figure 2.12: Illustration of a perturbative expansion of the change of a single-particle state
of an added fermion due to interactions with fermions in the Fermi sphere.

This type of excitation is a good approximation to the eigenstate of the Hamiltonian
provided that the state does not decay too fast (in case the Gedanken Experiment above
would not make any sense: the new states would decay before we have had time to switch on
the full interaction!). The decay is due to interactions between quasiparticles — hence, we
can determine the plausibility of Landau’s quasiparticle picture by calculating the scattering
rate between elementary excitations.

Let us calculate the decay rate for a quasiparticle with momentum p; in a d-dimensional
system. The state of the system can change if a quasiparticle with momentum p; scatters of
another quasiparticle with momentum ps and after the scattering event the two quasiparticles
move with momenta p3 and p4. If the number of excitations is small, the state po is only
occupied if ps < pg, and the states ps and p4 are available to be scattered into if pg > pr and
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Figure 2.13: (a) Fermi surface, a quasiparticle, and a quasihole. (b) Collective excitation.

p4 > pr as shown in Figure 2.14. Hence, taking into both momentum and energy conservation
as well as an interaction strength which depends on the momentum exchange we obtain

I(p1) o / (dp2) / (dp3) / (dp1)O(pr — 2)O(ps — pr)O(ps — pr)
[V (Ip1 — p3))|?0(p1 + P2 — P3 — P4)d(e(p1) + €(p2) — €(p3) — e(p4))

p2

dy. . L . .
= L Assuming a parabolic dispersion €(p) = - and using the two conserva-

- eme
tion laws we can write ©(ps — pr) = O(p? + p3 — p3 — pQF) and simplify the argument of the
é-function so that we get

where (dp;)

dpa pd !

v/2p%—p? pF
/ 40, / d|V (|p1 — ps|)|?0(2p1 - P2 — 2p3 - pa)

dps pd~!

pE /D3 +p3—p%
e | /

where €); denotes the direction angles of p;. Hence, if p1 2 ppr, both py and p3 lie in the

d—1 o, ,2(d=1)

vicinity of the Fermi surface, and we can take (pap3) Pp outside as a constant factor

to obtain
( ) DF J /P +p5 -t p
I'(p1) / p2/ p3
\/2p%—p? PF
/ng/ng‘V(QpF Sin(@lg))’2(5(2p1 ‘P2 — 2p3 . p4).

Since the lengths of all the four momenta are nearly equal, the d-function forces the angle
between p3 and p4 to be nearly the same as the angle between p; and ps. In general, this
angular correlation is uninteresting, and we get

I'(p1) « (p1 — pr)? o |e(p1) — pl*.

Hence, the scattering phase space is greatly reduced near the Fermi surface, and quasipar-
ticles are indeed good approximations for low-energy excited states. At a positive temperature
the distribution functions are smoothened and we obtain I'(p1) oc max[(kgT)?, |e(p1) — u/|?.
This means that near the Fermi level quasiparticles behave essentially as free particles, and a
perturbative treatment of interactions may well succeed. Whether or not perturbation theory
actually does yield reliable results must be investigated more carefully using renormalization
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Figure 2.14: Scattering of quasiparticles near the Fermi level.

group (RG) techniques, but at least we can be initially somewhat optimistic. However, after
a second thought one realizes that there is an obvious loophole in the preceding analysis: If
P, = —Ppy then p; = —p, can take any value, and we are no longer assured that the quasipar-
ticles essentially behave as free particles near the Fermi surface. Do the quasiparticles take
advantage of this possibility so as to invalidate the Fermi liquid picture? An RG analysis
shows that they don’t as long as the interaction is repulsive. However, for a weak attractive
interaction they do, and this leads to a superfluid state (superconductivity, in the case of
electrons).

The above analysis also breaks down in one dimension. In one dimension, it is not possible
for the angle Z(ps, p4) to be “nearly the same as” as the angle Z(pj, p2): all angles are either
0 or 7. In general, for a nonlinear dispersion relation ¢(p) the only possible scattering events
in one dimension are (p1,p2) — (p1,P2) or (p1,pP2) — (p2,p1). Therefore, we cannot argue
that the interaction strength is effectively reduced near Fermi level, and the validity of a
perturbative approach in one dimension cannot be ascertained with phase space arguments.
We shall look closer at the one-dimensional case in Sec. 2.2.4.

Ordinary Fermi liquids have also other types of excitations in addition to the quasiparticles
discussed above. These collective excitations correspond to different deformations on(p), and
can be visualized as breathing modes of ng(p). The simplest of these modes, the isotropic
breathing on(p) = f(p), corresponds to changing the particle density, and can therefore only
occur if it has a spatial dependence on(r,p) = f(r, p) such that the total number of particles
in the system remains constant (i.e. [ [ d?rd®pén(r,p) = 0). In charged systems (like in the
electron liquid) this density oscillation corresponds to a plasmon (c.f. the previous section),
and has a dispersion relation w(q) ~ ¢®~%/2 as can be seen by dimensional analysis (w? ~
(1/m)(e? /4me)pq®). For a neutral Fermi liquid such as liquid *He the isotropic breathing
mode is known as zero sound and has a linear dispersion relation w = vgq. Note that in one
dimension even the plasmon dispersion relation is linear, w(q) = v,q. These types of collective
excitations exist even in one-dimensional conductors as we will see in the next sections.

Applications

In this section we shall look at a few applications, mostly so as to get aquainted with the
spirit of Landau’s theory. To keep things simple we assume that we are dealing with liquid
3He: an isotropic translationally invariant neutral Fermi liquid wih short-range repulsive
("hard-core”) interactions between the particles. At the end of the section we will discuss
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Figure 2.15: Distribution functions for the groundstate (no(p)), an excited state with an
added quasiparticle at p = p’ (n(p)), and the corresponding single quasi-particle excitation

on(p) = d(p —p').

what complications arise when applying the theory to conduction electrons in a metal or a
semiconductor.

Let us start by considering the simplest type of elementary excitation in liquid *He; a
single-particle excitation obtained by adding an extra atom to the liquid. This process is
depicted in Fig. 2.15, with no(p) [n(p)] the Fermi-Dirac distribution in the groundstate
[excited state].

Note that this innocent-looking figure rests on the strong assumption that the states of the
interacting fermion system are distributed in the same way as those of a non-interacting Fermi
gas (for which, by definition, a Fermi-Dirac distribution applies). Introducing the notation
E [E] for the energy of the groundstate [excited state], and F' = E — uN [Fy = Ey — uNp] the
corresponding free energies at zero temperature (where p = ep = 0Ey/ON is the chemical
potential of the groundstate), Landau proposed the following expansion of F' — F:

F—Fy=Y (clp) — p)on(p) + % > fp.p)on(p)on(p) + O(9n° (p)). (2.28)
P Py

The first term in (2.28) describes propagating free quasiparticles with kinetic energy e(p) =
0E/on(p), where §E = E — Ey and dn(p) = n(p) —no(p). The second term in (2.28) encodes
the leading contribution to the interaction between quasiparticles, with interaction energy
f(p,p') = 8?E/én(p)é(p’). It is important to realize that on the order of the free energy F
both €, — 1 and dn,, are infinitesimal, ~ §, and the first and second term are of the same order
of magnitude (assuming that f(p,p’) ~ O(1)). Next, it is useful to define a renormalized
single quasi-particle energy é(p) that includes the lowest-order effect of the interaction,

“(p) = e(p) + X 1 i), (229)

and a quasiparticle effective mass m*,

L _vp _ |Vpe(p)|
T = = —|p=pr (2.30)
m pr PF
with vy = Vpe(pp) the group velocity at the Fermi surface. To include spin in the formalism
one endows the interaction energy with spin indices: f,(p,p’), where for liquid *He, 0,0’ =
+1/2 are the projections of the nuclear spins on some chosen quantization axis. In the absence

of a magnetic field the theory is invariant under time-reversal invariance which implies that

foo (0. D') = f-6—'(—D, —D'). (2.31)
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Reflection invariance of the spherical Fermi surface in turn implies that

faa/ (p,p,) = fa,o/(_pa _p,) = f—a,—o/ (p7 p/), (232)

and it follows that f,./(p,p’) can only depend on the relative spin orientation, oo’ = +1/4.
We can thus write

foor (D, D) = f(p, D) + 400’ o(p, D). (2.33)

At the low energies at which we are working |p| & |p’| = pr, and the pair of momenta (p, p’)
can be specified by their relative polar angle ¥ (taking advantage of the spherical symmetry
of the Fermi surface which makes the value of the azimuthal angle immaterial). It follows
that f,o(p,p’) in (2.33) can be expressed as

Joo (p7 p/) = f(ﬁ) + 40-0-/90(19)

[e.e]

= Y (fi+400" 1) Py (cos ) (2:34)
L=0

where in the second line we have expanded the functions f(¥) and ¢(¢)) in Legendre poly-
nomials Pr(cosd). In simple applications, as for liquid *He, fo > fi > fo > .. and
wo > Y1 > @9 > ..., and one may truncate the theory to contain only a small number
of parameters. This yields a ”"good” phenomenological theory that is well prescribed by fit-
ting these Landau parameters to known experimental data. Given this, the theory can then
be used to make predictions of new experiments.

To illustrate the theory, let us sketch how to calculate the specific heat and the com-
pressibility of a Fermi liquid. These are both observables that measure the response of the
system to a weak perturbation at equilibrium, and can be obtained by studying properties of
the quasiparticles only. Other observables, like the intriguing ”zero sound” of liquid *He, or
spin density waves, are instead determined by the collective modes, which, roughly speaking,
correspond to oscillations of the Fermi surface. However, we shall not make an endeavor on
this here.

Specific heat (T — 0 limit)

The specific heat per unit volume is defined by ¢y = T'(0s/0T)y where

—kp
§ = ——

[n6(P) In(ng(p)) + (1 = 15 (p) In(1 = ng(p))] (2.35)
po

is the entropy per unit volume. Note that the expression in (2.35) is identical to that for an
ideal Fermi gas: the entropy only depends on the combinatorics of states, and since — by
assumption — the states in the Fermi liquid are in one-to-one correspondence with those in
the Fermi gas, the combinatorics is the same. Inserting

1
" 1+ exp[(e(p) — 1) /kpT]

into (2.35), with €(p) the renormalized quasiparticle energy from Eq. (2.29), and replacing
the sum over n(p) by an integral, one obtains

1o (p) (2.36)

2
T
s = ?g(,u)k%T + ... (2.37)
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Here ”..."” indicates higher-order terms which are irrelevant in the 7' — 0 limit, and g(u) is
the density of states at the Fermi surface,

o) = 3 o(elp) — ) = "8 (238)
p

(which is the same as for a Fermi gas, but with m — m*). Differentiating (2.37) with respect
to T one obtains

m*pp

3h

The linear temperature dependence of the specific heat is one of the hallmarks of a Fermi
liquid. Note in particular that the quasiparticle effective mass can be directly obtained by
measuring the specific heat of the Fermi liquid. A simple physical explanation of the linearity
is that only those fermions that are within kT of the Fermi energy (hence, a fraction of
kpT/ep of all fermions) are affected by temperature, and their energies change roughly by
kgT due to thermal excitations, so that the energy change is proportional to 72 and the
specific heat to the derivative of this, 7.e. to T'. The fermionicity of this argument lies of
course in the first part.

k5T, (2.39)

Cy =~

Compressibility

As a further illustration, let us calculate the compressibility x of a Fermi liquid, related

to the speed of sound ¢ by
1
A =—) (2.40)
Kmp
where p is the particle density. To set the stage, we first recall the definition of a pressure.

At zero temperature,
OE)

P = Y —f(p) + p0f(p)op, (2.41)
with f(p) = Ep/V the energy density. The inverse compressibility 1/x is then given by
1 oP 0% f
1o y9h_ po 2.42
- v o (2.42)

where the second identity follows from Eq. (2.41). The chemical potential g = OEy/ON can
be written as

of
= - 2.43
and combined with Eq. (2.42) this yields that
1 ou
~ = Nolgyv- (2.44)

Thus, to obtain the compressibility we must find out how the number of particles N changes
as we change the chemical potential u. Let us first ask a different question: ”How does the
renormalized quasiparticle energy change if we change the chemical potential by an amount
du?”  On the Fermi surface its change is clearly equal to du, but it is still instructive to
track down its two distinct contributions: One comes from the change of momenta of the
quasiparticles,

de(1y = Vpe(p) - dpp = vpdpr, (2.45)
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the other from a change dn(p) in the number of other quasiparticles:

dey =Y f(p,p')on(p"). (2.46)

Adding Eqgs. (2.45) and (2.46), dividing by du = de(q) + de(), and using that

on(p) = —8560(;5) 8;(;)) dpr = 0(e(p) — p)vpdpr, (2.47)

we obtain an equation for dpp/du telling us how the Fermi surface changes as the chemical
potential changes:

m + zp; f(p,p)(epr — p)vy o L. (2.48)

How does this help us to obtain dN/du? Well, from (2.47) we learn that
= Z n(p Z d(e 1) vpdpr, (2.49)
b

implying that
d
§ 5(e(p) — )[vp 5 ) (2.50)
m

The expression within the square bracket in (2.50) is most easily obtained from (2.48) by
replacing the sum by an integral, Zp — 27 [ p? sin¥dpdd. Inserting the spin index on
f(p,p’) and summing over it, and using the expansion in Eq. (2.34) for f,,(p,p’), we find
that

dpp 1
= = 2.51
U T 1T Ry (2.51)

where
F = ZZ/ (fr + 400’ o) Pr(cos¥) sin 9dv
o' L=0
hS

LA 252

Combining Eqgs. (2.40), (2.42), and (2.50) - (2.52), we can finally write a closed expression

for the sound velocity c: N
2

c () (1+ Fp). (2.53)

We have gone to some length in deriving the result in Eq. (2.53), for two reasons. First, it

well illustrates how the interaction among quasiparticles gets encoded by a Landau parameter,

Fy, on top of the mass renormalization m — m*. Also, the result in Eq. (2.53) is instructive

as it reveals a potential ”instability” of the Fermi liquid: A value of Fy < —1 results in an

unphysical imaginary sound velocity, implying that F; — —1 signals a transition to a new

phase of matter that cannot be described as a Fermi liquid. Whereas this particular instability
never happens, other do as we shall see below.
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The approach used to derive the sound velocity in Eq. (2.53) can easily be adapted to
obtain other thermodynamic (equilibrium) properties, such as the magnetic susceptibility x
of a Fermi liquid,

5
1+ ZO’
where Zy = g(u)po. As Zy — —1, the susceptibility diverges, signaling a transition to a
ferromagnetic state. This instability also does not happen for liquid 3He, but it may occur in
the electron liquid — or to be more precise — for electrons in metals. More generally one can
show that whenever

X = g(n) (2.54)

Fr, <—2L+1)and/or Z;, < —(2L+1), (2.55)

Landau Fermi liquid theory breaks down. The only experimentally identified case of such
a Landau-Pomeranchuk instability is the transition to a ferromagnetic state, signalled by a
divergence of x in Eq. (2.54), with Zy — —1.

At this point, let us briefly comment upon the description of the non-equilibrium properties
of a Fermi liquid. Restricting ourselves to the case where the system is close to equilibrium,
the dynamics gets governed by a Boltzmann equation for the local quasiparticle distribution
np(r,t). One finds that in addition to excited single quasiparticles, also collective modes —
corresponding to oscillations of the Fermi surface — may now be excited. A case in point
are the plasmons of the electron liquid (cf. Sec 2.2.1). Another famous example is the zero
sound mode of liquid 3He. At small frequencies w and quasiparticle collision times 7, wr < 1,
sound in a Fermi liquid behaves as ordinary hydrodynamic (”first”) sound, with the velocity
parameterized as in Eq. (2.53). As the temperature is lowered, however, we know that the
average quasiparticle scattering time increases as 72, and this eventually leads to a situation
where w7 > 1. The quasiparticles then no longer have time to relax during one period of the
sound wave, and one would have guessed that the excess quasiparticles in a region of space
caused by a compression would simply diffuse away, and no sound would propagate. However,
Landau noted that if there are quasiparticle interactions, a local change of the density may still
drive a change in the neighboring density, thus setting up a sound-like longitudinal collective
mode of the liquid, known as zero sound.®

What about electrons in metals? Like 3He atoms in the liquid phase these also form a
Fermi liquid, but there are some complications. First, the electrons are charged and experience
a long-ranged Coulomb interaction. This can be taken care of in exact analogy with our
perturbative approach in the previous section where we split the quasiparticle interaction
in a long-range Coulombic part plus a short-range part. The fact that the electrons are
charged, however, implies that spin and spatial degrees of freedom get coupled via a spin-
orbit interaction ~ gupo - (v x E), with E the electric field from surrounding electrons (and
ions), and where gupo is the effective electron magnetic moment. As a consequence, the
spin- and spatial rotational symmetries are no longer independent, in contrast to *He. For
most metals the spin-orbit interaction is weak and can be included as a perturbation, with the
Fermi liquid serving as an unperturbed ”reference system”. However, for a strong spin-orbit
interaction the applicability of Fermi liquid theory becomes doubtful.

The lattice of ions in which the electrons move not only contributes to the spin-orbit
interaction, but also breaks the translational and rotational space symmetries by introducing a
band structure. Moreover, the lattice produces additional interactions with phonons, and also

15The first measurements of zero sound in pure liquid 3He were carried out by Abel, Anderson, and Wheatley
in 1966, showing excellent agreement with Landau Fermi liquid theory
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with whatever defects and impurities that are embedded in the lattice. Starting with the band
structure, this can easily be taken care of when the Fermi surface remains almost spherical, as
is the case for e.g. the alkali metals. Roughly speaking, the role of the Landau quasiparticle is
now taken by a ”quasi-Bloch electron”, with an effective mass that encodes both the presence
of the lattice and the electron-electron interaction. The case of non-spherical Fermi surfaces
is more tricky, in particular when the bands are narrow, with a multiband structure. This
typically leads to a strong renormalization of the effective mass and /or the Landau parameters,
and in addition may require that other types of parameters are introduced. The details of
the problem then become intractable within a Landau Fermi liquid description, although the
theory may still be used to conceptualize the basic physics. The strong renormalization can be
understood qualitatively as coming from a change of the density of states induced by the bands
tructure, leading to an enhanced quasiparticle interaction. In some cases this may cause an
instability at a critical temperature or pressure, resulting in a transition to a new phase (such
as an itinerant ferromagnet or a Mott insulator). As to the effect of interactions with phonons,
these may be absorbed by a renormalization of the effective mass if the electron frequencies
are smaller than the phonon Debye frequency. (In the opposite limit the electron ”shakes off”
the cloud of phonons and no mass renormalization is required.) However, at low temperatures
the phonons may mediate an attractive interaction between quasiparticles, leading to a BCS
(or Cooper) instability where the metal turns into a superconductor. Again, this phase cannot
be described by Fermi liquid theory. Considering finally the interactions with impurities and
defects, their effect have to be carefully analyzed on a case-to-case basis. Dilute concentrations
of local potential scatterers are usually harmless for the applicability of Fermi liquid theory.
In contrast, a dense array of magnetic moments that interact dynamically with the electrons
(a Kondo lattice) may lead to a breakdown of Landau’s theory. Let us here stress that all of
the above applies to conduction electrons moving in a three- (or two-dimensional) lattice. As
we shall see in Sec. 2.2.4, in one dimension Fermi liquid theory breaks down for any fermionic
system, be it conduction electrons in a semiconducting quantum wire, electrons in a metallic
carbon nanotube, or a cold fermionic gas trapped in a one-dimensional optical lattice.

Home problem 3: Compressibility of a Fermi liquid

Try to fill out the gaps and holes in the somewhat sketchy
derivation of the compressibility of a Fermi liquid as given above.
In particular, give a careful argument for Eq. (2.47), and tighten
the link to the final result in Eq. (2.53).

2.2.3 Non-Fermi liquids: Broken symmetries, quantum criticality, disor-
der, and all that...

See A. J. Schoefield, Non-Fermi Liquids, Contemporary Physics 40, 95 (1999).
http://fy.chalmers.se/ tfkhj/QuantumMatter /Schoefield.pdf

2.2.4 The Importance of Dimensionality: Luttinger liquid

In Section 2.2.2 we sketched an argument suggesting that Fermi liquid theory breaks down
in one spatial (1D) dimension. It is instructive to look a bit closer at what goes wrong. For
that purpose, let us consider a gas of free fermions under the influence of a weak potential
¢(r). The rearrangement of the fermion density due to the potential can be described by an
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induced fermion density p(r). Going over to Fourier transforms we have the relation

p(k) = x(k)o(k), (2.56)

where (k) is the free-particle response function. The Danish physicist Jens Lindhard derived
an expression for this function, which is therefore called the Lindhard function:

B dk' f(k') — f(K' + k)
W0 = | G B (250

Here f(k) is the Fermi distribution, e(k) is the energy of a fermion, and d denotes the
dimension. We shall not attempt to rederive this function but only note that the integrand in
Eq. (2.57) tells us that (at T = 0) the dominant response comes from fermions weakly excited
out of the Fermi sea, giving rise to low-energy particle-hole pairs, in agreement with intuition.
The response function can be calculated and plotted in one, two, and three dimensions. One
finds that the 1D curve diverges at k = 2kp, while in 2D (3D) the curves have a cusp (a
logarithmic divergent derivative) at this wave vector. This has implications for the response
of a free fermion gas to a potential. For example, if we consider the potential coming from
ions on a lattice, phonons will couple to the electrons leading to a lattice instability in 1D
(the Peierls instability), while in 2D and 3D the electron-phonon coupling results in a Kohn
anomaly in the phonon dispersion curve.

The potential ¢(k) does not necessarily originate from an applied field or the ions on a
lattice. Much more important for our discussion is that it can be effectively induced by the
other fermions in the gas if these are interacting. Let us assume that we move one of the
fermions a small distance. If the system consists of non-interacting fermions nothing will
happen, but if we consider a system with interacting fermions this displacement will change
the potential felt by the other fermions and they will adjust according to Eq. (2.56). These
adjustments will in turn lead to a new induced potential, leading to new rearrangements. In
higher dimensions these adjustments will be damped since the response functions are finite
and the system will return to its initial state. This is equivalent to the statement that
quasiparticles have finite lifetime. In 1D, in contrast, the original disturbance will not be
damped but turn into something new that cannot be described by Fermi liquid theory.

The hypothesis of the one-to-one correspondence between eigenstates in a degenerate
Fermi gas and the quasiparticle states of a Fermi liquid is represented by the requirement of
a nonsingular ”adiabatic switching on” of the interaction. The instability in the 1D Fermi
gas described above will thus ruin Landau’s fundamental hypothesis: Turning on interactions
among fermions in 1D will not create quasiparticles, at least not of the Fermi liquid brand.
The origin of the singular response function is the topology of the 1D Fermi surface, as we shall
see now. As we have already noted, the main contribution to the integral in Eq. (2.57) comes
from particle- hole excitations where the particle and the hole have almost the same energy,
causing the denominator of the integrand to almost vanish. Given that the Fermi surface
in 1D consists of two distinct points £k one immediately realizes that such particle-hole
pairs are connected by a momentum difference Ak = 2kp. In two and three dimensions the
measure keeps the integral finite while this is not the case in 1D; thus a singularity appears.

The non-existence of Landau quasiparticles in 1D is thus entirely due to the structure of the
particle-hole pair spectrum, dictated by the topology of the 1D Fermi surface. The particle-
hole spectrum is easily constructed from that of the free Fermi gas single-particle spectrum and
is depicted in Fig. (2.16). The characteristic feature of the particle-hole spectrum prohibiting
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the creation of quasiparticles is the empty region between kK = 0 and k = £2kp. As we
have discussed, a quasiparticle can be visualized as an electron with a cloud of low-energy
excitations around it, and, since these low-energy particle-hole excitations are very rare in
1D (occurring only on lines through k = 0,42k), quasiparticles are not easily formed. This
is to be contrasted to the situation in three dimensions, with a broad band of low-energy
particle-hole excitations (see Fig. (2.11)).

Figure 2.16: Particle-hole pair spectrum in 1D.

A final word before we go on. Interacting fermions, of course, exist also in one dimen-
sion, but they cannot form quasiparticles, and these interacting fermions must therefore be
described using another theory than Landau Fermi liquid theory. The basis of such a theory,
replacing that of a Fermi liquid, is the Luttinger liquid where, as we shall see, interactions are
included from the very beginning. To set up this theory we shall use the second quantized
formalism that is reviewed in the Appendix C.

Let us start by considering a non-interacting system of fermions on a 1D lattice with lattice
constant a. The dispersion relation is given by e(k) = —2tcos(ka) where t is the hopping
matrix element between adjacent lattice sites. This dispersion relation is rather cumbersome
to deal with, but as long as we are interested in low energy properties only, we can linearize
(k) near the Fermi energy Ep as shown in Figure 2.17. Since there are two Fermi points +kp,
we get two linear branches so that one has % > 0 corresponding to right-moving particles
and the other has % < 0 corresponding to left-moving particles. Although the linearization
is a good approximation of the dispersion relation only in the vicinity of the Fermi points,
we use the linear dispersion relations for all K — as long as we are only interested in the
low-energy excitations this extension of the approximation has no physical consequences, but
mathematically it turns out to be very convenient. The resulting Hamiltonian with two linear
branches is given by

Ho=vey [(kz —kp)el e+ (k- kF)cT_Mc_,k,s] (2.58)
k,s

where the operator ¢, j, s annihilates a left- or right-moving fermion (corresponding to r = £)
with momentum k and spin s. The Hamiltonian H is known as the Luttinger model for
non-interacting fermions; later we will see how we can include interactions in the model as
well.

The analysis of Hy is greatly simplified by introducing the so-called partial densities p+ 5(¢)
for left-movers and right-movers,

P+,s(q) = ch,k+q,sc+,k,s
k
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g(k)

’-’ branch +’ branch

-7 -T2 0 2 ]

Figure 2.17: Dispersion relation for non-interacting fermions on a lattice, and the linearized
approximation for e(k) ~ Ep. In the plot Er = 0 corresponding to a half-filled band.

p-s(@) = Doy

k

In the following we will need the commutation relations between p, s(¢), and it turns out that
most of them vanish; the only potentially complicated ones are

[or.s(=4), pr,s(q)]

—g(cJr Crro.sC Crprs — € Crer s Crk.s)

- rk—q,s Tk sCr k4 q, s K s rk'+q,s Tk 85 k—q,sCr.k,s
kK

_ T T T

- ( _Cr,k—q,scr,k’—i-q,scﬁk,scﬁklvs + c,n,k_qyscr,k’,s(sk,k’—i-q
kK

T i i
+cr,k’+q,scr,k—q,sc7ﬁk',Scﬁk,s - cr,k’—i—q,scﬁk,s)(sk—%k')

I
-7~

T T
(Cr,k—q,scrvk_fbs - Cr,k,scﬁkﬁ)

[nr,S(k —q) — nr,S(k)]

where we used the fermionic anticommutation relations {cl ks Crr it s} = OO 105 1f the
sum over k extended only over a finite range, the last expression would yield zero. Now,
however, we have extended the branches '+’ and ’—’ for all k, and we have to be more careful.
Let us therefore assume that all states with 7k < ko are occupied (i.e. n4 s(k) =1 for k < ko
and n_ (k) =1 for k > —ko), and carefully cancel out the (infinite) contributions from states
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that are assumed to be fully occupied. Then the last expression is

Z(nr,S(k —q) — nr,S(k))
k

- Z ny.s(k —q) + Z 1] - Z”ns(k)""zl

r(k—q)>ko rk<ko+rq rk>ko rk<ko
S DGR SN EN D DR S
rk>ko rk>ko rk<ko+rq rk<ko
L
= rq—.
q27r

Note that this result is independent of kg, and we can safely take k) — —oo which amounts
to assuming that states which are infinitely far below the Fermi level are fully occupied.!® In
conclusion, we have

qL
[ors(=): pr,51 ()] = bprr Gt aqrr (2.59)
Comparing with the usual commutation relations for bosons, [b, bT] = 1, we see that!'? for

g > 0 the partial densities p4 s(—¢) and p_ 4(q) correspond to boson destruction operators
and p4 5(q) and p_ s(—q) to boson creation operators. This is not all that surprising since
pr,s(q) are constructed from products of two fermion operators.

The usefulness of the partial densities becomes apparent once we evaluate the commutators
between them and the Hamiltonian:

[Ho, pr,s(q)]
— § : T i i T
= UF (Tk - kF)[Cr,k,sCrykvscr,k’—i-q,scrvkl75 - Cr,k’—i—q,scrvk’lvscr,k,scrvk’,s]
k,k’
— § : Tt i
= VF (Tk - kF)[ _cr,k,scr,k’—i-q,sCT,kvscryklys + Cr7k7scr,k/,85k,k/+q
kK’

+Cr,k’+q,scr,k,sc7“,k'7SCT7k73 - Cr,k’+q,sc7“7k755k7k']

= op Z(rk - kp)[ci’(k_q)ﬂ’scr’k_q’s - Cj«,k+q,schk,s]
k

_ E T
= UVUfrTq Cr ktq,sCrk,s
k

= UFTQPT,S(Q)

Hence, the commutator is proportional to the partial density operator — note that this only
works because the spectrum is linear, which allowed us to change variables on the third line
to cancel the factors (rk — kp).

Another way to see why linear dispersion is crucial is to note that the operator c;[’ kt-q,5Cr ks
can be thought of as creating a particle-hole pair with momentum ¢. Since the dispersion
law is linear, the energy of this pair is independent of k, and particle-hole excitations with
different k£ (but same ¢) get mixed by energy-conserving scattering processes. The partial
densities p, s(q) represent such linear combinations.

16We are tacitly assuming that the operators n(k) only act on states which satisfy this condition; if the
system is subjected to strong enough perturbation so that deep states are not fully occupied, the commutation
relations must be modified. An example of this is the fractional quantum Hall effect, where the occupation
probability of single particle states far below the Fermi level is a fraction p/q (with ¢ odd) rather than one.
17 Apart from a scale factor.
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Similar commutation relations can be obtained between p, s(¢) and the Hamiltonian Hy =
vpZE Y sxsolp+s(k)p+s(—k) + p— s(—k)p— s(k)] which is quadratic in the operators p; s(q),

[Itj07 pr,s(Q)]

— UFZ% Z[pns(k)pr,s(_k)v pr,S(Q)]

k>0
2

qL qL
= Upfrp,«,s(—/c)%é_hq@(k) + vprpm(k:)%ék,q@(k)

= vprqprs(q).

This suggests that Hy and ﬁo are in some sense equivalent: most physical quantities can be
expressed in terms of commutators between different operators, and since Hy and Hy give the
same commutators, they can be expected to yield similar physical results. B

Let us at this point not worry too much about to what extent Hy and Hy are indeed
equivalent, but rather examine why the description in terms of Hy might be useful. This
will be clear if we consider what happens when we introduce an interaction term to the
Hamiltonian. In the language of electron operators c,j , an electron-electron interaction
term involves a product of four operators, and the Hamiltonian becomes very difficult to
analyze. In terms of the density operators p, s(¢q), however, the electron-electron interaction
can be expressed as a product of only two operators, and the Hamiltonian remains quadratic.
The simplest type of an interaction does not scatter right-moving and left-moving electrons
into each other. Since the directions of motion of all electrons are conserved, this interaction
is known as forward scattering. It is described by'®

1
Hrw =17 ) {292(Q)p+,s(q)p_,sf(—q)+
s,s',q>0

94(Q)p+.5(@)p+,9(—q) + P—,s'(—Q)P—,s(Q)]}

In most physical cases the interactions are equally strong between the two branches as they
are within a branch meaning that g2(q) = g4(q) but for generality it is useful to keep the
two processes formally separate. The precise form of the interaction is not important for the
following discussion, and we set both g2(q) and g4(q) to g-independent constants g, and gy.
These can be viewed as the long wavelength limits of the original interaction constants. Since
the pure Coulomb interaction is long range and has a diverging Fourier transform for small ¢,
we implicitly assume that there are some mobile charges in the vicinity of the one dimensional
system that act to screen out the long range part of the interaction and result in finite values
for go and g¢y4. B

Before we diagonalize the Hamiltonian Hy + Hpgyw, it is instructive to consider what
happens if only one spin state is present. The corresponding Hamiltonian, the so-called
spinless Luttinger model, reads

H = 23 {(@2ror + g)lp+(@)p+(—0) + p—(~2)p—(q) (2.60)
a>0 +2g20+(q)p-(—q)]}

8The names g2 and g4 for the two coupling constants are historical, and originate from the so-called g-ology
— see e.g. Solyom.
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This Hamiltonian can be diagonalized with a Bogolubov transformation p;(¢) = a;jp4(q) +
a;p_ (q) where j € {1,2}. Requiring that p; obey similar commutation relations as p; and
p— for j =1 and j = 2, respectively, we get oy = cosh(¢1), o) = sinh(p1), s = sinh(p2),
and of, = cosh(y2). Requiring furthermore that p; and py commute gives ¢1 = 3 = . The
transformation angle ¢ is determined by requiring that the Hamiltonian can be written as

H = 2% > [w1p1(a)p1(—q) + vapa(—q)p2(q)),

q>0
which yields
vy cosh?(¢) + vosinh?(¢) = vp + g4/ (27)
vy sinh?(p) + vp cosh?(¢) = vp + g4/ (27)

(v1 +wv2) cosh(p) sinh(p) = ga/(2m)

or tanh(2¢) = ¢2/(2mvp + g4) and va = v1 = v = [g2/(27)]/sinh(2¢). Using functional
relations between hyperbolic functions this can be simplified to

v = /[or + g4/ 2m)]? — [92/(2m)]2. (2.61)
The diagonalized Hamiltonian is now given by
, 27
H' =—v) [pi(a)pi(=a) + p2(=q)p2(q)]- (2.62)
q>0

It is customary to define the interaction parameter ¢ = e 2%¥ = ,/m% so that g < 1
corresponds to the physical case of repulsion between charge carriers (g2 > 0), g = 1 is the
limiting case of a non-interacting system, and g > 1 corresponds to an attractive interaction.

In the case of fermions with spin it is useful to first transform the partial densities into
charge (c) and spin (o) degrees of freedom by defining (r = 4)

pre(@) = —=(or1(@) + pri()) (2.63)

-5

pro(q) = —=(pr1(@) — pri(a)) (2.64)

S

so that we have Hy = vpZE > ks0.0=colP+a(k)pra(=k) + p—a(—k)p—a(k)] and

Hpw = % > [4gapie(—k)p—c(k) + 294 (pre(k)pre(—k) + p-o(—k)p—c(k))] .
k>0

Hence, the interaction only affects the charge branches pi., and the Hamiltonian can be
diagonalized as before to obtain

2

H=— > valp1a(@p1a(—9) + p2a(—4)p2a(9)] (2.65)
q>0,c

where v, = \/[vF + ga/7]2 — [g2/7]? is the charge velocity and vs = vp is the spin velocity.
The charge operators pi. and po. are related to p+. through a similar Bogolubov transforma-
tion as in the spinless case, and the spin operators are given by p1s = p+s and pos = p—s.
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We have now exactly diagonalized the bosonic Hamiltonian H, and we must next address
the question to what extend it is equivalent with the original fermion Hamiltonian. The
operators pi.(q) and pi,(q) create charge and spin waves that travel either to the right or
to the left. As is often the case with collective excitations, there is no excitation of this type
at zero wave vector — this can be seen for instance from the commutation relations (2.59).
An excitation with zero wave vector would correspond a uniform change in either the charge
(or spin) density, or in the (electric or spin) current density; while such excitation are clearly
possible in the fermionic system, they are not present in the bosonized Hamiltonian, and
must be added by hand.' These so-called zero modes or topological excitations contribute
an extra term in the Hamiltonian that is given by

T (v Vg
Hero modes = ﬁ <g_ch2 + gc'Uch + g_gNg + gUJ3> (266)

where g. = e ?%¢ and g, = 1, N, is the particle number, J,. the particle current, N, the
total spin, and J, the spin current.?’’ Note that the zero mode contribution is inversely
proportional to the system size L, and we can therefore associate for instance the term
%%Nf with the usual charging term Q?/(2C).2! Tt can be shown quite rigorously?? that the
bosonized Hamiltonian with the zero mode terms corresponds exactly to the original fermion
Hamiltonian, and the two can be used interchangeably depending on which form is more
convenient. Usually, of course, the bosonic form is preferred since it is only second order in
the boson operators whereas the fermionic Hamiltonian is quadratic in the fermion operators.

The bosonic Hamiltonian (2.65) shows that the spin and charge waves travel with different
velocities (except in the non-interacting limit), which is known as spin-charge separation.
This means that the excitations in a one-dimensional metal cannot be mapped continuously
to the quasiparticles of a non-interacting fermion system — quasiparticles carry both charge
and spin so that the charge and spin degrees of freedom are tied together. Consequently, one
dimensional metals are qualitatively different from their higher dimensional counterparts, and
do not belong to the category of Fermi liquids. In one dimension the Luttinger model possesses
a similar status as the non-interacting Fermi gas in higher dimensions: most one-dimensional
systems can be described starting from the Luttinger model, perhaps with some renormalized
parameters. Therefore, one-dimensional metals are often called Luttinger liquids — they may
not be exactly described by the Luttinger model, but they are qualitatively similar in the
same way as higher dimensional metals are not exactly described by non-interacting Fermi
gas but are qualitatively similar to it. However, sometimes strange things happen even in
one dimension, and the behavior of a system may deviate qualitatively from a Luttinger
model. Usually this type of behavior results from the opening of a gap at the Fermi level (cf.
superconductivity in 3D), which may arise, e.g., due to a scattering process that transfers
right-moving fermions into left-moving fermions and wvice versa. This backscattering process,
when translated into the bosonic language, results in a complicated additional term in the
boson Hamiltonian that renders the problem no longer exactly diagonalizable. Fortunately,
it can be shown using renormalization group arguments that such backscattering terms are

¥They can, however, also be implicitly included by meticulously defining the ¢ — 0 limit for the bosonic
operators.
20By ‘current’ we mean the difference in the numbers of left moving and right moving charges or spins.

2IThe analogy is not perfect since the term %”—CNE is non-zero even for non-interacting particles (g. = 1)

and hence contains a kinetic energy contribution as well.
22F D.M. Haldane, J. Phys. C 14, 2585 (1981).
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only important (relevant) if the Fermi level is exactly at Ep = 0 corresponding to a half-filled
band.

Bosonization

Although we have now obtained the bosonized form of the Luttinger Hamiltonian, we are
not quite done. Most physical quantities can be related to the expectation values of products
of electron operators and are readily expressible in the fermion language, but it is not clear
how one can write them in term of the bosonic operators. Hence, we need a fermion-boson
dictionary that allows us to translate operators in one language to operators in another
language.

What is an electron? Fundamentally, it is a particle that carries charge 1 and spin 1 (in
units of —e and g, respectively), and obeys fermionic anticommutation relations. Hence, if we
can (uniquely) construct an operator (in the bosonic picture) that satisfies these conditions,
we have found a bosonic expression for a fermion operator.

Let us start by laying out the strategy, and worry about mathematical details only later.
Consider charge 1 particles in general (spin is treated similarly). An operator i (z) creates
a charge 1 at position z if, as a result of an application of ”(;T(J}), the charge density p.(z’)
increases by d(z’ — z), that is, if we have [p.(z), 9T (z)] = d(z — 2/)9T(z). This looks like
a doable task since we have a bosonic representation for the density operators, and we may
be able construct a bosonic version of ¢ (z). The operator ¥t (z) is not quite what we need
since it does not satisfy fermionic commutation relations. To do this final step we employ
the Jordan-Wigner transformation and write ¥(z) = ™ Ve(@)i))(z) where Ny (x) is the total
number of charges to the left of the position x. Also Np(z) is likely to be expressible in
terms of boson operators since it is just ffL /2 dx'p(x"). To show that the Jordan-Wigner
transformation does the trick and results in fermionic anticommutation relations, let us eval-
uate the anticommutator {¢(x),¥(2')} in a state that contains Ny electrons to the left of
x, Ny electrons to the left of 2/, and assume x’ > z. Neglecting the commuting parts we
have {¢(z),%(x")} oc (=1)M(=1)M2 4+ (=1)N2=1(=1)M = 0 since acting with ¢ (z) reduces
the number of electrons to the left of 2’ by one while acting with ¢ (z’) has no effect on the
number of electrons to the left of x. Formally, we need to be quite careful with the imple-
mentation of this idea since we usually deal with infinite systems so the both N; and Ny are
infinite, and therefore we may easily get results like No — 1 = No.

Now that we have a plan we can proceed with the mathematical construction of ¢ (z).
First we need a density operator px(q) = p+(¢) + p—(¢) (we ignore spin for the moment).
It is useful to introduce even the other linear combination pa(q) = p+(q) — p—(g) which is
related to particle current. Using the identity [e?, B] = e[A, B] (valid if [A, [4, B]] = 0) we
see that the commutation relation [px(2), ' (2)] = 6(z — /)T (2) is satisfied by the operator
Y (z) = eA@) if [ps(2'), A(x)] = 6(z — 2’). Fourier transforming we obtain [px(—¢), A(q)] =

Léq,q which is solved by A(q) = Zpalq) or A(z) =3_, e_iqulq,oA(q). For the Jordan-Wigner
transformation we need N (z) = [*, /9 dx'ps(2') and we arrive at our first guess for the

electron operator,
'l/}‘i- (m) ; eZq [ZW ficL/Q dx’ (%8—1'(11/)’)2 (q)+e—iql‘ qupA (q)]

Two questions remain: is this a possible electron creation operator, and if so, is this
construction unique? Unfortunately, the answer to both these questions is no. Since we
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started by dividing the electron spectrum into right-moving and left-moving branches, we
must have two electron operators, one for each branch. Furthermore, the bosonic operators
p+(q) do not exist for ¢ = 0, and therefore our present form for 1f(z) cannot create a net
charge, it can only redistribute existing charges in the system. Hence, we must introduce four
more operators Ul and Uy which add and remove, uniformly, charge in the two branches
thereby changing the zero-mode quantum numbers Ny by one. These additional ladder
operators for different branches anticommute, {U, Ui} =0 and {U;,U_} = 0, while they
commute for the same branch UJFUJTr = UI_UJ,_. There is even another ambiguity in our first
guess: we could have chosen the Jordan-Wigner factor to be e “™VL(%) just as well as ™ VL),
and we could even have chosen the reference point to be anything and not just —L/2. Finally,
the units of wT(:E) are not correct, and the sum over wave vectors does not converge (large ¢
behavior ~ ¢~1), and we must fix both these problems. In the end we arrive at a new guess
(r = +)

1 )
1 e—irkpm—rzq e~ 204l [—i—’;ezqur(q)] —irN, 252

Pi(x) = LUl (2.67)

2T
where « is a convergence factor that will be set to zero (& — 07) at the end of the calculations.
The proof that the definition (2.67) indeed yields the proper fermionic commutation relations
is given in Appendix D.

Power laws

Having obtained the bosonic form of the electron operator, we are ready to determine some
physical properties of the system. To demonstrate one of the differences between a Luttinger
liquid and Fermi liquid we calculate the occupation probability n (k) = <1/11(k)1p+(k:)) at
zero temperature. We carry out the calculation for a spinless Luttinger model but the result
is the same for model with spin since the interaction does not mix spin states. For free
fermions (in any dimension) we have n (k) = O(kr — k) ~ |k — kp|® where the second form
is for future convenience. For a Luttinger model it is easiest to calculate n (k) through its
Fourier transform as n (k) = L1 fféz dx fféz da:’eik(x—x,)(wl(:v)@u (2"))7=0. Inserting the
bosonized forms for the fermion operators we get

WL @) (o = 5 <e—z-<kF+2”f+W”> o4 T, Fpemelt e
21 T—=0

1 . P
<e o e 29 p (g) e o p+(—q>1>
T=0

where the first average only depends on the zero modes and the second average only on the
bosonic forms. We obtained this form by using e?e® A+Be3[4B] 46 combine the two
exponentials into one, which resulted in the commutator term that appears as the second
exponential factor. The zero mode average is easy at 7' = 0 when only N, = 0 contributes,
but the average over the bosonic modes is more complicated since p, does not appear in the
bosonized Hamiltonian (2.62). It is convenient to write py(g) in terms of the eigenmodes
as py(q) = cosh(p)p1(q) — sinh(p)p2(g) and separate the resulting exponential as e“+P =
eCePe 310D where C only contains creation operators and D only annihilation operators.
Since the zero temperature average involves only the ground state and since annihilation

operators acting on a ground state yield zero, the operator factors e€e? collapse into unity,

= e
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and only the factor containing the commutator remains. This gives, after some algebra,

1 ’ . —z'kp(x—:n’) 1 _%Z -0 iﬂ' [6 q(a—i(z—z')) _ —_e—q(ati(z— z))}
xT T ))T=0 = € —e q
(i (@) (') =0 2ma o o
o COh(20) L Ty g 2 [0 —ema(aileme)) _omalatiCa=a')

The sums we can do using the Taylor expansion of logarithm » 7, %z” = —1In(1 — z), and
we find

_ 2m«

l1—e L

i / _  —tkp(z—a’)
(i (@) (2))r=0 € 2rae ] _ o F (ati(z—a’))
- 2sinh? (i)

1—e L

(1 _ e—%(w’(x—x/») (1 _ e—%“(a—i(x—x'»)

Now we let L — oo and get the simple expression
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so that the occupation probability is given by
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By changing variables to ( = z/a we find that the integral can be written in terms of the
function F,(q) = [y d¢ 1‘3?2;1?1“ (with a = sinh?(yp)); this integral satisfies a differential
equation that allows it to be connected to the modified Bessel functions, and in the end we

get

ng (k) ~ [k — kp[250°() (2.68)

which shows that for ¢ # 0 there is no discontinuity of occupation at kg, showing that a
Luttinger model is fundamentally different from a Fermi liquid for all g # 1. Recalling the
connection between g and ¢ we see that the occupation probability near Fermi surface obeys
a power law with exponent v — 1 = % (g + %) — 1 > 0. This result is typical for Luttinger
liquids: most physical dependences take the form of power laws with exponents depending on
the interaction parameter g.
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Home problem 4: Density of states of a Luttinger liquid

The “tunneling density of states” D(w), which measures how easy
or difficult it is for an extra electron to enter the system by a
local tunneling process, can be obtained as a Fourier transform
of F(t) = (0T (0)e~*W(0)|0) where H is the Hamiltonian,
V(z) = ¢4 (x) + ¢_(x) is the physical electron operator taking into
account that electrons can travel either to the left or to the right,
and |0) the ground state. For simplicity, set T = 0, ignore spin, and
neglect the zero-mode contribution to the Hamiltonian. Note that
the cross terms involving products like ¢! (z')t4 (z) vanish, and note
further that if you know the result for the +-branch, the result for
the —-branch can be obtained be replacing v — —wv. Hence, it is
sufficient to only consider the +-branch.

1.  Following the same procedure as in the calculation of
(7/’1(33)¢+($/)>T:0, obtain F'(t)

Hints: (a) show that UT exp(A)U = exp(UTAU)

where U/ is an arbitrary unitary operator
(expand exp(A) as a power series).
Hence, since e *H* is unitary, it is sufficient to know
et p, e~ 10 obtain e'HWT(0)e i

(b) write p+ in terms of the diagonalizing fields p; 2, and
obtain p12(q,t) = ep1 5 (g)e™

(¢c) wuse the same trick as in the calculation of n, (k)
to combine all factors to the form a single
exponential eA+5

(d) separate the exponential to factors e“e? F(t)
where C only contains bosonic creation operators,
D only contains bosonic annihilation operators, and
F(t) is a function of time that contains no operators.

(e) note that an annihilation operator acting on the
ground state yields zero, so e?|0) = |0),
and the final result is given by the function F'(t).

2. Fourier transform this to show that D(w) = F[F(t)] behaves like a
power law near the Fermi energy, D(w) ~ |w|"~!, where the exponent
v depends on the interaction parameter g.

3. Show that v — 1 > 0 for all g, and find the interaction strength g
such that v — 1 = 0, corresponding to a constant tunneling density
of states near the Fermi level.

In the home problem you will find out that the density of states in a Luttinger liquid
vanishes for small energies, i.e., near the Fermi surface. Again the functional form is given
by a power law D(w) ~ |w|"~!. This behavior means that it is very difficult to add particles
to a Luttinger liquid without supplying some energy in excess of ex. This can be physically
understood as an orthogonality catastrophe: the ground state of a system with (/V + 1) par-
ticles cannot be obtained from the ground state of an N particle system simply by occupying
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one more single particle state — a state so obtained would be nearly orthogonal to the true
ground state regardless of how the new single particle state was chosen. Instead, due to
interactions between the particles, the original N particles must adjust their quantum state
to accommodate the extra one roughly the same way as pearls in a necklace must move aside
when a new pearl is added. This rearrangement is achieved more easily if there is some energy
available to carry it through.?® The difference between one dimension and higher dimensions
is that in 1D such rearrangements affect the entire system, while in higher dimensions they
are restricted to some vicinity of the perturbation.

The orthogonality catastrophe has far-reaching consequences for a number of physical
quantities. The additional energy that facilitates change in the relatively rigid one-dimensional
systems usually comes from either temperature or an external voltage source, and conse-
quently most observables obey power laws as a function of T" or V. Since the naive power law
exponent is determined by dimensional analysis, the anomalous power laws can appear only
as (T'/Tp)" or (V/Vy)Y where kpTy and e€V|y are some energy scales that are determined by
“high energy” phenomena where our approximations begin to fail. Such energy scales may
come from e.g. length dependence of interactions (g(k) ~ g(k = 0) break down), curvature
of the kinetic energy dispersion (exi, ~ £vp(k F kr) breaks down), some other effects due to
the underlying lattice, or effects connected with the finite length of the one-dimensional wire
(this energy scale is typically ~ v/L).

23 An alternative, more rigorous way is to say that while the naive construction of occupying one additional
single particle state results in an (N + 1) electron state that is orthogonal to the true ground state, it is not
orthogonal to excited states so that if there is some excitation energy available, it is possible (albeit still quite
difficult) to add particles by single particle tunneling.
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Chapter 3

Examples

3.1 Quantum wires

3.1.1 Carbon nanotubes

Carbon is one of the most versatile elements. Since historical times it is known to possess two
allotropes, the stable graphite and the quasistable diamond (the title of the old James Bond
film Diamonds Are Forever is misleading). In 1985 a new form of carbon was discovered, a
class of structures known as fullerenes. The most common fullerene is Cgo which is like a
miniature soccer ball consisting of 60 carbon atoms in a geometrical structure that combines
hexagons and pentagons, but similar carbon structures exist for atom number ranging from
20 to the hundreds. The structures that are usually regarded as the most recently discovered
form of carbon, the carbon nanotubes, were actually seen by Morinobu Endo already in 1976,
but they were largely ignored until their rediscovery by Sumio lijima in 1991.

To understand the structure of carbon nanotubes it is useful to consider graphite first.
Graphite is made up of two-dimensional sheets — graphene layers — that are stacked above
each other. Interactions that keep the layers together are quite weak van der Waals forces
which makes graphite one of the best dry lubricants. Each graphene layer is a honeycomb
lattice of carbon atoms that are covalently bonded through sp? hybridization (the three-
dimensional structure of diamond arises as a result of sp® hybridization). In terms of its
electric properties graphene is a semimetal where the valence and conductance bands touch
each other at six points of the Brillouin zone as shown in Fig. 3.1.

A carbon nanotube can be thought of as a wrapped up graphene sheet. There are many
ways of wrapping the sheet to form a cylinder, and different wrappings result in nanotubes
with different structures. One consequence of the wrapping is that the k-vector in the cir-
cumferential direction ¢ can only assume such values that k, 27 R, where R is the nanotube
radius, equals an integer times 27w — this is required for the wave function to be single valued.
Hence, only discrete values of the circumferential wave vector are allowed. This implies that
it is not at all obvious that the K-points of the graphene Brillouin zone correspond to allowed
values of the nanotube k-vector; if they are not among the allowed values, the valence and
conduction bands of the nanotube do not touch, and the nanotube is an insulator or, at best,
a semiconductor.!

!The difference between these two being the size of the gap compared to the temperature. Since the gaps
in nanotubes are quite small, it is often better to regard the non-metallic nanotubes as semiconductors rather
than as insulators.
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Figure 3.1: Graphene band structure showing that the occupied (E < 0) and unoccupied
(E > 0) bands touch only at the six corners (K-points) of the Brillouin zone.

Figure 3.2: Graphene sheet showing the basis vectors a; and as and some wrapping vectors.
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Whether the graphene K-points are allowed wave vectors for nanotubes depends on how
the graphene sheet is wrapped, which means that we need a description of different wrapping
procedures in order to be able to classify nanotubes. This is usually done by introducing two
basis vectors a; and ap for the graphene sheet as shown in Fig. 3.2. Wrapping means that
the carbon atom in the origin will be folded on top of another carbon atom in the sheet, and
the separation between these two defines the wrapping. If the two atoms are separated by
vector naj + maa, the resulting nanotube is known as a (n,m) tube. The nanotubes that
are of the type (n,0) are known as zig-zag tubes, those of type (n,n) are known as armchair
tubes, and the rest are known as chiral tubes. It turns out that only tubes for which n — m
is an integer multiple of three are metallic, and the rest are semiconducting (some deviations
to this rule exist for the very smallest tubes).

The mechanical properties of carbon nanotubes are determined by the strong carbon-
carbon bonds. It turns out that carbon nanotubes are the stiffest material known to man,
with Young’s modulus of approximately 1 TPa, compared to for instance 200 GPa for steel.?
They are also the strongest material, and can stretch by about 30% before breaking. Nano-
tubes are also tend to deform elastically so that when the external forces are removed, they
return to their original shapes. These unique mechanical properties of nanotubes make them
very interesting for a wide range of applications ranging from badminton rackets and golf
clubs to reinforcements in concrete or mechanical support in cell phone batteries. Many
other applications utilize the electrical properties of nanotubes, and both nanotube displays
and nanotube transistors are being developed. A particularly interesting category of ap-
plications relies on combining electrical and mechanical functionalities in a field known as
nanoelectromechanics, which is an important research direction at Chalmers and Géteborg
University.

In reality carbon nanotubes are of course not made by peeling sheets of graphene of
pencils are rolling them into small cylinders. There are by now many methods of producing
nanotubes, all of which involve heating some carboneous substance to a high temperature
and then letting the carbon gas cool down and form new structures. If the circumstances are
right, a larger or smaller fraction of the structures are nanotubes. There are many ways of
providing the heat — initially this was done either by an electric discharge or by a laser —
but the method that is now most popular is chemical vapor deposition (CVD). CVD growth
requires a catalyst (for instance iron), and by controlling the placement of catalyst particles
one can grow nanotubes at selected positions. The direction of growth can be controlled by
applying an AC electric field, and a combination of these two techniques has been developed
to quite a versatile method. There are still, however, some difficulties: first and foremost,
one cannot, yet, selectively grow nanotubes with specific (n, m) values, the thickness of the
grown tubes is not perfectly controlled, and electric contacts between the tubes and external
circuits are difficult. Also, often the nanotubes consist of several concentric cylinders (multi-
walled nanotubes, MWNTSs) and coupling between the different shells (walls) is not perfectly
understood yet. In many applications, however, multi-walled tubes are preferred since they are
predominantly metallic (any metallic shell is sufficient to make the whole tube metallic), they
are larger than the single-walled tubes (SWNTs) which makes them sturdier mechanically and
easier to contact, and their growth conditions are not quite as restricted as those of SWNTs.

From the theoretical point of view SWNT's are a very interesting system. They have very

2Young’s modulus E gives the relationship between the strain % and the stress o. Larger E implies that

the material stretches less when subjected to the same force per area of cross section.
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small radii, of the order of one nanometer, they have few impurities, and they can be metallic:
they are very close to being ideal one-dimensional wires. The armchair metallic tubes have a
band structure where two one-dimensional bands cross the Fermi level at £k = +kpr and two
at k = —kp, implying that they are effectively like quantum wires with two transverse modes.
Since each mode can carry electrons with spin up or spin down, the maximal conductance
of a single armchair SWNT is predicted to be 4% corresponding to a resistance of about 6.5
k. The bands of SWNTs are linear over quite a large energy range near k = +kp, which
suggests that the Luttinger approximation should be quite good.
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Fact or Fiction?

Experiments carried by Paul McEuen’s group at UC Berkeley and Cees
Dekker’s group at TU Delft measured the conductance of a SWNT connected
to external electrodes by tunnel junctions that were placed either near the end
of the nanotube, or far from the ends. The conductance was measured as a
function of both the voltage and the temperature, and compared to predic-
tions based on the Luttinger model. The free parameters in the model were
the interaction constant g which could be roughly estimated, and should be
the same for the two experiments, and the proportion of the applied voltage
that actually drops across the tunnel junction rather than elsewhere in the

circuit. The theoretical prediction is (o = % (% — 1))

dl o 2
T~ T sinh (% T) ‘F (1 + + ZanBT)‘
{ coth (% T) — ;Im [w (1 + —|—z27rkBT)}}

where 1(2) is the logarithmic derivative of the gamma function.

The agreement between theory and experiment appears quite good except
at the lowest temperatures where the Coulomb blockade of the SWNT be-
comes important. The interaction parameter g that gives the best fit ir
roughly g =~ 0.24 which compares quite favorably with the theoretical esti-
mate g = 0.28. Hence, the interaction is very strong, g < 1, and in particular
g < 0.5 which is the smallest g-value that is compatible with a short range
interaction, implying that the long range of the Coulomb interaction is impor-
tant. However, the curve does not exhibit many features (essentially just the
slope and the position of the kink at kT = eV'), and other explanations have
been suggested, such as the role of the electromagnetic environment which
also leads to power laws similar to those predicted by the Luttinger model.
Consequently, not everybody is convinced that nanotubes behave as Luttinger
liquids.

What would it take to convince those in doubt? Detecting the separation
between spin and charge would probably constitute smoking gun evidence that
would be hard to reject. This could be done, for instance, by measuring the
so-called spectral function A(k,w) that exhibits peaks at such combinations of
k and w that are connected by a dispersion relation w = wq(k): in Luttinger
liquids there are the charge a = p and spin o = o excitations have different
velocities and hence different dispersions (w = vk), so a spin-charge separation
should result in the splitting of peaks in the spectral function. Unfortunately,
the spectral function is not directly measurable, and its value must be inferred
from experiments that are usually sensitive to some integral of A(k,w), and
an integral can assume the same value due to two small peaks or one large
one.

7
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Figure 3.3: Current through a SWNT, multiplied by a power of temperature, as a function
of eV/kpT. The solid line is the prediction of the Luttinger model. Data by Marc Bockrath
et al., Nature 397, 598, 1999.

3.1.2 Other quantum wires

Carbon nanotubes can be described as bottom-up fabricated quantum wires: one starts from
simpler structures, carbon atoms, and creates suitable circumstances so that the ingredients
coalesce to form the desired end results. Bottom-up fabrication is what one finds in Nature,
but the conventional engineering approach has been to take a large piece of material, and
work on it to create the desired end structure. This method has been applied all the way
from the Stone Age, when it was used to make arrow heads, to the Silicon Age of microchips,
and it has served countless generations of engineers quite well — we should at least investigate
if the method can be applied to create quantum wires, too.

To create a quantum wire we need confinement in two directions, call them z and y, in
order to create a wire in the third, z, direction. Confinement in z direction is straightforward:
one can either (i) coat a semiconducting material such as silicon with an insulating oxide, build
a metal gate on top of the oxide, and apply a voltage to the gate to attract charge carriers
to the interface between the semiconductor and the insulator, or (ii) bring two different
semiconductors together which generically results in carrier flow (diffusion) from one material
to another until an internal electric field builds up to stop the flow, with the end result that
there are electrons on one side of the interface. The first method is the standard engineering
recipe to create MOSFETSs, and was used e.g. in the study of the integer quantum Hall
effect. The second method typically employs GaAs and AlGaAs as the two semiconductors
and results in the creation of thin electron layer on the GaAs side of the interface. In both
cases the potential well that confines carriers to the interface is so narrow that only the lowest
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mode in the z-direction is occupied, rendering the carrier systems effectively two dimensional
(2DES). The advantage of the latter method is that it allows for higher mobilities, i.e. lower
resistivities, which makes it easier to study many of the more exotic phenomena.
Confinement in the lateral (y) direction is usually achieved lithographically. In order for
the quantum wire of width W to be one-dimensional, the Fermi level must not be too high,

in particular,
R2EZ R w2 B2 [2m)\?
R a
2m 2m \W 2m \W

where the left hand side is the kinetic energy of an electron on the Fermi level and in the
lowest transverse mode, and the right hand side is the energy of an electron in the next
lowest transverse mode and with no longitudinal momentum. Hence, the Fermi wave vector

must be krp < %ﬁ This Fermi wave vector corresponds to a two-dimensional carrier density
n=k%/(2r) = % It is hard to maintain good mobility in a 2DES if the carrier density falls
below 10'° cm ™2 (the Fermi sea is so shallow that the impurities can completely block carrier
flow), which implies that the channel width must be smaller than about 200 nm. In practice
the carrier density must be higher since quantum wires are more sensitive to impurities, and
the maximal quantum wire width falls well below 100 nm. In the above analysis we assumed
that the confining potential was like a square well, which is a reasonable model for etched
quantum wires. Another way to create quantum wires using a top-down method is to pattern
closely spaced metallic gates on top of the 2DES, and expel electrons underneath the gates to
create a narrow channel in the 2DES between the gates. This method results in a considerably
softer confinement, roughly similar to a parabolic potential, and must be modeled accordingly.

Lithographically defined quantum wires have been seen to exhibit quantized conductance
in accordance with the Landauer model, but they are quite prone to disorder effects — impu-
rities or surface roughness — which has hampered effects to detect Luttinger-type interaction
effects in them. This is in part due to the asymmetry of the fabrication technique: control in
the z-direction (growth direction) is on the level of individual atomic layers, about 0.4 nm, so
interfaces are very sharp, whereas control in the lateral direction is accurate only to about 10
nm. An obvious way to try to improve the situation is to use the growth control even in the
lateral direction. This results in the so-called cleaved edge overgrowth technique developed
by Amir Yacoby and coworkers in the late 1990s. In this technique one grows a conventional
AlGaAs-GaAs sandwich, stops the growth, cleaves the sample along a suitable crystal plane,
rotates the sample, and starts to grown on what used to be the edge of the sample. The wires
produced by this technique are the cleanest semiconductor wires to date, and Luttinger-type
effects may have been seen in them; however, just like in the case of carbon nanotubes, the
evidence is not entirely convincing.

Apart from carbon nanotubes, there are other bottom-up -type quantum wires. In the
category of linear organic molecules probably the most famous is DNA, but the conductivity
of DNA is a matter of some debate at present (in the words of one researcher in the field, the
conductivity of DNA is comparable to that of silicon dioxide), and DNA may not be the best
example of a one-dimensional metal. Other molecules such as polyacetylene are promising in
some aspects but prohibitively difficult to work with (polyacetylene combusts spontaneously).
The category that is perhaps most promising is a group of organic salts known as Bechgaard
salts, which have exhibited power law dependences characteristic of Luttinger liquids but also
some signs of spin-charge separation in both optical and transport experiments.
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3.2 Fractional Quantum Hall Effect

3.2.1 Bulk properties

In the Chapter on coherence effects we discussed the Integer Quantum Hall Effect, IQHE,
which could be explained entirely without reference to interactions between electrons. The
Fractional Quantum Hall Effect (FQHE), on the other hand, owes its existence entirely to
electron-electron interactions.

Before embarking on the analysis of FQHE in particular let us first consider the relative
importances of interactions in electron fluids. The kinetic energy of an electron in the absence
of a magnetic field is % and at T = 0 so many k-states are occupied that all electrons
can be accommodated. The wave vector of the highest occupied state is hence given by

N =2V fOkF Sa-1 (;ff;d K1 =2V S, Wk% or kp =27 (%)Ud where N is the number
of electrons, V is the volume of the sample, n = N/V is the electron density, and Sy is
the area of the (d — 1)-dimensional surface of a d-dimensional unit sphere, i.e., Sy = 4,
S1 = 27 and Sy = 2. Consequently, the kinetic energy of electrons on the Fermi level scales
as n?/¢. The Coulomb interaction between electrons scales as their inverse separation, i.e.
as n'/¢. This means that the relative importance of interactions ws. kinetic energy scales
as n~ /4 which means that dense electron systems are effectively weakly interacting (their
energetics is dominated by the kinetic energy) while sparse electron systems are strongly
interacting. Also, we see that the density dependence is stronger in low-dimensional systems,
implying that strong interaction effects are more likely to be seen in systems with reduced
dimensionality.

The above argument relies on the specific form of the kinetic energy that is valid at
zero magnetic field. In the discussion of the IQHE we saw that in large magnetic fields the
kinetic energy falls into Landau levels with energies €, = (n + %)hwc where w. = eB/m and
n =0,1,2,.... Each Landau level is hugely degenerate, and in the absence of interactions
it makes no difference, from an energetics point of view, in which order states in a Landau
level are occupied. If a Landau level is completely full, all states in it must be occupied, but
for a partially filled Landau level there are many ways to choose the occupied states: if the

N
level has N7 degenerate states that must accommodate N < N7 electrons, there are < Nl >

ways of choosing the occupied states. Consider now a 1/3-filled Landau level of a 1 cm?
sample at a magnetic field of one tesla: the number of ways of choosing the occupied states

10
is < (225?33( >1<01010 > ~ 107<19" In the presence of interactions, this degeneracy is broken,

and among all the 1 states there is one with the lowest energy, the ground state, and
a few that have energies slightly above that of the ground state. We will now set out to find
these states. An exhaustive search does not seem feasible; instead, at some point along the
way, we must think.

In the discussion of the IQHE we employed the transverse gauge but for the FQHE discus-
sion it is simpler to use the symmetric gauge that we encountered in the analysis of persistent
currents. Not all too surprisingly, the Schrodinger equation in this gauge also becomes a
harmonic oscillator (this is almost obvious from the beginning — physical features such as
energy spectrum are gauge independent, and in the transverse gauge we obtained a harmonic
oscillator). The appropriate quantum numbers are now the principal quantum number n,
which is the Landau level index and determines the energy €, = (n + %)hwc, and the angular

07x 109
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momentum quantum number ¢. In the symmetric gauge the (unnormalized) states can be

written as ) )
. _r_ r

Gne(r,0) = r'e e LY (2

202

where ¢, = \/h/(eB) is the magnetic length and L’ (z) an associated Laguerre polynomial.
In the following we only consider the lowest Landau level when the Laguerre polynomial is
identically equal to unity. It is convenient to introduce the complex position variable z = re®
so that the lowest Landau level wave functions can be written as z‘e~**/4 where all lengths
are measured in units of /..

The fractional quantum Hall state will turn out to be a true many-body state that can-
not be described in terms of single-electron wave functions. Therefore, we will need the
many-particle wave functions that depend on all electrons’ coordinates simultaneously. To
this end we begin by considering the many-particle state describing the full lowest Landau
level. Since electrons are fermions, the many-particle state ¥(z1,...,2zy) must be odd under
particle exchange, V(z1,...,%i,...,2j,...,28) = =¥(21,...,2j,...,%i,...,2N), which can be
accomplished by a Slater determinant. The Slater determinant is the determinant of a matrix
whose entries are ¥;(z;) = z;'-e"zj‘Q/ 4. When we expand the determinant, we see that each
term contains the same Gaussian factor, and the many-particle state for a full lowest Landau
level can be written as

1 1 1
z1 29 ZN _1s\N 12
1111(21,...721\[): e 423:1‘ZJ|
N-1 N-1 N-1
21 29 - 2N

This determinant can be evaluated in a closed form by noticing that (i) the polynomial
prefactor is of order 0 +1+...4+ (N —1) = N(N — 1)/2 since each term in the determinant
contains one factor from each row, and (ii) the polynomial is odd under exchange z; < z;,
which implies that it must be proportional to (an odd power of) (z; — z;) for any choice of
indices ¢ # j. The second observation implies that the polynomial prefactor is proportional
to [[;« j(zi — #z;j), possibly multiplied by a symmetric polynomial of the coordinates, but this
polynomial is already of the order determined by argument (i), so the symmetric polynomial
must be just a constant. Inspection reveals that the constant is one, and hence the many-
particle state describing a full Landau level is uniquely given by W1 (z1,...,2n5) = [[;;(zi —
zj)e_% Z;’V:I |Zj‘2'

A possible many-electron state W describing a partially filled lowest Landau level shares
many features with ;. Since it is made up from the same single particle states, it must
contain the same Gaussian factor, multiplied by an analytic function of the coordinates z; —
analytic since it is a polynomial of z; and does not involve any complex conjugates z;. Since
the wave function must be odd with respect to particle exchange, it must also be proportional
to][;« y (zi—zj), but unlike ¥y, it may (and must) be multiplied by some symmetric polynomial
of the coordinates. The choice of symmetric multipliers may be reduced by noticing that since
the system is cylindrically symmetric (this is where the gauge choice is useful), the angular
momentum L, is a good quantum number. The angular momentum of a single particle state
is simply ¢, and the angular momentum of a many-particle state is given by the sum of the ¢-
quantum numbers. Hence, if ¥ is an eigenstate of L., each term in the polynomial multiplying
the Gaussian factor must have the same order. Now, following Robert Laughlin, we postulate
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that ¥ has the form3

\I/(Zl,..., Hf i — Zj 6 4Zg 112512

1<j

where f(z) is some odd polynomial of a uniform degree. ”Polynomial of a uniform degree”
is simply a power, f(z) = 2", where m must be odd. Hence, provided that ¥ is of the form
above, the only possibilities are

Uo(z1,. .0 ,28) = l_I(ZZ - Zj)me_i i |Zj‘2, m odd.

1<J

Now we have established that W¥,, is a possible many-electron state describing electrons on
the lowest Landau level and consistent with the conservation of angular momentum. What
kind of a state is W¥,,, in particular, what is the density of the electron system it describes?
To address this point, we again follow Laughlin’s neat trick that relies on experience from
two seemingly disjoint fields of physics. In quantum mechanics the probability density of
finding particles at positions {z;} is given by |¥,,({2;})|?. In classical statistical mechanics,
the probability density of finding particles at positions {z;} is proportional to e PHa({z})
where 3 = (kgT)~! and Hq({z;}) is the classical Hamiltonian. Laughlin asked “What is the
classical Hamiltonian that yields the probability density |¥,,({z;})|? in classical statistical
mechanics?” — if we know that, we can apply our knowledge of the classical system to infer
the nature of the state U,,({z;}). This is easy, simply a matter of taking a square and a
logarithm, and yields

Ha({z}) = 8= Z|z]|2—2ﬁmzln|zz—zj|

1<J

where ( is arbitrary. The second term looks like what you get for a collection of particles
at positions {z;} that interact with each other through a logarithmic potential. Choosing
B = m/2 yields a form where we can identify m as some kind of a charge of the particles and
—Inr as the interaction potential.

Consider now, for no obvious reason, a purely two-dimensional universe. In that Flatland
(as it was called in a famous novel by Edwin A. Abbott) the Coulomb potential still obeys
the Poisson equation V2¢(r) = —2mp(r) whose solution for a point charge is ¢(r) = — In(r).
Hence, the second term of H. describes point charges in Flatland. The first term can be iden-
tified by considering the Flatland potential that is connected to a constant charge distribution,
which is obtained by solving V2V (r) = —2mp. Integrating twice yields V (r) = — %71’/)7“2, which
shows that the first term of H describes Flatland point charges of magnitude m interacting
with a uniform background with charge density p = % Thus, we have established that
the classical Hamiltonian describes a system of Flatland point charges interacting with each
other and a uniform background charge. In the limit of large N, the energy of this system
blows up unless the density of the point charges precisely neutralizes the background charge,
which implies that the classical probability density is maximized for a uniform distribution of
point charges, and that the uniform density is given by 5——. Since the Flatland point charges
are in a one-to-one correspondence with the electrons of the FQHE system, we have now

3The choice of this form was motivated in part by analysis of interaction nucleon systems in nuclei, where
this Ansatz is known as the Jastrow form.
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established that the probability density associated with ¥,,({z;}) is maximized for a uniform
distribution of electrons with density p,, = Tl corresponding to filling factor v = 1/m.
Thus, the Laughlin wave function can only be constructed a particular densities.

A more complete study — e.g. exact diagonalization of a small system — shows that
the Laughlin states are extraordinarily good approximations to the true ground states at
the corresponding densities. Further evidence to their particular role can be obtained by
considering excitations above these ground states. We will not go into details here, but merely
point out that in the Flatland analogy a possible excitation is to create some inhomogeneities
in the charge distribution. Since the corresponding wave function must still be of the form of
an antisymmetric polynomial times a Gaussian (lest we wish to pay the kinetic energy cost
of involving higher Landau levels), the simplest excitation to create is a charge deficiency:
simply multiply the ground state by factor [[,(z; — z0), which results in a reduced electron
density near the point zg. The Flatland analogy can be used to establish that proportion
1/m of an electron charge is missing near the point zy (compared to the uniform charge
distribution). This charge deficiency may move around, and forms an elementary excitation
(known as a quasihole) in the FQHE system. A corresponding charge bump, or quasielectron,
can also be constructed. If the system is subjected to electric fields or other perturbations,
the quasielectrons and quasiholes move almost as independent particles, except for the sum
rule that the total charge in the system must be an integer times the electron charge. These
fractionally charged excitations have been seen experimentally in shot noise measurements,
and they constitute a serious deviation from the Landau Fermi liquid theory in which all
excitations are in one-to-one correspondence with excitations of a non-interacting system.

The Hall conductance can be calculated as in the Integer Quantum Hall Effect, and is
again found to have the classical form u%. Indeed, experiments reveal that at high enough
magnetic fields two-dimensional electron systems exhibit quantized Hall conductances at val-
ues % % where m is an odd integer. However, the experimental system exhibits quantized Hall
conductance at many other fractional multiples p/q of the quantum conductance as shown
in Figure 3.4, but only at fractions where the denominator ¢ is odd. This hierarchy of levels
can be explained in many ways (they may be equivalent in the end) where the basic idea is
that the higher hierarchy levels can be interpreted as quantum Hall effects of the excitations
of the lower states in the hierarchy — for instance, the excitations of the 1/3 state can give

rise to the 2/5 state etc..

We will not pursue this analysis any longer in this course, but conclude that a particularly
simple hierarchy construction has been provided by Jainandra Jain who considered fictitious
particles that carry not only an electric charge but also an even number of magnetic flux
quanta ®y = h/e. In the Jain construction, for instance, the 1/3 state is understood as a
full lowest Landau level of of fictitious particles carrying two flux quanta: the total flux per
particle is ®¢ since it is a full lowest Landau level plus 2®( since each particles carries two flux
quanta, so that the total flux per particle is 3®(, which implies filling factor 1/3. Similarly,
if these fictitious particles fill p Landau levels, the total flux per particle is 2 + 1/p and the
filling factor is (2+1/p)~! = p/(2p+1), i.e. 1/3,2/5, 3/7...Binding four flux quanta to each
particle results in filling factors 1/5, 2/9, 3/13...The Jain construction can even be used to
write down wave functions for the different states and the results agree with the Laughlin
construction for the 1/m states.

The Jain construction can even be employed at filling factor v = 1/2, which does not
allow for a fractional quantum Hall state, and experimentally no quantized Hall conductance
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FIG. I. Overview of diagonal resistivity p., and Hall resistance py, of sample described in text. The use of a hybrid magnet with
fixed base ficld required composition of this figure from four different traces (breaks at =12 T). Temperatures were = 150 mK ex-
cept for the high-ficld Hall trace at T=85 mK. The high-field p.. trace is reduced in amplitude by a factor 2.5 for clarity. Filling
factor v and Landau levels IV are indicated.

Figure 3.4: Hall resistance and longitudinal resistance of a very pure two-dimensional electron
system as a function of the magnetic field. Note the quantized values of p,, at %6% where ¢
is an odd integer. The quantization plateaux are accompanied by minima of the longitudinal
resistance indicating a gap in the excitation spectrum.

is observed at this filling factor. However, experiments reveal that even at this filling factor
the electron fluid forms a special kind of a state with unusual properties. This special state
corresponds to Jain’s fictitious particles in zero magnetic field (as all of the magnetic flux is
accounted for by the flux quanta bound to particles), and turns out to be a Fermi liquid, albeit
an unusual one — the special nature of these even denominator states has prompted some
researchers to introduce a classification of the quantized Hall effects as the Integer Quantum
Hall Effect, the Fractional Quantum Hall Effect, and the Unquantized Quantum Hall Effect
(the last term is not yet in universal use). This v = % state was first studied theoretically in

a joint publication by Bertrand Halperin, Patrick Lee, and Nicholas Read in the early 1990s.

3.2.2 Edges

In the Integer Quantum Hall Effect the edges of the sample played an important role, which
was essentially due to the fact that there was a gap to excitations in the bulk — such excita-
tions would require promoting a particle to the next Landau level at the cost of hw. — while
excitations near the edge were gapless and could respond to small perturbing fields. In the
Fractional Quantum Hall Effect the excitations in the bulk are quasielectrons and quasiholes
whose creation also requires a finite amount of energy (of the order of 0.03¢?/(4mepl.) =~ 5
meV = 60 K at a field of 10 teslas. Thus, FQHE experiments must be carried out at higher
magnetic fields and at low temperatures so that thermally excited quasiparticles do not smear
out the effect). Hence, even in the FQHE, the edges can be expected to pay a large role in
the response of the system.

The role of the FQHE edge states has been studied in particular by Xiao-Gang Wen and
coworkers, who have concluded that the FQHE edges differ from the IQHE edges in one
fundamental aspect. Both edge states are chiral, that is, they only support excitations that
move in one direction along the edge; this we saw in the IQHE case. The difference is that
while the IQHE edges behave like non-interacting uni-directional (chiral) one-dimensional
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wires, the FQHE edges behave as interacting uni-directional one-dimensional wires. In view
of the crucial role that interactions play in the FQHE, it is hardly surprising that they are
important at the edge, too. The precise arguments leading to a theoretical description of the
FQHE edges are too involved to be considered here, but the end result is that the FQHE
edges can be described as chiral Luttinger liquids. For the simple filling factors v = 1/m the
interaction constant of the edge Luttinger liquid is given by g = v, that is, its value is uniquely
determined by the bulk properties.* Therefore, the FQHE system provides an interesting
opportunity to test the Luttinger liquid model as the predicted power law exponents are
well known, and are predicted to change in a well-defined fashion as the filling factor is
changed. A difficulty in this testing method is that when an FQHE sample is connected to
a measurement apparatus, the intricate correlations inside the sample must somehow evolve
into the ordinary Fermi liquid inside the apparatus. That evolution is difficult to describe,
and it is quite likely that the Luttinger effects do not survive the invasive measurement;
instead, contactless measurements or measurements that are sensitive to internal correlations
are needed. One such measurement focused on scattering across a thin neck in an FQHE
system, and showed that the scattering was consisted with transport of fractionally charged
quasiparticles or the chiral edge Luttinger liquid model.

3.3 Quantum magnets

HJ

3.4 Kondo effect

HJ

3.5 Mott insulators

HJ

3.6 Bose-Einstein condensation

HJ

4At more complicated filling factors the edge is also more complicated, and may consist of several chiral
Luttinger liquids propagating in different directions and only weakly interacting with one another.
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Chapter 4

Toolbox

4.1 Renormalization group

4.1.1 Position space renormalization group

Renormalization group (RG) technique was developed by Kenneth Wilson in the early 1970s
as a formal implementation of scaling ideas of Leo Kadanoff. It has become the standard
tool for analyzing the properties of a wide range of models in theoretical physics, and the
ideas have been applied to many other fields as well (e.g. turbulence). The basic idea
behind renormalization group is to relate the system’s behavior on a macroscopic, large length
scale to its description on a microscopic scale by systematically inspected how small scale
phenomena manifest themselves on longer length scales. This is done by carefully eliminating
those degrees of freedom that describe small scale variations — in real space, short range
fluctuations, or in fourier space, modes with larger wave vectors — and determining how the
small scale properties lead to couplings between the degrees of freedom in a larger scale. We
have already seen results that have the flavor of an RG analysis when we discussed localization:
the scaling function 5(G) tells how conductance on one length scale relates to conductance on
a larger length scale. This scaling behavior allowed us to understand why in three dimensions
some systems behave as metals while others behave as insulators; such an identification of
macroscopic phases is one common outcome of an RG analysis as we will see in the following.

The method is easiest to illustrate in real space, and particularly easy if there is only one
spatial dimension. Real applications of the technique are usually carried out in momentum
space, so for the purposes of this course we start with position space renormalization group,
move then on to a more general discussion of the method, and conclude with a momentum
space application.

Decimation

We will start our study of the renormalization group technique by considering a special case,

decimation, which can often be carried out exactly for one-dimensional models. In higher

dimensions exact decimation is usually not possible and some approximations are needed.
Let us consider the infinite one-dimensional Ising model

H=-J i SZ'SZ'_H—}L i Si (4.1)

1=—00 1=—00
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where s; = +1 are dimensionless spin variables on lattice sites ¢ and J and h are parameters
that describe the interactions between adjacent spins and the effect of external magnetic field,
respectively. Both J and h have units of energy. The partition function is given by

Z(T,h)= Y exp|K i si8i11 + Bh i s (4.2)

{s:s}2_ i=—00 i=—00

where K = (J. This would be easy to evaluate if the different spins were not coupled —
in that case we could do sum over each spin independently — but the term s;s;+1 couples
two neighboring spins, which makes the evaluation of Z more complicated. However, we can
divide all spins into two subsets in such a way that spins in one subset interact only with
spins in the other subset!: the neighbors of an even site are odd, and the neighbors of an odd
site are even. To take advantage of this separation into mutually non-interacting lattices we
write the partition function as

[o¢] [o¢] [o¢]
Z(Th) = Y > exp|K D (sok-1sak + saksarir) +Bh Y s+ Bh D> soryr]
{s2n-1}52 _ o {82132 _ k=—o00 k=—o00 k=—o00
(4.3)
where we separated the contributions from even and odd sites. Let us now consider the sum
over the spin at a particular even site 2I. There are only three terms in the exponent that
depend on sg9;, so the sum over sq9; gives

D exp [Ksy(sar-1 + sa41) + Bhsa] = 2cosh [K (sy—1 + sa41) + Bh)
Sgl::tl

We can do the same for all other even terms, and find that the partition function can be
written as

20y = > ] 2cosh [K(szn-1 + sani1) + Bh] e3PCzmortomi) (4

{san—1}p2 =

where I wrote the last term in a symmetric way for convenience.

Now we have expressed the partition function of the original system as a sum of only half
of the degrees of freedom — only the odd spins. We can imagine that the partition function
(4.4) could arise as a partition function for a system consisting of only the odd spins, but
since it is not in the usual form Tre=##’ it is not immediately clear what Hamiltonian H' of
the odd-spin-system would result in the partition function (4.4). Let us proceed by making
the Ansatz that the Hamiltonian H' is also of the Ising type, i.e.

[e.e]

H =-J Z So9n—182n+1 — Z (h,SQn_l + g,). (45)

n=—0oo n=—0oo

Lattices for which such a division is possible are called bipartite, and they are frequently much simpler to
deal with than more general lattices. The difference is particularly important in the case of an antiferromagnet:
a bipartite lattice has a vanishing entropy as T' — 0 but a non-bipartite lattice has a large number of degenerate
ground states and therefore does not obey the third law of thermodynamics, i.e. the entropy does not vanish
as temperature goes to zero.
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‘ S91—-1 ‘ S21+1 ‘ LHS ‘ RHS ‘
1 1| 2¢P cosh[Bh + 2K] | K HBNH0Y
-1 1 | 2cosh[3h] e K'+Pg'
1 -1 | 2cosh[3h] e~ K'+Bd'
-1 -1 | 2e PP cosh[Bh — 2K] | eX'—ON+5Y

Table 4.1: Decimation equations (4.7). LHS = “left hand side”, RHS = “right hand side”.

Here J’ describes the interaction between the odd spins, h’ describes their coupling to the
external magnetic field, and ¢’ is included to allow for a shift in the zero of energy. The
parameter ¢’ does not affect the behavior of the model.

It is by no means clear that this Ansatz is correct, that is, that we can find constants J’,
B/, and ¢’ so that the Hamiltonian H’ gives rise to the partition function (4.4). To proceed
we write down the partition function for the Hamiltonian H’,

[o¢] (o]
1
Z'(T,h') = Z exp | K’ Z Son—152n+1 + 8 Z (Eh/(é’zn—1 + Sont1) +9') | -
{52,1_1}%0:_00 n=—oo n=-—oo
(4.6)
We isolate the terms in (4.4) and in Z’ that depend on spins s 1 and sg;41, and set them
equal to each other — that is necessary if the partition functions are to agree. That gives the
equations
2 cosh [K (sy_1 + S9141) + 3h) e%ﬁh(82l—l+521+1) )
= exp [K'sy 15911 + 580 (su—1 + sa111) + BY]

where so;_1 = 1 and so;+1 = +1. Thus, we have four equations and only three unknowns
K’, I/ and ¢, and the correctness of our Ansatz appears to be in doubt. It is convenient to
write out all the equations, which I have done in Table 4.1. We see that the second and third
equations collapse into one, so that there are only three independent equations and therefore
we may expect to find a solution. Dividing the first equation by the fourth yields

1
r_
h _h+2610g

dividing the product of the first and fourth equations by the product of the second and third
equations gives

[ cosh[2K + jh] ] ; (4.8)

cosh[—2K + (h]

1 [cosh[2K + Bh] cosh[—2K + ﬂhq . (4.9)

K'=-lo
8 cosh?[h]

4

A few remarks are now in order. We have obtained the result that if we perform a partial
sum over half of the degrees of freedom, i.e. the even spins, the resulting partition function
describes an Ising-type interaction between the remaining degrees of freedom. The form of the
Hamiltonian is exactly the same as before but the coupling constant has changed, K — K’
as has the effective magnetic field, h — h’. Nothing prevents us from doing another partial
sum over half of the remaining degrees of freedom (say, sites 4/+1). If we were to do that, we
would find that the partition function after the partial summation would describe an Ising-
interaction between the remaining degrees of freedom (s4;13). The coupling constant of the
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resulting model is K” and the effective magnetic field is A”, which describe the behavior of the
model at a length scale that is four times the original length scale (the separation between the
remaining degrees of freedom has increased by a factor of four). Thus, we can coarse-grain
the original Ising chain by successively removing every second spin, and the result at each
stage is another Ising model with a new coupling constant K ™ and a new effective magnetic
field h(™. The equations (4.8) and (4.9) that describe how the parameters of the Hamiltonian
change when we remove some degrees of freedom are called renormalization group equations.

Let us analyze the renormalization group equations a little more carefully. First of all,
we notice that if the original magnetic field h vanishes, so does the renormalized field h’: no
magnetic field is spontaneously generated in the rescaling process. This has to be the case
since a zero magnetic field implies that there is no preferred direction for the spins (either up
or down); if there is no preferred direction in the small length scale description, there cannot
be one in the large length scale description either. Secondly, if the external magnetic field
vanishes, we have K’ = % log cosh[2K]. If K’ < K, the interaction between the coarse-grained
spins is weaker than between the adjacent spins. This means that if two spins are very far
apart, interaction between them is very weak, and their directions are not correlated. If
on the other hand K’ > K, the interactions between coarse-grained spins is stronger than
between adjacent spins and their directions are strongly correlated. In the intermediate case
K’ = K the interaction strength does not depend on the separation between spins. The
equation K’ = % log cosh[2K] = K has two solutions, K = 0 and K = oo which correspond to
the intermediate case when the effective coupling is independent of the distance between the
spins. Since K = (J, this implies that the interaction strength is scale independent if 7' =0
or T'= oo. In the first case interactions are strong, and the system is ordered, whereas in the
second (infinite temperature) case interactions are very weak and the system is disordered.
In this particular model we have K’ < K for all 0 < K < oo, so unless the temperature is
exactly zero, the interactions get weaker with coarse-graining and the system is disordered
at sufficiently large length scales. Hence, the one-dimensional Ising model is disordered at all
non-zero temperatures, meaning that the knowledge of spin orientation at one point does not
allow one to determing the spin orientation far away from the initial point.? This result was
first obtained by Ernst Ising in his doctoral thesis in 1920.

It is useful to describe the renormalization group equations graphically as I have done in
Fig. 4.1. The starting points of the arrows indicate the original parameters (K, h), and the end
points indicate the renormalized parameters (K’, h') after one decimation procedure, i.e. on a
length scale that is twice the original length scale. We see that upon successive decimations,
the parameters flow towards one of four different points, depending on the original parameters
(K, h): if h > 0, the flow is towards (K* = 0, h* = +00), if h < 0 the parameters flow towards
(K* =0,h* = —o0), and if h = 0, they flow towards (K* = 0, h* = 0) unless K = oo in which
case the parameters remain (K = oo,h* = 0). The flow diagram tells us that even a small
magnetic field changes the system’s large scale behavior qualitatively — the magnetic field
becomes more and more important upon successive decimations as the remaining degrees of
freedom represent more and more spins — and therefore the magnetic field is called a relevant
variable. We can imagine that some other perturbations get weaker at longer length scales, in
which case they are called irrelevant. The concepts of renormalization group flow and relevant
and irrelevant variables will be discussed in more detail in later sections.

2Technically, the correlation function (s;s;) decays exponentially as e~1*~7!9/¢ where a is the lattice constant
and & the correlation length.
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I

Figure 4.1: Renormalization group flows for the one-dimensional Ising chain under decimation.

General properties of a renormalization group

Let us consider a Hamiltonian H({s;}) which describes a system of spins {s;} on a d-
dimensional lattice with lattice constant a. The Hamiltonian has some parameters like the
external magnetic field, the coupling constant etc., which we will call {K,,} — thus, we can
have for instance

H = —ﬁH = —ﬁ(—JZSZ‘Sj — hz SZ') =K Z $is5 + Ky ZSZ‘, (4.10)
(3,9) i (3,5) i

where we multiplied by —f for convenience. The space {K,} is called the parameter space of
the Hamiltonian. The parameters K= {K,} determine all the properties of the system. In
particular, they determine the probability that the spins {s;} assume particular values {o;}
— this is given by P({s; = 0;}) = £ exp[-8H({0;})]. They also determine the correlation
length & = af(K) where f(K) is some function of the parameters. Note that the correlation
length is proportional to the lattice spacing a.

An RG transformation of the Hamiltonian consists of several steps. First we form block
spins, in the way that was introduced by Kadanoff, by grouping A? spins together to cre-
ate block spins {sgb)}. Block spins are effective, macroscopic degrees of freedom that de-
scribe the blocks. They are chosen to be same type of objects as the microscopic degrees
of freedom (spins s; = £1 on the microscopic lattice), and their values are defined by the
microscopic degrees of freedom within the blocks they represent; typically in position space
renormalization the block spin values are determined by a majority rule. The distance be-
tween adjacent block spins is A times larger than the distance between the original spins so
that the new lattice constant is ¢’ = Aa. Since the block spins are functions of the origi-
nal spins, the probability distribution of the block spins must be related to the probability
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distribution of the original spins. Writing the probability distribution for the block spins as
P({sgb) =0}}) = > exp[—BH'({0’})] we can define the block spin Hamiltonian H’({sgb)}).
We assert that the block spin Hamiltonian H' is of the same form as the original Hamiltonian
H, and only the parameters {K,} may change.® The parameters K’ = {K’} of the block spin
Hamiltonian are connected to the original parameters K = {K,} through a transformation
Ry,

K' = Rp\K. (4.12)

The transformation R, is called a renormalization group transformation. Note that R, is a
mapping from one vector in the parameter space to another — if Ry were a linear mapping it
would be a matrix, but in general it is nonlinear; equation (4.12) is nothing but a shorthand
notation for KJ’ = F;(A; Ky, Ky, ..., Ky). It is usually not possible to find R exactly, instead,
we will have to resort to various approximate techniques some of which we will study in the
subsequent sections. Furthermore, there is no unique way to rescale a particular problem so
the transformations R, are not uniquely determined by the microscopic Hamiltonian.

Equation (4.12) tells how the parameters describing the system depend on the length
scale that we are considering. Each RG transformation corresponds to an additional level of
coarse graining through the construction of block spins. The new, coarse-grained description
ignores some short scale structure of the original microscopic description, but preserves the
long wavelength properties of the model. If we successively increase the scale by a factor A,
the parameters {K,} move along some trajectories in the parameter space. This motion is
called the renormalization group flow.

If we perform two scale transformations R, and Ry, in succession, their combined effect
is to change the scale by the factor A = A1Asg; thus, the transformations R, form a semigroup
satisfying

Rapy = BA R, (4.13)

However, in general there is no way to reconstruct the small scale Hamiltonian if we know
the system’s large scale behavior and therefore the inverse transformation (R)~! does not
exist — consequently, the operations R do not form a group and the term renormalization
group is something of a misnomer.

Fixed points and renormalization group flow. There are usually a number of points
in the parameter space that satisfy RAI? *= K *, i.e. points that are invariant under the
renormalization group transformation Rpx. These fized points are particularly important: for
instance, in the localization analysis in the beginning of the course, the fixed point 3(G.) = 0
could be identified as the point separating metallic and insulating behavior. To see the
importance of fixed points, recall that the correlation length is given by £ = af (I? ) where
a is the lattice constant and f(K) is some function of the parameters {K,}. Since the
correlation function is a measurable quantity, it cannot depend on whether we describe the
system in terms of the microscopic spins {s;} or block spins {sg-b)}. When we perform the RG
transformation that takes us over from the microscopic description H to the coarse-grained

3This is actually no restriction since the original Hamiltonian can include all kinds of terms, for instance
we could write
'H:Klzsisj +K2ZSi+K3 Z SiSj+K4 Z SiS;SkSI (4.11)
(i,5) i i,j n.n.n (2,5,k,1l)
where the last two terms run over pairs of next-nearest neighbors and and groups of four neighboring spins,
respectively. If the last two terms are not present on the microscopic level we just set K3 = K4 = 0.
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description H’, the parameters change from K to RAI_(' , and the lattice constant changes from
a to Aa. Thus, we have the result

¢ =af(K) = Aaf(RAK). (4.14)

Now, if K is a fixed point K* then RyK* = K* and we have £* = af(K*) = Aaf(K*). This
equation has only two solutions: either £* = 0, or £* = oco. The first case corresponds to
a completely uncorrelated phase whereas the second case is a critical point: the correlation
length is divergent. Thus, all points K* in the parameter space that are invariant under RG
transformations correspond either to an uncorrelated phase, or to a critical point. The former
are called trivial fixed points and the latter are called critical fixed points.

Each critical fixed point has its basin of attraction which consists of those points in the Da-
rameter space that flow towards the fixed point, that is, of points K such that lim A—o0 RAK =
K*.4 This basin of attraction is called the critical manifold. Let us consider a pomt K on the
critical manifold, and perform successive RG transformations R so that K () — (RA)”K .
Since ¢ is independent of n we have ¢ = af(K) = Aaf(KW) = ... = A"af(K™) = ...
Since A > 1 and f (I? *) = oo the right hand side diverges as n — oo, and therefore £ = oc.
Thus, the correlation length is divergent for all parameter values K that lie in the basin of
attraction of a critical fixed point, which justifies the term critical manifold.

Thus, we have determined that the RG analysis allows us, by determining the fixed points
of the RG transformation, to determine the critical points and critical manifolds. We are often
interested not only in the fixed points that descrbe the different macroscopic behaviors of the
system but also how the properties of actual systems approach the fixed points as the system
size is increased. This is described by the so-called critical, or scaling exponents. The fixed
point and scaling exponents are the main outcomes of an RG analysis. At the fixed points
the system possesses a new type of symmetry — scale invariance — that is exact at the fixed
point, but near a fixed point it is only approximate. We knew from experience that symmetries
often lead to simplifications in physical problems °. In the example of quantum mechanics,
identifying rotational symmetry allows us to organize and understand atomic spectra in great
detail. So far RG falls short of such great expectations. This suggests that we have not yet
fully utilized the potential of the symmetry in the present problem. In particular, we have
not found any “quantum numbers”. Recalling that angular momentum quantum numbers
appear in quantum mechanics as eigenvalues of rotation operators suggests that if we wish
to find some counterpart of quantum numbers in the present problem, we should analyze the
eigenvalue problem for the symmetry operations.

Since the symmetry in the present case is only approximate, and valid only near criticality
when the correlation length is large, we proceed by analyzing the RG equation near the fixed
points. Writing K = K* + 6K and applying the transformation Rp we get

K' = K*4+6K' = R\(K* 4+ 0K) ~ K* + @};A) 0K (4.15)
K*

4Sometimes the basin of attraction of a fixed point only contains the point itself, which is then known as a
repulsive fixed point.

5Scale invariance implies that the equations describing critical phenomena are invariant under global scale
transformations (stretching). It is believed nowadays that the invariance extends to local scale transformations
as well (spatially varying stretching). This more general conformal invariance leads to great simplifications in
particular for two-dimensional models.
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where we linearized the RG transformation near the fixed point. In component notation we
now have linearized RG equations

SK! = E 0K, 0K (4.16)
n
and we can define the corresponding eigenvalue problem. However, since we do not know

anything about the matrix M,%n = (gﬁ%)}{* (except that it is real), it is not clear that the

matrix is diagonalizable or that its eigenvalues are real.
For simplicity we assume that the matrix is diagonalizable. We can then write down the
eigenvalue problem

D Mper = Aoy (4.17)

where e is the n'" component of the o' eigenvector and A Ao 1s the corresponding eigenvalue.
Since two successive RG transformations are equivalent to one RG transformation with a
larger rescaling factor, Ry, Ry, = R A,, the matrices M satisfy MM MA2 = M2 and
therefore

>\A1,0')\A2,G' = )\AlAQ,U- (418)

This implies Ay , = AY where y, is a number that depends on o but not on A. The usefulness
of the eigenvalue analysis becomes apparent if we write in (4.16) K = Y o Gs€s sO that
SK' = Y o GcAA,0€x. We see now that if [Ap »| < 1 and a, # 0 the renormalized parameters
K’ are closer to the fixed point that the original parameters. Therefore the critical manifold
is spanned by those eigenvectors whose eigenvalue has a modulus less than one.

We can now be more specific about the definition of relevant, irrelevant, and marginal
directions in the parameter space. The direction €, is called

e relevant, if |[Ap o > 1 or y, >0
e irrelevant, if [Ay | < 1lor y, <0
e marginal, if [Ay | =1o0ry, =0

Thus, the critical manifold is spanned by the directions that are irrelevant near the critical
fixed point (hence the terminology: it does not matter if the system is displaced from a
critical point to an irrelevant direction, upon RG transformations it will flow towards the
critical point and reach it in the infinitely large scale limit). Relevant directions, in contrast,
are directions that take the system away from the critical fixed point. Marginal directions
require more careful analysis and often lead to logarithmic corrections in various quantities.

Position-Space Renormalization

In the previous discussion of the renormalization group there was one crucial step that we
did not address in any detail: once we have H = —(3H, how do we get H' = —3H'? If we can
obtain H’', it is (at least in principle) straightforward to find the fixed points, identify stable
phases, linearize the transformations near critical fixed points, and obtain critical exponents.
In this section we will discuss one approximate scheme to obtain the renormalized Hamiltonian
for a set of lattice models. The method is called position-space renormalization. It is best
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Figure 4.2: Triangular lattice and the block spin construction. The blocks 7, j/, 7/, and 5"
have been named and interactions between them are indicated by solid lines.

illustrated with an example, and the easiest example to deal with is once again the Ising model.
This time we will study the model in two dimensions on a triangular lattice; the advantage
of concentrating on this model is that it was solved exactly by the Norwegian physicist Lars
Onsager in 1944, which allows us to determine the accuracy of the approximations we will
make.

The triangular lattice is shown in Figure 4.2. We start by constructing block spins sgb)
from three spins sj;1, sj2 and sj;3 that lie in the corners of a triangle j. The natural way to
assign a value to the block spin is to use majority rule: if the majority of the spins s;1, s;2
and sj3 are +1, the block spin sg-b) = +1, otherwise sg-b) = —1. The majority rule can be
generalized to all position-space renormalization problems, although if the number of spins in
the block is even we must come up with a special rule for the case when equally many spins
in the block are +1 and —1. Note that the block spins also form a triangular lattice but the
lattice constant has increased from a to v/3a, hence, the RG parameter is A = /3 in this
case.

The second step is to rewrite the original Hamiltonian

H=-BH=KY sis;+0hY s (4.19)
(i5) i
as a sum of two terms Hg + H1 so that the term Hg does not couple different blocks. This
gives

Ho = Z[K(Sjlsjg + 552553 + Sjgsjl) + ﬂh(Sjl + 552 + Sjg)] (4.20)
J

Hl = Z K(Sjlsj’Q + Sj18j13 + Sjlsj”Q + 5j33j”2 + 8j38j”’1 + 8j38j”’2) (421)
J
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where j' is the block right above block 7 and j” is the block that is slightly above and to
the right of block j, see Fig. 4.2. Since j runs over all blocks, including the interactions
between the block j and its neighbors to the left or below would result in double counting
in the expression for H;. The probability for a particular block spin configuration is given
by the sum of the probabilities of those microscopic spin configurations that give rise to the
right block spins. The coarse-grained Hamiltonian is thus given by

eH’({Sgb)}) = Z’GHO({Si})JrHl({Si}) (4.22)
{si}
where the sum runs over configurations {s;} such that sgb)
J

= sign(sj1 +s;2+s;3) for all blocks

The difficulty in evaluating this expression comes from the term e’1{si}) which couples
neighboring blocks. We will treat the difficult term perturbatively. To do that, we first define
the average of the observable A with respect to Hg as

Z{ }e JA({s:})
z{ gt

The average is a function of the block spins {sg-b)} because the sums are restricted to corre-
spond to a particular block spin configuration. With this definition the equation for H’ can
be written as

(4.23)

(AP 1o =

(") = 3 retolisi) Sy (4.24)
{si}
The first factor in this expression is easy to evaluate since it contains terms only within
one block. Therefore,

Ho({s:}) — H elK (sj18j2+552853+s53551)+8h(sj1+552+553)] (4.25)
J

and

Z 1 Ho({si}) —

I > 6[sign<sﬂ+sj2+s]-3>,s§-)Je[K“ﬂSﬂ“ﬂm“jSSﬂ>+ﬁh<8ﬂ+5j2+5j3>1 (4.26)
J

sj1 = £1
Sj2 = +1
sj3 = £1

where §(i,j) is the Kronecker delta. Here Zo({sgb)}) =1, zo(sg-b)) is defined as an analog

to the partition function. The sum is easiest to evaluate if we tabulate all the possible
combinations of s;1, sjo and s;3 and the corresponding sg-b). This is done in Table 4.2. From
the table we can read

zo(sgb)) = exp[3K + 33 ﬂh] + 3exp[—K + s Bh] (4.27)

For simplicity we will now concentrate on the case of no external magnetic field so that
zo(sg-b)) = exp[3K] + 3exp[—K] is independent of sg-b) and Zy = [exp(3K) + 3exp(—K)|V/?
where N/3 is the number of blocks (N is the number of spins).
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sj1 | Sj2 | sj3 | s; | exp[Ho]

+1 |41 | +1| +1 | exp(3K + 35h)

+1 | +1] -1] 41 | exp(— )

+1 | -1 | +1] +1 | exp(— )

141 +1 ] +1 | exp(—K + ﬂh)
(= )
(= )
(= )
(

+1] -1 | -1 -1 | exp
1 +1 ) -1 -1 | exp
1] -1 +1 -1 | exp
-1 -1 -1 -1 | exp(3K — 3ﬁh)

Table 4.2: Evaluation of zo(sgb)).

It remains to evaluate the average (e’'1)y. We do that using the cumulant expansion: we

have
(M"Y = 14 (Hi)o+ 5 <H2>o +.
= exp [(H1>0 + 5 (<H2>0 — <H1>(2)) + .. ] .

The last line is called a cumulant expansion, and the first term in the exponent is called
the first cumulant, the second one is the second cumulant etc.. The cumulant expansion is
frequently much more accurate than the simple Taylor expansion. We will be satisfied with
the first order cumulant expansion so we only need to evaluate (H1)o. The only operators that
appear in ‘H; are products of two spins, and therefore we must evaluate terms like (s;15;2)0-
Since the average is performed relative to Hg which does not couple different blocks, we have
simply (sj155:2)0 = (s;1)0(5j72)0. The averages (s;1)o can be read from Table 4.2, which gives
(for h =0)

(4.28)

63K 4 G_K

1
(sj1)0 = —ggb) 1 xexp(BK)+(1+1—1)xexp(—K)] = 5@

—_— 4.29
20 I e3K 4 3e—K ( )

The averages of s;o and s;3 are obtained similarly. Inserting this into the expression for H;
gives

_ 2
(H({sP )0 = 2K Z S0l (M) . (4.30)

e3K + 3e

Here the factor two arises since in our expression for H; there are six products of two spins
which describe the interactions between the block j and its nearest neighbors. Thus, each
pair of nearest neighbors is coupled by two interaction lines. Hence, we have

®) (b ( 3K —K )2

M = [ 3K | e KNG 5 sy (R (4.31)
Taking the logarithms gives
N e e K
r_ 3K K
H = glog[e +3e "]+ 2K <€3K T30 K > E s (4.32)

The first term is an additive constant which we are not interested in, and the second term
looks like an Ising coupling between the block spins. This is exactly what we hoped to get,
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and now we just read off the renormalized coupling constant

3K —K \ 2
, e +e
which is our RG equation.
The fixed point K* is given by
1 3K* -K*
_ e Ter (4.34)

V2 3K 43K

which gives ' = 2v/2+1 or K* = Llog[2v/2 + 1] &~ 0.336 or T ~ 2.98J/kp. The exact
result is K. = 1 log[3] ~ 0.275 so we are off by about 20%. To calculate the critical exponents
we must differentiate the expression (4.33) with respect to K. This is most conveniently done
with Mathematica or some other symbolic manipulation software, which gives

dK' (1 +e*)(3 + 4e*E 4 3K 1+ 16K K)

K ~* (3 + e2K)3 (4.35)

which yields at K = K*

_dK' 44 3v2 + log(1 +2V/2)
=ar v2) (2+2)3

Recalling A = /3 and \; = AY* gives y; ~ 0.882203; the exact result is y; = 1 so that the
exponent is off by 12%.

An obvious way to improve the analysis is to include the next term in the cumulant ex-
pansion. That, however, gets rather complicated since the second order cumulant introduces
interactions between next-nearest neighbor blocks and third-nearest neighbor blocks. The
analysis can nevertheless be carried through and the result is K. =~ 0.2575 and y; ~ 1.042,
which is a significant improvement over the first order result. However, conceptually the pos-
sibility of improving the calculation systematically is a major improvement over the previous
theories: we now have a tool, position space renormalization, that allows us to analyze large
scale manifestations of small scale interactions. On the level that we have discussed the tool is
still rather rough and actual calculations can get rather involved. Most practical applications
of the renormalization group method are carried out in wavevector space rather than in po-
sition space, but the general idea is the same: careful elimination of those degrees of freedom
that correspond to small scale structure (i.e. short length scales or large wavevectors).

At

~ 1.62352. (4.36)

Home problem 2: Position-space renormalization: 2D Ising model —
Consider an Ising model on a two-dimensional square lattice (zero
external magnetic field). Form block spins by grouping together four
spins of the original lattice — this will lead to a difficulty in treat-
ing the case when two of the original spins are up and two down
(the majority voting rule ends up in a tie). Distribute the Boltz-
mann weights of these contributions equally among the s® = +1
and s(®) = —1 cases (i.e. put a factor of % in front of the Boltzmann
weights of the tied configurations and include them in both block spin
states). Apply the position-space renormalization group techniques
to determine the critical temperature and the critical exponents «
and v. Compare the PSRG results with the exact ones.
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4.1.2 Momentum space renormalization group

HJ

4.2 Approximate analytic techniques

4.2.1 Mean field theory
HJ

4.2.2 Dynamic mean field theory
0J

4.3 Exact analytic techniques

4.3.1 Bethe Ansatz
HJ

4.3.2 Bosonization

HJ

4.4 Numerical techniques

4.4.1 Density functional theory

In materials science, and increasingly in chemistry, one of the most successful computational
strategies in describing systems comprising a large number of interacting particles is known
as density functional theory, DFT. The origins of DFT are quite old, in the 1920s, but it was
developed into a complete tool by Walter Kohn and co-workers only in the 1960s.

The basic starting point of density functional theory is the discovery by Kohn and Pierre
Hohenberg that the ground state energy of an interacting many-particle system is in a 1-to-1
correspondence with the density of the system. Hence, if we somehow manage to find out the
bijection n(r) «» Ejy, and can determine the ground state density, we can obtain the ground
state energy.

Some parts of the ground state energy can be easily related to the density — for instance
an external potential Vox(r) results in the energy contribution [d3r Vex(r)n(r) — while for
others the connection is more complicated. Kohn, together with Lu Sham, devised a scheme
that works out quite well. The idea is that the ground state energy is written as

Ey =Ton] + /d3r Vext (r)n(r) 4+ % //d3rd3r’n(r)U(r —1')n(r') + Ezcln]

where the first term is the kinetic energy of a non-interacting system with density n(r), the
second term is the energy associated with the external potential, the third term is the classical
(Hartree, or direct) interaction energy arising from an interaction potential U (r), and the final
term is whatever is needed to make the equation valid. Obviously, all problems have been
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placed in evaluating the final term, known as the exchange-correlation energy. The usefulness
of this approach arises from the fact the last term is usually quite small. Let us postpone the
discussion of the exchange-correlation energy for a little while and consider the other terms
first.

Another term that leads to difficulties is the kinetic energy which is not readily expressible
in terms of the density. To address this problem, Kohn and Sham wrote the density in the
form n(r) = Y |1a(r)? using single-particle wave functions 1, (r). By requiring that the
energy is at its minimum, one can derive a set of (Euler-Lagrange) equations for the wave
functions 1., which typically assume the form

dE ¢
on(r)

which resembles the Schrodinger equation for a single particle. Here €, is technically a
Lagrange multiplier and, technically, 1, (r) is just a calculational tool to construct a density.
In practice, however, one often regards both €, and 1, as physical quantities — the energy and
wave function of a meaningful single-particle state. In an interacting many-particle system
this interpretation cannot be justified, but experience has shown that it has more value than
can be rigorously proven.®

Now the many-particle problem has been reduced to a set of single-particle equations
for the functions 1, (r). However, since the left hand side of the Kohn-Sham equation 4.37
depends on the density n(r) which depends on the functions v, the equations must be solved
iteratively, and at each cycle the density n(r) must be constructed from the functions 1 /(r)
whose Lagrange multipliers €, are lowest. For spinless fermions, the number of functions used
equals the number of particles, while for fermions with spin, the number of functions used
equals [(V —1)/2] + 1 with [N/2] functions with smallest €, contributing to the density by
20ta (1)

There are many numerical implementations of how to solve the Kohn-Sham equations,
and we shall not discuss them here; several of the implementations have been commercialized.
Typically, the solution time of a set of Kohn-Sham equations increases as NP with p ~ 2 — 3
but there is some hope to improve the scaling to p = 1 by exploiting the fact that, typically,
the particles are near-sighted: their interactions with particles far away can be described
in an average fashion, and only the nearby particles are treated by pairwise interactions.
Presently, the number of electrons that can be reasonably described using DFT ranges from
a few hundred on a PC to a few thousand on a more powerful computer.

The Achilles’ heel of DFT is the fact that we do not know how the exchange-correlation
energy depends on the density. There are many approaches to determine this dependence. His-
torically the first was the Thomas-Fermi approximation, which is based on treating a uniform
electron system in the Hartree-Fock approximation: this results, in three dimensions, in an
exchange (Fock) contribution to the total energy that can be written as —V% (%)1/ 5 4;260 n*/3.
Assuming that the exchange-correlation energy of a non-uniform electron system can be writ-
ten as an integral over space with an integrand that only depends on the local density results

in the approximation
3 3\ e 4/3
Eype=— | d&r-| — ——n(r)".
4 \ 7w 4dmeq

Tt turns out that the Lagrange multiplier for the highest occupied level can be rigorously interpreted as
an ionization energy (Koopman’s theorem).

h2
—%zpa(r) + Vext (v)1a (r) + /d3r’U(r —1)n(r ) (r) + Ya(r) = €qa(r)  (4.37)




4.4. NUMERICAL TECHNIQUES 101

This is quite a rough approximation since it only includes exchange, and assumes that the
local density is the only relevant degree of freedom. The first aspect can be resolved by
doing higher order perturbation theory on the uniform electron system — typically, in a
more accurate formulation, one sums certain perturbative contributions to infinite order in
the perturbation theory (e.g. random phase approximation), and thereby obtains a more
accurate description of a uniform system. This local density approximation, LDA, form of the
exchange-correlation energy is usually written as

C

BEPA = [ )k

LDA

where €.

(r) is the exchange-correlation energy of an electron in a uniform electron gas with

LDA _ SEEPA
zc  — on(r)

density n(r); in the Kohn-Sham equations this results in a potential term v

a%(nrzigr). Extending the discussion to non-uniform charge densities is harder, and the first

attempts in this direction actually gave results that were inferior to those obtained in the local
density approximation. The reason of the failure of these so-called gradient corrections was
identified as having to do with certain exact constraints being violated — simple gradient
corrections describe a system that is fundamentally non-physical — and improved scheme
known generalized gradient approximation (GGA) were introduced. The GGA has proven
quite successful.

Apart from perturbative methods, one can find approximations for the exchange-correlation
energy by using other numerical techniques in connection with analytic constraints. The
analytic constraints typically require specific limits (form at low or high density, positive
compressibility or pressure etc.), and the numerical methods are usually some techniques
that allow high accuracy for small systems such as exact diagonalization or Quantum Monte
Carlo. Even available experimental results may be used to constrain the form for the exchange-
correlation energy.

The density functional theory was developed for the purposes of materials science where
it has been used successfully to obtain electronic structures of large varieties of materials and
individual molecules. It forms, together with psudopotential methods that describe the most
energetic (valence) electrons of an atom, the backbone of computational materials science.
The technique has also been used to discuss the properties of interacting electron systems
such as quantum dots where it has revealed intricate correlated states.

A limitation of DFT is that in its original form it only addresses the ground state prop-
erties, and in most systems in condensed matter, the ground state is inert and completely
uninteresting. The interesting physics is associated with the excitations above the ground
state: they determine the system’s dynamics and response to external stimuli. Also, in its
original form DFT has difficulty dealing with systems with large degeneracy such as the quan-
tum Hall effect, or systems where spin plays a crucial role, or where time dependence is of
fundamental importance (e.g. most non-equilibrium systems), or many other cases.

However, DFT has been extended to cover many of these applications: in the presence of
magnetic field one has to use current density functional theory (CDFT) with E,.[n,j|; in the
case of spin, spin-DFT (SDFT, E,.[n,n|]) is used; to describe dynamics time-dependent DET
is used (TDDFT, E,.[n] used with a time-dependent Kohn-Sham equations); if degeneracy is
important, one can use ensemble DF'T etc. — in the worst case, you may need time-dependent
ensemble spin current DFT, or its extension to transport in non-equilibrium problems. All
these extensions come at their cost in terms of complications and, sometimes, in terms of
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having to relax the rigor of the Kohn-Hohenberg theorem to some weaker form of assumed
truth. They also come with limitations: for instance, the time-dependent DFT runs out
of steam after a few femtoseconds, which makes it purely suited for most applications that
involve macroscopic timescales. Lately much effort has been invested in combining the power
of DFT with description of transport in different systems, and while it is generally believed
that this is a reasonable direction to aim at, there is no real consensus of the merit of the
implementations used thus far.

The extensions result even in practical difficulties in addition to the formal ones. In the
case of the spin-DF'T, for instance, the dependence of the exchange-correlation energy on the
two spin densities cannot be deduced from the spin-polarized version E,.[n(r)]: the exchange
term acts only between electrons with the same spin, E,[ny,n|] = Ez[ng] + Ez[n|] but the
correlation part does not separate in the same way. Typically one resolves this problem
by making the Ansatz that the exchange-correlation energy depends on the total density
n = ny + n| and the polarization £ = (ny —n|)/n and invokes the interpolation formula
€ze(n, €) = €2 (n) + £(€)[esPl (n) —be! (n)] where ebe! and e2eP®) are the exchange-correlation
energy densities for fully polarized and fully unpolarized systems, respectively, and f(£) is an
interpolation form that yields the correct polarization dependence for the dominant exchange
part. The exchange-correlation energy densities for £ = 0 and £ = 1 must be extracted using
any of the standard methods. This method has been applied quite successfully to, e.g., the
determination of ground state electron structures of semiconductor quantum dots. However,
from a fundamental point of view it is not as firmly established as the stadard DFT, and one
can actually construct cases when there is no one-to-one correspondence between the spin
densities and the ground state energy (K. Capelle and G. Vignale, Phys. Rev. Lett. 86,
5546 (2001)) thereby violating the fundamental assumption behind SDFT; fortunately, these
examples appear to be of little practical consequence.

For the case of the current-DFT the current density must be introduced as an extra
parameter; for systems with time reversal invariance the current density must vanish in the
ground state but in cases when the time reversal symmetry is broken by an external magnetic
field the ground state may well carry a current as we saw in the persistent current discussion.
In the same way as the density dependence of F,. results in an extra potential U%’CD 4'in the
Kohn-Sham equations, the current dependence results in an extra vector potential AﬁcCDA.
The current density dependence of E,. is restricted by gauge invariance, and it turns out that
the exchange-correlation energy can only depend on current densities through the vorticity
V x j(r)/n(r). While approximations for the exchange-correlation vector potential can be
derived in the same as those for the exchange-correlation potential, one usually employs a
mapping that allows ALEP4 to be related to vEP4 of a uniform system in a fictitious magnetic
field whose strength is related to the current density of the original system. The CDFT
method has also been applied to study the electronic structure of variety of nanoscale systems
in external magnetic fields, with results that are in good agreement with those obtained by

other methods. Yet, similar non-uniqueness concerns apply to CDFT as to SDFT.

Despite the complications and shortcomings listed above, even rudimentary applications of
DFT often yield surprisingly good results for interacting electron systems. As an example we
consider analysis of Coulomb blockade in a two-dimensional semiconducting quantum dot in
the presence of a perpendicular magnetic field. This system has been studied extensively both
experimentally and theoretically since the late 1980s. The experimental structure typically
comprises a two-dimensional electron system (e.g. at the interface between GaAs and AlGaAs)
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Figure 4.3: Electron densities for a parabolic quantum dot as predicted by the simplest
capacitive model (“cake model) and the simplest DFT model.

and some way to deplete the electron system except in a small region that forms the quantum
dot. The depletion can be described by an external potential which typically assumes a
parabolic form V(r) = %mw8r2 where the potentials curvature wy depends on the design;
typical values are hwg =~ 1-2 meV. The system’s leading behavior is similar to what we saw
in our analysis of Coulomb blockade in metallic quantum dots: the conductance through the
dot is in general small, except at a series of gate voltage values at which two charge states
are degenerate, and conductance has a maximum. These conductance maxima are equally
spaced on the gate voltage axis, and the peak spacing is related to the gate capacitance by
AV, = e/C,. This simple picture suggests that magnetic field plays no role — the capacitances
are simple geometric quantities, unaffected by a magnetic field.

Experimentally, however, it is seen that the positions of conductance peaks change with
B. The first explanation that was suggested for this behavior was based on the Hamiltonian

Q2
H = Z EQCLCQ + %

where the first term is the single particle energy of the states |a) obtained by solving the
Schrodinger equation for electrons in a strong magnetic field and subject to a parabolic
confining potential, and the second term is the interaction energy in the capacitance approx-
imation. Although the capacitance is independent of B, the single-particle energies depend
on the magnetic field, and consequently the gate voltage values at which charge degeneracy
occurs is B-dependent.” The resulting electron distribution resembles a multi-layered wed-
ding cake: the states on different Landau levels and with different spins are occupied up to
some maximum angular momentum value, ¢.e. up to some radius, and within this disk they
have a nearly constant density corresponding to ny = (2m¢2)~1. While this explanation seems
to be able to explain some experimental features, it requires certain unphysical assumptions
such as that the electron density in the dot must be higher than that in the leads; this is
profoundly unreasonable as quantum dots are created by expelling electrons from a 2DES so
that only a small puddle of the electron liquid remains.

The next level of theoretical sophistication was to implement a Thomas-Fermi-type density
functional description. The kinetic energy is now quite simple if the system is in a strong

"In metallic structures the density of levels is so high that the magnetic field has little impact — as the field
is changed, the set of occupied levels changes but the total energy is rather insensitive to B. In semiconducting
dots the level separation is large so that the set of occupied levels is not easily affected, and therefore the
magnetic field dependence of individual energy levels is more important.
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magnetic field as is the case in the experiments: the kinetic energy is quantized to Landau
levels which can accommodate electrons up to a maximum density that depends on the
magnetic field. In this first DFT description the exchange-correlation energy was simply
set to zero, and the electron density was written as a sum of contributions from occupied
single particle states as n(r =3, , 1/1;270(1‘)77!1”,0(1') where the states |n, o) satisfy Kohn-Sham
equations. Compared to the “cake model, the electron density resulting from this model is
considerably smoother. It can be understood from the classical limit: the classical electron
density for a two-dimensional charge distribution in a parabolic external potential is n(r) =
no\/r% — R% where Ry is the radius of the charge distribution.® Quantum effects manifest
themselves in the fact that as long as n(r) is below n; = (27£2)~!, all electrons have equal
kinetic and Zeeman energies, for the range n; < n < 2n; two spin states (with different
Zeeman energies) are needed, for 2ny < n at least two Landau levels (with different kinetic
energies) are needed etc.. Since the electrostatic energy scale dominates in the problem,
deviations from the classical distribution are rather small; typically, the electron density
follows the classical form except near the points when n(r) is approximately an integer times
n1 when it is preferable from an energy point of view to transfer some charge from a higher spin
or Landau state to a lower one, thereby losing some Coulomb energy but gaining Zeeman or
kinetic energy. This results in the formation of (narrow) density plateaux n(r) = pni, p € N,
which are known as incompressible strips. This level of description results in an excellent
agreement between theoretical and experimental results as shown in Fig. 4.4.

The next level of improvement is to include a non-zero exchange-correlation term. This
modifies the results of the Thomas-Fermi theory particularly at the edges of the charge dis-
tribution where the system is compressible. A fair amount of effort has been invested in
the regime where n(r) = n; for a large range of radii r, which is known as the maximum
density droplet as it corresponds to the maximum density consistent with the lowest spin and
Landau state. When the magnetic field is increased, the lowest level could occupy even more
electrons but that would cost more Coulomb energy so the system faces a dilemma: on one
hand the confining potential favors compact, small electron densities, but on the other hand
the electron-electron interaction favors more spread out charge densities. The energetically
favorable distribution turns out to be one where the edge of the maximum density droplet
undergoes a reconstruction and the compact central droplet is surrounded by circular charge
density rings — the electron density no longer decreases monotonically as a function of the
distance from the center of the quantum dot as shown in Fig. 4.5. The exchange-correlation
effects are needed to describe these edge reconstruction effects accurately. Further refinement
of the theoretical description in terms of current density functional theory predicts detailed
internal structures in the charge and spin densities inside the quantum dots as shown in Fig.
4.6 (see S.M. Reimann and M. Manninen, Rev. Mod. Phys. 74, 1283 (2002)). However,
these higher correlation get increasingly more difficult to detect experimentally.

4.4.2 Quantum Monte Carlo

Monte Carlo methods are a stochastic techniques for evaluating definite integrals.? A sim-
ple argument shows that they are likely to be more powerful than deterministic techniques

8Deriving this result is referred to as an amusing exercise by the mathematical physicist Elliot Lieb at
Princeton University. Feel welcome to check if you agree with him (it’s not that hard).

9This section follows closely the lecture notes Matthias Troyer presented at the Boulder summer school in
Colorado, USa, in 2004.
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Figure 4.4: Comparison between the predictions of the “cake model” (top), experiment (mid-
dle), and Thomas-Fermi model (bottom). The positions of conductance peaks are seen to
move to higher energies with an increasing magnetic field. The simple model predicts that
the oscillations in the peak position disappear when only the lowest Landau level is occupied
while the experiment and the more sophisticated model show a different behavior.
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Figure 4.5: Reconstruction of the maximum density droplet edge as the magnetic field is
increased, calculated by current spin density functional theory for a semiconducting quantum
dot with 20 electrons — note the non-monotonic occupation of single-particle states (Kohn-
Sham orbitals) in terms of their angular momentum, and the intricate internal structure at
even higher magnetic fields. From S.M. Reimann and M. Manninen, Rev. Mod. Phys. 74,
1282 (2002).

Figure 4.6: Ground states currents calculated using CSDFT for a quantum dot with 20
electrons. From S.M. Reimann and M. Manninen, op.cit..
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provided that the domain of integration is at least two-dimensional: the error of a stochastic
method decreases typically as N ~1/2 where N is the number of sampling points, while the
error of a deterministic method decreases typically as the lattice spacing a of the discretiza-
tion lattice; if the N points are equally distributed in all dimensions, the number of point in
any given direction is N/¢ and the lattice spacing, and integration error, is given by N ~1/4
so that for d = 1 a deterministic method converges faster, for d > 3 a stochastic method
is faster, and for d = 2 the two have comparable scaling properties. Since problems that
involve many interacting degrees of freedom typically lead to multi-dimensional integrals,
Monte Carlo methods seem well suited for them.!?

In classical physics Monte Carlo methods are often used to evaluate thermal expectation

values
_ Jd%rp(r)A(r)
(4) = Jddr P(r)

where P(r) is a probability distribution that in equilibrium is given by e ##®) Typically,
one creates an ensemble which has the property that a point r is sampled with probability
P(r), which can be done by e.g. the well-known Metropolis algortithm where one starts from
a position r;, suggests a move to a position r;;;, and accepts or rejects the move with a
probability that corresponds to a detailed balance criterion determined by the energies of
the two positions involved. This method works well on paper, and even in reality provided
that the sampled points are statistically independent, that is, that they are separated by a
distance that is large compared to the correlation length of the system. If the two points
are not independent, the number of statistically independent samples is less than the actual
number of samples, and convergence is poorer than expected. This often happens near phase
transitions where the correlation length grows dramatically, and results in a phenomenon
known as critical slowing down.

More generally the integral in the Monte Carlo method is a more general sum (or integral)
over the degrees of freedom of the system at hand — for a model of magnetic material one
typically sums over all possible orientations of the magnetics moments (spins) at all lattice
sites. In this case critical slowing down is encountered near the Curie (for ferromagnets) or
Neel (for antiferromagnets) temperature at which the materials becomes magnetically ordered.
The reason for critical slowing down is easy to identify: near the ferromagnetic transition, the
material forms domains such that magnetization is constant within a domain but varies from
one domain to another. It is energetically very costly to flip one spin in a domain but flipping
all spins in a domain would carry much lower a cost. This also suggests a way to fight the
effects of critical slowing down: instead of updating one spin at a time, one tries to identify
clusters of spins and update them all at once. Many implementations of cluster algorithms
have been suggested, all of them consisting of two parts that first identify suitable clusters
and then decide how the cluster spins should be updated to create the next, statistically
independent sampling point. A key requirement for these algorithms is that they must obey
ergodicity, that is, each configuration must be reachable with a finite number of steps from
any initial configurations, and that the configurations the algorithm generates must follow
the appropriate distribution function. Two of the best known cluster Monte Carlo algorithms

10Tt turns out that there is an intermediate category of integration techniques known as quasi-random
algorithms based on so-called minimum discrepancy sequences that are, simple stated, irregular but fixed
multi-dimensional lattices. For these minimum discrepancy methods the number of lattice points needed to
achieve accuracy e varies as N ~ ¢ 'In(e *]@D/2 ¢f. Monte Carlo N ~ ¢~ 2 and regular lattice N ~ e ¢.

For further information see H. WoZniakowski, Bull. Am. Math. Soc. 24, 185 (1991).
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are the Wolff algorithm (U. Wolff, Phys. Rev. Lett. 62, 361 (1989)) and the Swendsen-Wang
algorithm (R.H. Swendsen and J.-S. Wang, Phys. Rev. Lett. 58, 86 (1987)).

In quantum mechanics we have a further complication that specifying the degrees of
freedom of a quantum system does not usually specify its energy. Typical example is a
quantum particle in an external potential: specifying the particle’s momentum allows its
kinetic energy to be calculated, but makes it impossible to determine the potential energy,
while specifying the particle’s position results in opposite problems; simultaneous specification
of both momentum and position is not allowed. This would seem to render Monte Carlo
methods unusable in quantum mechanics.

Fortunately, the problem can be overcome. We will illustrate this with a spin model, the
quantum mechanical Heisenberg model, with the Hamiltonian

H=-7% (SfS;” +SUSY + Sij)
(6,5)
where J is a coupling constant with units of energy, S;*¥"* are the (dimensionless) components
of the spin at site i, and (i,j) is a set of nearest neighbors. Hence, the model describes a
lattice of atoms where each atom carries a spin and spins between nearest neighbor atoms
interact. The quantum nature of this model is reflected by the fact that for any atom ¢ we can
only specify one component of the spin due to the commutation relation [S*, SY] = iS? and its
cyclic permutations — the different components of spin are like the position and momentum
of a quantum particle.
The thermal average of an operator A is now given by
4 Tr (Ae_ﬁH )
(4) = Tr (e—PH)

where TrA = E{Sf}<{55}|A|{Sf}> is the trace of the operator A, i.e. sum over all diagonal
matrix elements in some complete basis (here I chose the z-component of the spin at each site).
The problem is that the matrix elements are not straightforward to calculate. The way around
is to introduce a large integer M such that § = MA7T and e PH = ¢~ MATH — (e‘ATH)M.
For sufficiently large M the quantity in the paranthesis can be approximated as 1 — A7H so
that the denominator of the above expression can be written as

_ M| _
Z=Tr[(1=ATIM| = Sy Spssy Liss - L

Ar—1,i}

({85 = ATH){ST D ST A — ATH) ST, 1) ({953 - (1 = ATH){SG,})
where I inserted a complete set of states (1 = >, |7)(i|) between each of the factors (1-A7TH).
For future refererence, we can write Z as Z = ) (S: .} P({5},;}) where P can, hopefullly, be

interpreted as the unnormalized probability of a configuration {S ,";:Z} A similar expansion
can be written for the numerator.

The price of this has been that the number of dimensions has effectively increased by one:
the configurations {S} ,} have acquired a new label, k, that determines between which factors
this complete set of states has been inserted. This extra dimension is known as imaginary
time, for reasons we will not go into, and is a general feature of equilibrium problems: a
quantum problem has effectively one more degree of freedom than the corresponding classical
problem. Thus, we have the expression

(4) = > PUSENAWSE})
> P{SE:})
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Figure 4.7: Worldlines showing the trajectories of up-spins in imaginary time. The vertical
direction is given by khAAT with 0 < k < M — 1 so that it extends from 0 to (nearly) (; the
y-axuis is often multiplied by & so that the direction has units of time.

for the thermal expectation value. Here A({S} ,}) represents a product of the relevant matrix
elements; in the ordinary case the operator A acts only at one instance of the artificially
introduced imaginary time argument and A({Sg ;}) = ({55 ;}HAI{ST,;})-

Now that the Hamiltonian no longer appears in the exponent, evaluating the matrix
elements is much easier. Introducing new operators ST = S% +iSY and S~ = S, —iSY so
that [S*,ST] = iSY + S* = ST which means that ST increases the z-component of spin by
one. With this notation we can write

Z Q2 1 - Q-
H=-J <Si S5+ 5(S1S; 5, Sj))
(i)

which shows that the non-zero factors in the product expression for Z are either diago-

k+1,i k+1,5
Hence, if one draws lines in the k-direction connecting up-spins, the lines are either vertical,
or move diagonally between adjacent lattice points. These so-called world lines, shown in
Fig. 4.7, form a basis for quantum cluster algorithms, usually known as loop algorithms,
that introduce larger moves than single spin updates, thereby reducing the effects of critical
slowing down.

nal, Sp; = 5;,4;, or involve two opposite spin flips, (S,ii, ,j]) — (SZ +1,57 F 1).

The Quantum Monte Carlo method as described above works quite well for boson prob-
lems. For fermion problems, however, there is a serious difficulty: the quantities P are not
positive definite, and cannot therefore be interpreted as probabilities, which makes Metropolis-
type algorithms unfeasible. This is the infamous fermion sign problem. Formally, however,
there is no problem: we just define a new (unnormalized) probability density through |P| and
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write the expectation value as

S IP({nf, Ylsign(P({nf D)A({n )
S TP, )]
S 1P({nz, Disien(P{nz,, )
S TPz, DI

(4) =

where n; is the probability of finding a fermion at site i — we simply interpret the up-spins as
full sites and the down-spins as empty sites on some discrete lattice.!' In practice, however,
the average of the sign of P can be very small — typically the expectation value of the sign
varies as e #N — which leads to numerical difficulties. Great deal of effort has been invested
in overcoming the sign problem, and every now and then researchers announce that they have
found the solution to the fermion sign problem, although thus far the announcers have failed
to convince their colleagues. One authority in the field has promised the Nobel prize (without
any authority to do so!) to whoever solves the problem, so you are welcome to try your luck.

H)More complicated fermions problems can also be treated using QMC, this simple example of a single
fermion species on a lattice serves only as an example.
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Appendix A

Coulomb Blockade at a Single
Barrier

So far we have ignored the effects that the appearance or disappearance of an electron might
have in the two leads. If the leads are large metallic bodies, such effects are vanishingly small
— the charge disturbance is screened within a few plasma oscillations — but if the leads
are narrow wires, the effects may be more significant. We now turn our attention to charge
redistribution in the leads and examine how it affects tunneling across a tunnel junction.

We can model a lead as a lossless transmission line which is terminated by a capacitance
Cy. The capacitance Cy we interpret as the junction capacitance so that a tunneling event
corresponds to charging the end capacitor by charge +e. For simplicity we use a discrete
model for the transmission line as indicated in Figure A.1. The continuum limit can be
obtained by letting the inductance L, capacitance C, and cell size a approach zero such that
the specific inductance ¢ = L/a and specific capacitance ¢ = C'/a remain constants.

Qn

In

Figure A.1: Coupling of the capacitor Cy to a (lossless) transmission line

We define variables ),, and I,, so that Qn: —I,41 + I,. The inductive and capacitive
energies are then %L >y I? and %C’O_lQ% + %C’_l >y Q2. The inductive energy can
be identified as a kinetic term and the capacitive energy as a potential term so that the
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Lagrangian is'

- 1 = 1
L=-Z-L I2__ —1 2 —r—1n2

For the quantum mechanical treatment we would like to have a Hamiltonian, and therefore

we need the momenta conjugate to the charges @,. We have (note I,, = — Z;(l) Qk)
oL > 0I =
Po=—=LY Li——=-L Y I
8Qn k=1 a Qn k=n+1

so that I, = L' (P, — Po_1), Qo= —L~'(P1 — Ry), and Qo= —L ™ (Py_1 — 2P, — Poy1).
The Hamiltonian is then

SN I & I & 1
H=Y PQn-L=:=% (Pa—Put) + 55> Qn+ 5@
2 Fn @ b=5p 2. U 50 2 @t 50, @0

The task we now set for ourselves is to investigate what happens if the charge Q¢ suddenly
changes due to a tunneling process — how does the transmission line react to this disturbance?
We will find that the transmission line’s inability to instantaneously carry away the extra
charge results in a modification of the tunneling rates I', and consequently also changes the
current-voltage characteristics of the structure.?

Although H is nothing but a collection of harmonic oscillators, exact diagonalization is
cumbersome due to lack of translational invariance. Let us therefore make the approximation
that the dynamics of the transmission line is not greatly affected by the difference of the
terminal capacitance Cy and the other capacitances C. The Hamiltonian with Cy = C' is
diagonalized by the transformation

Qn = \/g/;dscz@)cos[s(w%)]

P, = \/2/0 dsP(s)cos[s(n—i—%)]

which yields

4 sin?(s

This is analogous to a collection of elastic string Hamiltonians with masses m(s) = L/[4sin?(s/2)],
2

spring constants K(s) = 1/C, frequencies w(s) = \/T—Csin(s/2), and length scales a(s) =
(L/CR?)/42sin(s/2)]71/2. The classical ground state is Q; = 0 = P;, but quantum me-
chanically we cannot simultaneously specify the values of (); and P;. Instead, the quantum
mechanical ground state of the transmission line is given by the wave functions

S

In order to avoid confusion between the inductance L and the Lagrangian I have chosen to denote the
latter by L, and for consistency the Hamiltonian is denoted by H.

2The analysis we are about to carry out is quite a standard one in condensed matter physics: we consider
a harmonic system (e.g. a crystal with phonons), perturb the system suddenly and locally, and see how the
perturbation is smeared out by vibrations. Usually the analysis is carried out using the second quantized
formalism (see e.g. G.D. Mahan, Many-Particle Physics, Plenum, New York, 1991, chapter 4.3.), but we will
instead use the more elementary first quantized approach.
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where Ago) is a normalization constant. Hence, the probability density that the charge in
mode s deviates from the classical ground state charge by amount ¢ is given by |@ZJ§O) (9%,
and a similar distribution is obtain for the deviation between momentum in mode s and the
classical ground state momentum. From now on we will concentrate on the T' = 0 case so
that initially the transmission line is in its ground state.

Let us now consider what happens if the charge ()9 changes instantaneously by amount §Q)
due to a tunneling event. Since )y does not have a well-specified value before the tunneling
event (a distribution of Qo-values is possible), it is at first sight not clear how to describe the
state of the system after tunneling. Actually, it is very easy! If the initial distribution of charge
is given by 15(q), a shifted distribution is ¥5(q¢ — dQ(s)), and we only need to determine the
proper dQ(s) for each mode using the diagonalizing transformation. An equivalent way to look
at the problem is to say that the tunneling event does not instantaneously change the quantum
state of the transmission line, but instead it shifts the classical ground state of the harmonic
oscillators by 6Q(s) = 6Q+/2/m cos(s/2), and the quantum mechanical wave functions after a
tunneling event are centered around these new minima. The new eigenfunctions are given by

$l(g) = AV e 20" ORI Hia(s)(g — 6Q(s))]

where H(z) is a Hermite polynomial. Since the transmission line is described as a collection
of harmonic oscillators, the energy of ¢%(q) is (j + 1/2)hw(s).

The instantaneous charging of Cj shifts the ground states of the harmonic oscillators but
it does not change the quantum state {@ZJS)) (¢)} of the transmission line. Therefore, after the
tunneling event has taken place, the transmission line is no longer in an eigenstate of H, and
in particular it is not in its ground state. Instead, after tunneling each mode s is in linear
combination

{9 (q) = Z 0i(s)#(q)
=0

of eigenstates. The coefficients ¢;(s) can be obtained using the properties of Hermite polyno-
mials, and after some algebra we get vo;(s) = ()26 (0Q% ()4 —a(5)8Q(s)/v/2). (Note
that 3222, [70j(s)|? = 1 as must be the case.)

This has some rather remarkable consequences. Since we assume that energy is conserved
in each tunneling process, the initial state (one extra electron to the left of C, transmission
line in its ground state) and the final state (one extra electron to the right of C, transmission
line in some excited state) must have the same energies. The probability of finding extra
energy jhw(s) in the s mode of the transmission line is given by |yo;(s)|? and therefore the
probability density of having excess energy € in mode s is

Als,€) =Y 1oj(5)1?6(e — jhw(s)).
5=0

The energy in the initial state can be distributed in many ways among the different modes s,
and it is easier to consider first what happens if there are S discrete modes. The probability
density A(F) of finding the transmission line with total excess energy E is given by a product
of the probabilities associated with different modes, subject to the condition that the total
excitation energy is E, i.e.

A(E) :/_O;gdes

HA(S,ES)

I(E — Z €s).
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By writing the delta function in terms of its Fourier transform and by defining the Fourier
transform of A(s,€) to be exp[B(s, )], we get

2T 2

o0 — 00

A(E) = /OO ﬁe—wEesz(sﬂ) _ /OO ﬁe—iaEefO“ dsB(s,0)

where we took the continuum limit again.

To obtain the tunneling rates we divide the energy of the system after tunneling has taken
place into two parts: some of the energy is taken up by a single-particle energy of the extra
electron (e.g. its kinetic energy), while some is used to excite the transmission line. In our
approximation that all energy-conserving tunneling events are equivalent, the tunneling rate
to charge the capacitor Cy is given by

1

/OO dE /OO dE'f(E)[1 - f(E)JA(E + eV — E')

where f(FE) counts the number of occupied states to the left of Cp, [1 — f(E’)] counts the
number of available states to the right of C, and A(E + eV — E’) accounts for the possibility
of exciting the transmission line with the available energy (note that the Fermi levels on the
two sides of Cj differ by eV'). At zero temperature — which is the only case we can consider
since we have assumed the transmission line to be initially in its ground state — the tunneling
rate reduces to

1 0 00 1 eV E
I'V)=— dE/ dE'A(E 4+ eV — E') = / dE/ dE'A(E'
V) Rye? /_oo 0 ( ) Rie? Jy 0 (&)

where we used that A(E) =0 for £ < 0. The current through the junction is given by

I(V) = eT(V) = R% {v /0 Y EAE) é /0 v dEEA(E)]

since at zero temperature the tunneling rate in the reverse direction vanishes.
Hence, we need to find A(E) and therefore the Fourier transform of A(s,€). Some algebra
yields A(s,0) = exp [(ewﬁ“(s) —1) 102(5)6Q%(s)] so that

A(E) = /oo ;j_ﬁe_iGEefo‘fr ds%a2(3)5Q2(5)(ei9hw(s)_1)
oo 2T

and the task of obtaining A(F) has been reduced to a Fourier transform, albeit a complicated

2
one. We carry out the transform in Appendix B, and find A(F) E%\/%_l = FpI— L
Consequently, the current at small voltage is I(V) oc V971, For a more general transmission
line with resistive elements one finds g = Z(0)/(h/e?) where Z(w) is the (frequency dependent)
impedance of the transmission line. For an LC-line we have Z(w) = /L/C.

We have now obtained the main result of this appendix: the impedance of the environment
manifests itself in the power law current-voltage characteristics. A simple way to understand
this result qualitatively is to think of the environmental impedance as a quantity that deter-
mines the charge relaxation rate, the rate at which the junction capacitance can be charged
or discharged. If the relaxation rate is fast, a tunneling charge disappears in the leads before
the next tunneling event, and we cannot obtain Coulomb blockade. If the relaxation is slow,
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corresponding to a high impedance, a charge that has tunneled through the capacitor provides
an extra barrier for the next tunneling event, and current flow is impeded. Figuratively, you
can think of difference of lifting water or sand over a barrier using a bucket: the effort to lift
one bucket remains the same as the previously poured water flows away, while the effort for
lifting sand gets harder and harder as the sand piles up.

At this point we must examine the validity of our earlier approximation that the trans-
mission line dynamics is unaffected by the difference between C' and Cy. Mathematically,
having a capacitance Cy > C at the end of a transmission line is equivalent to having a
large weight at the end of an elastic string. Since the disturbance is localized at one end
of the string, it has little effect on the low-energy modes, and therefore our relatively sim-
ple analysis can be expected to be quite accurate in the low-voltage limit. The high-energy
modes, however, are affected by the difference between Cy and C. This we can see e.g.
by calculating the how much the total energy of the transmission line changes as a result
of a tunneling event. The energy expectation value in mode s after tunneling is given by
BE(s) =372 1705 (8)2hw(s) (i +1/2) = hw(s)(3a2(s)5Q%(s)+31). The last term is nothing but
the zero point energy, which is present even in the ground state, so the energy change in mode
s due to the tunneling event is in our approximation given by dE(s) = $hw(s)a?(s)sQ?(s),
and the total energy change due to tunneling is 6E = [ dsdE(s) = 6Q*/(2C). This result
is not quite correct: since the relevant capacitance is Cy rather than C, the energy should
also be §Q2/(2Cy) rather than §Q?/(2C). Classically, the energy of the transmission line
immediately after a tunneling event is §Q2/(2C)) (the classical state is Q,, = 6Q8,.,0, P, = 0)
and later this energy is only redistributed between different inductors and capacitors but not
lost. Quantum mechanically the energy of the transmission line after tunneling is not fully
determined — the line is not in an energy eigenstate — but the energy expectation value
Jo° dEEA(E) must nevertheless be given by its classical value 6Q?/(2Cy). This error is a
consequence of our earlier substitution Cy — C, which was necessary to explicitly find out
the eigenmodes. The total excitation energy can also be obtained as fooo dEEA(E) which in
our approximation yields e?/(2C) rather than the exact value Ec = €?/(2C)) showing that
our result for A(F) is too large at larger energies. Using this exact sum rule we find that
at large voltages (eV > E¢) the current voltage characteristics are approximately given by
I(V) = R%[V —¢/(2Cp)] so that the IV-curve is shifted to slightly larger voltages.?

3Actually, it is possible to carry out the analysis without explicitly diagonalizing the transmission line
thereby avoiding the replacement Cy — C. The result agrees with our simpler approach.
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Appendix B

The Minnhagen method

Let us consider the function F(z) = ¢/(*) and obtain its Fourier transform F(k). Often direct
integration is quite difficult unless f(x) is particularly simple. Another way of finding F'(k)
was introduced by Petter Minnhagen of Umea University. We start by differentiating F'(z)
and finding the Fourier transform of F’(z). On one hand it is ikF(k), but on the other hand
we have, by direct differentiation,

FIF' ()] = %, dee™if' () F ()
= [P EEK) [, deeETRif ()
25 G F(Kig(k — k)

where g(k) is the Fourier transform of f/(z). Hence, we have the integral equation

o0

kE(k) = / K (K F(k — k).

—0o0
While this integral equation is in general quite difficult to solve, we can easily find a solution if
we have some additional information about F'(k) and g(k). Often in the problems of physical
interest F'(k— k') vanishes if k— k' < 0 — this is for instance the case if k¥ measures excitation
energy and F'(k) is a spectral function. Furthermore, if the small-k value of g(k) approaches
a constant g(k ~ 0) ~ g, we get

kF(k) =g /0 ' dk'F(k — k)

which has the solution F(k) = k971
In the specific case of tunneling into a lossless transmission line we must obtain the Fourier
transform of A(#), which is exactly of the type we discussed above if we identify

£(6) = —i% /0 " dsa?(s)0Q2(s) [t 1]

Taking the derivative, Fourier transforming, and setting £ — 07 yields

29 /2 00 ) 1 L

(e e

and hence A(F) ~ Polaia \/g_l.
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Appendix C

Second quantization

The formalism that goes under the somewhat mysterious name of second quantization!
underpins all theories of quantum many-body systems. A basic feature of these is that one is
dealing with identical particles: For bosons [fermions] one thus has to work with states that
are symmetric [anti-symmetric] under the exchange of two particles. Although conceptually
straightforward, this would become a daunting task if trying to use the ordinary (”first-
quantized”) formalism of quantum mechanics. Just imagine explicitly calculating matrix
elements in a basis of the symmetrized [anti-symmetrized] many-particle states

A1, A2, AN) = > P Ap1)® [ Ap2) @ ..@ | ApN) (C.1)

1
\/N!Hzﬁ;ln&! P

when the particle number N is large! Here A1, Ao, ..., Ay are quantum numbers labeling the
single-particle states | A1),| A2), ..., An), ny, is the number of particles in the single-particle
state|\;), with m the number of distinct quantum numbers.? ¢ = 1[—1] for bosons [fermions],
and sgnP = 0(1) when the number of transpositions that take (1,2, ..., N) to the permutation
(P1,P2,..PN) is even (odd). (Note that the product of single-particle states on the right-
hand side of Eq. (C.1) is ordered: the first state| Ap1) is that of the "first” particle, the second
state | Ap2) is that of the "second” particle, and so on...; "first”, "second”, etc. referring to
some fixed book keeping of the (identical!) particles.)

Another difficulty with the ”first-quantized” description is that the particle number N is
assumed to be fixed, with a Hilbert space

HN =H @ Hy @ ... @ H, (C.2)

!The notion of ”second quantization” first appeared in work by Paul Jordan in 1927, where he tried to
extend the canonical quantization scheme of ordinary quantum mechanics to the quantization of fields. (A
definite breakthrough came a year later with a paper that Jordan co-authored with Oskar Klein and Eugene
Wigner.) Conceptually, however, there is only one step to be taken when quantizing a classical theory, with
”second quantization” being a formalism adapted for quantizing a classical field theory. In the present context
of many-particle physics (where, depending on the particular application, a classical field may, or may not be
present), ”second quantization” simply offers a convenient language in which to describe the statistics of many
identical particles.

2Note that the piece 1 /112, na;! of the normalization factor only comes into play for bosons, since for
fermions there is only one particle in each single-particle state. The expression ny,! counts the number of
permutations of particles in the same single-particle state | \;). To account for all states, one then forms the
product [T na,!l
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where H; is the Hilbert space of the j:th particle. Now, we know from statistical physics that it
is often convenient to allow the particle number to fluctuate (grand canonical ensemble). The
"first-quantized” formalism, however, is ill-adapted to handle this situation. An additional,
maybe less obvious reason why one would like to develop a more powerful formalism is that
quantum many-body systems generically exhibit collective excitations which are hard to come
to grips with in the ”first-quantized” formalism. One reason for this — among others — is that
these excitations (the quantized plasmon excitations of the electron liquid being an example
that we discussed in the the chapter on Fermi liquids) also fluctuate in number.

Second quantization removes all these difficulties in one stroke. The idea behind the
formalism is as simple as beautiful. One first introduces a convenient way of denoting the
many-particle states in Eq. (C.1), the so-called occupation number representation:
Instead of enumerating all the single particles, specifying in which states they are (cf. the left-
hand side of Eq. (C.1)), one simply specifies how many particles there are in each available
single-particle state. As an example, consider a state in Eq. (C.1) with, say, N =7, and with
A =X=A5 =\, A3=XA¢ =p, and \y = A7 =v. In the notation introduced in Eq. (C.1), this
state would be written as | A\, \, i, v, A, i, v). In the occupation number representation one
writes this state more economically as | 3,2,2), saying that there are three particles in the
single-particle state|\), and two particles each in|u) and |v), (having agreed on the ordering
A, i, v of the quantum numbers). Generalizing, | ny,, nxy, .., My, ) is the symmetrized [anti-
symmetrized] state with ny, particles in the single-particle state | A\;),7 = 1,2,...,m, with
Yoitiny, = N, N being the number of particles. The parameters ny, are the occupation
numbers which give the name to this representation. Note that, by the Pauli principle,
fermionic occupation numbers can only take the values 0 or 1. Also note that when specifying
a state, we write out only those occupation numbers that take non-zero values. The states in
Eq. (C.1), compactly denoted? by |ny,,ny,, ..., 7y, ) in the occupation number representation,
form an orthonormal basis of the physical Hilbert space FN < HY, ”physical” meaning
that FV contains only states that are properly symmetrized [anti-symmetrized]. Thus, any
symmetrized [anti-symmetrized] state |1) in FV can be written as

‘¢> - Z Cnxymag e |TL)\1,TL)\2.,.>7 (C3)

TL)\l,TL)\2,...

with ), ny, = N, and where
<’I’L)\1,’I’L)\2... | nl)\l,nl)\z...> = 5,”1”/)\15”&”&2... (04)
4

To allow for fluctuating particle numbers one forms the so-called Fock space

F=Forlori.oF", (C.5)

3Let us here comment that one often simplifies the notation by replacing nx ; by n;, assuming that we have
agreed upon an ordered set of quantum numbers {);} to label the single-particle states. We can then do the
replacement | nx,, Nxy, ..y A, ) —
| n1,n2,...,nm). In this tool box, however, we shall choose to stick to the more pedantic notation where the
quantum numbers are explicitly written out.

4Vladimir Fock, 1898 - 1974, was one of the leading theoretical physicists in the former Soviet Union. He
did important work in the foundations of quantum mechanics, general relativity, and elasticity theory. He has
given his name not only to the concept of a Fock space, but to a number of other contributions, maybe the best
known being Hartree-Fock theory, an extension of the original Hartree theory that Fock developed in 1930.
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where F¥ is the physical Hilbert space of N particles (Fock N-particle subspace). Note that
the peculiar O-particle space F© contains only one state, the "empty” state | 0) (vacuum
state). A basis of F is obtained by taking all of our previous basis states, dropping the
condition Y ;" ny, = N on the occupation numbers. Given this, one may now form linear
superpositions of states | ny,,n),,...) containing different numbers of particles. This is not
only convenient, but sometimes crucial for properly describing the physics at hand, a famous
example being the BCS ground state.

Although the occupation number representation is nice and handy, by itself it does not
offer a big improvement over the ”first-quantized” formalism. All that we have done so far is to
replace the ”first-quantized” way of labeling a symmetrized [anti-symmetrized] many-particle
state (cf. the left-hand side of Eq. (C.1)) by a more compact notation, using occupation
numbers, then removing the condition that the particle number is fixed. To make some real
progress we have to introduce operators that take us from one Fock subspace to another:

al : FN — FNL g PN s PN (C.6)

Here ai\ is a creation operator that adds one particle in the single-particle state | A\) to the

system. Similarly, a, is a destruction operator that removes one particle in the state | \)

from the system. (The "dagger” on ai\ signifies that ai\ is the Hermitian adjoint of ay.) This

step may seem innocent, but a second thought makes us realize that it is far from obvious
how to consistently construct these operators. Recall that FV and FN*! are physical Hilbert
spaces, that is, ai\ must have the property of mapping a symmetrized [anti-symmetrized] state
with N particles onto a symmetrized [anti-symmetrized] state with N + 1 particles (with ay
effecting the inverse mapping). One may worry that this non-trivial property will lead to
complicated relations between operators labeled by different quantum numbers, making the
whole approach intractable.

The magic of ”second quantization” is that this is not so! All that we have to require is
that the creation- and destruction operators satisfy the algebras

BOSONS: [a;,a“] = O [a;,aL] = [aA,a“] =0 (C.7)
FERMIONS:  {al,a,} =dx,, {a},al} ={ay,q,} =0 (C.8)
and that their actions on an arbitrary Fock basis state is such that
a;j\nAl,nAQ,...,nAj,..) = y/na; 1Ty, nay, - ny, 1) (C.9)
a)\j |7'L)\1,7’L)\2, s TN > = VI CSj |’I’L)\1,7’L)\2, ey T -1, > (ClO)

As before, ¢ = 1[—1] for bosons [fermions], with s; = $27_| n;. Tt may be worth pointing
out that the fact that ay, and a;j are Hermitian adjoints of each other implies that Eq.
(C.10) is a consequence of the definition in Eq. (C.9). This is the reason why in Eq. (C.9)
the symbol ”=" appears, whereas in Eq. (C.10) we have an equals sign. More importantly,
note that the non-trivial sign-factor (—1)% for fermions follows from the algebra in (C.8). To
see how, let us look at the simple case of two fermions. Eq. (C.9) here implies that

a;2a11|0> = —|ny=1,ny=1)
a;1a1\2|0> = |ny=1ny=1) (C.11)
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as is indeed enforced by the anti-commutator in (C.8). This example makes it clear and

simple that the antisymmetry of a fermionic many-particle state is built into the second

quantization formalism by the algebra in (C.8): When exchanging two particles® the anti-

commutator produces the required minus sign! The analogous observation holds for bosons:

The symmetry of a bosonic many-particle state is ensured by the operator algebra in (C.7).
It is convenient to introduce a number operator

ny = a;a)\ (C.12)
that counts the number of particles in the single-particle state |\). That is,

ﬁ)\j ‘n)\l,n)\w ...,n)\]., > = 77,)\]. |TL)\1,T7,)\2, ...,m\j, ) (013)

To develop some intuition, the reader is encouraged to convince herself how Eq. (C.13) follows
from Egs. (C.9) and (C.10).

The formalism encoded by Egs. (C.7), (C.8), (C.9), and (C.10), with the states in (C.9)
and (C.10) being basis states of the Fock space F in Eq. (C.5), is what we call second
quantization. Its power and economy becomes immediate when noting that by iteration of
Eq. (C.9) we can generate any basis state |ny,,ny,,...) in F by simply hitting the vacuum
state |0) by the appropriate product of creation operators:

al, )™ |0), (C.14)

1
|7xy > Mrgy o) _H\/W(

with 1/4/ny,! being a normalization factor. Compare the simplicity and elegance of Eq.
(C.14) with the horror lurking behind Eq. (C.1)! Instead of N! permutations that yield the
unwieldy structure of the state in (C.1), the Fock states|ny,,ny,,...) are simply generated by
applying a product of creation operators to a single reference state (the vacuum state | 0)).
The symmetry properties of the states automatically come out right via the operator algebras
in Egs. (C.7) and (C.8). There is no need to symmetrize [anti-symmetrize] by hand” as in
the first-quantized formalism. The symmetry [anti-symmetry] of a many-particle state is piece
and parcel of the second-quantized language! We note in passing that the anti-commutator
{a;, aL} =0 in (C.8) implies that (ai\)2 =0, and hence (reassuringly!) we can never obtain a
state where two fermions are in the same single-particle state.

As in any application of quantum mechanics, a change of basis is sometimes what makes
the day! This is easily carried out in second quantization. Writing a; |0) =|nyx=1) =|)\) and
ai/ |0) =|ny=1) =|X), and using the resolution of the identity 1 = 3, | A\)(\| (assuming,
as before, that the states {|\)} form a complete single-particle basis) we have that

al,[0) = >[N (Aa)[0) (C.15)
A

= 2NN (C.16)
A

= Y (A X)al|0). (C.17)

A

5The exchange of two particles is here emulated by an exchange of two creation operator, all and a];z. Since
these operators do not carry particle indices, we ”"keep track” on the particles by the order in which they are
”created”: In the first (second) line of Eq. (C.11) the "first” (”second”) particle is that in the single-particle
state | A\1), while the ”second” ("first”) particle is that in the single-particle state | A2).
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Since any state can be generated from the vacuum state | 0) (cf. Eq. (C.14)), it follows that
Eq. (C.15) can be elevated to an operator identity:

ai\, = Z()\ | X}a;. (C.18)
A
The Hermitian adjoint of (C.18) reads:
ay =Y (N[ Na,. (C.19)
A

In the case of a continuous set of quantum numbers (like the coordinates A = x in configuration
space) one usually uses the bracket notation af(z),a(z) instead of al,a,. It goes without
saying that the sum in Eq. (C.18) now gets replaced by an integral. As an example, consider
the transformation between a coordinate (A =x) and a momentum (A = k) basis in a one-
dimensional system of length /. An adaption of Eq. (C.18) yields that

l
al = / dz (x| kYa'(z) (C.20)
0
with the inverse transformation

af(z) =Y (k| ). (C.21)

k

For a translationally invariant system (periodic boundary conditions), we have that (x | k) =
(k | z)* = exp(ikz)/v/?, allowing us to write Eqs. (C.20) and (C.21) as the Fourier transforms

L kx)al (z) = 2 kx)a) C
a, = ﬁ/o x exp(ikx)a' (z), a'(z)= ﬁzk:exp(—z T)ay. (C.22)

To complete the machinery of second quantization, we must specify how an arbitrary
operator gets represented in terms of the creation- and annihilation operators. In the case
of a one-body operator O = > On, With 6, an operator that acts on the n:th particle only
(reverting to the language of first quantization where we put labels on the particles!), this is
readily achieved. Consider a basis in which the operators 6,, are diagonal:

On = Z (& | )\z>nn<)\z |7 (0'23)

with ¢; = (i | 0 | Ai)n, and where {|\;),,} is a complete set of single-particle states in the
Hilbert space of the n:th particle.® Given (C.23) we have that

(MM | O1 I mas g, ) =D > ci(mhamhys oo | Addnn (Ailnag s nag, ) (C.24)
n )

5For book keeping purposes, having regressed to first-quantized language, we here label the single particle
states not only by the quantum numbers \; but also by the ”particle index” n, thus keeping track on which
particular single-particle Hilbert space a state belongs to. Note that the coefficients ¢; = n{\i | 6n | Ai)n
are independent of n, since the expectation values n(X\; | 6n | Ai)n do not care about in which particular
single-particle Hilbert space H, they have been evaluated, all states| Xi)1,| Ai)2,...,] Ai)n, ... being identical
copies of each other!
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Recall that |ny,,ny,,...) represents a symmetrized [anti-symmetrized] state, with each term
containing factors ...|A;)1® | Ai)2 ® ...® | Ai)n,, ... Asin Eq. (C.23) we have here labeled the
single-particles states by the quantum numbers \; and the particle indices n = 1,2, ...,n,, so
as to keep track on the single-particle space to which a state belongs (in contrast to the right-
hand side of Eq. (C.1) where we relied on a fixed ordering of the single-particle states). When
acting with ¢; | A\j)nn(\i | on the state [ny,,ny,,...) it is then easy see that when 1 < n < nj,
we get back this state, multiplied by ¢;. On the other hand, when the condition 1 <n < nj,
is not satisfied the state gets "killed”, by the orthogonality of the single-particle states, giving
an outcome = 0. It follows from Egs. (C.23) and (C.24) that

(n')\l,n')\Q,... | O, | ay, Mrgy oee) = ZcmAi(n’)\l,n’)\Q, e | Mgy rg s o) (C.25)
i

Using Eq. (C.12) we can mold Eq. (C.25) on the form

(M5 Mg | O1 [ may g, ) = (M, s | D cifin, [ ag, Mg, o). (C.26)
[

Since this equality is valid for any set of states, we infer that

@1 = Zciﬁ)‘i = Za-i—)\l <)\Z ‘ 0 | )‘i>a)\ia (027)

where we have used that 1), = ai\i ay, and ¢; = (A; | 6| ;) to write the expression in the last
term. (The matrix element (\; | 6| A;) is a c-number and can of course be placed anywhere
in the product. Our choice to sandwich it between the two operators a;i and a,, is the
conventional one.)

Going to an arbitrary basis, using Eqgs. (C.18) and (C.19), we finally obtain from (C.27):

O1=>"al (A 6] A\jay, (C.28)
2

This is our desired representation of a single-body operator in second quantization.”

To put some flesh on the bones, let us look at two ubiquitous examples of one-body

operators: (i) the spin operator S for a system of spin-1 /2 fermions, and (ii) the Hamiltonian
H for non-interacting particles (fermions or bosons).
(i) Starting with the single-particle spin-1/2 operator ho /2= (h/2)(0,0y,0.), With o4, 0y,
and o, the Pauli matrices, we identify |1) and ||) as the eigenstates of o, which form the
single-particle basis. Reading off from Eq. (C.28), setting A; = A, A; = p, we then find the
second-quantized representation of the spin operator:

S = Z ai\awaw (C.29)
Ap=T,1

where o), = (A | 6 | p). Quite frequently there are additional quantum numbers hanging
around, labeling e.g. the sites « of the lattice on which the particles live. In such cases one

"Note that we have suppressed the particle indices n in Egs. (C.27) and (C.28), since these have now become
immaterial: All single-particle Hilbert spaces H; are spanned by the same complete set of states {|\;)}, and
there is no need to single out one of them as a particular representative. The particle indices n only make
sense as a book-keeping device in first-quantized language!
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may write a generalized version of Eq. (C.29):

S = Zal)\awaau, (C.30)

«

using the ”Einstein convention” to sum over the repeated spin indices A =7,] and p =T, |
(without writing out the summation explicitly).

(ii) Taking off from a basis of momentum states where the (one-dimensional) kinetic energy
operator K = —p?/2m is diagonal, and then changing to a coordinate basis where K =
—(h?/2m)02, Eq. (C.27) implies that

i / do ot (z) ( L V(w)) o), (C.31)

2m
replacing the sum in (C.27) by an integral. The extension to higher dimensions is immediate:

H= /ddr al(r) (—%V2 + V(r)> a(r). (C.32)

Turning to the case of two-body operators Oy = Zn’n, Opn', as needed for describing the
pairwise interaction among particles (labeled by n and n’), we may use an analysis that is a
blue-copy of that for a single-body operator. Although straightforward, its explicit execution
is a bit cumbersome, though. For this reason, we here only give the result, which is simple
and transparent. In fact, it is precisely what one would have guessed given the result for the
one-body operator in Eq. (C.28):

Oy =Y ahal, (| 6] X N)ayay. (C.33)
AN !

Here 6 is a two-particle operator acting on the two-particle state |\, \') =|\)®| N}, in exact
analogy with the case of the one-particle operator above (which we also called 6 after having
erased the particle index!). Given the result in Eq. (C.33) we easily read off the second-
quantized expression for a two-body potential V(r,r’) that acts between two particles with
coordinates r and r':

V= %/ddr/ddr'aT(r’)aT(T‘)V(T,T,)Q(T)a(rl)' (C.34)

We have here used that the two-particle potential operator V is diagonal in the two-particle
basis |7, r’), with matrix elements V (7, r’).

The extension to n-body operators with n > 2 is more or less automatic, but not partic-
ularly relevant for applications. We may thus stop here, having exposed the reader to the
basic facts about second quantization.
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Appendix D

Bosonic form for ¢, (x)

The bosonic form for the fermion operators is given by Eq. (2.67)

1 .
1 e—irkpm—r >y e zldl [—i—ze’qur(q)] —ir Ny “5% 2nz

Lyl (D.1)
2mo

Pi(x) =

We will prove this assertion by evaluating the anticommutation relations {¢,(z), i (z")} and
showing that they yield ,,+0(x — z’) as required.

The anticommutation relations between different branches are satisfied automatically due
to the fact that the partial density operators between different branches commute and the
ladder operators anticommute. The anticommutation relations within a branch must, in
contrast, be checked explicitly, and we obtain

{¢+() ( ) _ﬁelkp(:ﬂ—x’)

1 -~ ) ,
i U e Ta e BT o @ iN, B 5, e ()i, 252 Ul

_1 igr’ 1 — .
+e_zq g_ze 204“1‘4”“11‘ P+( ) 7“7\[+ UTU . Zq g_ze 2&\(]\ 'qup+(q)+ZN+2ﬂ—Tz

The ladder operators can be commuted to the right by noticing that U_JL increases N
by one, and Ul U =1= U+UT. It is useful to divide the sums over ¢ into ¢ > 0 and

27r(:c T )

q < 0 parts, Wthh results in an expression hke e T eABelD 4 C-DeA-B where A =
2 2 2
=250 ¢ 30 1% (q), B = — Zq>0 e 2aq+zqu+(— ), C = _Zq>0 Ee poatios’ p+(=4),

and D = — Zq>0 226_50“1 iqz! p+(q). Applying the relation ede? = A+ B+31A,B] repeatedly
yields

v+ (@) 0l @)}

eikF(zfz/)+iN+M

= 2T o, ) o,
e =250 326_7%( TaE—eTiar )P+(Q)€Zq>o 326_70“1( T —eta® )P+(—Q)
e 27'r(z :c) Zq>0 7o¢q+zq(z I) + ezq>0 gL e—aa— ig(xz— I) e_ Zq>0 g_zefaq‘

The sums over ¢ can be evaluated using q = n ~and ) - Lo = —In(1 — 2z). This yields
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— 27 ,—aq 2w
e 2q>0 L€ =1—e L and

4 (2), ) vl (@)}

’
_ l—e sz(:c z)—i—zN_‘_M
- 27ra
27— - — 2r — i iqw’
o s e (e ) i (0) 5 B B0 (05— Y ()
m(z—a')
i 1 1
L
€ _iw(z—z/) _ 2na i‘rr(:c—z’) + i‘rr(:c—z’) _ 2ra _iw(z—z/)
e L —e L e L e L —e L e L

and taking the o — 07 limit gives

{vr@. @)}y

1 ikp(@—a)+iN+ Inle—a)

— Y0 B (emtm e’ )p+(q) S gs0 Z (e —c ) o (—q)

jme=2’) [iL 1 }

21 z—a/+i0T 27r x— :E/—ZO“'

or {14 (x), wl(w’)} = 0(z—2') as required. The anticommutator {14 (z), 1 (2')} is evaluated
similarly.
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Alternate forms for the Luttinger H

For future reference it is useful to write the Hamiltonian in terms of the operators py and
pa. Expressing py in terms of the sum and difference fields yields immediately (apart from
constants)

H = % Z [(vE + 94 + 92)px(@)ps(—q) + (vF + g4 — g2)pa (@) pa(—q)] -
q>0

In terms of the velocity v defined in Eq. (2.61) this can be written as

=% sz(q)pz(—q) +gvpala)pa(=a)

L q>0

where g is the interaction parameter. Note that although this expression appears to be diago-
nal, the commutation relation [ps(—¢'), pa(q)] = % makes this form less convenient than the
form (2.62). Using the Heisenberg equation of motion d;py, = —i[px, H'| shows that the time
derivative of the particle number density is 0:px(q) = (ig)gvpa(q), and therefore if we define
the field (2)~'/2®(z) that counts the amount of charge left of x, ®(x) = /27 [ da’px(2"),
we see that 9,®(x) = guv2mpa(z). Tt is customary to rename /2mpa(z) = 9,¢(x)so that
the Hamiltonian is given by

;U L/ -1 2 2
m-3 [ , o 7 @2 + g 0:0(0))].

Alternative notation is to denote 9;¢(z) = II(x) to obtain

PV L2 -1 2 2
H = 5 /_L/2 dz (g7 (8:®(x))* + gII* ()] .

Both these forms are often used in the literature.
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