PHYSICAL REVIEW B 108, 064208 (2023)

Quasiparticle and transport properties of disordered bilayer graphene
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In recent experimental and theoretical studies of graphene, disorder scattering processes have been suggested
to play an important role in its electronic and transport properties. In a preceding paper, it has been shown that
the nonperturbative momentum-space Lanczos method is able to accurately describe all the multiple impurity
scattering events and account for the quasiparticle and transport properties of disordered monolayer graphene.
In the present study, we expand the range of applicability of this recursive method by numerically investigating
the quasiparticle and transport properties of Bernal-stacked bilayer graphene in the presence of scalar Anderson
disorder. The results are further compared with the findings of the same system using a self-consistent Born
approximation, as well as the central findings in the preceding paper for monolayer graphene. It is found that
in both systems, proper inclusions of all the scattering events are needed in order to reliably capture the role of
disorder via multiple impurity scattering. Furthermore, we reveal the dependences of the transport properties of
disordered bilayer graphene on the carrier density and temperature, and explore the role of interlayer scattering
at varying strengths. Our findings may help to provide some new angles into the quasiparticle and transport

properties of disordered bilayer graphene.
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I. INTRODUCTION

Graphene, a single carbon atomic layer, was experimen-
tally realized in 2004 [1]. It is the simplest two-dimensional
Dirac material with its low energy excitation described by
massless chiral Dirac fermions. By exploiting the van der
Waals interlayer coupling, various kinds of bilayer graphene
(BLG) have been realized, such as Bernal-stacked bilayer
graphene with a parabolic dispersion at low energies [2],
and magic-angle twisted bilayer graphene with strongly
coupled flat bands [3,4]. As presented on preceding papers,
extensive experimental studies on the electronic transport
properties of monolayer graphene (MLG) [5-12] and
Bernal-stacked bilayer graphene [8,11-15] have shown that
disorder scattering plays an important role in these systems,
and the different types of disorder may dominate under
different physical conditions. For example, for graphene
on the SiO, substrate, electron-hole puddles have been
suggested as the dominant source of remnant disorder in
the form of long-range charged impurities [16,17]. For
suspended graphene and graphene encapsulated in hexagonal
boron nitride layers [11], the combination of long-range
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and short-range impurities has been invoked to explain their
sublinear behavior of conductivity [18,19]. But shortage
of experimental evidence for the existence of short-range
impurities in monolayer graphene still questions the role of
scalar Anderson impurities. On the other hand, for bilayer
graphene, native pointlike defects have recently been detected
by using scanning tunneling microscopy, calling for closer
attention to the potential importance of scalar short-range
disorder in few-layer graphene systems [20,21].

On the theory side, diagrammatic methods such as the
self-consistent Born approximation (SCBA) are commonly
used to study disorder physics [22,23]. The diagrammatic ap-
proximation is useful when a particular set of diagrams plays
a major role and is intuitive in understanding the intrinsic
physical processes. However, it is often challenging to iden-
tify and calculate the dominant types of diagrams in a given
complex system. In particular, coherent multiple scattering
of electrons in disordered materials can cause a large num-
ber of physical phenomena such as Anderson localization,
weak (anti-)localization, and universal conductance fluctua-
tion [24-26], while proper descriptions of such phenomena
are extremely demanding within standard diagrammatic ap-
proaches. Moreover, when referring to few-layer graphene,
the commonly used SCBA neglects many multi-impurity scat-
tering events, yet such events may become important in Dirac
materials even for weak disorder [27,28]. Therefore, the non-
perturbative Lanczos method [29,30] is needed in studying
the disorder effects in these systems. This method has been
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FIG. 1. (a) Schematic of a Bernal-stacked bilayer graphene struc-
ture, with A; and B, (A, and B,) indicating the sublattices on the
bottom (top) layer. The solid (dashed) lines represent the nearest
intralayer (interlayer) hopping ¢ (y;). (b) Band structures without
disorder around the K. point. The blue solid and orange dashed
lines represent the spectrum of BLG within the four-band and two-
band models, respectively. The solid green lines are the spectrum of
monolayer graphene.

widely used to study many-body effects [31-33] and disorder
physics [28,34,35]. More importantly, the multiple impurity
scattering processes involving different impurity centers can
be treated exactly using this method [28,36,37], a capabil-
ity that is particularly valuable for investigating disordered
bilayer graphene that contains both intralayer and interlayer
scattering events.

In this paper, we study the quasiparticle and transport
properties of bilayer graphene with short-range Anderson dis-
order using the Lanczos method. The quasiparticle properties
are studied in both the strong (Eyt/h < 1) and weak scat-
tering limits (Eft /i > 1), with E; the Fermi energy and
T the quasiparticle lifetime. In particular, the quasiparticle
residue is shown to decrease sharply near the charge neutral-
ity point, suggesting the modification of multiple scattering.
Furthermore, we find that the conductivity increases with the
carrier density and saturates at high carrier densities, and
the interlayer scattering events will reduce the longitudinal
conductivity. We also obtain the characteristic dependence of
the conductivity on the temperature in the low carrier density
limit (namely, around the charge neutrality point). The results
are further compared with the findings of the same system
using the SCBA, demonstrating the pronounced differences
between the two approaches, as well as the central findings in
the preceding paper for monolayer graphene [38], highlight-
ing the interlayer scattering effects.

This paper is organized as follows. The tight-binding
model and methodologies are introduced in Sec. II. The nu-
merical results for quasiparticle properties calculated by the
Lanczos method and SCBA are presented in Sec. III. The
transport properties are given in Sec. IV. Finally, in Sec. V,
a brief conclusion is given.

II. MODEL AND METHODS

We start with the tight-binding model for clean Bernal-
stacked (AB-stacked) BLG [2] [see Fig. 1(a)]

Ho=—tY .Y c)coj+vi Y ch o (1)
i

b (Q.))

where ¢ (c) is the creation (annihilation) operator, b =
Ai, By, Ay, B, refer to sublattices (“1” and “2” refer to the
bottom and top layers, respectively), i and j represent the
coordinates of unit cells. The nearest intralayer and inter-
layer hoppings are denoted by ¢ and y;, respectively. Other
additional interlayer hopping terms are neglected since they
are much smaller than ;. When y; = 0, the system becomes
two decoupled graphene monolayers. To consider a moderate
and reasonable interlayer hopping, we choose y; = 0.1¢ in
our calculations [2]. For convenience, we set all the energies
(bands, hopping strength, etc.) in the unit of + = 2.7eV and
the length in the unit of lattice constant (carbon-carbon dis-
tance) a = 0.142 nm in the whole paper.

The corresponding Hamiltonian Hy can be solved in the
momentum space near the valley K¢ = (§ %, 0), with valley

index & = £+ denoting the two nonequivalent valleys, which
reads as

0  hvk. 0 0
He — hvfk+ 0 Y1 0 (2)
K= 0 Y1 0 hvfk, ’
0 0  hvky 0

where ki =&k, £ik,, and vy =3at/2h is the Fermi
velocity of MLG. The basis is chosen as o =
(CA, k> CBy k- CA ks CBok) - With  cpp (cj,) being  the
annihilation  (creation) operator in the momentum
space. The corresponding spectrum is then obtained as
etk) = £[/(ivgk? + (/2D £ (n/2)]  with &k = |kl,
exhibiting the four bands as plotted in Fig. 1(b) (the blue
solid lines). Due to the interlayer coupling, the spectrums
are parabolic in the vicinity of £ = 0 and recover to linear
dispersion at larger energies, which is different from the
massless Dirac cone of MLG [the green solid lines in
Fig. 1(b)].

In the low energy regime |E| < y;/4, by projecting onto
the lowest energy orbits, the four-band model mentioned
above can be reduced to an effective two-band model with the
basis ¥ = (ca, k, cB,x)" » and accordingly, the Hamiltonian is

written as
1 {0 k2
Heff _ - , 3
0 2m (ki 0 ) ®

where the effective mass m = y;/ (2/‘1%}). The spectrum of

the two-band model is e, = +k? /(2m), shown as the orange
dashed lines in the Fig. 1(b). Obviously, the two-band and
four-band models are consistent perfectly within the small
energy regime near the charge neutrality point (CNP, E = 0).

To explore the disorder effect, the short-range Anderson
type nonmagnetic disorder is introduced by random on-site
delta potential

V) =) ud(r—Ro), @)

where u; measures the random potential at position R;
distributed uniformly and independently within the inter-
val [-W/2,W/2]. And the correlation between impurities

is (VW @) = impl® = nimpA Y 8(r — /). Here, nimy =

Nimp/N is the concentration of impurity, A, = %gaz is the
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n,mpACW2
12(hvy )’
is defined to character the disorder strength. Assume that
the disorder is uncorrelated between sublattices due to its
short-range nature. The disorder strength can be modified
by adjusting W for fixed njmp = 1. The range of disorder
strengths considered in this paper is 0.02 < ug < 0.17 (which
corresponds to 0.81r < W < 2.36¢).

Here, we use the Lanczos recursive method in both the
momentum space and real space to numerically compute
the quasiparticle properties of BLG, including the exact
ensemble-averaged retarded Green’s function GR, the self-
energy X, and density of states (DOS). We also compare the
self-energies obtained by the SCBA and Lanczos recursive
method. In order to avoid the finite-size effects, we choose a
large sample containing millions of atoms (N = 4 x 36007).
Moreover, a small artificial cutoff n = 1073 is used to simu-
late the infinitesimal imaginary energy in our calculations. At
last, the periodic boundary condition is satisfied.

area of the unit cell. A dimensionless parameter uy =

III. QUASIPARTICLE PROPERTIES

A. Self-energy

The renormalization for the single electron due to impurity
scattering is encoded in the self-energy. Based on the Dyson
equation Gk, E) = Go(k,E) + Gok, E)E(k, E)G(k,E)
[39], the self-energy is defined as

Yk E)=G,' (k,E)— G '(k,E). o)

Here, G is the retarded Green’s function of the bare Hamil-
tonian without disorder. The ensemble-averaged Green’s
function is given by G = (E — Hy — V +in)~!, where (---)
indicates the average expected value over the random disorder
configurations.

1. Eigenstate representation

The electronic properties are frequently addressed in the
eigenstate representation so that the effects on the energy
bands can be seen directly. In the eigenstate representation,
the self-energy is not diagonal and is dependent on both the
energy E and wave vector k, and can be written as

X 0 I3 0
0 % 0 3
¥ 0 X 0] ©)
0 ¥ 0 I

Sk, E) =

where the ith diagonal element can be considered as the
self-energy of the ith energy band, and the detailed anal-
ysis is performed in Appendix B. The imaginary parts of
the self-energy are shown in Fig. 2. At high energies, the
self-energy is wave vector k independent. At low energies,
the value of the self-energy element ¥; (X,) increases (de-
creases) with the increase of k, leading to the overlap of
the two self-energy elements. Within a small energy range
|E|] < y1/4 (k < y1/2vy), we can assume that the self-energy
is momentum independent and take a k = O approximation.
The k independence assumption is also used with the effec-
tive homogeneous medium in perturbation calculations [40].
When y; = 0, the result is consistent well with the case of

(b) 15 -
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FIG. 2. (a) k and E dependences of the imaginary part of the self-
energy ImX(k, E) in the eigenstate representation. (b) k dependence
of I'(0) = —ImX(E = 0). Here the disorder strength uy = 0.02.

MLG [28]. It is obvious that the self-energy of MLG is only
dependent on the energy E, and not on the wave vector k.

2. Plane wave representation

Another commonly used representation is the plane wave
representation. In the plane wave representation, the self-
energy is diagonal and momentum independent, and adopts
the form

> 0 0 0
o = 0 0
o 0 = 0
o o o T

SPY(E) = (N

For convenience, the subsequent discussion defaults to the
plane wave representation. And the representation transforma-
tion between the plane wave and eigenstate representations is
shown in Appendix B3.

The energy-dependence imaginary part and real part of
the self-energy for BLG with different disorder strengths ug
are presented in Fig. 3(a). Since the imaginary part and real
part can be transformed to each other via the Kramers-Kronig
relation [41], we can only pay attention to the imaginary part
ImX. As shown in Fig. 3(a), the amplitudes of ImE!™ and
Im ESW exhibit the same variation trend, both increasing with
the dimensionless disorder strength uy. Even though both the
Lanczos method and SCBA [the diagram of the SCBA is
shown in Fig. 4(a)] can capture this feature, the discrepancy
between the calculated results of the two methods is obvious,
especially near the CNP. These two methods fit better when
the impurity strength is weak, because the SCBA does not
encompass all of the impurity effects well when the impurity
strength increases. The amplitudes of the imaginary part Im X
within the SCBA are much smaller than the accurate results
from the numerical simulations for strong disorder strength,
indicating that multiple scattering plays an important role in
BLG. The inaccuracy of the SCBA can be attributed to the
mixture of Bloch states and the interference correlations from
multiple scattering [28,42].

As a comparison, the self-energy for MLG is shown in
Fig. 3(b), which is momentum independent. The imaginary
part of the self-energy follows a power law formula [38], and
its amplitude also increases with the disorder strength u,. The
imaginary and real parts of the self-energies for two systems
at up = 0.09 are also contrasted in Fig. 3(c). It can be seen
that the imaginary parts of the self-energies significantly differ
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FIG. 3. Energy dependences of the imaginary (left panel) and
real (right panel) parts of the self-energy elements for disordered
(a) bilayer and (b) monolayer graphene in the plane wave repre-
sentation. The solid (dashed) lines are the calculated results by the
Lanczos method (self-consistent Born approximation) with different
disorder strengths uy = 0.02, 0.09, 0.17. (c) Comparison of the self-
energies for the two systems at uy = 0.09. The red (blue) solid lines
are the results of Z'fw (ng) for BLG, while the green dashed lines
are the results for MLG.

near the CNP but are the same at higher energies, consistent
with the band dispersion relations.

To further investigate the effect of the disorder strength on
the self-energy, we focus on the energy £ = 0 and obtain the
analytic expression of the self-energy by the SCBA as

3 4E2
EfW(EZO)Z_i<ﬂM0+nyluo In2 c >’ 8)

4 16 mytuy
2 4E2
SE =0)= —i" 00 ©)
8 Ty U

here E. = 2.7t is the high energy cutoff. The first term of
Eq. (8) is a linear relationship with the disorder strength u.
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FIG. 4. (a) Feynman diagram of the disorder averaged self-
energy in the self-consistent Born approximation. The solid line
represents Green’s function, the star denotes impurity, and the dashed
lines represent electron-impurity interaction. (b) Disorder strength
dependence of the imaginary part of the self-energy of monolayer
graphene at E = 0. (c) Disorder strength dependence of ImX}" (0)
(left panel) and Im 5" (0)(right panel) of bilayer graphene. The blue
(red) solid lines are the results calculated by the Lanczos method
(SCBA). The yellow line is the result calculated by the Born approx-
imation (BA) within the two-band model, which is the linear term of
Eq. (8). The green dashed lines are the analytic results of Egs. (8)
and (9).

It is noted that we only get this linear term if we use the
two-band model and ignore the contribution from more distant
energy levels, which is also the Born approximation (BA). The
second term of Egs. (8) and (9) relate to the coherence be-
tween the energy bands. As shown in Fig. 4(c), the difference
between the Lanczos and SCBA methods is insignificant when
the disorder strength uy is weak. When u( increases, such
difference increases, suggesting that the multiple scattering
becomes important. For MLG, the self-energy obtained by
the SCBA is written as X(E = 0) = —iE, exp(—1/up). It is
clear that the SCBA does not capture all the disorder effects
very well, as shown in Fig. 4(b). The multiple scattering
effect is even more important in MLG than in BLG. Since the
SCBA sums all the noncrossing diagrams, we wonder if the
difference between the two methods is due to the cross terms.
According to some previous studies, the SCBA is unreliable
in semimetals, where the condition kz! < 1 (kg the Fermi mo-
mentum and / the mean free path) is not satisfied [42—45]. In
those systems, the second-order cross term has the same order
magnitude as the SCBA results. However, for the short-range
Anderson impurity used in this paper, the contribution of
the second-order cross term (the lowest-order multiscattering
event) is zero, so the discrepancy should be attributed to the
contribution of other higher-order Feynman diagrams.

B. Density of states

A common and effective way to observe the disorder effect
is to examine the changes of DOS in the presence of the
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FIG. 5. (a) Density of states (DOS) as a function of energy E
with different disorder strengths uy. The dashed (solid) lines are
the results for the clean (disordered) bilayer graphene. (b) Spectral
function A(k, E') and the corresponding DOS. (c) Dimensionless pa-
rameter Et /7 and (d) quasiparticle residue Z as functions of energy
E at up = 0.09. (e) Elastic mean free path /, as a function of energy
E at uy = 0.02. In (c)—(e), the solid and dashed lines are for MLG
and BLG, respectively.

disorder. First, the DOS of clean BLG is given by

&8s )4l _ N
D(E) = —2n(hvf)2 |:|E|+ > + O(E| V|)<|E| 2>:|,

(10)

where ®(x) is the step function, g, = 2 and g, = 2 account for
the spin degeneracy and valley freedom, respectively. Unlike
MLG, BLG has a finite DOS at the CNP in addition to the
linear dependence on the energy. With the disorder, the DOS
of a system can be provided by the imaginary part of the
disorder averaged Green’s function. In Fig. 5(a), we show
the results of the DOS per unit cell obtained by the Lanczos
method in the real space. It is found that the disorder sig-
nificantly modifies the DOS and a relatively strong disorder
can erase the step of the DOS. The imaginary part of the
self-energy has similar behaviors with DOS, while the real
part of the self-energy represents the renormalization of the
energy bands. Combined with the changes of the real part
of the self-energy and DOS, we can imagine that the energy
levels are pushed toward zero energy by the disorder potential,
and the DOS increases accordingly [2]. The increase in the
DOS near the CNP is also evidence of multiple scattering. The
short-range disorder does not qualitatively change the band
structure. We plot the experimentally testable single-particle
spectral function A(k, E) = —ImG(k, E)/m as a function of
energy £ and momentum k in Fig. 5(b). Naturally, the band

structure is basically maintained, and more information is
available in Appendix C.

C. Quasiparticle residue

To measure the disorder effect on quasiparticle behaviors,
we study the quasiparticle residue

[ BReE(k,E)}_I
Z=|1-—"
OE

. (1n)

E=E;

where Ej is the energy of quasiparticle that is the root of the
equation E — gy — ReX(k, E) = 0. The quasiparticle residue
is a crucial quantity to judge whether the system can be de-
scribed by normal Fermi liquid (FL) theory [46]. If Z =~ 1, the
system is close to a clean system, and can be well described
by the normal FL. If Z is significantly smaller than 1 or
even vanishes, it means that the system deviates from the
original structure and the hybridization with other states is
strong, indicating that the perturbation calculations are invalid
and the system is a marginal FL or a non-FL [28,35,46].
In addition, the elastic mean free time is defined as t =
h/[—2ZImX(E)], the group velocity is vy = dE;/hdk = Zv
with velocity v = dg;/hdk, and the elastic mean free path is
le = v, = hv/[-2ImX(E)]. As shown in Figs. 5(c) and 5(d),
in the weak scattering limit (Ey7 /i > 1), the behaviors of the
elastic mean free time and quasiparticle residue for MLG and
BLG are similar, with Z close to 0.9, and Z decreases slowly
as the energy |E| decreases for each system. In the strong
scattering limit (E¢t//i < 1), Z further decreases, especially
for MLG where Z drops rapidly at the CNP. Such an unusual
feature suggests that the multiple scattering effect remarkably
changes the quasiparticle properties near the CNP. Further-
more, the behaviors of elastic mean free paths for two systems
are contrasted in Fig. 5(e). In the weak scattering region, the
mean free paths for two system are nearly the same. However,
in the strong scattering region, the mean free path for MLG
becomes significantly longer as the |E| decreases, even up
to 10* orders of magnitude, but the mean free path for BLG
first increases and then decreases to zero. In the latter case,
since the difference of the imaginary parts of the self-energies
between the two systems is not significant, the difference of
the elastic mean free path mainly comes from the electrons
velocity. For MLG, the velocity of the electrons is vy, while
the velocity for BLG decreases as the energy approaches zero.

IV. TRANSPORT PROPERTIES

A. Longitudinal conductivity

To further study the disorder effect on transport proper-
ties of the system, we calculate the longitudinal conductivity
based on the Kubo-Greenwood formula [47]

ol T) = [ dE (—%) O, (12)

where f(E,E;) = 1/[eE~ED/kT 4 1] is the Fermi-Dirac
distribution with E; the Fermi energy, kp the Boltz-
mann constant, and 7 the temperature, and O’BX(E ) is
the zero temperature conductivity. At zero temperature the

_¥ (fE’Ef ) can be replaced by delta function 6(E — Ef). The
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FIG. 6. Conductivity at zero temperature (afy) for (a) BLG and
(b) MLG with different disorder strengths u#y = 0.02, 0.05, 0.09.

zero-temperature conductivity is given by

0 enh d*k
O'XX(E) = 8s8v 57—

P WTr[va(k, E)y,A(k, E)], (13)

with the velocity operator v, = %g—ﬁ Figures 6(a) and 6(b)
show the energy dependence of zero-temperature conductiv-
ities for BLG and MLG, respectively. Similar to that of a
normal metal, the increase of the disorder strength leads to
a decrease in the conductivity. The conductivity of either
system increases extremely rapidly with increasing |E| and
then saturates. One difference is that BLG has a kink around
|E| = y1. The reason for the kinklike structure in the con-
ductivity is the sudden appearance of interband scattering and
additional carriers in the excited conduction band [2,48]. Due
to the broadening of the spectral function, the kink is gradually
smeared when the disorder strength increases. Here, there also
exists a minimum conductivity o, at the CNP for either
system.

In order to more intuitively study the disorder effects in
the vicinity of E = 0, we adopt the effective two-band model
in the low energy regime |E| < y;/4. The zero-temperature
conductivity near the CNP is expressed as

0 4T (%4 T arctan (14)
o) = — — + — ) arctan — |,
o wh I «o r

where « = E —ReX and I' = —ImX for simplicity, % is the
Planck constant, and the degeneracies g; = g, = 2 have been
considered. As for MLG, the longitudinal conductivity has
a similar expression o0 = i—i[l + (& + L)arctan &]. Obvi-
ously, the minimum conductivity of BLG calculated by the

two-band model is a universal value 00, = %
as large as that of MLG (ar?]in = %). Based solely on the
minimum conductivity at zero temperature, the BLG appears
to be a simple superposition of two MLG layers.

and is twice

B. Interlayer coupling

To investigate the role of interlayer coupling y;, we cal-
culated self-energy ¥ and zeros temperature conductivity o2,
with different y;, as shown in Figs. 7(a)-7(c), and the dif-
ferences are clear. The split of =" and =0 become more
obvious and the conductivity decreases as y; increases. It is
worth noting that y; has no effect on minimum conductivity
at zero temperature, but when the temperature is not zero, the
minimum conductivity decreases with increasing y;.

0 6
(a) no | (0 7, 0
-1 —0.10 4 —0.10
= —015| = —0.15
o o 2
o-2 =)
s Zo
W3 Al
(0]
E a2
-4 4
-6
-0.2 0 0.2 -0.2 0.2
E )
(c) (d)
25
8 8
= =
e et &
N 6 o LV 6 o
NS NS
x x
o4 o] T4 t, @®
—0.10 \/ —0.00
obo N —0.15 ol 0.10
0.2 0 0.2 0.2 0 0.2

FIG. 7. (a) Imaginary and (b) real parts of the self-energy as
functions of energy for bilayer graphene with different interlayer
coupling strengths y; = 0.10¢z, 0.15¢. (c) Conductivity o,, as a func-
tion of energy with different interlayer coupling strengths y; =
0.10¢, 0.15¢. (d) Conductivity oy, with different interlayer coupling
strengths t3 = 0, 0.10¢ and y; = 0.1¢. The insets in (c) and (d) show
the conductivity within the energy window [—0.01¢, 0.01¢]. Here, the
disorder strength uy = 0.09.

In a more realistic scenario, there will be some interlayer
jumps other than y;, such as the interlayer interactions be-
tween A; and B,, denoted as 3 (or called trigonal warping
term), and the corresponding Hamiltonian is written as

H, =—t3 ZC;,,:‘CBN + h.c.
(i)
As shown in the Fig. 7(d), when #3 # 0, the minimum con-
ductivity at zero temperature o, no longer be a universal
value, but will become larger. This is because this type of
interlayer terms is nonlocal and can also be reflected in the
velocity operator.

C. Higher order conductivity corrections

Based on the bare current bubble which contributes the
most to the classical conductivity, we also consider the vertex
correction and the quantum interference correction, whose
corresponding diagrams are the ladder diagram and the maxi-
mally crossed diagram, respectively.

Under the ladder approximation, the renormalized velocity
9, satisfies the Bethe-Salpeter (BS) equation [49]

Uk, E +in, E —in)

= v+ Y (Vk—k)G*(K'.E)
=

x Uy(k',E +in, E — in)G K ,E)V(K' —k)), (15)
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and we assume that the renormalized velocity v, = Av, dif-
fers from the bare velocity only by an energy dependent
constant A. For the short-range disorder considered here, the
current operator only has a correction on the diagonal term.
Because the velocity operator in BLG is non-diagonal, the
vertex correction vanishes here.

The quantum interference correction to the conductivity is
associated with disorder-averaged Cooperon function, and the
derivation process is shown in Appendix D. In the absence
of trigonal warping, the only Cooperon channel that remains
gapless is the sublattice-triplet and valley-triplet Cooperon,
which belongs to the intervalley channel category. The quan-
tum interference conductivity correction is obtained to be
negative (corresponding to weak localization) and can be eval-
uated as

0y = ——In——F—, (16)
b4

where L is the length of system, Ly is the coherence length,
and . (E, X) nimpu2 is the mean free path. Although BLG,
like MLG, is chiral (with the additional quantum number,
pseudospin, originating from the sublattice freedom), there is
no backscattering suppression because it has a 2r Berry phase
rather than 7 indicating the quantum correction is conven-
tional weak localization. When the trigonal warping term is
taken into consideration, the quantum interference will be sup-
pressed, unless the intervalley scattering is sufficiently strong
[2,25,50,51]. According to the scaling theory, the scaling
function B(g) = d(Ing)/d(InL) is negative, then conductiv-
ity g decreases as the system size L is enlarged and the
system is insulating in the thermodynamic limit. The inclu-
sion of higher-loop corrections may provide a more complete
understanding of the localization effects, worthy for future
studies.

D. Comparison with experiments

For better comparison with experiments and with MLG,
the conductivity o,, and resistivity o, = 1/oy, as a
function of carrier density n (corresponds to the gate
voltage in experiments) at different temperatures T =
4,60, 200,300 K are plotted in Figs. 8(a) and 8(b), re-
spectively, for both BLG and MLG. Here, the carrier den-
sity is given by n = [ D(E)f(E, Ep)dE + [°._ D(E)[1 —
f(E,Ep))dE, with D(E) denoting the DOS, and a typical
weak disorder strength is chosen as uy = 0.09. It is found that
the conductivity of MLG is strongly sublinear with varying
the carrier density, indicating that the similar experimentally
sublinear behavior can occur with only short-range impurities.
We also observe that the conductivity (resistivity) of both
systems has a strong temperature dependence, with a sharp dip
(peak) emerging at low temperature. And there exists a critical
carrier density n* that divides the carrier density into two
regimes. In the low doping regime, the conductivity shows a
strong insulating temperature dependence, that is, the conduc-
tivity decreases with decreasing temperature (do /dT > 0).
At high carrier density, such as n = 5 x 10'> cm~2 for BLG
(n =3 x 102 cm™? for MLG), the conductivity exhibits a
weak temperature dependence with a metallic temperature
behavior do /dT < 0. The critical carrier density of BLG is

o (4 h)
XX
w H
1]~
g88~3
o o
ag
XX
N
:
1
1
!
1
<
:
1
1

O o s

Py (KQ)

[e¢]
[ [ ]
E83HR
o o ~
Py (K

o

15 25
10 2
=
€ 5 1.5

|
0 100 200 300
T(K)

0
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n (10120m'2)

FIG. 8. (a) Conductivity o,, and (b) resistivity p,, as functions of
the carrier density n at different temperatures 7 = 4, 60, 200, 300 K,
with uy = 0.09. (c) Temperature dependence of the minimum con-
ductivity o, with uy = 0.02, 0.09. In (a)—(c), the left and right
panels are for BLG and MLG, respectively. (d) Conductivity and
resistivity for BLG, with uy = 0.02. Here, the trigonal warping t; =
0.1z.

much larger than the value of MLG. For the same disorder
strength parameter, the conductivity and resistivity curves of
BLG are less acute and more rounded at the CNP than those
of MLG. The conductivity and resistivity of the BLG with
up = 0.02 are also drawn in Fig. 8(d). The o (n) is sublinear,
and consistent with the observation in the suspended sam-
ple [15]. The main features of the temperature and carrier
dependence of our calculated results, such as the sublin-
ear behavior and the existence of a critical carrier density

064208-7



CHEN, FU, XU, SHI, CUI, AND ZHANG

PHYSICAL REVIEW B 108, 064208 (2023)

dividing insulating and metallic temperature dependences,
are in agreement with the experiments [5,7,9,11,12,52-55].
Moreover, Fig. 8(c) depicts the minimum conductivity of both
systems increasing monotonically with temperature, but their
slopes are very different. The minimum conductivity of MLG
varies linearly at first, then sublinearly with temperature; in
contrast, that of BLG is parabolic at low temperature and
linear at higher temperature. The minimum conductivity at
zero temperature for MLG is universal iiz, whereas for BLG,

it deviates from the universal value of i—e; [indicated by the
dotted line in Fig. 8(d)] due to the trigonal warping term
and is correlated with the disorder strength. The overall trend
of the temperature dependency of the minimum conductivity
agrees with experiments, particularly for MLG, but the linear
behavior for BLG is a bit different from that in experiments,
probably because there are more parameters which are out of
our consideration [9,11,15,52,53,56].

V. CONCLUSION

In summary, we have studied the quasiparticle and trans-
port properties of bilayer graphene with short-range Anderson
disorder using the Lanczos method. The quasiparticle prop-
erties have been investigated in both the strong and weak
scattering limits, revealing that the quasiparticle residue de-
creases significantly near the charge neutrality point. These
intriguing features are the consequences of multiple impu-
rity scattering events, which can be captured by using the
Lanczos method. Furthermore, we found that the conductivity
increases with the carrier density and saturates at high carrier
densities, and the interlayer scattering events will reduce the
longitudinal conductivity. We also obtained the characteristic
dependence of the conductivity on the temperature in the low
carrier density limit. The results have been further compared
with the findings of the same system using the self-consistent
Born approximation, demonstrating the pronounced differ-
ences between the two approaches, as well as the central
findings in the preceding paper for monolayer graphene, high-
lighting significant interlayer scattering effects. Noticeably,
at low carrier density, the conductivities of BLG and MLG
exhibit parabolic and sublinear behaviors, respectively, and
both have a critical carrier density that separates the strong
insulating and weak metallic regimes characterized by the
temperature dependence of resistivity. The overall trends of
our numerical results are in good agreement with experimen-
tal observations. Furthermore, in the absence of the trigonal
warping term, the minimum conductivity of BLG at zero tem-
perature is a universal constant of 8¢/ h, and is independent
of the interlayer scattering strength y;. But when trigonal
warping term is considered, the minimum conductivity of
BLG at zero temperature is dependent on disorder strength.
Our findings may help to provide some new angles into the
quasiparticle and transport properties of disordered bilayer
graphene.
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APPENDIX A: FORMULATION

By taking K ; valley (¢ = +) for example,

0 hvsk_ 0 0
| Avpks 0 Y1 0
HO(Q) - 0 Vi 0 hvfk, s (Al)
0 0 hvsky 0
where ki = k, & ik,. The eigenvalues are obtained as
2
e (k) = :|:|: (hvk)? + (%) + %} (A2)
with the eigenstates
1 ik-r
V() =—= ¢0) ™", (A3)

NS

where k = |k| =  /k2 + k}z,, 0 = atan(ky/k,), and S is the area
of the system.

To obtain a concise analytical solution, we introduce a
transform matrix [48,57,58]

1 0 0 0
0 €% 0 0
0 O 0 &

to eliminate the angular dependence on the direction of k. The
Hamiltonian becomes

Hy = U~ "(0)Hy(0)U (0)

0 fvk 0
hvk 0 m 0 (AS)
o 0 Y| 0 hvek |’
0 0 vk 0

and therefore the corresponding eigenstates are given by

p=U""0) ), (A6)

1 ‘
W)= — U®) o *.
) 73 @) pe

As shown above, the angular dependence 6 = 6(k) is ab-
sorbed into the matrix U (6).
Furthermore, we can define

2
k) = \/(hvfk)z + (%) :

(A7)

(AB)
% — e(k) cos ¥, (A9)
hvek = e(k)siny. (A10)

064208-8



QUASIPARTICLE AND TRANSPORT PROPERTIES OF ...

PHYSICAL REVIEW B 108, 064208 (2023)

Additionally, ¥ = atan( ” /2) with  =0fork =0and ¢ =
7 for k — oo. The eigenvalues are rewritten as

o
P \/(hvfk)2 + (%) +Z

= :|:26(k)cosz ‘/’ (A11)
[ 1 ? )/1_
g4 =% \/(hvfk)z + <E> - E
= +2¢(k) sin’ % (A12)

where the subscripts of “1” and “2” represent different band
indexes, and the “+” and “—” represent the conduction and
valence bands, respectively. Therefore, we can easily get

— sin % —cos % cos % sin %
S L cos % sin % sin % cos % (A13)
V2| —cos % sin £ ‘/' —sin % cos % ’
sin % — cos % — Ccos % sin %

where the columns are the corresponding eigenvectors ¢ for
£_1,€_2,87,& (orlabeled as g,, n = 1, 2, 3, 4), ordered from
the lowest to highest bands, respectively.

APPENDIX B: SELF-CONSISTENT BORN
APPROXIMATION (SCBA)

By considering the short-range disorder whose potential
range is much smaller than the lattice constant, the random
on-site potential is given as

Z Z ”A(r)C:,ACr,A
A

r

= Z T (Z uls(r — R,~)>
b i
4
=D IV
b=1

where, A = Ay, By, Ay, B,, the bth diagonal element of the
matrix I', is 1 and all the others are zero. The average over
the impurity configuration of the potential is (V) = 0, and the
potential correlation is

V) =

B

(V@ V) =Y (Vv )r,®Ty
bb'
=Y (U)o 8(r — )T & Ty
bb'

= Niptt®8(r = 1) Y T, ® T, (B2)
b

Here, (|u 1) = nlmpu and u?> = A% i " with no sublattice dis-
order correlation, and (- - - ) means the disorder averaging.

1. Eigenstate representation

To be able to compare directly with the results calculated
by the Lanczos method, we also calculate the self-energy of
clear BLG in the eigenstate representation. The potential is
rewritten as

Vicw = / d*r e OGS VU S (B3)
With the Born approximation (BA), we can define the self-
energy as the following form:

> 0 X3 O
0 3 0 2

Sk, E) = 55 0 0% 0| (B4)
0 X3 0 X
and the Green’s function can be written as
G] 0 G3| 0
0 G, 0 0
G= B5
Gy O G; Gap (B3)
0 G42 0 G4
Then, we can get
d’k
%k, E) = an? —— (View G(K', E)Vy )
R , cC 0 F O
’
Znimpu d’k" |0 D 0 F , (B6)
2 @r2|F 0 D 0
0O F 0 C
with the matrix elements
C = gl + g3 cos Y,
D = gl — g3 cos Y,
F = g3sin . B7)
Here,
gl =G|+ Gy + G3 + Gy,
2 =G| — Gy — Gz + Gy,
g3 = g2cos Y + 2(G3y + Gap) sin Y. (B8)

From the above derivations, we find that the self-energy is
not diagonal and has a momentum dependence.

2. Plane wave representation

By Fourier transform, the momentum-space matrix ele-
ments of the disorder potential are given as

Viw = / d>r V, ¢7 kKT (B9)
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The self-energy calculated by the SCBA is

4’k Rimplt® [ Fe xdx 2
Pk, E) :/ (View G, EYVyr_) = Rimpit / F Gk E)YT, = -2 / —_—
@n)2 g " Z @m )2 ’ (hvp? Jo 21 [(02 — w102)* — (@11)]
—yl o — wr(x* — wiw) 0 0 0
o« 0 —w (2% = wjw) 0 0
0 0 —w(x* — W) 0
0 0 0 —yiw — w2(x* — 1)
Efw 0 0 0 ,
_ 0 Zzpw 0 0 Nimpl
= 0 o E,z)w 0 n(hvf)zl (B10)
0 0 0 Ef’w
Therefore, we define a dimensionless disorder strength
_ nimpu2 _ nimpACW2 (B11)
w(hvp)?  12(hvy)*m

Here, x = livyk is the rescaling integration variable, and E. = fivsk, is the high energy cutoff with E. = 2.7¢. In the BA, w| =
= E + in, and in the SCBA, w1/, = E — Xy 5. The self-energy is diagonal under the action of I';,. After integration,

2
=M (E) = _up »iIn (E2 — w107 — o1 (—w102 + 0171) twpln (E2 - a)laz)z) - (7/16!2)1)2
4 (E? — w102 + o1 (—w102 — 0171) (w1w2)* — (y101)
E -3 4
~ i, - 0l J1n = (B12)
4 4 —[n(E—=)]
E? — — 2 E _ 3PY 4
=(E) = -2 (E: wlfz) o _wE-2) Ee (B13)
4 (wiw2)” — (1w1) 4 —[n(E -=M)]

The self-consistent equation can be solved numerically by
iteration. Apparently, the self-energy is k independent. The
intra- and intervalley scattering processes contribute equally
to the self-energy here [49], and have both been considered in
the above equation.

When y; =0,

E.
D=5 =X~ -uE - (B14)

When E = 0, due to the electron-hole symmetry, the real part
of the self-energy is zero, and we can define X(E =0) =
—il’'(0) and

[0) = E.e” /", (B15)

3. Representation transformation

The transformation of the self-energy from the plane wave
representation to eigenstate representation are given as

1

Z = (S 4 35 — (22" - 59) cos ],
1

2o = 2S04 35 + (20" — 58%) cos ],

1
33 = —E(Ef“’ — =5) sin . (B16)

4. Self-energy at E = 0

In order to investigate more intuitively the self-energy at
the CNP, we can adopt the two-band model and obtain

kK'dk' 1 1
S(E) = Himptt” / + b,
2r \E-YX—x E-X+x
(B17)

where x = k?/2m with m = y,/2(fivy)*>. Then, T'(0)=
—ImX(E = 0) can be easily given as

n,mpu m
r0) = -2~ " 1(0) /

nimpuzm E.
= —— arctan ——
- T'(0)
N RimpU>m
2
= %uo. (BI8)

The I'(0) calculated by the Lanczos method, four-band model
with the SCBA, and two-band model with the BA are com-
pared in Fig. 4. The three methods clearly fit better when the
disorder strength u, is weak, and the BA and SCBA cannot
encompass all of the disorder effects well when the disorder
strength increases.
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FIG. 9. Spectral function A(k, E) and density of states (DOS)
with different disorder strengths uy. (a) uy = 0.02, (b) up = 0.09,
(¢) up = 0.12, and (d) up = 0.17.

APPENDIX C: SPECTRAL FUNCTION AND DENSITY
OF STATES

The single-particle spectral function is related to the
Green’s function by the relation of

1
T

1 —ImX
T [E —e,(k) — ReX(k, E)]* + [-ImX(k, E)]
1 r

(e —g,)r 4T €h
with = E —ReX(k,E) and I' = —ImX(k, E) for simplic-
ity. The spectral function A(k, E) is a § function in the
absence of the disorder, indicating that the wave vector is a
good quantum number. The spectral function is broadened
and the quasiparticles have a finite lifetime when the dis-
order is introduced, as shown in Fig. 5(b) and Fig. 9. The
dispersion relation is represented by the peak of the spectral
function A(k, E). As the disorder strength increases, the peak
of A(k, E') moves toward E = 0, indicating that the dispersion
relation is strongly renormalized due to the multiple scatter-
ing.

The DOS per unit cell can also be obtained based on the
spectral function in the momentum space as

1
D(E) = gigu: ) TrA(k, E) (€2)
k
%k o
—tee [ S5 AKE. (€
n=1

The corresponding results plotted in Figs. 9 and 5(b) agree
well with the real-space results plotted in Fig. 5(a) by the
Lanczos method.

APPENDIX D: CONDUCTIVITY CORRECTION

In this part, we derive the quantum interference correction
to the conductivity of bilayer graphene for a short-range, un-

correlated disorder potential following the references [50,51].
The low-energy spectrum of Bernal-stacked bilayer graphene
can be described by the Hamiltonian

1

H = ——Tlo[(p; = P})ox + 2ppyor], (D1)
which acts in the space of four-component wave functions
® = [¢k, 4,5 PK..B,» PK_.B,» PK_.4,]. Here the Pauli matrices
o and II act in sublattice and valley spaces respectively.
The current operators from Eq. (D1) are momentum depen-
dentv = %—;’ = #(pxax + pyoy, —py0x + pxoy). The disorder
Hamiltonian takes the form

Vais = > (4, (")) 4, br.a, + s, (1), 5 br.5,).

r

(D2)

where different types of disorder are uncorrelated on averag-
ing (ua(r)uq(r')) = nu>8 4 48(r —r’). In momentum space,
the scattering amplitude is u4(k) = % du A(r)e*. By ex-
pressing k = ¢ + (K¢ — Ky/) in terms of a small momentum
transfer ¢ within a single valley and the scattering amplitude
can be separated into an intravalley part (§ = &’) and an in-
tervalley part (§ # &'). Then the disorder Hamiltonian in the
four-component basis & is

Vais = Y O3V, Dp, (D3)
p.p
with
3 (q) 0 0 Uy (q)
sl 0w w0 )
! 0 up' (@ ug (@ 0 )
" (q) 0 0 g~ (q)

where uff,(q) =Y ua(r)ee®—Ke)T By using

, ) )
(15 (@u' (@) = nimpt*8 440K, K.~ K, K10+ (DS)
we can obtain the disorder averaging of the correlation func-

tion of disorder potential as

I’limpu?’K
(Vg ®Vy) =8¢.—¢ Z )
¢,k

H{UK ® Hgokv (D6)

withu; , = u” for{ =« =0orzandu; , = u*/2for ¢,k =
x, y. Terms Rippu? /y.x/y take into account the inter-valley scat-
tering. nimpui . describes the different on-site energies for two
layers. Term nimptg, plays the role of layer-symmetric disor-
der potential. The disordered averaged single particle Green’s
function

Egja + 5 [(P2 — P2)ox + 2pepyoy ]
E]%/A - p4/(2m)2

GrA(p,e) = , (D7)

with

Egja = E — R4, (D8)
where R/ are the retarded and advanced self-energies from
numerical calculations. The velocity vertices renormalization
by impurity scattering accounts for the ladder diagrams shown
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FIG. 10. (a) Diagram for the Drude conductivity. (b) The vertex
correction. (c) Bethe-Salpeter equation for the Cooperon propaga-
tor. (d) Bare Hikami box for quantum interference correction (e)
The dressed Hikami boxes. Solid lines represent disorder averaged
Green’s function and dashed lines represent disorder.

in Fig. 10(b) and can be obtained through the self-consistent
equation

~ dzp/ AN / /
50)= o)+ 3 i / S GG ). (D9)

It can be solved by assuming the renormalized vertex correc-
tion of the form v(p) = %(pxax + pyoy, —py0x + pxoy) with
m* the renormalized mass, and the second term in the right-
hand side vanishes after the angular integration. Hence for the
uncorrelated disorder, velocity vertices are not renormalized.

The weak localization correction to the conductivity is as-
sociated with disorder- averaged Cooperon function Cg‘; i‘; .
The superscripts £ and &’ indicate the valley indices and
the sublattice indices for the incoming and outgoing states in
the retarded branch, while the subscripts 8 and u'g’ are the
corresponding indices in the advanced branch. As illustrated
diagrammatically in Fig. 10(c), it can be evaluated from the
Bethe-Salpeter (BS) equations

¢ ad!
CMU ﬂﬁ’( )

= nimpu@ rss ol T af’s
dzP 2
. EL oy rruv B8
+f (zn)zn,mpugknk o, I o,
A A
X Gfk,yy’(p’ o+ G)va,éé’(q - D E)Cvi’,g’g’ (q)

(D10)

The repeated indices obey the Einstein summation con-
vention. It is convenient to classify Cooperons as isospin
(sublattice) and pseudospin (valley) singlets (s, s’, [, = 0)
and triplets (s,s, 01,1 =x,y,2),

(U)Gv)aﬂ(n Hl)éu ! ﬂﬁr(oﬁx’ay)ﬁ’a’(nl’Hy);ué”
(D11)

ll’ -

or inversely

Jaa’ 1 rr
WO = o (T, ) (0703 ) (T, T D (0,07 D
(D12)

The impurity scattering vertex can be arranged in the same
way
&/ amnuw ﬁﬁ/

1
4 nimp“?[ (Gsa)f)ﬁa (HZ Hy)ué

X (Uyas )a/ﬂ/(nl ny)é/p,/ (D13)

nlmpu“ 1'[S

with
s=0 X y Z
[=0 Znimpu2 0 0 0
nimpufl = X 0 n,~mpu2 nimpu2 0
y 0 nimpu2 nimpu2 0
Z 0 0 0 Znimpu2

(D14)

Then the BS equations for Cooperons in bilayer graphene read

1 d*p T
Cli' = Mimpti3y 85 1 + Z”impufl WTI{[ el
(I1,I1,)(0,0,) } CLi

x (I, 1;)(0,0,)G) (D15)

—p.€

Since the Green’s function is diagonal in valley space, it leads
to a series of coupled equations for the Cooperon modes
CJ =C7,and

d2p

2 2
CP = nimplts: 85y + Mimplt —
[ p“sl p™sl (27[)2

1 T ,
X zTr{[Gﬁ,E] (0,0,)G,)_, (0:0)}C/*,  (D16)
where the trace is only evaluated in sublattice space. The BS
equations can be solved by using the gradient expansion of G*
in the small wave vector ¢

Gy pe =G, +G, (g-v_,)G,,

+ Gép e(q . v—p)Gip,e(q . v—p)G"ip,E

1
+ -G, (qv ,qu)Gfp o (D17)

2

where v, =

2 . .
32‘ g; -. The zero order in ¢ determines the relax-
i0pPj

ation gap for each Cooperon channel
d*p 1
(2m)? 2

Te{[GR ;] (0,006, £ (0v0)}

[T !
o 2 [ (B) [ - (B)]

2m
s=0 X y Z
$=0 EgEx—£ 0 0 0
X X 0 EAER 0 0
y 0 0 EAER 0
Zz 0 0 0 E ER + 41:7

(D18)
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Due to the quadratic spectrum of Hamiltonian (D1) and v,
with linear momentum, the linear order in ¢ vanishes. The
couplings between different channels from ¢° terms give a
higher power of g contribution and can be neglected. As a con-
sequence, the singlet-triplet channel in sublattice space is also
conserved after multiscattering C l”/ = 8,y C;. From Eq. (D16),
we have

2
CIS — MimpUy
Mimy uf d? T .
L—= f oy Tr{[GF ] (0y00)Gy_, (050)}

(D19)
Within the SCBA, the self-energy can be obtained by solving
the following self-consistent equation;

sRA _ dzp/ Vv GR/AV
p.E — (2n)2< =P p e p’—p)

5 d2 p/ ER/A

=2yt | 5 e (D20)
which yields the Ward identity
= o) - X, E)
(Es — ER)
S — i d ExEr + (45)° (D21)

P 5 - (&) - (8]

2m

The analysis shows that the only Cooperon channel that
remains gapless is the sublattice-triplet and valley-triplet
Cooperon C%, which belongs to the intervally channel cat-
egory. The intravalley Cooperon channels C,*” are strongly
suppressed by the intervalley scattering from the atomically
sharp scatters. Here we want to emphasize the exact cancel-
lation of the zero-order term in ¢ in the denominator of C? is
ensured by Ward identity, regardless of the explicit form of the
self-energy TX/A. After substituting Eq. (D17) into Eq. (D20)
and performing the integral, we have

2
c: = 2Nimplt

= (D22)

with the square of mean free path defined as
o ngt® (EaB(n (~E3) ~In (~E3)) ~ B + ER)
‘ T (Es — ER)*(Ex + Er)

(D23)

The leading quantum correction to the conductivity can be
computed by an index contraction of the external legs of the
Cooperon with the Hikami boxes,

! éi (GAUXGR)
¥ 2x h V2 KRk wp ke
k.q
§E aa’ R . x A
X Con /iy (e, =k, ) (G403 4Gy )y 5 (D24)

The bare Hikami box depicted as the second diagram in
Fig. 10(d) is enough. The two other dressed diagrams as
shown in Fig. 10(e), which must be included in single layer
graphene, vanishes for bilayer graphene since v, is linear in
momentum. After being transformed into singlet and triplets
channels

1 &

mm’ 1 rr’
_Hrr’ v Z Cmm’(q)

% 27 h . ( )

with H™"" as the Hikami box for each channel

mm’ 1 1
H = 8 1 ETr[HyHmr nym, ] v

1
x Y 3Te[(0,0)GLviG(0,0,) (G407, Gy .
k
(D26)

The Hikami box for C? can be evaluated as

1 (Eak(in (E7) ~ 0 (-ER)) ~ 3 + E7)

H: = 3
T (Ea — ER)’(Ex + ER)

Z
Z

D27)

The lower g cutoff for a system of length L is ~1/ min{L, Ly},
where L, is the coherence length of the system, and the upper
cutoff is ~1/¢,. The quantum interference conductivity cor-
rection is negative (weak localization) and can be evaluated
as

e? | min{L, Ly}

L D28
e, (D28)
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