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HgTe quantum wells and surfaces of three-dimensional topological insulators support Dirac fermions with
a single-valley band dispersion. In the presence of disorder they experience weak antilocalization, which has
been observed in recent transport experiments. In this work we conduct a comparative theoretical study of
the weak antilocalization in HgTe quantum wells and topological surface states. The difference between these
two single-valley systems comes from a finite band gap (effective Dirac mass) in HgTe quantum wells in
contrast to gapless (massless) surface states in topological insulators. The finite effective Dirac mass implies
a broken internal symmetry, leading to suppression of the weak antilocalization in HgTe quantum wells at
times larger than certain 7,4, inversely proportional to the Dirac mass. This corresponds to the opening of a
relaxation gap rj\jll in the Cooperon diffusion mode which we obtain from the Bethe-Salpeter equation including
relevant spin degrees of freedom. We demonstrate that the relaxation gap exhibits an interesting nonmonotonic
dependence on both carrier density and band gap, vanishing at a certain combination of these parameters. The
weak-antilocalization conductivity reflects this nonmonotonic behavior which is unique to HgTe quantum wells
and absent for topological surface states. On the other hand, the topological surface states exhibit specific
weak-antilocalization magnetoconductivity in a parallel magnetic field due to their exponential decay in the bulk.
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I. INTRODUCTION

Recently discovered materials—graphene,'? two-dimen-
sional (2D)*% and three-dimensional (3D)"~'? topological
insulators (TIs)'*!“—exhibit a Dirac-like band dispersion
which is responsible for their unusual electronic and optical
properties. In graphene the low-energy electron spectrum
can be approximated by two spin-degenerate Dirac cones at
the corners of the Brillouin zone."> The 2D TIs have been
realized in HgTe quantum wells (QWs)** which have a single
double-degenerate Dirac valley, as predicted by band-structure
calculations and inferred from transport measurements.'® The
double degeneracy of the HgTe QW bands allows for an
energy gap at the Dirac point, without breaking time-reversal
invariance, which paves the way to study Dirac fermions with
a finite (positive and negative) effective mass and related mass
disorder.'”"" In comparison with HgTe QWs, the ideal 3D
TI exhibits a single nondegenerate gapless Dirac cone on
the surface of the material, whereas its bulk is insulating.zo
In this case, the opening of the gap in the surface Dirac
spectrum requires time-reversal symmetry breaking and has
been predicted to cause the surface quantum Hall effect?'~>*
and rich magnetoelectric phenomena®'~?’ related to axion
electrodynamics.”

The number of the Dirac valleys is an essential factor
in understanding quantum electron transport in disordered
samples. The transport studies of graphene have reported
weak localization? and more complex quantum-interference
patterns®® instead of the antilocalization effect expected for
the symplectic universality class (e.g., Refs. 31-47). Such a
situation can occur if the two graphene’s valleys are coupled by
scattering off atomically sharp defects.33#!434647 In contrast,
in single-valley Dirac systems such scattering processes are
forbidden, and recent experiments on HgTe QWs*4° and
3D TIs**2 have found a positive (antilocalization) quantum-
interference conductivity.
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In this work we conduct a comparative study of the weak
antilocalization (WAL) in HgTe QWs and on surfaces of 3D
TIs. The goal is to elucidate the difference between these two
systems which comes from the finite effective Dirac mass in
HgTe QWs in contrast to the massless surface states in 3D TIs.
Like in the conventional 2D electron systems (2DESs) with
Bychkov-Rashba or Dresselhaus spin-orbit interactions,>34
the WAL in HgTe QWs and on surfaces of 3D TIs reflects the
broken rotation symmetry in relevant spin space. However, in
addition to the lack of this continuous symmetry, the effective
Dirac mass in HgTe QWs implies a broken discrete symmetry,
which for a single-cone system would play the role of time
reversal. In this sense, there is a formal analogy between the
effective Dirac mass and an out-of-plane Zeeman field in a
2DES.**3 Therefore, by analogy with weak ferromagnets**>3
we find that the WAL in HgTe QWs is suppressed at times
larger than certain 7,4, inversely proportional to the effective
Dirac mass. Such suppression is, however, absent for the
massless surface states in 3D TIs, which can be used to
experimentally differentiate between the two systems.

Before going to the calculation details given in Secs. III
and IV, in the next section we briefly announce some of our
results for HgTe QWs and TIs.

II. OVERVIEW OF THE RESULTS

To calculate the quantum-interference (Cooperon) conduc-
tivity correction, §oy,, we adopt the effective Dirac model of
HgTe QWs* and obtain the following expression for 8o,
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FIG. 1. (Color online) Relaxation gap t/\jll [in units of inverse life-time 7~

A = 380 meV-nm and B = 850 meV-nm? (from Ref. 16).

Here the symmetry-breaking-induced relaxation gap r/\_/[l is
proportional to the total mass term, M + ka, in the effective

Dirac model of HgTe QWs.* M is the band gap at the Dirac
point, Bk% is the positive quadratic correction accounting for
the curvature of the filled conduction band (k, is the Fermi
momentum determined by the 2D carrier concentration n),
whereas constant .4 determines the linear (Dirac) part of the
spectrum (t the elastic lifetime). In Eq. (1) the factor of
2 accounts for the double degeneracy of the Dirac valley in
HgTe QWs, constant « approaches —1/2 for M + Bki -0
(as discussed in detail in Sec. I1I) and 7,, is the dephasing time.

The unique feature of the HgTe QWs is that the band gap
M can take both positive and negative values depending on
the QW thickness.>!® Therefore, the relaxation gap ty, (2)
exhibits an interesting nonmonotonic behavior as a function
of both M and carrier density n [see Fig. 1], vanishing when
these parameters satisfy the condition,

M+ 2anB =0. 3)

It represents a line in parameter space (M,n) on which con-
ductivity (1) reaches the maximum 8o, = (¢? /mh)In(z,/7)
[see also Fig. 2]. Such a nonmonotonic behavior of §o, (n, M)
can be used to experimentally identify the symmetry breaking
and the resulting relaxation gap rx/tl . In particular, the predicted
carrier-density dependence should hold for the QWs where the
potential impurity scattering is much stronger than scattering

M(meV)
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FIG. 2. (Color online) Quantum-interference conductivity cor-
rection 8o, [in units of e?/mh, see Eq. (1)] versus carrier density
n and band gap M; A =380 meV-nm, B = 850 meV-nm? (from
Ref. 16) and 7y/7, = 0.01 [see also Eq. (22) for T and 1y and Eq. (53)
for «].
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!, see Eq. (2)] versus (a) carrier density 7 and (b) band gap M;

off random gap fluctuations. This regime can be identified
from the carrier-density dependence of the QW mobility.!”
As to the dependence on the gap M, it can be extracted from
sample-to-sample measurements. The band structure of MBE
grown HgTe QWs is controllable to a great extent.>%!'® For the
experiment we suggest here one should select several QWs
with distinctly different gaps and comparable dephasing times
(inferred from the temperature dependence of the conductivity)
and other band structure parameters (inferred from the Hall
and Shubnikov—de Haas measurements). Alternatively, the
presence of the relaxation gap r/;tl can be established from
the dependence of doy, on the dephasing rate 1/7,, which
is directly related to the temperature dependence (e.g., the
dephasing rate due to electron-electron interactions is linearly
proportional to the temperature).>* The dependence of 8o,
on 1/7, is shown in Figs. 3(a) and 3(b). In these figures the
upper curves correspond to the logarithmically divergent 5o
with r/(,tl = 0. In contrast, for finite r;,tl (rest of the curves) the
conductivity correction shows only weak dependence on the
dephasing rate.

As to the 3D TIs, we focus on compounds Bi,Se; and
Bi,Te; where the surface states can be described by the
effective two-band Dirac Hamiltonian, accounting for the
hexagonal warping of the bands [see, e.g., Refs. 55 and 56].
The warping term is cubic in momentum k and enters formally
as the Dirac mass term. However, since it preserves the time-
reversal symmetry, we find that for weak warping the quantum-
interference conductivity correction has the same form as for

the conventional 2DES with spin-orbit interaction:3!-3234
e? Ty 1
80y = ot—hln?, az—z. (€]

The specific of the surface state shows up mainly in the de-
pendence of the conductivity Aoy, (B) = 80, (B) — §0,,(0)
on magnetic field B applied parallel to the TI surface

Ao (B) LA L T i (5)
XX 27h Buz ’ I er \/m

Such dependence reflects the finite penetration length, A, of
the surface state into the bulk, that is, the magnetic flux
through the effective width of the surface state [see Eq. (5)
for B,, where ¢, and ¢, are the transport mean free path
and dephasing length, respectively]. Quantum transport in
the in-plane magnetic fields has been studied theoretically
for disordered metallic films®’ and electron quantum wells.>®
The present case differs from the previous studies in that the
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FIG. 3. (Color online) Quantum-interference conductivity correction 8oy, [in units of >/ h, see Eq. (1)] versus normalized dephasing rate
79/7, for different carrier densities and (a) M = —10 meV and for different band gaps and (b) n = 1.9 x 10" cm™%; A = 380 meV-nm and
B = 850 meV-nm? (from Ref. 16). See also Eq. (22) for T and 7y and Eq. (53) for a.

topological surface states have a different microscopic profile
of the transverse wave functions. We discuss the dependence of
Aoy, onthe magnetic field orientation in Sec. IV in connection
with recent experiments on Bi, Te; (Ref. 52).

III. HgTe QUANTUM WELLS

A. Effective Hamiltonian

We use the effective four-band Hamiltonian of HgTe wells*
which can be written in the following form:

H + H; 0
Hygre = < N g+ Hi) , 6)
H = o (Ak + M;z) + (DK* — E,)o°, (7
H = —o(Ak + M;z) + (Dk> — E,)o°, ®)
H; = V(r)o". 9)

The two diagonal blocks in Hygre describe pairs of states
related to each other by time reversal symmetry (Kramers
partners). In the upper block the Hamiltonian H has a matrix
2 x 2 structure with Pauli matrices o*¥** and unit matrix o°
acting in space of two lowest-energy subbands of the HgTe
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FIG. 4. (Color online) Energy bands of a HgTe quantum well [see
Eq. (7) and text] in meV versus in-plane wave-numbers k, and k, in
nm~'. The Fermi level lies in the conduction band at E = 0. We
choose A = 380 meV-nm, B = 850 meV-nm?, D = 700 meV-nm?
(from Ref. 16), and E, = 100 meV.

quantum well:* an s-like electron one |E1,%) and a p-like
heavy hole one | H, %). For the lower block the basis states have
the opposite spin projections: |E}, — %) and |H;, — %). The
linear term in H (proportional to constant A and momentum
operator k=—-iV,) originates from the hybridization of the
s- and p-like subbands. M is the effective Dirac mass

M = M+ Bk?, (10)
where constant M determines the band gap at the gamma
(k = 0) point of the Brillouin zone (see Fig. 4). The positive
quadratic terms Bk? and DKk? take into account the details
of the band curvature in HgTe quantum wells.** Finally, H;
in Eq. (6) accounts for interaction with randomly distributed
short-range impurities. The impurity potential V (r) is charac-
terized by the correlation function,

h
(r—r)=((Vinvah)) = TN dr—r), (1D

ok = / ¢(re Mdr = (12)

ANt

parametrized in terms of the characteristic scattering time 7
and the density of states (DOS) at the Fermi level, N, for one
Dirac cone [brackets ({---)) denote averaging over impurity
positions and ¢k is the Fourier transform of the disorder
correlation function].

We emphasize that the mass term M (10) is symmetric
with respect to momentum inversion k — —k. Hence, Hamil-
tonian H does not possess the symmetry under transformation

k,oco - -k, —o. (13)
Within a given block of Eq. (6) (i.e., in subband pseudospin
space) such a transformation plays the role of “time reversal.”
At the same time, the real time-reversal symmetry is ensured
by the matrix form of Hygre (6). Physically, this means that
the Kramers partners reside on two Dirac cones superimposed
at k = 0 point.'® Note that the zero off-diagonal elements
in Hygre (6) imply conservation of the spin projections of
|E1) and |H;) subbands, which is a good approximation for
symmetric HgTe wells.>!'%%%0 In this case, each of the Dirac
cones contributes independently to transport processes, which
is accounted for by the factor of 2 in the expressions for the
conductivity corrections discussed in Sec. IIID.
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B. Disorder-averaged single-particle Green’s functions
and elastic lifetime

We begin by calculating the disorder-averaged re-
tarded/advanced Green’s functions G for an n-type HgTe
well under weak-scattering condition

kv, T > 1, (14)

where 7 is the elastic scattering time and v, and k, = +/27n
are the Fermi velocity and wave-vector, respectively. In
the standard self-consistent Born approximation (see, e.g.,
Refs. 61 and 62) the equation for G"" is shown diagram-
matically in Fig. 5(a). In the k representation it reads

R R/A R/A dk, R/A
G =Gy + Gy / GGy G, (15
2n)?

AK + Mz

AR + M

Here the Green’s function G&/{A describes a conduction-band
carrier with dispersion & = /A2k? + M2 + Dk? —

the absence of disorder [index s = =1 labels the Kramers
partners residing on the different Dirac cones]. The valence
band contribution is neglected under assumption that the
energy separation between the valence and conduction bands
is much bigger than the disorder-induced band smearing,

2,/ A2+ M =2(E,

R/A 10'0+0'ek

- __ "% 2 1.
Ok 2 E_gk ’

ek =S¢

(16)

—-Dk2) > h/t.  (17)

@) PN
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R
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FIG. 5. (Color online) Diagrammatic representations for (a)
equation for disorder-averaged Green’s function (thick line) in self-
consistent Born approximation (thin line is the unperturbed Green’s
function of the disorder-free system, dashed line is the disorder
correlator), (b) bare and dressed Hikami boxes for the Cooperon
correction to Drude conductivity, (c) Bethe-Salpeter equation for the
Cooperon, and (d) equation for the renormalized current vertex in the
ladder approximation.
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Because of the large band-structure constant A~
380 meV -nm [see, e.g., Ref. 16] the requirement (17) can
be satisfied simultaneously with the weak-scattering condi-
tion (14). We also note that the matrix structure of Ggl/(A (16)
accounts for the carrier chirality and is of primary importance
throughout the paper.

The solution to Eq. (15) can be sought in the form GR/A

Lo+ oeng, ", where g" = 1/(e — & — and 2’*“
satisfies the equation
ER/A _ / é‘k—k’ 1+ €xex dk’ (18)
k c—&e—z 2 Qup

The approximate solution®'%% of the latter equation near the

Fermi surface, |k| ~ k,, yields the disorder-averaged Green’s
function as

1 e i
G]’Z/A _ m’ €on =€+ l_, (19)
2 €, — & 27
where 7 is the elastic lifetime given by
1 2 R/A
; = :F;_—llm EkF-n

N l+en-€nw+en-€n
ﬁ/M%M\ noCiw Fen Ew o)
MkF.nZ

2
en=sn/1— ein, €|, = s—z.
,/Azk}% + M, n

In Eq. (20) the unit vectors n and n’ specify the directions of
the incident and scattered momentum states, respectively, and
en and e, are the in- and out-of-plane components of the
unit vector €;,.n = €5 + €Ly. For isotropic i, jn—n (12) and
M, (10) one finds the elastic time
70
C1+el’
which is shorter than the disorder-related time scale 1y [see
Eq. (11)]. This is due to the allowed backscattering into
an opposite momentum state (nn’ ~ —1) which is absent in
the gapless case.®® The backscattering is the consequence of
the symmetry breaking due to the mass term. The strength
of the symmetry breaking is controlled by the out-of-plane
component e, of the unit vector e,., [see, Eq. (21)].

2y

(22)

C. Cooperon

The quantum-interference corrections to the Drude conduc-
tivity can be expressed diagrammatically by the Hikami boxes
shown in Fig. 5(b). Apart from the single-particle Green’s
functions Gﬁ“ (19) they involve the disorder-averaged two-
particle Green’s function, Cygag/(q), known as the Cooperon.
In this section we will set up and solve the equation for
Cotﬂvt’ﬂ’(q)'

For the potential disorder defined by Eq. (11) the diagram
for the Cooperon equation [see, Fig. 5(c)] is read off as follows

2
h
Cl o' B’ aa’(s G k h
Bo' B (q) 70 BB + JTN'L'() (27.[)2 Z(; ay’ ( € + w)
X Gy (@ = K,€)Cyarp (@), (23)
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where the Greek indices label the states in pseudospin (o)
space. The prefactor 72 /1 in the first term is due to the chosen
normalization of Cegyp(q). To solve Eq. (23) it is convenient
to first expand the Cooperon in the orthonormal eigenfunctions
of the pseudospin of a two-electron system

ZC” Wl Zqﬂ Wi =8 (24)

The indices i, j = 0,x,y,z label the pseudospin-singlet (0) and
pseudospin-triplet (x,y,z) states. The conductivity corrections
will be eventually expressed in terms of the coefficients C?/ for
which we derive the following algebraic equations (see also
Appendix A):

aﬂa’ﬂ’

2
CY(q) = Z—OBU + ﬁ ZTr((aO —0e_4,n)0"
x (0 + oe,m)0*)CY (q), (25)

where the square brackets stand for integral over the directions
of the momentum k = k,n on the Fermi surface

L
<--->=/Oﬂ o . e

2r 1 —itw+itv,n-q

Evaluating the traces of the products of the Pauli matrices in
Eq. (25) we find

2

C% = g+ (1 —ey -e_)C%
'L'() 2‘[()
+5- Z ((ey —e_+ie, xe )-b)CY,  (27)
o b=x,y,z
aj 2 T 0j
CY = —8(,]—1—2 (e, —e_ —iey xe_)-a)C"’
70
T
+5— D ((+es-e)ab)—i(e;+e)-axb
0
b=x,y,z
—(e4 -a)(e_ - b) — (e_ - a)(e; - b)C”. (28)

We separated the singlet C% and triplet C“?/ Cooperons
with respect to the first index so that a,b run over x,y,z
only. Respectively, vectors a and b run over the unit vector
basis of the Cartesian system. We also introduced a convenient
shorthand notation

€+ = €4fpm- (29)

As discussed in Sec. IITA, the specifics of the effective
Hamiltonian for HgTe quantum wells consists in the symmetry
of the mass term (10). Being an even function of k, it breaks the
symmetry of Hamiltonian H in Eq. (7) under transformation
k,0 — —k, —o. The symmetry breaking is encoded in the unit
vectors ex (29) which have antiparallel in-plane and parallel
out-of-plane components,

e = te +el, (30)

where e, and e, are defined by Eq. (21). In view of the identities

—e_ =2e,

= 2eJ_ , €4 I

=1 —Zeﬁ,

€, +e_
(€29
e, -e_

e, xe_ =2 xey,
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Egs. (27) and (28) reduce to

2
% =5, + —<e €% 4 237 (e, +ie, xen)-b)CY,
To 0 b=x,y,z
(32)
L T T ) 0
CY = —d,j + —((e, —ie, x ey ) -a)C"
70 70
+= Y (@@ b)—ie - (axb)

T
0 b=x,y,z

+(e, - a)e, -b) — (e -a)e, -b)CY, (33)

or, explicitly,

[E - <eﬁ>]COJ’
T

—(ex +ieye)CY — (ey —iewe )CY =18,  (34)
—(ey —ieye, )C%

+ I:E - <eJ_ +e )j|cx./' — {exey — ieJ_>Cyj =18y, (35)
. )

—(ey +iece;)CY
— (eyey +ie )CY + [? — (el + ei)}c"’ =18y, (36)

2
ci =1, (37)
To

For the quantum-interference conductivity corrections we will
only need the q and  dependent diagonal Cooperons C%, C**,
and C*Y. Each of them is obtained from coupled Eqs. (34)—(36)
where index j should be set to 0,x or y, respectively. The
coefficients in these equations are evaluated by expanding®
the denominator in Eq. (26) in the small Cooperon momentum
q and frequency w,

o L 1. (38)

In doing so, we keep the lowest order terms that yield the
nonzero angle average (---) and compete with the small
symmetry-breaking parameter e [see Eq. (21)]. Under these
approximations we obtain the following expressions for the
diagonal Cooperons:

Tv,n-q <1,

1 2¢?
Qo)== ————, 1/ =", (39
(q.0) DE e —i M . (39

D =D.(2+5¢e} +¢})/e’, D, =vlt/2,  (40)

C*(qw) 2‘1,' —e cos? ¢q 2t(ty —iw)
Qo) =
2+5eL+eL el
(14 3e2)> —esin® ¢
x L4 1c%qe), @)
2+5ef +
. 2r2—e sinf g 27(ty) —iw
(o) =5 oy 2ol o)
e 2+5et +ef €
(1+ 3€7)? —e cos? ¢q

C®qw), (42

2‘*‘5%"‘%
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where angle ¢q in Egs. (41) and (42) indicates the Cooperon
momentum direction q = |q| - (cos @q, sin ¢q,0).

Let us analyze Eqgs. (39)—(42). The symmetry breaking has
a three-fold effect on the Cooperons. First, it results in a
relaxation gap 7, in the singlet Cooperon C% (39), which
implies suppression of the quantum interference for times
larger than 7, (even in the absence of the phase breaking,
i.e., for o — 0). Second, the symmetry-breaking affects the
diffusion constant D in Eq. (40). The diffusion constant
renormalization comes from the off-diagonal Cooperons.*!
In the absence of the symmetry breaking (i.e., for € = 0)
one finds*"* D = 2D, = v?1,,/2 with ,, = 27. Finally, the
expressions for the triplet Cooperons C** (41) and C*Y (42)

PHYSICAL REVIEW B 84, 035444 (2011)

contain additional terms o< 7/7y = 2€2, remaining finite in
the limit w — 0. Despite the smallness of the parameter
e’, these terms give a noticeable contribution to the net
conductivity correction. We will return to this point when
discussing Eq. (53) in the next section.

D. Hikami boxes and net conductivity correction

We now turn to the evaluation of the Hikami boxes
for the conductivity corrections, shown in Fig. 5(b). With
the Cooperon defined by Eq. (23) the first and second
diagrams in Fig. 5(b) correspond to the following analytical
expressions:

2
m € h de dq dk A R R A
Soy, = ﬂNﬂ/%[f(é)—f(E +ho)] Wcﬂﬂw(qsw) W(Gk,e VX Giesno) 5 (Gyketno Vak Gqke) ype

(43)

s0® = T / 9€ [ fe) — fle +ho)) / A @) / ke

o T N | 2nw Qe P @) | o

dk, A X R R R R x A
X W(Gk,e Vk Gk,6+hqu—k/,E+hw)y’ﬂ (Gq—k,5+hu) Gk’,s+hu) Vk’ Gk’,e)yﬂf’ (44)

where V) is the matrix current vertex renormalized by disorder (11) in the usual ladder approximation [see, e.g., Ref. 62 and
diagram in Fig. 5(d)] and f(¢) is the Fermi distribution function. We will skip the details regarding the third diagram in Fig. 5(a)

since it finally gives the same result as Eq. (44).

Evaluation of the k integrals in Egs. (43) and (44) yields (see also Appendix B)

2
sl = & Lr
o 2h?

d
(00 ek a)Viy (00 + 0eira)], , [0 o€ )V o (00 o€ )] / #cﬂﬁw(q), 45)

= —— x[(c"+ o€ ,n)V (0 + o€ n)]
F

PRI,

d
S IS [ N O | / G Corrr @. (46)

where the bar denotes averaging over the momentum directions n on the Fermi surface: (- --) = 02” -+ -d¢yn /2. We note that
the correction 802 is entirely due to the carrier chirality. If we omit the chirality matrix oey,.n in Eq. (46), the independent

averaging of the current vertices Vi gives o2 = 0.

The renormalized vertex Vy acquires the standard prefactor 7, /7, where 7, is the transport scattering time

1 N 1 + e <€ + e - @ n
—_ = —fd(bw(l —n- n/)ng‘“_n/‘ n 1n i i (47)
Trr h 2
1+ 3¢
= —= 48
p (48)
and satisfies the identity
Ty

(0° + o)V, n(0” + 0€r,m) = Z%Uan (0° + o€t m), 49

which helps to perform the averaging in Egs. (45) and (46). The conductivity corrections §o!) and §o can then be expressed

in terms of the singlet and triplet Cooperons as follows

2¢*D; (1, \* dq .— Ty PE— -
m _ v Lr 2\ (~00 x
do) = — (t) Gy 2t (1 =€) C%@) = 2n3(1 = ) C™ @) — 2031 — ) (@], (50)
2e’D, 2, —~ [ dq
@ _ _ Tt 2 2700/ a2y
do == o€ (1) f Gyl +eDC@ — €@ — ¢ @) (sD)
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where E = 1/2. We have also summed up the contributions of both Dirac cones of the HgTe QW spectrum, which
yields the factor of 2 in front of the integrals. Noticing further that on average over the directions of q the triplet Cooperons (41)
and (42) coincide, we express the net conductivity correction in the form

262D, [t \* qdq [ Q— [ P
— 55D 2 _ L2 s -7 _e2 L 00 — 2 _ xXx
Soyy = 80y) + 280 = — ( . ) f . 1—e] 5 C%(q) — (1 +e] 5 (g |, (52)

where (- - ) = 02” -+~ d¢q/2m with ¢ defined in text after Eq. (42). Note that the terms o 1 F €% come from Eq. (50) for 8oV,
whereas the terms o eﬁ /2 come from Eq. (51) for §6®, multiplied by 2.

In Eq. (52) the singlet Cooperon C®(q) results in a positive conductivity correction (antilocalization) coming from the
pairs of states with antiparallel projections of &, which prevents the constructive interference.’>* This can also be viewed
as the manifestation of 7 Berry phase.’® In contrast, the conductivity correction due to the triplet Cooperons is negative
(localization) because the interference of the states with the parallel projections of ¢ is constructive. When integrating the singlet
and triplet contributions in Eq. (52) we insert Eq. (39) and the terms with the diffusion pole structure [ox C 00(q)] in Egs. (41)
and (42).%* With the upper integration cutoff (D7)~!/? and replacement —iew — T, in Eq. (52), we obtain Eq. (1) for the

logarithmic correction to the Drude conductivity, where the relaxation gap r/\_/ll is defined in Eq. (39) and the prefactor « is given

by

2 2 2452 6
L ¢ X<1+ei) {ez_,<L+L)1+3eiZ(l+3eﬁ_e}. 5

2458 +¢ 1+3e%

This expression is factorized into the three parts that have
different origins: the first comes from the renormalization of
the diffusion constant D in Eq. (40), the second is due to the
vertex renomalization [see, Egs. (52), (22), and (48)], and the
third includes the contributions of the three Hikami boxes in
Fig. 5(b) with the interplay of the singlet and triplet Cooperons
[see Eq. (52)]. It should be noted that in the presence of
the k,0 — —k, — o symmetry there is partial cancellation
of these three factors,*! yielding @ = —1/2 for the symplectic
disorder class’! [see also Egs. (75) and (76) for topological
insulators in Sec. IV].

Equation (53), as well as the equation for the conductivity
correction (1), is valid under conditions

T/tm =261 <1, t/1, <1, (54)

when the carrier diffusion is limited by the time scale,
min{z,, T}, longer than the elastic life-time 7. In particular,
for € =0 and t/7, — 0 the parameter « — —1/2, and we

recover the result o, = 2 X 2;—2}1 In TT—“’ for the symplectic class
[the factor of 2 accounts for the two Dirac cones, see Eq. (6)].
For a finite eﬁ_ the broken k,0 — —k, — o symmetry leads
to the deviation of « from —1/2 [see Fig. 6]. The deviation
is quite significant because the expansion in powers of €%

involves large numerical coefficients

1 172 (1 1 35e2
a~——{1— ——+—=)(1+ .
2 2 2 ™ Ty 2

(55)

This behavior can be seen as the crossover between the
symplectic and unitary classes.

™ Ty el 2+5e el

IV. SURFACE STATES IN TOPOLOGICAL INSULATORS

A. Effective Hamiltonian

Unlike HgTe wells the spectrum of surface states in
topological insulators (TIs), such as Bi,Se; or Bi, Tes, consists
of a single Dirac cone. Consequently, the effective Hamiltonian
for the surface state in TIs*® has the form of the single-block
Hamiltonian of Eq. (6)

Hr; = H + H;. (56)

where H and H; are given by Egs. (7) and (9), respectively.
There are two further distinctions between Hamiltonians for
Bi,Se(Te); and HgTe wells. First, here the basis functions
correspond to % and —% spin projections [i.e., Pauli (¢*%)
and unit (o°) matrices act on real spin indices]. Second, the M,
term in Hamiltonian H in Eq. (7) is cubic (odd) in momentum
k (Ref. 55 and 56)

>

W

M; = 5 &+ &), ke =k £iky, (57)

causing no gap at k = 0. This term does not break the k.o —
—ﬁ, —o invariance, which is now the real time-reversal
symmetry. Instead, it causes hexagonal warping of the surface-
state spectrum™-° (see also Figs. 7 and 8)

26
(1 + cos 6¢n) + DK%, (58)

Ek,¢n) = \/Azkz + W2

We will treat the warping as a weak perturbation onto the
isotropic spectrum, assuming the smallness of the parameter

w2k*

2_./42 < 1. (59)
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(b) a
20 -0 1o M(meV)
-_ n=2x10"em™2
- n=2.5x10"'cm™2
— n=3x10"cm™2
-0.5
- n=3.5x10"cm™?

FIG. 6. (Color online) Parameter o (53) versus (a) carrier density # and (b) band gap M; A = 380 meV-nm, B = 850 meV-nm’ (from

Ref. 16) and 79/7, = 0.01.

Then the main effect of the warping consists in the increase
of E(k,¢n) on average over all angles ¢, (see dashed circle in
Fig. 8). This amounts to replacing Mﬁ by its angle average,

Mg = M} = WEke

2

(60)

3

in Eq. (58). In fact, the same replacement can be done in
all even functions of My (e.g., Fermi momentum, Fermi
velocity, DOS, and so on.). Then, the specific of the surface
states is captured by the odd carrier chirality, oe_x = —oey,
in Eq. (16). Therefore, the results of the integration over the
single-particle momenta k (given in Appendexes A and B)
apply also in the present case. This allows us to use Egs. (20)
and (47) for the scattering times, Cooperon equations (27)
and (28) as well as the Hikami boxes (45) and (46) to obtain the
weak antilocalization conductivity corrections for the surface
state in TIs.

| = 1000
|

FIG. 7. (Color online) Energy bands of a topological surface state
in meV [see Eqgs. (56), (57), and text] versus in-plane wave-numbers
k, and k, in nm~'. The Fermi level lies in the conduction band at
E = 0. We choose A = 300 meV - nm, W = 50 meV - nm? (see, e.g.,
Ref. 56), D = 0 meV -nm?, and E, = 600 meV.

B. Disorder-averaged Green’s functions and scattering times

As in the case of HgTe QWs, we assume that the Fermi
level lies in the conduction band of the topological surface
state (Fig. 7) and the condition of weak scattering, Eq. (14), is
fulfilled. With perturbative treatment of the warping described
above, the retarded/advanced Green’s functions and the elastic
lifetime for the surface state in a TI are given by Egs. (19)—(21).
The time-reversal symmetry of the surface state is encoded in
the odd momentum dependence of the out-of-plane vector
e . There is no backscattering in this case,” and the elastic
lifetime (20) for isotropic {k,.n—n’ iS

T = 1p. 61)
In the similar way, Eq. (47) gives the transport scattering time
as

N To ~ 21’0
L—e/2 14 M, A%

(62)

Ttr

Its dependence on € (and, hence, on the variance M,%F_n)
originates from the anisotropy of the Dirac-fermion scattering
probability in momentum space.

FIG. 8. (Color online) Polar plots of surface-state spectrum
E(k,¢n) (in units of energy Ak) as a function of momentum direction
specified by angle ¢, € (0,27) [see also Eq. (58)]. For W # O the
spectrum shows hexagonal warping (we chose W?k*/2.4% = 0.4 and
Dk/A = 1). On average over all angles the warping results in larger
E(k,¢n) (dashed circle) compared to the W = 0 case (solid circle).
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C. Cooperon

To write the Cooperon Eqs. (27) and (28) for the surface
state in a TI we note that the time-reversal symmetry implies
the identities

e_ = —e;, e, —e_ =2e,

(63)

e.-e_=-—1, e, xe_=0.

Equations (27) and (28) therefore reduce to

CY = 1080, + (NCY + " (e-b)CY, (64

b=x,y,z

Caj = ‘L'()(Saj + (e . a>COj + Z <(e ' a)(e ' b))cbj’ (65)

b=x,y,z

or, explicitly,

[1— ()ICY = (e)CY — (e,)CY = 1980,  (66)

—(e)CY + [1 = {er]] €7 = wdy;, (67)
—(e,)CY + [1 = (e3)] € = w8y, (68)
[1— (e5)]ICY = 198,;. (69)

In the above equations we use the short-hand notation e = e
for the unit vector ey,.., whose in- and out-of-plane components
are given by Eq. (21). Solving Egs. (66)—(69) for the diagonal
Cooperon coefficients, we have

1 vzr,,
c”qw)=———, D=-"—, 70
(q,0) e —iw > (70)

e’ e’
C* =CW = f,,<1 - Z|> — Z”ir,,wCOO(q,w), (71)
To

C%= —— . 72
&) (72)

Note that the singlet Cooperon C% (70) remains gapless also
in the presence of the warping because it does not break
the time-reversal symmetry. The warping only modifies the
diffusion constant D through the transport scattering time (62).
The triplet Cooperons C** and C*” are already averaged, for
presentation purposes, over the directions of q. In the absence
of the symmetry breaking [cf. Eqs. (41) and (42)] and for
7, /Ty <K 1, the triplet Cooperons C** and C*Y as well as
C% can be neglected compared to C% in the conductivity
corrections.

D. Hikami boxes and net conductivity correction

Repeating the calculations described in Sec. IIID, we
express the conductivity corrections 8oV (45) and §0? (46)
in terms of the diagonal Cooperons

2 2
oo =20 (%) [ asllede ~ 2zl

xx 7h \t (2m)?
SaC 2] )
) 2 2
0@ = _eD (TN e 49 o0 oy, (74
ah \ 1 2 (2m)?

PHYSICAL REVIEW B 84, 035444 (2011)

z
4 +

(a) B | (b) W |

k/w

FIG. 9. (Color online) Schematic view of a 3D topological
insulator with a surface state subject to (a) perpendicular and (b)
parallel magnetic field B. In the latter case the B-field dependence of
the surface weak-antilocalization conductivity is due to the magnetic
flux through the effective thickness of the surface state, determined
by the decay length, A, into the bulk.

surface state

Keeping only the singlet Cooperon C%, we obtain the
following expression for the net correction:

80y = 80V +280@

e’D, (1, 2 eﬁ dq o
h (T) (1_3 / g ¢ @ P

2D dq
wh 2m)?

After the partial cancellation in Eq. (75) D.(v,/7)*(1 —
ef/Z) = D (1, /t)(t/t;y) = D, the prefactor in the final
Eq. (76) depends only on the transport scattering time through
the diffusion constant D [see Eq. (70) and Ref. 41]. Inserting
Eq. (70) into Eq. (76), integrating over ¢ with the upper
cutoff (D7)~'/2, and replacing —iw — 7!, we obtain Eq. (4),
already discussed in Sec. L.

Below we will focus on the dependence of do,, on the
strength and orientation of an external magnetic field B, which
can be used in experiments to identify the surface states in
three-dimensional topological insulators.

c%(q). (76)

E. Magnetoconductivity in perpendicular field

For B applied perpendicularly to the surface [see Fig. 9(a)]
we write Eq. (70) for the singlet Cooperon in the two-
dimensional position representation,%

2
|:D <iV + Zh—eA(r)> - iw] COr,r)y=8(r—r), (77)

including the vector potential A(r) = (—By,0,0) of the mag-
netic field [r = (x,y,0)]. The solution is given by the Hilbert-
Schmidt expansion in the Landau wave-function basis, which
yields the well-known expression® for the magnetoconduc-
tivity Aoy (B) = 80,:(B) — 804, (0)

_ 82 BJ_ 1 BJ_
Aoy (B) = m[ln? — w<§ + ?):|, (78)

_h
C 2el,, L,

B, (79
where the magnetic field B, corresponds to the Aharonov-
Bohm flux of order of / /e through a typical area encircled by
the interfering trajectories, ¢,, = v, 7, and £, = v, 7,, and
¥ (x) is the digamma function.
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F. Magnetoconductivity in parallel field

In the case of the parallel magnetic field B [see Fig. 9(b)]
the vector potential, A(z) = (B x Z)z, depends explicitly on
the coordinate z perpendicular to the surface (Z is the unit
vector). Therefore, the penetration of the surface state into the
bulk needs to be taken into account. To do so we first transform
the diffusion operator in equation [Dq®> — iw]C%(q) = 1 into
the three-dimensional position representation and then make
the Peierls substitution i V. — iV, + é—“’A(z) as follows

ailv/drdze iar, ()

) 2e : iqr 00
x {D[erwLﬁA(z)] —lw}eq x@QCH (@) =1, (80)

where the in-plane (r) integration goes over the surface area a,
and the out-of-plane (z) integral involves the normalized wave
function of the surface state, x (z), which decays exponentially
for z — —oo0 on the length A inversely proportional to the bulk
band gap®®

&&l* e~ l2l/n
x(@) = \/A_/Zzﬁ (81)

In the latter form (i.e., written with |z|) this equation can
formally be used in the entire space —oo < z < oo. This
helps to simplify further calculations because the system is
symmetrically extended to the other half-space, 0 < z < oo,
and the z integral in Eq. (80) can be calculated as [dz--- =

(1/2) f fooo dz....Having done this integration, we return to q
representation of the Cooperon
1
Cq.0) = , (82)
1 D@+ 15! —iw
-1 =2De?B*A?/h? = DA% /204, (83)

where 75 is the time scale for the suppression of the quantum
interference by the magnetic flux through the thickness of
the surface state, A. The latter is assumed much smaller than
the magnetic length ¢ = /h/2]eB|. Note that Eq. (83) has
a six-times larger numerical coefficent than the result for the
quasi-2D quantum wells,’” which reflects the difference in the
electron confinement.

.. ‘[2
C(q) = —3;
70

Z / (2)?

It can be rewritten in a simpler form with the help of the identity

2 Vi

afy’s’

aﬁy 8

Gy (k€ +10)Gpy(q —k OV, = > [G "q-k )]y ﬁ[\p'f]ﬁa oy (K€ +R)WS,

PHYSICAL REVIEW B 84, 035444 (2011)

Aoy

10 20 B/BJ'

—_ B  surface

—_ B || surface

FIG. 10. (Color online) Quantum-interference magnetoconduc-
tivity Aoy, (B) [in units of e? /27 h, see Egs. (78) and (84)] for in- and
out-of-plane field orientations. The magnetic field scales, on which
Ao, (B) decreases, are fixed such that B, /By =2./4,£,/) = 20.

Using Egs. (76) and (82) we calculate the magnetoconduc-
tivity Aoy (B) = 80,x(B) — 80,,(0)

Ao (B) = -1+ %
o T 2mh B
2 (14 B 84
= 2un '\ T B) (®4)
(3
B, = 2% B.. (85)

Clearly, for a sufficiently small penetration length A <
2,/4:£, the in- and out-of-plane geometries have distinctly
different magnetic-field scales, B, > B, , on which Ao, (B)
decreases with B [see Fig. 10]. The in-plane magneto-
conductivity Ao,,(B) (84) can be verified against recent
magnetotransport measurements on BiyTes (Ref. 52).
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APPENDIX A: DERIVATION OF COOPERON
EQUATIONS (25)

where Tr and T denote the trace and transposition operations, respectively, in o space. We therefore have

C(q) =

The  equation  for the  coefficients CY =

Yoy Vi Yarg Caporpr follows from Eq. (23):
3 WGl (ke +ho)Gly(a — KOV | C(Q). (Al)

y'e

8 Bay’
AT it R B

=Ti[G (@ -k VTG (ke +hw)¥’], (A2)
G (q -k eV G (ke +hw)w’ ] cii(q). (A3)

72 h dk
it —— S T
SOt oy 2T [/(2 7
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For the orthonormal basis functions given by

j olo?
U= . J=0xy.z, (A4)
2 J y

Eq. (A3) assumes the following form:

Cii@ = Sy — / G'(q - k.o’ G" (ke +hw)o* | CY(q). (AS)

= —3;j €)o € +hw)o’
q roszro Qo 7 q
Here the tilde denotes the operation
G'=0'[G"1 o, (A6)

which flips the pseudospin @ = 6”0”7 ¢¥ = —a. Thus, for ¢ — 0 Eq. (A5) describes interference between the state with k,o

and its “time-reversed” partner with —k, —a.
Next, we evaluate the k integral in Eq. (A5) using the sharpness of the Green’s functions at the Fermi level under condition (14)

and the smallness of the Cooperon momentum q and frequency  [see Eq. (38)]. In the denominator of G*_ it is sufficient to
keep only the linear term in q, that is, §q_x ~ & — ivq + - - - (which should be compared with energy 7 /7)

Gy ™ m—————, (A7)

At the same time, in the numerator we approximate eq_x ~ e_, neglecting small terms Aqg/,/ A%k? + M%F ~Ag/E, < 1.
With Egs. (19), (A7), and under condition (14) the k integral can be evaluated as follows

d¢n (0" —oe_y)o' (0" + oey)o?
/ n )ZG (q — k,e)o’ G (K,e +hw)o® = fN(%'k n)dé&y €. — & +Iva)e, — &0 (A8)
dpa o N /d ! A9
4 P (0 g€_j, n)U ((7 o€, n)U Sk(sk e _thn.q)(Ek _GR) (A9)
_E/d(pn( 0 _ ) i( 0+ ) s 2mi (A10)
- 21 7 TE-krm)o L0 T Ckrn)O ih/t +hw —hv,n-q

X p—
h 4
where the DOS N (&k,n) is replaced by its Fermi surface value N and, then, the & integral is calculated in the complex plane.
Inserting Eq. (A11) into Eq. (AS) yields Eq. (25).

27N 1 [dp, (0% —0cey 2o (0c”+ e n)o*
_ 27Nz /i( k,m)o"( k,n) , (ALD)

2 l1—itwo+itv,n-q

APPENDIX B: EVALUATION OF k INTEGRALS IN HIKAMI BOXES IN EQS. (43) AND (44)

To calculate the k integral in Eq. (43) we first expand the Green’s functions G£
momentum q as we did in Eq. (A7) of Appendix A

B .
q—K e+ and GGH(’E in small Cooperon

1 0 _
GRfk etho 5 o Totu ’ (BI)
s 2¢€, — & +ho+hvq
A 1 6%+oe_y
G - B2
1R 26, — & +vg B2

Then, the integral is converted to | ‘% [ Ndé& ... and the & integration is again done in the complex plane following the same
steps as in Eqs. (A8)—(A11). The final result is

dk . ] A
(2 )2 (Gk € V Gk €+h0))y’/3 (Gq—k.6+hw q—k Gq—k,é)yﬁ/

47 N73 1
~ — 3 [(0°+ oexn) Vi n(00+ o€, )]y,ﬁ[(ao +oe tn)V (00 + ae,kF.n)]yﬂ,, (B3)

where (---) = 02” -+ -d¢y/2m is the averaging over the momentum direction n. As the expression above is independent of ¢, the
energy integral in Eq. (43) is /27, which along with Eq. (B3) yields Eq. (495).
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To evaluate the integrals over k and kK’ in Eq. (44) we set ,w — 0 in the single-particle Green’s functions and regroup them

as follows:
dk dk/ A x R R R R X A
W W( k,e Vk Gk,e+hqu—k/,e+ha))y’ﬁ (Gq—k,e+hw Gk’,€+hw Vk’ Gk’,e)yﬁ’ (B4)
/ el [G" V' G ®)] , Gy, (k) f o G 5(—K)IG" KWV K)G (K], -
Each of the integrals can now be done in the similar way as in Eqs. (A8)—(A11) of Appendix A
dk A X R R 27TZN'L' 1
[ 16 OV WG W16 k0 > = Z T oV 0t (7 i),
(B5)
dk’ 2niNt? 1
/ ) Gﬂ]ﬂ( K’ )[G &HV*KHG (k/)]y]ﬂ/ N (00 +oe tpn ),s ,3[(00 + aekF.nr)V,fF_n, (00 + aek""“')]y,,s"
(B6)

Inserting these into Eq. (44) we obtain Eq. (46).

K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, Y. Zhang,
S. V. Dubonos, I. V. Grigorieva, and A. A. Firsov, Science 306, 666
(2004).

%For a review, see A. H. Castro Neto, F. Guinea, N. M. Peres, K. S.
Novoselov, and A. K. Geim, Rev. Mod. Phys. 81, 109 (2009), and
references therein.

3C. L. Kane and E. J. Mele, Phys. Rev. Lett. 95, 226801 (2005).

“B. A. Bernevig, T. L. Hughes, and S. C. Zhang, Science 314, 1757
(2006).

SM. Konig, S. Wiedmann, C. Briine, A. Roth, H. Buhmann, L. W.
Molenkamp, X.-L. Qi, and S.-C. Zhang, Science 318, 766 (2007).

°A. Roth, C. Briine, H. Buhmann, L. W. Molenkamp, J. Maciejko,
X.-L. Qi, and S.-C. Zhang, Science 325, 294 (2009).

L. Fu and C. L. Kane, Phys. Rev. B 76, 045302 (2007).

8]. E. Moore and L. Balents, Phys. Rev. B 75, 121306(R) (2007).

D. Hsieh, D. Qian, L. Wray, Y. Xia, Y. S. Hor, R. J. Cava, and M.
7. Hasan, Nature (London) 452, 970 (2008).

D, Hsieh, Y. Xia, L. Wray, D. Qian, A. Pal, J. H. Dil, F. Meier, J.
Osterwalder, C. L. Kane, G. Bihlmayer, Y. S. Hor, R. J. Cava, and
M. Z. Hasan, Science 323, 919 (2009).

Y. Xia, D. Qian, D. Hsieh, L. Wray, A. Pal, H. Lin, A. Bansil, D.
Grauer, Y. S. Hor, R. J. Cava, and M. Z. Hasan, Nature Phys. 5, 398
(2009).

12y, L. Chen, J. G. Analytis, J.-H. Chu, Z. K. Liu, S.-K. Mo, X. L. Qi,
H.J. Zhang, D. H. Lu, X. Dai, Z. Fang, S. C. Zhang, I. R. Fisher,
Z. Hussain, and Z.-X. Shen, Science 325, 178 (2009).

BFor a recent review on topological insulators, see M. Z. Hasan
and C. L. Kane, Rev. Mod. Phys. 82, 3045 (2010), and references
therein.

14For a recent review on topological insulators and superconductors,
see X.-L. Qi and S.-C. Zhang, e-print arXiv:1008.2026, and
references therein.

15See, e.g., G. W. Semenoff, Phys. Rev. Lett. 53, 2449 (1984).

168, Biittner, C. X. Liu, G. Tkachov, E. G. Novik, C. Briine, H.
Buhmann, E. M. Hankiewicz, P. Recher, B. Trauzettel, S. C. Zhang,
and L. W. Molenkamp, Nature Phys. 7, 418 (2011).

7G. Tkachov, C. Thienel, V. Pinneker, B. Biittner, C. Briine, H.
Buhmann, L. W. Molenkamp, and E. M. Hankiewicz, Phys. Rev.
Lett. 106, 076802 (2011).

18G. Tkachov and E. M. Hankiewicz, Phys. Rev. Lett. 104, 166803
(2010).

9G. Tkachov and E. M. Hankiewicz, Phys. Rev. B 83, 155412
011).

20B. A. Volkov and O. A. Pankratov, Pis’ma Zh. Eksp. Teor. Fiz. 42,
145 (1985) [JETP Lett. 42, 178 (1985)].

21X .-L. Qi, T. L. Hughes, and S.-C. Zhang, Phys. Rev. B 78, 195424
(2008).

22A. M. Essin, J. E. Moore, and D. Vanderbilt, Phys. Rev. Lett. 102,
146805 (2009).

ZW.-K. Tse and A. H. MacDonald, Phys. Rev. Lett. 105, 057401
(2010).

2W.-K. Tse and A. H. MacDonald, Phys. Rev. B 82, 161104(R)
(2010).

%5J. Maciejko, X.-L. Qi, H. D. Drew, and S.-C. Zhang, Phys. Rev.
Lett. 105, 166803 (2010).

26]. Garate and M. Franz, Phys. Rev. Lett. 104, 146802 (2010).

?’G. Tkachov and E. M. Hankiewicz, Phys. Rev. B (to be published),
e-print arXiv:1011.2756.

28F. Wilczek, Phys. Rev. Lett. 58, 1799 (1987).

298. V. Morozov, K. S. Novoselov, M. I. Katsnelson, F. Schedin, L.
A. Ponomarenko, D. Jiang, and A. K. Geim, Phys. Rev. Lett. 97,
016801 (2006).

0F. V. Tikhonenko, A. A. Kozikov, A. K. Savchenko, and R. V.
Gorbachev, Phys. Rev. Lett. 103, 226801 (2009).

31S. Hikami, A.I. Larkin, and N. Nagaosa, Prog. Theor. Phys. 63, 707
(1980).

328. V. Tordanskii, Yu. B. Lyanda Geller, and G. E. Pikus, Pis’'ma Zh.
Eksp. Teor. Fiz. 60, 199 (1994) [JETP Lett. 60, 206 (1994)].

3Y. B. Lyanda Geller and A. D. Mirlin, Phys. Rev. Lett. 72, 1894
(1994).

3*W. Knap, C. Skierbiszewski, A. Zduniak, E. Litwin-Staszewska,
D. Bertho, F. Kobbi, J. L. Robert, G. E. Pikus, F. G. Pikus, S. V.
Tordanskii, V. Mosser, K. Zekentes, and Yu. B. Lyanda Geller, Phys.
Rev. B 53, 3912 (1996).

3A. Altland and M. R. Zirnbauer, Phys. Rev. B 55, 1142 (1997).

361, L. Aleiner and V. I. Falko, Phys. Rev. Lett. 87, 256801 (2001).

¥P. W. Brouwer, J. N. H. J. Cremers, and B. I. Halperin, Phys. Rev.
B 65, 081302(R) (2002).

035444-12


http://dx.doi.org/10.1126/science.1102896
http://dx.doi.org/10.1126/science.1102896
http://dx.doi.org/10.1103/RevModPhys.81.109
http://dx.doi.org/10.1103/PhysRevLett.95.226801
http://dx.doi.org/10.1126/science.1133734
http://dx.doi.org/10.1126/science.1133734
http://dx.doi.org/10.1126/science.1148047
http://dx.doi.org/10.1126/science.1174736
http://dx.doi.org/10.1103/PhysRevB.76.045302
http://dx.doi.org/10.1103/PhysRevB.75.121306
http://dx.doi.org/10.1038/nature06843
http://dx.doi.org/10.1126/science.1167733
http://dx.doi.org/10.1038/nphys1274
http://dx.doi.org/10.1038/nphys1274
http://dx.doi.org/10.1126/science.1173034
http://dx.doi.org/10.1103/RevModPhys.82.3045
http://arXiv.org/abs/arXiv:1008.2026
http://dx.doi.org/10.1103/PhysRevLett.53.2449
http://dx.doi.org/10.1038/nphys1914
http://dx.doi.org/10.1103/PhysRevLett.106.076802
http://dx.doi.org/10.1103/PhysRevLett.106.076802
http://dx.doi.org/10.1103/PhysRevLett.104.166803
http://dx.doi.org/10.1103/PhysRevLett.104.166803
http://dx.doi.org/10.1103/PhysRevB.83.155412
http://dx.doi.org/10.1103/PhysRevB.83.155412
http://dx.doi.org/10.1103/PhysRevB.78.195424
http://dx.doi.org/10.1103/PhysRevB.78.195424
http://dx.doi.org/10.1103/PhysRevLett.102.146805
http://dx.doi.org/10.1103/PhysRevLett.102.146805
http://dx.doi.org/10.1103/PhysRevLett.105.057401
http://dx.doi.org/10.1103/PhysRevLett.105.057401
http://dx.doi.org/10.1103/PhysRevB.82.161104
http://dx.doi.org/10.1103/PhysRevB.82.161104
http://dx.doi.org/10.1103/PhysRevLett.105.166803
http://dx.doi.org/10.1103/PhysRevLett.105.166803
http://dx.doi.org/10.1103/PhysRevLett.104.146802
http://arXiv.org/abs/arXiv:1011.2756
http://dx.doi.org/10.1103/PhysRevLett.58.1799
http://dx.doi.org/10.1103/PhysRevLett.97.016801
http://dx.doi.org/10.1103/PhysRevLett.97.016801
http://dx.doi.org/10.1103/PhysRevLett.103.226801
http://dx.doi.org/10.1143/PTP.63.707
http://dx.doi.org/10.1143/PTP.63.707
http://dx.doi.org/10.1103/PhysRevLett.72.1894
http://dx.doi.org/10.1103/PhysRevLett.72.1894
http://dx.doi.org/10.1103/PhysRevB.53.3912
http://dx.doi.org/10.1103/PhysRevB.53.3912
http://dx.doi.org/10.1103/PhysRevB.55.1142
http://dx.doi.org/10.1103/PhysRevLett.87.256801
http://dx.doi.org/10.1103/PhysRevB.65.081302
http://dx.doi.org/10.1103/PhysRevB.65.081302

WEAK ANTILOCALIZATION IN HgTe QUANTUM WELLS ...

3%H. Suzuura and T. Ando, Phys. Rev. Lett. 89, 266603 (2002).

39]. B. Miller, D. M. Zumbiihl, C. M. Marcus, Y. B. Lyanda Geller, D.
Goldhaber-Gordon, K. Campman, and A. C. Gossard, Phys. Rev.
Lett. 90, 076807 (2003).

400, Zaitsev, D. Frustaglia, and K. Richter, Phys. Rev. Lett. 94,
026809 (2005).

41E. McCann, K. Kechedzhi, V. I. Fal’ko, H. Suzuura, T. Ando, and
B. L. Altshuler, Phys. Rev. Lett. 97, 146805 (2006).

“1. L. Aleiner and K. B. Efetov, Phys. Rev. Lett. 97, 236801 (2006).

4K. Kechedzhi, E. McCann, V. I. Fal’ko, H. Suzuura, T. Ando, and
B. L. Altshuler, Eur. Phys. J. Special Topics 148, 39 (2007).

#“D. Neumaier, K. Wagner, S. Geiler, U. Wurstbauer, J. Sadowski,
W. Wegscheider, and D. Weiss, Phys. Rev. Lett. 99, 116803 (2007).

45V. A. Guzenko, T. Schépers, and H. Hardtdegen, Phys. Rev. B 76,
165301 (2007).

46K 1. Imura, Y. Kuramoto, and K. Nomura, Phys. Rev. B 80, 085119
(2009) [Europhys. Lett. 89, 17009 (2010)].

473, Wurm, A. Rycerz, 1. Adagideli, M. Wimmer, K. Richter, and H.
U. Baranger, Phys. Rev. Lett. 102, 056806 (2009).

“E. B. Olshanetsky, Z. D. Kvon, G. M. Gusev, N. N. Mikhailov, S.
A. Dvoretsky, and J. C. Portal, JETP Lett. 91, 347 (2010).

“B. Biittner, C. Briine, H. Buhmann, and L. W. Molenkamp (private
communication).

5. G. Checkelsky, Y. S. Hor, R. J. Cava, and N. P. Ong, Phys. Rev.
Lett. 106, 196801 (2011).

31, Chen, H. J. Qin, F. Yang, J. Liu, T. Guan, F. M. Qu, G. H. Zhang,
J. R. Shi, X. C. Xie, C. L. Yang, K. H. Wu, Y. Q. Li, and L. Lu,
Phys. Rev. Lett. 105, 176602 (2010).

2H.-T. He, G. Wang, T. Zhang, 1.-K. Sou, J.-N. Wang, H.-Z. Lu,
S.-Q. Shen, and F.-C. Zhang, Phys. Rev. Lett. 106, 166805 (2011).

3V. K. Dugaev, P. Bruno, and J. Barnas, Phys. Rev. B 64, 144423
(2001).

PHYSICAL REVIEW B 84, 035444 (2011)

541. L. Aleiner, B. L. Altshuler, and M. E. Gershenson, Waves Random
Media 9, 201 (1999).

3L. Fu, Phys. Rev. Lett. 103, 266801 (2009).

%C.-X. Liu, X.-L. Qi, H. J. Zhang, X. Dai, Z. Fang, and S.-C. Zhang,
Phys. Rev. B 82, 045122 (2010).

37B. L. Altshuler and A. G. Aronov, Pis’ma Zh. Eksp. Teor. Fiz. 33,
515 (1981) [JETP Lett. 33, 499 (1981)].

38J.S. Meyer, A. Altland, and B. L. Altshuler, Phys. Rev. Lett. 89,
206601 (2002).
*D. G. Rothe, R. W. Reinthaler, C.-X. Liu, L. W. Molenkamp, S.-C.
Zhang, and E. M. Hankiewicz, New J. Phys. 12, 065012 (2010).
®Inversion symmetry breaking leads to off-diagonal terms in
Eq. (6), which is another difference compared to the topological
surface states. However, such terms are significantly smaller than
the linear (Dirac) term in Hamiltonian (7), efor example, the
bulk inversion asymmetry (BIA) term Agja ~ 1 meV, whereas
Ak, ~ 50-60 meV for carrier densities n = (2.5-3.5) x 10! cm™2
considered in this paper. Therefore, the block-diagonal model (6)
is a reasonable approximation. For more details on BIA see
M. Konig, H. Buhmann, L. W. Molenkamp, T. Hughes, C.-X.
Liu, X.-L. Qi, and S.-C. Zhang, J. Phys. Soc. Jpn. 77, 031007
(2008).

61A. A. Abrikosov, L. P. Gorkov, and I. E. Dzyaloshinski, Methods
of Quantum Field Theory in Statistical Physics (Prentice-Hall,
Englewood Cliffs, NJ, 1963).

62J. Rammer, Quantum Transport Theory (Westview Press, Boulder,
CO, 2004).

8T. Ando, J. Phys. Soc. Jpn. 74, 777 (2005).

%Under conditions (54) the contribution of the first terms in Eqgs. (41)
and (42) is smaller than the logarithmic correction (1).

5B. L. Altshuler, D. Khmel’nitzkii, A. I. Larkin, and P. A. Lee, Phys.
Rev. B 22, 5142 (1980).

035444-13


http://dx.doi.org/10.1103/PhysRevLett.89.266603
http://dx.doi.org/10.1103/PhysRevLett.90.076807
http://dx.doi.org/10.1103/PhysRevLett.90.076807
http://dx.doi.org/10.1103/PhysRevLett.94.026809
http://dx.doi.org/10.1103/PhysRevLett.94.026809
http://dx.doi.org/10.1103/PhysRevLett.97.146805
http://dx.doi.org/10.1103/PhysRevLett.97.236801
http://dx.doi.org/10.1140/epjst/e2007-00224-6
http://dx.doi.org/10.1103/PhysRevLett.99.116803
http://dx.doi.org/10.1103/PhysRevB.76.165301
http://dx.doi.org/10.1103/PhysRevB.76.165301
http://dx.doi.org/10.1209/0295-5075/89/17009
http://dx.doi.org/10.1209/0295-5075/89/17009
http://dx.doi.org/10.1209/0295-5075/89/17009
http://dx.doi.org/10.1103/PhysRevLett.102.056806
http://dx.doi.org/10.1134/S0021364010070052
http://dx.doi.org/10.1103/PhysRevLett.106.196801
http://dx.doi.org/10.1103/PhysRevLett.106.196801
http://dx.doi.org/10.1103/PhysRevLett.105.176602
http://dx.doi.org/10.1103/PhysRevLett.106.166805
http://dx.doi.org/10.1103/PhysRevB.64.144423
http://dx.doi.org/10.1103/PhysRevB.64.144423
http://dx.doi.org/10.1088/0959-7174/9/2/308
http://dx.doi.org/10.1088/0959-7174/9/2/308
http://dx.doi.org/10.1103/PhysRevLett.103.266801
http://dx.doi.org/10.1103/PhysRevB.82.045122
http://dx.doi.org/10.1103/PhysRevLett.89.206601
http://dx.doi.org/10.1103/PhysRevLett.89.206601
http://dx.doi.org/10.1088/1367-2630/12/6/065012
http://dx.doi.org/10.1143/JPSJ.77.031007
http://dx.doi.org/10.1143/JPSJ.77.031007
http://dx.doi.org/10.1143/JPSJ.74.777
http://dx.doi.org/10.1103/PhysRevB.22.5142
http://dx.doi.org/10.1103/PhysRevB.22.5142

