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Finite-temperature spectroscopy of dirty helical Luttinger liquids
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We develop a theory of finite-temperature momentum-resolved tunneling spectroscopy (MRTS) for dis-
ordered, interacting, two-dimensional, topological-insulator edges. The MRTS complements conventional
electrical transport measurement in characterizing the properties of the helical Luttinger liquid edges. Using
the standard bosonization technique, we study low-energy spectral function and the MRTS tunneling current,
providing a detailed description controlled by disorder, interaction, and temperature, taking into account
Rashba spin-orbit coupling, interedge interaction, and distinct edge velocities. Our theory provides a systematic
description of the spectroscopic signals in the MRTS measurement we hope will stimulate future experimental
studies on the two-dimensional time-reversal invariant topological insulator.
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I. INTRODUCTION

Topology has become an important component of and has
revolutionized modern condensed matter physics over the
past few decades. Strikingly, topological condensed matter
phenomena are robust to local heterogeneities (disorder), sam-
ple geometry, and other low-energy microscopic details. A
paradigmatic example is the chiral edge state of the integer
quantum Hall effect, which gives a quantized e?/h Hall con-
ductance per channel, robust to local perturbations. Another
significant advance is the prediction of a time-reversal (TR)
symmetric topological insulators (TI) [1-5] and more gen-
erally symmetry-protected TIs [6] that stimulated numerous
theoretical [7—12] and experimental investigations [13-30]
(also see reviews and references therein [4-6,31-33]).

A 2D time-reversal symmetric TI [1-3] (of class All
[4]) is a fully gapped bulk insulator with its edge hosting
counterpropagating Kramers pairs of electrons. The time-
reversal symmetric disorder cannot backscatter in the absence
of interactions (though it can for an interacting edge, e.g.,
via a two-particle backscattering [7,8,34]) with edge electrons
propagating ballistically, thus avoiding Anderson localization.
Such an ideal topologically protected helical Luttinger liquid
(hLL) edge [7,8] is expected to exhibit a quantized e? /h zero-
temperature conductance, controls the low-energy properties
of the T1, and provides a new platform for studying and testing
the low-energy Luttinger liquid (LL) theory of interacting
one-dimensional electronic systems.

In contrast to the quantum Hall edges, a transport in 2D
TR symmetric TI edges is sensitive to a set of microscopic
details. At the simplest level a hLL is predicted to ex-
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hibit interaction strength-dependent power laws in frequency,
voltage, and temperature [10,35-38]. In a more detailed anal-
ysis, the primary finite-temperature conductance correction
is believed to come from charge puddles near the edge
[12,39]. The charge puddles can behave like Kondo impurities
[10,35,39] and can generate insulatorlike finite-temperature
conductivity [40]. External noise [41] and intraedge inelastic
interaction [10,11,37,38] are also predicted to give nontrivial
conductance corrections. To our knowledge, however, the ex-
isting experiments have not systematically demonstrated the
finite-temperature conductivity predicted by any of the above
theories. Among various other potential explanations (see,
e.g., [34,42-46]) is a novel spontaneous symmetry-breaking
localization due to an interplay of TR symmetric disorder and
interaction [34], in contrast to Anderson localization due to a
magnetic ordering of an extensive number of the Kondo impu-
rities [47,48]. Generally, one expects that disorder with weak
interactions does not modify the edge state DC conductance
[2,49]. In light of the above puzzling transport measurements,
an independent experimental probe of the helical Luttinger
liquid (hLL) edges is highly desirable.

FIG. 1. A schematic of an experimental setup for momentum-
resolved tunneling spectroscopy, with dashed lines indicating the
single particle tunneling between two separated topological insulator
edges, and momentum transfer tuned with an out-of-plane magnetic
field applied to the yellow shaded region.
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In the present study we calculate a spectral function of a
disordered, finite-temperature hLL, and based on it developed
a theory of the finite-temperature momentum-resolved tunnel-
ing spectroscopy (MRTS) [50-55] between two (TR symmet-
rically) disordered, interacting TI helical edges. Such a MRTS
setup thereby provides an independent spectral characteriza-
tion of the hLLs, complementary to conventional transport. In
contrast to earlier work [56], which focused on clean short
zero-temperature hLLLs, we study disordered interacting long
TI edges at finite temperatures. In the absence of interedge
interaction, the tunneling current spectroscopy is simply re-
lated to a convolution of two fermionic edge spectral functions
that we compute in a detailed closed form. An interedge
interaction requires a nonperturbative treatment. Utilizing
bosonization, perturbatively in the tunneling we derive the
disorder-averaged, finite temperature MRTS tunneling current
that depends sensitively on mismatch of edge velocities. In
contrast to conventional LL edges [57], TR symmetric disor-
der does not backscatter helical edge electrons. Thus our low-
energy analysis makes predictions that are nonperturbative in
interaction and disorder, providing a detailed characterization
of a hLL that should be experimentally accessible.

Before delving into details of the analysis, we summarize
our results in Sec. II. Then, in Sec. III, utilizing bosonization
we study the finite-temperature spectral function of a helical
edge of a TR invariant TI in the presence of symmetry-
preserving disorder and interactions. In Sec. IV, building on
the single-edge analysis, we study the interedge tunneling,
showing that it can be used as a momentum-resolved spectro-
scopic probe of helical edges, with momentum and frequency
tuned by an external magnetic field and interedge voltage,
respectively, as illustrated in Fig. 1. We conclude in Sec. V
with a discussion of using this momentum-resolved tunneling
spectroscopy to unambiguously experimentally identify TI
edges that have resisted clear identification in conventional
transport measurements. We relegate much of our somewhat
technical analysis to numerous Appendixes.

II. SUMMARY OF MAIN RESULTS

We briefly summarize the key results of our study, detailed
in subsequent sections of the paper. Utilizing bosonization, we
studied finite temperature spectral properties of an interacting
helical edge of a TR invariant TI in the presence of symmetry-
preserving disorder. Although a number of similar analyses
have appeared in the literature [58-61], to the best of our
knowledge our computation is the most detailed and complete
at finite temperature. Inside the hLL phase [7,8,34], the edge is
fully characterized by a Luttinger parameter K and exponent

= 1(K+K~')— 1, with K = 1 (y = 0) in a noninteract-
ing limit and K < 1 (y > 0) for repulsive interaction.

We derive a detailed expression for the disorder-averaged,
low-temperature spectral function Eq. (30) that in the limit of

strong disorder A is given by
&/m 1)
#(5)- M

(g€ +1

where & = 20%/K?A is a disorder length scale, v is the edge
velocity, and T is temperature (with 8 = T~ the inverse
temperature). For convenience we set i = kg = 1 throughout

Alw, q) ~ T?

FIG. 2. Single helical edge, disorder-averaged spectral function,
illustrated for a set of temperatures (characterized by a thermal
length A = vp), disorder length & = 30, vg = 0.1, and interaction
parameter y = i(K +K 1 — % taken to be 0.1. The black dashed
line denotes the zero temperature (A = co) spectral function. The
inset shows the details of thermal rounding of the zero-bias anomaly.
The frequency and the length are in units of va~! and «, respectively.

this paper. Above,

X%, forx> 1,

2
1, forx <« 1 2

f y (x) ~ {
is a scaling function, with the exact form given by the Euler
Beta function derived in the main text, Eq. (28). The com-
plete expression for a right-mover A(w, g), characterized by
a broad peak at = vq and a zero-bias anomaly at w = 0, is
illustrated for a set of temperatures in Fig. 2. The broadening
of the quasiparticle peak is described by the full-width at
half-maximum (FWHM) 47y T 4 2v&~!, which suggests that
a probe of the momentum-resolved spectral function can
be used to quantify the interaction and (forward-scattering)
disorder strength.

We note that although generically one expects sample het-
erogeneity to smear out sharp features of a clean system, here
disorder average of the finite-momentum spectral function
A(w, q) brings out the sharp zero-bias anomaly that is other-
wise absent at finite momentum. This counterintuitive effect
arises due to impurities providing the momentum needed to
shift the g = 0 zero-frequency anomaly to a finite momentum
g, as shown in Fig. 2. All figures in this paper are plotted in
the units of va~! and « for frequency and length, respectively,
where « is the ultraviolet cutoff length scale in LL theory.

Our second key prediction is that of the finite-temperature
momentum-resolved interedge tunneling current J(w =
eV/h,Q =2nBd/¢y) in the presence of disorder and in-
teraction, and tunable by an external magnetic field B and
voltage bias V, as illustrated in a schematic setup of Fig. 1.
In the above, d denotes the distance between two edges and
¢o = h/e is the magnetic flux quantum. Importantly, Q is the
momentum shift between the energy bands of the two edges
controlled by the external magnetic field. The representative
predictions for the tunneling current, computed perturbatively
in the tunneling, are given by the following analytical ex-
pressions. For the vertical geometry (Fig. 10) with identical
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edges (same velocity and interaction but different Fermi wave
vectors kp 1 # kr2), the tunneling current in the absence of
disorder and interedge interaction is well approximated by
Jrr(@, Q +kpy — kpp) +Jp(w, Q — kr1 + kr2), where

2ra\* 1
Ji(w, q) = —2el; (—) ———sin(2wy)

Bv 4r2y
X Im{B[M +y+1,-1- 2y:|
4
4

and Jrgr(w, q) = Jpr(w, —q). For the horizontal geometry
(Fig. 16) with identical edges, the tunneling current is given
by Jre(w, Q + k1 + kr2) + Jir(®, Q — kp,1 — kp2) where

2\
2 2 1 .
Jrejir(@, q) = —2ety (—) ———sin(2wy)

Bv 472y
» . |
wm|p| P D) L,
4 2

B(—iw — ivg) 1

The effects of forward-scattering disorder can be included
through a convolution with a Lorentzian (with width & -1
where £ is the disorder length). With Egs. (3) and (4), the
differential tunneling conductance can be derived. The differ-
ential tunneling conductance for both vertical and horizontal
geometries are plotted in Fig. 3. We discuss the more generic
case (e.g., including interedge interaction, distinct edge veloc-
ities, etc.) in Sec. IV.

A map of tunneling current can be constructed by tuning
B and V independently. In the absence of the interaction,
the tunneling currents are nonzero only in the kinematically
allowed regions [57] illustrated in Fig. 4. The interactions
modify the kinematically allowed region as we discuss in the
main text.

We now turn to the detailed analysis that leads to the
above results, as well as exploration of a number of different
parameters and experimental geometries.

II1. SINGLE EDGE: MODEL AND SPECTRAL FUNCTION

The edge states of a two-dimensional time-reversal sym-
metric topological insulator exhibit a counterpropagating
fermion Kramers pair. In contrast to a conventional Luttinger
liquid, the TR symmetry on the edge constrains relevant
interactions and disorder perturbations to be forward scat-
tering only. The absence of Anderson localization is the
manifestation of the topological protection of the TI edges.
The gapless insulating localized states can still appear through
spontaneous TR symmetry breaking for K < 3/8 [7,8] due to
an interplay of interaction and disorder [34]. In this work we
exclusively focus on the K > 3/8 hLL phase. We next intro-
duce the minimal model for such disordered hLL and then
study its finite-temperature spectral function using bosoniza-
tion [62,63].
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FIG. 3. Finite-temperature differential tunneling conductance
dJ(w=¢eV/h,Q=2nBd/¢y)/dw in the presence of forward-
scattering disorders (with disorder length £ = 20) around (a) two left
Fermi points and (b) right and left Fermi points, illustrated for a range
of temperatures characterized by the thermal length A = vf. Velocity
and interaction are taken to be identical for the two edges, with
the more generic expression given in the main text. The interaction
parameter y = %(K +K - % is taken to be 0.05 and vg = —0.1.
The left inset is the magnification of the zero-bias anomaly. The right
insets show linear temperature dependence of (a) the distance (in w)
between the left-positive and right-negative peaks (w,,) and (b) the
half-width at half-maximum (HWHM), respectively, for 7' < |vq|
(red dashed lines). The frequency and the length are in units of va™!
and «, respectively.

A. Weakly interacting generic hLL

A helical edge is characterized by a Kramers pair of right-
moving c4 (k) and left-moving c_ (k) fermions at each quasi-
momentum k. Under an antiunitary TR operation 7, the TR
symmetric partners are related to each other by Tc. (k)7 ! =
+c+(—k) (T? = —1). To describe low energy physics around
Fermi points £kp, the field operators can be expressed in
terms of the slowly varying fermionic degrees of freedom R
and L near kr and —kp, respectively,

dk . .
cr(x) = / > e®e (k) ~ " R(x),

c_(x) = / g e e (k) ~ e L (x). ®)
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FIG. 4. Schematic diagram of momentum-resolved tunneling
current for two noninteracting TI edges. There are four tunneling
regions (gray color, labeled by J,,) for low bias V ~ 0, corre-
sponding to tunneling between « (of edge 1) and o’ (of edge 2)
Fermi points. The current flows from edge 1 to 2 (positive current)
and from edge 2 to 1 (negative current) for positive and negative
bias voltages, respectively. The black regions indicate that tunneling
happens between two pairs of Fermi points. Inset: Energy bands of
edge 1 (dashed line) and edge 2 (solid line) used for generating the
main figure. The red line denotes the Fermi energy at equilibrium
vV =0).

In TI samples without mirror symmetry, the Rashba spin-
orbit coupling (RSOC) is generically present. The primary
effect of the RSOC is to induce momentum-dependent spin
rotation [11,64]. As a result, the field operators with a definite
spin projection 1 and | are a linear combination of chiral
fields [49] (also see Appendix A for a derivation),

cp(x) ™ R(x) — ige ™ 9, L(x),
¢y (x) e * L (x) — i e T R(x), (6)

where length ¢ encodes the degree of “spin rotation texture.”
In a simple model discussed in [11], ¢ = 2kp /kg, where
ko characterizes the strength of RSOC. In Eq. (6), the spin
quantization axis is chosen such that 1 and | match the spins
at Fermi points +kp, respectively. Next, we construct the
low-energy Hamiltonian for the helical edge.

The kinetic part of the Hamiltonian is given by

Hy = v f dx[RT(—id.R) — LT(—id,L)], @)

where vg is the Fermi velocity. The interaction and disorder
parts of the Hamiltonian couple to the electron density, given
by

p(x) =R'R+ L'L — {ice **[RT(3,L) — (,R")L] + H.c.},
®)

where only terms up to O(¢) are kept. The low-energy ex-
pansion of the electron density contains a slowly varying
(low momentum transfer) and a fast varying (2kr momentum
transfer) contribution. It is important to note that Eq. (8) is
invariant under TR operation (R — L,L — —R,andi — —i).

It is instructive to consider a chemical potential shift cou-
pled to the density p(x) given by (8) in the presence of RSOC.
The key observation is that the shifted Hamiltonian can be
brought back to the original gapless form (7):

H; EHO—BM/dxp(x) 9)
= v} / dx[R7(—id,R) — LT (—id,L)),  (10)

with kr-dependent rotation of the quantization axis of the
helical fermions,

[ﬁ’gg] om0k =i6,0/2 jibkex [lzgg} an

vpkp+8p
g

characterized by 6 = tan™! (28u ¢ /vF), kj = , and

Ve =V v% +(28p ¢)? (to simplify the expression we have
taken ¢ to be real). The gapless helical edge remains topo-
logically protected against uniform RSOC as long as the bulk
gap is finite [1].

The key qualitative distinguishing feature of hLL is that TR
invariance forbids Anderson localization of the edge Kramers
pairs by nonmagnetic impurities. In the absence of RSOC this
is manifest as the density operator, R'R + L'L is only forward
scattering. In the presence of both RSOC and the TR sym-
metric disorder, a position-dependent rotation can again map
the theory to the 1D massless Dirac Hamiltonian in a fixed
realization of disorder [49]. Thus, low-energy effects of TR
invariant disorder on the helical edges of a TI are qualitatively
captured by random forward-scattering perturbation,

Hys = [ dxV(@x)[R'R+L'L). (12)

Without loss of generality, we take the random potential V (x)
to have zero mean and Gaussian statistics characterized by
disorder average

VOV (y) = Ad(x —y), (13)

with variance amplitude A.
Within the stable hLL phase, the interaction is dominated
by forward scattering, given by

Hipy = / - [URTR(x + «)RTR(x)
+U'R'R(x+a)LTL(x)+ (R — L) 1], (14)

where U and U’ are the screened short-range components
of Coulomb interaction and « is the ultraviolet cutoff length
scale. We neglect the backscattering components (in the pres-
ence of RSOC) [11,37,38] since they are subdominant in the
regime studied in this work.

The Hamiltonian Hyyp = Hy + Hine + Hgis  given by
Egs. (7), (12), and (14) is the minimal model of the
interacting, dirty helical edge of a topological insulator
protected by TR symmetry. As we will see next, the model is
exactly solvable by bosonization, allowing a nonperturbative
description of TI’s helical edge.
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B. Bosonization

To treat Luttinger interaction and disorder Hj,; + Hgis non-
perturbatively we utilize a standard bosonization analysis
[62,63], summarized in Appendix B. Using the imaginary-
time path-integral formalism, the disordered helical Luttinger
liquid is characterized by the imaginary-time action S =
Shir + Sdis, Where

St = / {i<ax0>(af¢>+—“ [K(ax¢)2+l<axe)2]},
4 2 K
(15)

1
Sas = f V()~a.0, (16)
T,X Y

with 6 the phononlike boson field and ¢ the phase boson
field. The number density and number current operators are
given by p = %axe and J = —%8,9, respectively. Although
the action Sy takes the form of a conventional spinless Lut-
tinger liquid (LL) [63], the physics of this helical LL differs
significantly because of distinct TR transformations of 6 and
¢ here, due to nontrivial spin content of the corresponding
helical edge fermions (see Appendix B). As noted above, this
latter property has important physical manifestations, as for
example forbidding potential impurity backscattering in the
absence of umklapp interactions.

We note that the forward-only scattering disorder can be
fully nonperturbatively taken into account by shifting V (x)
from the action via a linear transformation on 6, Sy 1[0, ¢] +
Sais[0] = SuiL[f, ¢] + const., where
X

6(t,x) =0(z,x)+ %/ V (y)dy. (17)

—00
Under this shift, the correlation functions of 6 transform
covariantly. For instance,

<efin9(r,x)ein9(0,0)> — e”'% fgV(y)dy(efiné(r,x)ein§(0,0)> (18)

shifts by a V(x)-dependent phase factor that now allows for
an exact disorder average of the correlation function. In the
above, n is a constant controlling the scaling dimension of the
operator. Gaussian statistics of V (x), with variance (13), then
gives

- KA o L

<e—in9(r,x)ein€(0,0)> — e—ﬁlﬂ <€fm0(r,X)em9(0,0)>. (19)
Forward-scattering disorder thus suppresses power-law Lut-
tinger liquid correlations, cutting them off exponentially
beyond a correlation length & = 2v?/(n*K?A), that in mo-
mentum space corresponds to smearing the disorder-free
power-law peak via a convolution with a Lorentzian, with
width set by 1/§.

C. Spectral function
1. Clean spectral function

In the clean limit, the imaginary time-ordered, single par-
ticle space-time Green function at finite temperature is well
known for a spinless LL [63]. Although physically hLL and
LL are quite distinct, because the actions of the two systems
are identical at a leading order, we find that the single-edge

spectral function for a hLL is identical to that of a spinless
LL. The calculation can be carried out at zero temperature
followed by a conformal mapping [a mapping from a (t, x)
2D plane to a cylinder in the space-imaginary time domain] to
get the finite temperature expression. The finite temperature
Green function can be also obtained directly through the
Matsubara technique. We provide a complemented deriva-
tion using the latter approach in Appendix C. Both analyses
consistently give the single particle imaginary time-ordered
Green function for the right and left movers,

Gr(z, x) = —(T,R(z, x)RT(0, 0))
i (ze)™!
et [sinh (“500) [ [sinh (510)
(20)

b

Gr(z,x) = —(T.L(z, x)L'(0, 0))

i

™ 27 [sinn (<55 T (25T
(21

where « is the ultraviolet cutoff length scale, y = %(K +
K="y —1 and T, denotes imaginary-time ordering. The
spectral function can be computed in the standard way by
Fourier transforming the imaginary time-ordered Green func-
tion Ggr(7, x) and then analytically continuing to real fre-
quencies iw, — w + in, where n — 0%. The disorder-free
(“clean”) spectral function A (w, g) is then given by

1
AR (@, @) = = —Im[ Gy (@, )], 22)

where the retarded Green function Gy, (, ) is computed
using standard analysis, detailed in Appendix D,

()™
Giju(@. q) = i— 5 sin (xy)
Blwy, Fvg) |y
Bl i T L T~
x [ T Tl
+ 1
4 2

with g = k F kp for the right (subscript R) and left (subscript
L) movers, respectively. In Eq. (23), B is the Euler Beta func-
tion and w, = w + i0™. To the best of our knowledge, the full
expression of G§§/‘L(a), q) has not appeared in the literature,
with only the imaginary part (or the greater/lesser Green
functions) given in Ref. [61]. A few remarks of our results: (i)
In doing Fourier transformation, we consider the approximate
space-time Green function valid for vt, x > «. (ii) The zero
temperature limit of Eq. (23) is in good agreement with the
result in Ref. [59] (both real and imaginary parts) for y <
0.5 at low energy w/v, g < 1/w. (iii) The finite temperature
spectral function derived from Eq. (23) is consistent with the
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FIG. 5. Zero-temperature spectral function along the cut through
k = —kr + g indicated by a dashed line in the inset with full (dashed)
curve for disordered (clean) case. The interaction parameter y =
%(K + K- % is set to 0.1. Inset: The spectral function in the
vicinity of the left Fermi point. The yellow shaded region indicates
finite weight of the clean spectral function. The width of the blue
double arrow is the inverse length scale (§7!) set by the strength of
forward-scattering disorder.

result in Ref. [61]. (iv) Our expression satisfies the Kramers-
Kronig relation for y < 0.5.

We first discuss the clean spectral function. At zero tem-
perature, the spectral weight is constrained within the “light
cone” (the yellow shaded region in the inset of Fig. 5). The
quasiparticle peak is a power-law singularity located at w =
—uvgq for the left mover, and at @ = vq for the right mover, with
the exponent y = i(K + K"y — 1 as illustrated in Fig. 5
[58-60,65]. We plot in Fig. 6(a) the nonzero temperature,
disorder-free (left) spectral function for different values of
thermal length A = vf and vg = —O0.1, illustrating thermal
broadening of the light cone constraint. Throughout this paper
we plot the spectral function (and the momentum-resolved
tunneling spectroscopy in the next section) in the low-energy
regime w/v,q < a~! (note @ = 1), where our low-energy
Hamiltonian is valid.

The power-law threshold singularity is smeared at finite
temperature, displaying low temperature A~! < |g| (quan-
tum) and high temperature A~' > |g| (classical) regimes.
For the former, the quasiparticle peak remains asymmetric,
while for the latter, the smeared peak approaches a Lorentzian
at high temperature. The broadening of the peak is nicely
captured by a 2wy T inelastic rate as discussed by Le Hur
[66,67]. We note that the linear in 7 and y broadening
is very robust starting from low temperature until 7' be-
comes comparable to the ultraviolet cutoff, as illustrated in
Fig. 6(b).

The features discussed above can be understood in the
following. The Beta functions in the exact expression (23) can
be expressed through an integral identity,

B(—ig + % - C) = 2/ dge* 2sinh§)™C,  (24)
0

02 005 O.Jl) 0.15

0.1 — slope=1.304 -

0.0 ‘ ‘ y=0.1 |
000 005 010 015 020

T

FIG. 6. Finite-temperature clean (disorder-free) spectral function
for a set of temperatures characterized by thermal de Broglie length
A =wvf. (a) The interaction parameter y = 0.1 and vg = —0.1.
(b) Quasiparticle peak width as a function of temperature 7 and
y. The linear dependence on 7 and y shows FWHM =~ 47y T. The
frequency and the length are in units of va~! and «, respectively.

which gives the retarded Green function expressed as integrals
over the light-cone coordinates £+ = vt £ x (t ~ it),

ret l : o 2
GrL(@, q) ZZ,BTS]H (ry) E
-y
x /00 dEy " OTVDE/2V ginh <—n§i)
0 Bv

—y—1
X /00 dé;ei(wi”‘”&/zv sinh <—7T&F) .
0 Bv
(25)

The low-temperature (o F vg > %) power-law and high-

temperature (o F vg <K %) Lorentzian forms of the quasipar-
ticle peak respectively correspond to the two different limits
of integral representation in Eq. (24): sinh(x) = x for |x| < 1
and sinh(x) & sgn(x)e ¥ /2 for |x| > 1.

2. Disorder-averaged spectral function

In the presence of disorder, the momentum is no longer
a good quantum number. However, generic spectroscopic ex-
periments probe the disorder-averaged spectral function, anal-
ysis of which we discuss next. As emphasized in Sec. III, TR
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FIG. 7. Zero-temperature spectral function with forward-

scattering disorder. The interaction parameter y = 0.1 and
vg = —0.1. (a) Zero bias anomaly (ZBA) appears at w = 0 for all
disorder strengths £, with the same exponent 2y (inset), where
&= ;gl. (b) The quasiparticle peak is broadened by disorders with
a (half-) width £~! for FWHM < |vg| (dashed red line), beyond
which ZBA modifies the linear dependence. Inset: The slope = 2
in the noninteracting limit and the disorder-strength dependence
becomes more sensitive for stronger interaction. The frequency and
the length are in units of va:~! and o, respectively.

invariance constrains heterogeneities to nonmagnetic impuri-
ties that can only forward scatter. The resulting disorder can
thus be treated exactly and in real space is given by Eq. (19).
In momentum space, disorder thus smears the disorder-free
spectral function through its convolution with a Lorentzian,
and is given by

— = £l
Ao = [ a0, (o)
—00
illustrated in Fig. 5, where & = % is the mean-free path

set by the forward-scattering disorder. Despite this ex-
pected smearing of sharp features by disorder, we observe
that disorder-averaged spectral function Ag/ (w, q), illus-
trated in Fig. 7(a), in fact exhibits (even at finite mo-
mentum ¢g) a disorder-induced zero-bias anomaly (ZBA)
Ag/(w, q) < C |a)|2V [63], with exponent y and amplitude

. o -1 . .
C= % sin (27ry)|F(—2y)|(;)2qui? that is independent

of disorder strength. The origin of this finite ¢ ZBA is most

300
S 2003 000 003
e w
¢ 2 3=100 — %=900
1l — 2=300
0 | ]
02 -0.1 0.0 0.1 02

FIG. 8. Finite-temperature spectral function with forward-
scattering disorder. (a) High temperature regime A < &. (b) Low
temperature regime A 3> £. The disorder length & = 30, the inter-
action parameter y = 0.1 and vqg = —0.1. The frequency and the
length are in units of va~! and «, respectively.

transparent in the strong disorder limit (§g < 1), where we
can approximate the Lorentzian in Eq. (26) simply by a
constant £/m, with the convolution thereby reducing to an
integral over k, giving a local density of states, which is known
to exhibit a ZBA [63]. Physically, this counterintuitive effect
is due to impurities providing the momentum needed to shift
the g = 0 zero-frequency anomaly to a finite momentum gq.

In contrast, the power-law peak at w = vq is indeed broad-
ened by disorder, with the width «K ZA /v, decreasing with
stronger repulsive interactions, in contrast to thermal effects
in disorder-free system discussed above [see Fig. 7(b)].

In the presence of both finite temperature and disorder one
expects a broadening of the disorder-free, zero-temperature
spectral function. Indeed, we find that at high temperature,
such that A < &, the broadening of the quasiparticle peak is
dominated by thermal effect, with spectral function reducing
to the finite 7 clean case [see Fig. 8(a)]. In particular, the
quasiparticle peak approaches a Lorentzian with a (half-)
width 27y T + vE~!, corresponding to temporal exponen-
tial decay rate of the momentum-time Green function [read
by a replacement T — it and x — —uvr in Eq. (21)] [67] at
high temperature. As we will show below, the prediction of the
peak width in the high temperature limit works surprisingly
well even at low temperature.
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Instead, at low temperatures, such that A > &, the spec-
tral peak broadening is dominated by disorder as is clearly
reflected in Fig. 8(b). We note the ZBA at w = 0 is thermally
rounded for w < w*(T) = v/A = T. This can be understood
in the following way: the disorder-induced exponential decay
results in an effective constraint |x] =&, —&_|/2~ 0 in
Eq. (25), giving

. 2y
. b To
Gtrieis,R(L)(wa q) Nﬁ sin (ﬂy)(%)

00 . |x|
X / dxe P €
—0oQ

00 ) ¢ —2y-—1
x / dte®" sinh (”-) %))
0 B

working in the strong disorder limit, so the integral domain
of x may be extended to infinity. Using the definition of Beta
function in Eq. (24) then gives

. i 2ra )\ 287!
Gis,r) (@, @) =~ T m (y) Bu e
2 1
wB(—P2 L 2L 50 (08
2 2
w?, forw > w*,
x {TZV’ for w < w*. (280)

The full Beta function encodes the crossover between w?>”
for high frequency @ > @* (low T) and T?" at low frequency
w K w* (high T). The former is precisely the ZBA discussed
above; the latter is consistent with the result previously re-
ported by Le Hur [67].

3. Asymptotic expression

In the low-temperature limit, the convolution expression
(26) for the spectral function at a finite temperature and
disorder can be simplified by using the Stirling formula for
the single-particle Green function. We thereby obtain the
following asymptotic form:

2 F 1_
G®(w, ) ~ — ’(za_v) yrzl—_i_;:;[—i(w +vg) + 2my T
X [—i(w —vq) + 27 (y + DTV (29)

that allows us to carry out the convolution in Eq. (26) and ob-
tain the asymptotic expression for the disorder-averaged low-
temperature Green function (see Appendix E). By choosing a
complex contour on the upper complex plane, the disordered
Green function is given by

Gt (@, q) ~ Gl (w, g +iE") + G5 (w0, ), (30)

where the first term on the right-hand side is the residue
from the Lorentzian function and the second term comes from
the integral around the branch cut, evaluated in Appendix E
with the result given in Eq. (ES). From this asymptotic ex-
pression, we expect the quasiparticle peak to be located at
w = —vq with an exponent y — 1 broadened by thermal and
disorder effects to a width ~27yT + vE~!. The zero bias
anomaly at @ = 0 has exponent 2y and is rounded only by the
thermal effects with a scale 2w (2y + 1)T. As shown in Fig. 9,

(@) 6r
0.8
R A=1000
anmen 1=2000
~ _
S A e
S
~
< 2
1 L
0 . L
-0.2 -0.1 0.0 0.1 0.2
(4)]
(b)

FWHM

0.4 0.00 0.05 0._110 0.15 0.20 I
0. 0.078+1.438T .
] 0.07+1.322T
0.0- ‘ ‘ ‘ .
0.00 005 01 015 02

T

FIG. 9. Finite-temperature spectral function with forward-
scattering disorder plotted using the exact (solid line) and the
asymptotic (dashed line) Green functions. (a) Spectral function at
low (A = 1000) and high (A = 10) temperatures. Inset: Asymptotic
spectral function for A = 1000, 2000, 4000 and the exact spectral
function for A = 1000. (b) Quasiparticle peak width as a function of
temperature T and £ ! (inset). In the above, the interaction parameter
y = 0.1 and vg = —0.1. The frequency and the length are in units of
va~! and a, respectively.

the asymptotic formula gives a good approximation to the
exact spectral function, especially at low temperature where
Stirling formula approximation is valid. At zero temperature,
this asymptotic prediction becomes exact as Eq. (29) is exact
under such condition. However, this analytical expression
only asymptotically captures the low temperature behavior
of the zero-bias anomaly [inset of Fig. 9(a)]. Nevertheless,
the quasiparticle peak is well described by the asymptotic
formula, showing a peak width ~27y T + vE~! in Fig. 9(b).

As we have seen above, the spectral function of a single
helical edge reveals the fractionalized properties of the hLL.
However, (except for absence of Anderson localization due
to the forbidden disorder elastic backscattering) it fails to
distinguish the helical edge of a TI from a conventional LL
as for example describing a spin-polarized one-dimensional
conductor.

To bring out special properties of the hLL, we thus next
turn to the analysis of the momentum and energy resolved
inter-helical-edge tunneling, developing the theory of MRTS.
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7

FIG. 10. Vertical setup of two topological insulators in the quan-
tum spin Hall limit. In both edges, right movers carry up spin and left
movers carry down spins. The tunneling matrix elements between
the two edge forbid any mixing of LR, or R}L, (i.e., 1% = 'k = 0).
The tunneling current is govern by the momentum transfer of order
|kp,1 — krl.

LR, LyR,

IV. TWO EDGES: MOMENTUM-RESOLVED TUNNELING

We study the momentum and energy resolved interedge
tunneling spectroscopy, which, as we will show, exhibits
distinctive signatures of the hLL, characterizing an edge of
a time-reversal invariant topological insulator with K > 3/8
[7,8,34]. A schematic of a vertical (coplanar) geometry of
an experimental setup that we study is illustrated in Fig. 10
(Fig. 16). This is the TI edge counterpart of the setup stud-
ied for a conventional LL in [57] and demonstrated exper-
imentally [50-55]. In such a setup, the momentum transfer
Q = 2n Bd /¢, and frequency w = eV /h can be independently
tuned by a transverse magnetic field B and interedge source-
drain bias V. In the above, d denotes the distance between
two edges, ¢o = h/e is the magnetic flux quantum, and e > 0
is the elementary charge.

In the rest of the section we first derive the tunneling
current from linear response theory. Then, bosonization is
employed to anticipate both the intraedge and the interedge
interactions. We discuss various situations ranging from the
quantum spin Hall limit (S, spin conservation) to the generic
situations (i.e., Rashba spin orbit coupling, disorder, distinct
edge velocities, and interaction strengths). The analytical
expressions for the finite-temperature tunneling currents (with
the same edge velocity) are the main new results of this work.

A. Tunneling current

Following Ref. [57] we consider two parallel quantum
edges with a separation that allows weak interedge tunneling
current. The coupled edges Hamiltonian is given by H =
H1 + H2 + Hint + Htun’ where

H, = 2 /k [€aa (k) — jtalch, () can k), 31)

Hi =Un f P20+ Y Uy f Pa0)pu(x).  (32)

a=1,2

Hun = —10 Y [le],(0)ea(x) + (el (33)
s=t 7

In the above expressions, €4q(k) = €44(k) — €40 (kF 4e) With
€44 (k) the band dispersion for edge a = 1,2, U, > 0 (Ujp >
0) is the intraedge (interedge) Coulomb interaction (screened
by a gate), p; (p2) is the density of edge 1 (edge 2), # is the
interedge tunneling amplitude, c,, is the annihilation operator
for the chiral fermion with chirality « = +/— (not to be
confused with the ultraviolet length scale) on the edge a, and
cg4s 1s the annihilation operator for the physical fermion with
spin s on the edge a. We will consider the electrochemical
potentials ©; = eV (e > 0) and u, = 0 such that current
flows from edge 1 to 2 (2 to 1) for positive (negative) interedge
source-drain bias V. Importantly, c,, (k) and c,4(k) are related
to each other via Egs. (5) and (6), detailed in Appendix A.

In the presence of an external magnetic field applied
transversely to the plane defined by the two edges, tunneling
electrons experience a Lorentz force, included through the
Peierls substitution cjc; — cejel ¢/ m Jy dyAy(x.Y)  where d is
the interedge y separation. For magnetic field B = —B2, we
choose the Landau gauge A = —Bx§ in which the associ-
ated Berry phase is included via the replacement c;(x) —
c1(x)e'%*, where Q = 2w Bd/¢y. As a result, Hy, H>, Hyy
remain unchanged and the tunneling operator Hy,, is replaced
by

HS = —1 Y [le],®epx)e™@ +Hel,  (34)
=ty

where H.c. denotes the Hermitian conjugate.

We are interested in the tunneling current from edge 1 to
edge 2. This can be derived by computing the time derivative
of the charge in edge 1, fon = — % [eN{,H] = f dxf(x), where

Fx) = ietg Y [} (¥)ers(0)e'%* — cf (¥)eas(x)e @] (35)

s

is the tunneling current density. For the clean case, the ex-
pectation value of the tunneling current density is position
independent, and thus the tunneling current /,, is proportional
to the length of the tunneling region. For disordered case that
we treat below, we will study disordered averaged current that
is again x independent.

To compute the expectation value of the tunneling current
density, we work in interaction representation with respect to
perturbation Hgn. We select Hy, = Hy + H, + Hj, and H; =
ngn. The expectation value of the tunneling current density at
time ¢ is given by

J = e PO IO 0, (36)

where  U(t) = Un)U;(t), Un@t)=e ™, 011) =
T exp[—i f:oo dr'HL ()] (T the time-ordering operator),
H. (1) = ™' HE e and B is the inverse temperature.
Importantly, Z = Tr[e ##2] is the “unperturbed” partition
function, with two edges in thermal equilibrium at the
same temperature (due to interedge interaction), but kept at
the electrochemical potential difference @ — o = €V.
Equation (36) gives the expectation of the tunneling
current density at time ¢ corresponding to turning on the
single-particle tunneling in the infinite past. The tunneling
current J is in the steady state, i.e.,  (and x) independent, and
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clearly vanishes to O(ty). Relegating the details to Appendix
F, standard analysis perturbative in fy to leading O(to) order
gives

J(w = eV/h, Q) ~ ety [Ji-2(w, Q)

where

— i@, Q). (37)

o0 o0 L
Jioa(w, Q) = Z/ dt,/ dx’ et e*le

x (e} e (@', x)cd 015(0,0)),  (38)

Z/ d[/ dx' e ot 71Qx

x (c,€15(0, 0)c]ycae (', X)), (39)

J2—>](ws Q)

We calculate the tunneling current (36) using bosoniza-
tion and utilizing imaginary time and Matsubara analytic
continuation (see Appendix G). To this end, using spectral
decomposition, we relate physical current J to the Matsubara
correlator J (iw,, Q),

J = 2et Im[J (iw, — o+ in, Q)], 40)

where J (iw,, Q) is a Fourier transform of the imaginary-time
ordered correlator defined by

B 00 )
om0 = [ar [~ a7 0, @n
0 —00
with the space-imaginary time correlation function given by

J@,x)= Y (T} coe(r, x)csc1(0,0).  (42)
5,8'=t,

B. Bosonization

As we have done in Sec. III B for the single-edge, here too
we utilize standard bosonization to treat Luttinger interaction
and disorder to compute the interedge tunneling current.
The imaginary-time action of the two-edge setup (without
interedge tunneling) is given by S = Sy + Sgis, Where

S= Y f {”[ Ku(@iba) + —(ae>2]

a=1,2

—(3 0a) (0 ¢a) } / [9x01 (x)][3:62(x)],

1
Sais = / [V1 (x)—0,61 + VZ(X)_3x92:|- (43)
. T T

Because they appear on distinct edges, we take the disor-
der potentials V,(x) to be independent, zero-mean Gaussian
fields with V,(x)V, (y) = A,8,48(x — y). We ignore interedge
backscattering interactions that are only relevant under certain
commensurate conditions [68]. The bosonized action Sy, (43)
is quadratic and therefore can be written in diagonalized
form. We provide the details of the explicit transformation in
Appendix H analogous to Ref. [69]. After diagonalizing S;,,
the forward-scattering disorder, Sg;s can be taken into account
via a linear transformation on the 6, fields. For instance, in the
limit Uj, = 0, where the action S, is in its diagonalized form,

the disorder-averaged correlation function is given by

<e—in101 (7,%) @in202(7.x) —in261(0,0) pin, 6 (0,0)>

-y, ”aKa Aa x|
—e 202

% <e—in1é1 ('L’,x)einzéz(T,x)e—inzéz(o,o)einlé] (0.0)) . (44)

We note that this is a generalized version of Eq. (19). For
Uiy # 0, one has to first diagonalize the two-edge problem
(see Appendix H), and then average over disorder to obtain
the disorder-averaged correlation function.

C. S;-conserved edge: Quantum spin Hall limit

For a 2D TI with an out-of-plane reflection symmetry
(z = —2), the spin quantization axis of the helical edge is
generally along this z axis due to spin-orbit coupling of the
form (p x E) - &, where electrons with in-plane momentum
p feels an out-of-plane (z-axis directed) effective magnetic
field due to the in-plane electric field (or crystal field polar-
ization) E, by symmetry transverse to the TI edge. Such .-
conserved topological insulator features quantized spin-Hall
conductance. It is important to note that S, conservation is
not robust as RSOC generically breaks any spin conservation.
However, it is helpful to first consider this technically simpler
special case. More generic non-spin-conserving case can be
built from the results derived in this section.

We first consider idealized case of S;-conserved edges in
the absence of disorder or Zeeman field. At low source-drain
bias, we decompose the fermion fields so that the imaginary-
time tunneling current correlator in Eq. (42) is written in terms
of tunneling processes between different Fermi points

T (@, x) = t"R Jpp + " Tpp + 5 Tpp + " Tir,  (45)

where tRR L1 tRE LR are constants proportional to the square
of the tunneling matrix elements and

Trr(T,x) = e (T RIRy (7, x)RSR (0, 0)),
Jin(t,x) = (T, LT Ly (1, x)LIL1 (0, 0)),
Tre(t,x) = e (TR Ly (T, x)LIR (0, 0)),
Tir(t,x) = ™ (T.L{Ry(t, X)R}L1(0,0)).  (46)
In the above, 6k = kp| — kpo and kpr = kp1 + kpo (kpg =
kpq+ as we assume TR symmetry holds on each edge). The

physical tunneling current J can then be obtained via the
standard analytic continuation (40).

1. Vertical geometry

For vertical geometry illustrated in Fig. 10, two S, con-
served edges have exactly the same spin orientation. The
low-energy expressions of the fermionic S, eigenstate fields
(Appendix A with kg — o0) are given by

Cat X EFFIR(X),  Cayp A €T RRL (x). (47)

Plugging the expression above into the imaginary-time corre-
lator in Eq. (42), we obtain

Jaosu, L(T, x) = Tgr(t, x) + Jpi(7, x). (48)
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Thus, indeed, there is no tunneling current contributions cor-
responding to backscattering between the right and left Fermi
points (tfL = /R = (). These are forbidden by the S, con-
serving U (1) spin-rotational symmetry, as such contribution
requires a spin flip 1<, whose matrix element identically
vanishes in the presence of TR symmetry and in the absence
of Rashba spin-orbit interaction. The momentum-resolved
tunneling current is given by

J(@, Q) ~ Jrr(®, Q + 8kp) + JpL(w, Q — 8kp).  (49)

Below we will focus on J;.(V, Q) because the other term
can be obtained via the relation Jrg(w, q) = Jy (@, —q) if we
assume TR symmetry holds independently on each edge.

The space imaginary-time correlator can be calculated for
generic intraedge LL interactions (see Appendix H), given by

(T,LiLy(t, x)LIL(0, 0))

1
Qra)? bl:j[[
2 1
y (%) Yot
[ sinh (%)]yb_%ylz [ sinh (ﬂ(X;lf:hT))]beF%ylZ“‘l ’

(50)

where vy encodes the velocity in the diagonal basis, and .,
y12 are the anomalous exponents. The explicit forms of v,
y+, and y, are given in Appendix H. Notice that y;; < 0
(y12 > 0) for repulsive (attractive) interedge interaction. In
particular, for U, = 0, J, simply reduces to a product of
two single-particle Green functions with the parameters given
by y12 =0, y+ =12, and vy = v;,. For identical edges
(v = vy and K| = K3), vy (v-) is associated with the velocity
of symmetric (antisymmetric) interedge degrees of freedom.

In evaluating J;;(w, q), we use two different ways (de-
tailed in Appendix F): (i) evaluate the tunneling current as
a convolution of two spectral functions if U, = 0, and (ii)
analytically continue to real time and Fourier transform. In
particular, method (i) works well if we assume one of the
edges is noninteracting and therefore the corresponding spec-
tral function is just a delta function. On the other hand, method
(i1) works well at T = 0O since one integral variable can be
integrated over analytically in that situation.

a. Zero-temperature, clean case. We start with the simplest
case: zero temperature, no disorder and no interaction. In this
case, the tunneling current is simply given by a box function

et sgn(w)

T, q) = O[—(@+vng)w+vig)]. (S

v — 2

In the limit v; — vy = v, the tunneling current becomes a
delta function JSL(a), q) = —etgqé(a) + vg). Similar to the
spectral function, the presence of interaction makes the tun-
neling peak less sharp and display power-law features as
illustrated in Fig. 11 (efy = 1 hereafter). In the presence of
interedge interaction, the eigenmodes are antisymmetriclike
(subscript —) and symmetriclike (subscript +) linear combi-
nations of the two edges. As illustrated in the inset of Fig. 11,
strong repulsive interedge interaction (U;, >> vy — v;) makes
the tunneling current diverge at w = —v_gq.

3
¢ — %1=0.1,72=0 |
—_
g — yp=-05 1 ¥1=0, 72=0.1
— 2’:‘.:] — ¥12=0 - ]
SRS
3
e
S
\

w

FIG. 11. Zero-temperature clean (disorder-free) tunneling cur-
rent with different velocities for a set of interaction parameters. The
edge velocities and momentum (magnetic field) are set to v;q =
—0.1 and v,q = —0.05. et& = 1. The black dashed line indicates
the noninteracting case (y; = y» = 0). The red (blue) curve denotes
the case of interacting edge 1 (edge 2), where finite current appears
for w < vig (v < v2g9) due to fractionalization in chiral degrees
of freedom. The inset shows the effects of repulsive interedge
interaction. The interaction parameters and edge velocities are set
to y. = y- =0.05, v;qg = —0.1, and v_g = —0.05. The frequency
and the length are in units of v;o~! and o, respectively.

b. Finite-temperature, clean case. Now we discuss the
finite-temperature tunneling current in the absent of disorder.
For the special case vy = v, and U, = 0, we can perform
Fourier transform analytically [using Eq. (D8)]. The finite-
temperature clean tunneling current is given by

2ra\" .
Ji(w,q) = — 263(%) 1 sin(2rry)
4
Xg[w_ﬂ,,l_zy“, (52)
4

where y = (y; + y2)/2 is the average interaction parameter.
In the noninteracting limit (i.e., y =0 and Uj; = 0), the
tunneling current becomes temperature independent as the
strict kinematic constraint of two equal velocity, in contrast to
the distinct velocity case discussed below. For identical edges
(K1 = K; = K and v; = v, = v), we can also obtain analyti-
cal expression for U, # 0 because the space-time correlator
in Eq. (50) only depends on the velocity of antisymmetric
mode v_. The resulting clean tunneling current takes the
same form as Eq. (52) but with the replacement v — v_ =

vW/1—UpK/27%v and y — (K- + K~")/4 — 1/2, where
K_=K/\/1—U;K/2n2%v. At zero temperature, the tunnel-

ing current exhibits a power singularity at w = —vgq, which
becomes two peaks (or one antisymmetric peak) for the dif-
ferential tunneling conductance as shown in Fig. 12. Remark-
ably, the peak-to-peak distance is captured by w,, ~ 7.5y T
for w,, < |vg|. For w,, > |vg|, the broadening of the left
(positive-valued) peak is dominated by the thermal excitation
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FIG. 12. Finite-temperature clean (disorder-free) differential
tunneling conductance for identical edge velocities with vg = —0.1.
(a) At zero temperature, a positive delta function (negative power-law
singularity) is located at @ = —vq =+ 0", At finite temperatures, the
two peaks are broadened and move towards the left and the right,
respectively. The intraedge interaction parameter is set to 2y =
vi + 2 = 0.1. (b) Peak-to-peak distance (w,,) as a function of T
and y. The linear dependence on T and y shows w,, ~ 7.5y T for
w,p < |vg| (red dashed line). The frequency and the length are in
units of va~! and «, respectively.

0.00 0.5 0.15

around the Fermi point and the linear dependence breaks
down.
¢. Disordered case. Now we discuss the effects of forward-
scattering disorder (evaluated through a convolution with a
2
Lorentzian characterized by a disorder strength £ ! = KZ‘TAII +
KA,

50 ). At zero temperature, exact analytical expression is
derived in Eq. (I11). Similar to spectral function in a sin-
gle edge, the differential tunneling conductance features a
disorder-induced ZBA in a power-law form dJ;; /dw |a)|4V R
independent of disorder strength, as shown in Fig. 13(a). The
peak-to-peak distance exhibits a linear dependence on &' for
wpp < |vg| as illustrated in Fig. 13(b). Different from thermal
broadening, the disorder can smear out the peak even at zero
temperature (see the inset). For w,, > |vg|, tunneling weights
from opposite momentum (i.e., having different sign of q)
will start to contribute, which gives opposite currents, and
the linear dependence fails. At finite temperature, wp), still
depends linearly on T despite the presence of finite disorder

— slope=1.38
0.15 0.2

0.01 ‘ ‘
0.0 0.05 0.1

é: -1

FIG. 13. Zero-temperature differential tunneling conductance
with forward-scattering disorders for identical edge velocities. The
momentum is taken to be vg = —0.1. (a) Zero bias anomaly appears
at @ = 0 for all disorder strengths £~!, with the same exponent
4y (inset), where £~ = Kzlzlf L+ K§2£2
y = 0.05. (b) Peak-to-peak distance (w,,) as a function of &1 and
¥. wp, is proportional to £~! for w,, < |vg| (red dashed line). The
disorder-strength dependence becomes more sensitive for stronger
interaction (inset). The frequency and the length are in units of var~!
and «, respectively.

. The interaction parameter

[see Fig. 14(a)], which suggests that the disorder strength &~
and interaction strength y can both be quantified through a
temperature dependence measure on w,,. Figure 14(b) shows
that ZBA gets rounded at finite temperature. The thermal
rounding takes the similar form as Eq. (28).

d. Distinct velocity. When Uj, > 0, the system is in gen-
eral characterized by two distinct velocities vy with v_ < vy
(even for identical edges) and an exponent y;, [given by
Eq. (H4)], encoding the correction due to the interaction be-
tween the two edges (Uj2). The interaction-driven inequality
of velocities v_ < v, has qualitatively important effects on
the tunneling current. This is in contrast to nonvanishing y;,
that does not modify the tunneling current qualitatively. We
therefore take y;, = 0 for simplicity. With such an approx-
imate, the effects of interedge interaction Ui, still enter by
modifying v+ and yi. The y;, =0 approximation affects
the analytical form of the tunneling peak in the clean limit
(see the inset of Fig. 11) but does not change the thermal
broadening rate because the exponential decay factor at large
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FIG. 14. Finite-temperature differential tunneling conductance
with forward-scattering disorders for dentical edge velocities.
(a) High temperature regime A < &. Inset: The peak-to-peak distance
w,,, depends linearly on T for w,, < |vg| (red dashed line). (b) Low
temperature regime A >> £. The momentum is taken to be vg =
—0.1. The intraedge interaction parameter is set to y = 0.05 and
disorder length & = 20. The frequency and the length are in units
of va~! and «a, respectively.

time does not depend on y;, [see Eq. (50)]. Also, in the
presence of the disorders, by power counting in Eq. (50) we
expect that the ZBA of the differential tunneling conductance
to be characterized by a power-law exponent 2y, + 2y_,
which is also independent of y;, (but does depend on Uj,). At
zero temperature, the clean differential tunneling conductance
is featured by two singularities located at w = —v,q and
@ = —v_gq. One prominent effect of v, # v_, as illustrated
in Fig. 15(a), is on thermal broadening of the tunneling peak,
even in the noninteracting limit. The absence of thermal
broadening in the same velocity case is due to the strict kine-
matic constraint which is fine tuned. Remarkably, the thermal
broadening (due to distinct velocities) is linear in 7 at high
temperature [see inset of Fig. 15(a)]. The temperature depen-
dence should also be proportional to the velocity difference,
ie., «<(vy —v_)T, if vy —v- K vy + v_. In the presence
of interaction, with or without disorders, the peak-to-peak
distance still exhibits a considerable linear in 7 regime [see
Figs. 15(b) and 15(c)]. However, the zero temperature peak
width (or wp),) is now determined by both the disorder strength
£~" and (v — v_)q. In evaluating Figs. 15(b) and 15(c), we
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40+ — 4 . — slope=0.56 | |
— A=20 3& ’

8207 — =100 JIN~ |-

\@ -—- A=c0

~

~
o

QS 4 — A=100 00> — slope=1.19 | -
o —_——— =00 0.0 0.1 0.2
2 T ]
~
30 ~
0L ]
, , , i | , , , ,
-0.2 -0.1 0.0 0.1 02 03 04 05
w
() 15° ‘ ‘ ‘ ]
— A=5 'f| 0.3
1ol — A=10 l 202 ]
8 — A_IOO % 01 """"""""""""
"Q = 0o — 003+1217
- O mmn A=o0 0.0 0.1 02
~
o
-5 1
L L L \‘l L L L L
-0.2 -0.1 00 0.1 02 03 04 05
(42
FIG. 15. Differential tunneling conductance for distinct edge
velocities. The edge velocities and momentum are set to v, g = —0.1
and v_g = —0.08. (a) Thermal broadening of the noninteracting

clean tunneling peak. (b) Thermal broadening of the interacting
(y+ =0.1, y_ =0, y1 =0) clean tunneling peak. (c) Thermal
broadening of the interacting (y; = 0.1, y_ = 0, y1» = 0) tunneling
peak in the presence of forward-scattering disorders & = 30. The
frequency and the length are in units of v;o~! and o, respectively.

set one of the interaction parameter to zero y— = 0 and use
the asymptotic expression in Eq. (30) for the symmetriclike
branch for computational convenience. More generally, we
expect the interaction facilitated thermal broadening rate is
determined by y; + y_.
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LR,

LR,

e

>

FIG. 16. Horizontal setup of two topological insulators in the
quantum spin Hall limit. The two comoving edges have opposite spin
orientations. As a result, the tunneling matrix element forbids the
mixing of R;Rl and L;Ll (i.e., t* = t'L = (). The tunneling current
is govern by the momentum transfer of order |kg,; + kg 2|.

2. Horizontal geometry

As a complementary experimental setup, we consider hor-
izontal geometry illustrated in Fig. 16, where the right/left
movers of the two edges have opposite spins. In this case, the
low-energy expressions of the fermionic fields are given by

ey A EFIR (x),  opy A e R TL(x),

e e ML (x),  eay A R Ry(x). (53)

The imaginary-time correlator is now given by

Josn, ) (T, x) = Tre(T, ) + Tir(7, %), (54)

where tfR =L =0, by S, conserving U(l) spin rota-
tional symmetry. The momentum-resolved tunneling current

is given by
J(w, Q) ~ Jg(w, Q + kr7) + Jir(w, Q — kpr).  (55)

Below we will focus on Jg, (@, ¢) because the reverse current
contribution can be obtained via the relation Jig(w, q) =
Jre(w, —q), if we assume that TR symmetry holds indepen-
dently on each edge (i.e., small Zeeman field).

The space imaginary-time correlator can be calculated
with both the intraedge and interedge LL interactions (see
Appendix H), given by

(T.LiRy(z, x)RSL, (0, 0))

=11
Q2ra)? palied
29p+1
y (%) Yo+
7 1+2 by . 142y}, —by ’
[ sinh (%)] B [ sinh (Tf(xﬂ—;:bf))] e
(56)

where 7, are the anomalous exponents. Note that j;,
is different from yj,; the explicit expression is given in
Appendix H. For Uy, = 0, Jg, simply reduces to a product of
two single-particle Green functions with the parameters given
by 12 =1, ¥+ = y12, and v = vy 5.

(e

(9,1
dJg /dw
S N B

-0.1 00 01 02
[0}

- 71:07)/220-1
0.5 I - 71:0'1572:0
-0.5F 1 1
_———l === 7=0,7=0
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w

FIG. 17. Zero-temperature clean (disorder-free) tunneling cur-
rent for a set of intraedge interaction parameters. The interedge inter-
action is ignored in this plot. The edge velocities and momentum are
set to vig = —0.1 and v,¢ = —0.05. The black dashed line indicates
the noninteracting case (y; = y, = 0). The red (green) line denotes
the case that edge 1 (edge 2) becomes interacting, where finite current
appears for @ < v;q (w > —v,q) due to fractionalization in chiral
degrees of freedom. The inset shows the corresponding differential
tunneling conductance. The frequency and the length are in units of
vie~! and a, respectively.

a. Zero-temperature, clean case. In the zero temperature,
noninteracting, and clean limit, the tunneling current is simply
given by a step function

etg sgn(w)

Jo (@, q) = Ol — vg)@+vig).  (57)

lvi + v2

As shown in Fig. 17, the presence of interaction smears out
the steps and generates finite tunneling weights at opposite
momentum, i.e., ® > —vq (0w < vi1q) for y» > 0 (y; > 0).
We also plot the differential tunneling conductance in the inset
of Fig. 17.

b. Finite-temperature, clean case. For the special case v; =
vy and Uj, = 0, we can derive the finite-temperature clean
tunneling current [using Eq. (D8)], given by

d L (2ma\*Y
Jro(@, @) = — 2etg B ) I

47 2

4 2

In this case, the tunneling current (differential tunneling con-
ductance) is an odd (even) function in w. With increasing
temperature, the two peaks of the differential tunneling con-
ductance at w = Fvq are broadened, move toward the center
and merge into a single peak at @ = 0 [see Fig. 18(a)]. The
thermal broadening of the peaks is quantified by the half-
width at half-maximum (HWHM). Specifically, we calculate
the distance between the positions of the right peak and
its right half-maximum. The peak width is proportional to
the temperature until the two (left and right) peaks start to
merge [see Fig. 18(b)]. Although the magnitude of the two
edge velocities are identical, the kinematic constraint on the

sin(2ry)
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FIG. 18. Finite-temperature clean (disorder-free) differential
tunneling conductance for identical edge velocities with vg = —0.1.
(a) At zero temperature, two power-law singularities are located at
w = Fvq. At finite temperature, the two peaks get broadened and
merge into a single peak at w = 0 with increasing temperature.
The intraedge interaction parameter is set to 2y = y; + y», = 0.1.
(b) Half-width at half-maximum versus temperature. The linear
dependence on 7 holds for HWHM < |vg| (red dashed line) and
the slope has an offset 3.5 in the noninteracting limit (inset). The
frequency and the length are in units of va~' and «, respectively.

tunneling current is weaker than that in the left-to-left tunnel-
ing discussed previously. As a result, there is a strong thermal
broadening even in the noninteracting limit [see the inset in
Fig. 18(b)].

c. Disordered case. Now we discuss the effects of
forward-scattering disorder. At zero temperature, the in-
creasing strength of forward-scattering disorder smears out
the power-law peak but the position of the peaks do not
move much (comparing to the thermal effect) as shown
in Fig. 19(a). Again, a ZBA appears with an exponent
2y1 + 2y, independent of the disorder strength. The disorder-
induced peak broadening is proportional to the strength &~!
for HWHM < |vg|. For HWHM > |vg|, the linear depen-
dence on £~' still roughly holds since the two peak do not
merge [see Fig. 19(b)]. At finite temperatures, there is a
crossover between the zero-temperature disordered and the
finite-temperature clean behaviors [see Fig. 20(a)] with the
peak width increased linearly with temperature for HWHM <
|vg|. Figure 20(b) shows that ZBA gets rounded at finite

— slope=1.37 |
0.15 0.2

0.0, ‘ ‘

0.0 0.05 0.1

ég -1

FIG. 19. Zero-temperature differential tunneling conductance
with forward-scattering disorders for identical edge velocities. The
momentum is taken to be vg = —0.1. (a) Zero bias anomaly appears
at w =0 for all £', with the same exponent 4y, where £~ =
KZ}ZUA]‘ + Kiiz characterizing the strength of disorder. The interac-
tion parameter y = 0.05. (b) Half-width at half-maximum versus
temperature. HWHM is proportional to £~' for HWHM < |vg| (red
dashed line). Inset: The slope &1 in the noninteracting limit and the
disorder-strength dependence becomes more sensitive for stronger
interaction. The frequency and the length are in units of va~! and «,
respectively.

temperatures. The effect due to thermal rounding is similar
to Eq. (28).

d. Distinct velocity. For distinct edge velocities, the zero-
temperature clean tunneling current is qualitatively modified
from the case of identical velocities, as shown in Fig. 17.
However, in the presence of forward-scattering disorders,
the power-law peaks become rounded and a ZBA appears
characterized by a modified exponent 2y, + 2y_. The linear
dependence of the peak width still holds and can be used for
quantifying the disorder and interaction strengths.

3. Misaligned spin quantization axes

As discussed above, for the ideal cases where the two spin
quantization axes are parallel, some of the tunneling processes
vanish identically in the TR symmetric limit. However, when
the two 2D TI layers are misaligned such that the quantiza-
tion axes differ by an angle ¢, € [0, 7 /2], all the tunneling
amplitudes in Eq. (45) are expected to be nonzero. To 0(t§)
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FIG. 20. Finite-temperature differential tunneling conductance
with forward-scattering disorders for identical edge velocities. The
momentum is taken to be vg = —0.1. The intraedge interaction
parameter is set to y = 0.05 and disorder length & = 30. (a) Thermal
broadening of the tunneling peak. Inset: Half-width at half-maximum
depends linearly on T for HWHM < |vg| (red dashed line) (b) Ther-
mal rounding of zero-bias anomaly. The frequency and the length are
in units of var~! and «, respectively.

order, the tunneling constants obey the sum rule

> =1, (59)

o'=R,L

and the ratio 1%L /tRR = tan® ¢y, (= cot? ¢1,) for the vertical
(coplanar) setup. Also, t*® =L and t*r = IR due to the
time-reversal symmetry on the edges, which will be broken
if we consider Zeeman effect discussed in the next section.

D. Other subleading corrections
1. Zeeman effect

With Zeeman effect, for vertical geometry B L Z, We note
there will be finite tunneling current between right and left
Fermi points and a gap will open at the charge neutral point.
In contrast, for the coplanar geometry B || 2, the spin quan-
tization axis will remain along the z axis in the presence of
the magnetic field and tunneling current contribution between
the two right/left Fermi points will remain zero. The charge
neutral point in this case remains gapless but moves away
from the time-reversal point in the Brillouin zone.

(a) Generic TI edges

L R
E E
[ .
(b) S, conserving TI edges

L R
E E

.

FIG. 21. Bands, spin textures, and single-particle tunnelings be-
tween TI edges, illustrated with the horizontal setup in Fig. 16.
(a) Generic TI edges include Rashba spin-orbit coupling, leading
to the illustrated momentum-dependent spin texture. Despite a non-
conservation of S, TR symmetry protects a degenerate pair of
Kramer states at every energy. The tunnelings can be classified by
small momentum transfer (yellow solid arrows) and large momentum
transfer (yellow dashed arrows). (b) S, conserving TI edges. Due
to the additional conservation of §,, the small momentum transfer
tunneling is forbidden.

2. Rashba spin-orbit coupling

The effects of Rashba spin-orbit coupling on MRTS is a bit
more complicated, but as we discuss below, is subleading for
a large bare (without RSOC) tunneling amplitude. We expect
the RSOC effects to be manifest for the right-to-right (right-
to-left) tunneling process for the perfectly aligned horizontal
(vertical) geometry, where bare tunneling vanishes otherwise.
For concreteness, here we briefly discuss the perfectly aligned
horizontal geometry with identical edges [see Fig. 21(a)],
focusing on tunneling current between two right Fermi points.
The analysis for the right-to-left tunneling current and for the
vertical geometry are quite similar.

Using chiral decomposition in Eqs. (A3) and (A4) we
express the “hopping term” as follows:

i ; Skrk : k N
Z clSCZS ~ e—l5kFX{ I;CZF,TR;RZ + l%BX(Rle)
s=tl 0 0

Skp o ot i
+ 17[3X(R1)R2 — R9:(Ry)]
0
+ (hopping between other Fermi points), (60)
where 6kp = kr | — kpo, krr = kr,1 + kp,. We assume that

kp.r > 8kp, so only the first two terms in Eq. (60) are con-
sidered. The imaginary-time correlator for the right-to-right
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tunneling current is given by
e 0 (2, x) = e[y (T R] Ry (7, X)R}R1 (0, 0))
+ o}, (T [3:R]R> 1 (T, )[RIR, 1(0, 0)).
— o}y (T [RR2)(x, X)[3,R}R11(0, 0)).

+ o (T, [8.R] R21(z, x)[8,RSR11(0, 0))],
(61)

where o1 = ((Skpk[:_r)z/kg, 05/12 = l(Ska%T/ké, and Olilz =
ki /Ko

"For distinct edges we typically expect that a2 > o}, @,
and thus the momentum-resolved tunneling current is qual-
itatively the same as that in the quantum spin Hall limit.
However, for the identical edges considered here, the o
term becomes less important as §kr — 0, for which additional
contributions coming from the derivative terms in Eq. (61)
are manifest. Despite the complicated structures in the tun-
neling currents, we argue that there are still universal features
whether RSOC is included or not. First, we expect the “single-
peak” (“no-peak™) feature of J;; (Jgy) still remains for the
derivatives on the space-time correlation functions change the
exponent by “—1,” which, by dimensional analysis, make the
tunneling current less divergent. Another observation is that
the linear-7" thermal broadening of the tunneling peak should
be robust against RSOC, since the derivatives on the space-
time correlation functions does not change the exponential
decay factors at large vt, x. The correlation function can in
principle be calculated by bosonization, but we do not pursue
this analysis here.

3. Interedge backscattering

Besides the correction in the tunneling current matrix
element, the RSOC also enables backscattering interactions
[11,37,38], contributing to the finite-temperature broadening.
The most relevant (in renormalization group analysis) pertur-
bations involve both edges. For strong interaction K1 < 3/4
(identical edges), instabilities appear [68] due to interplay
of interedge interactions and forward-scattering disorder, the
tunneling current of the resulting phase is beyond the scope of
present work, but would be of interest to study in the future in
a context of specific experiments.

V. CONCLUSION

In this paper we developed a finite-temperature spec-
troscopy of a hLL as realized on the boundary of the 2D
time-reversal symmetric TI. In our analysis we utilized stan-
dard bosonization which enabled analytical progress in the
presence of interactions. Moreover, because TR symmetry
forbids backscattering components of disorder, allowing only
forward-scattering nonmagnetic impurities, enabled us to treat
disorder in a hLL exactly. We focused on the weakly inter-
acting regime (K > 3/8), thereby avoiding edge instability
[7,8,34]. We thereby analyzed in great detail various lim-
its of finite-temperature spectral functions and the interedge
tunneling currents in the momentum-resolved tunneling spec-
troscopy. For MRTS we explored the vertical and horizontal
geometries with long edges, detailing effects of TR invariant

disorder, interaction, and temperature. We studied how the
product expression for the tunneling current (valid in the non-
interacting limit between edges) is qualitatively modified by
the interedge interaction and distinct edge velocities. Our the-
ory thus provides a detailed characterization of the emergent
hLL, complementary to the standard transport measurements.

Our analysis was limited to the hLL phase that appears in
the weakly interacting (K > 3/8) regime of TI edges. How-
ever, as discussed in [34], TI edge states can become glassy
and localized due to an interplay of disorder and interaction
for K < 3/8 [7,8]. This scenario might be relevant to the
earlier InAs/GaSb experiments [16,17]. A detailed character-
ization of the finite-temperature spectroscopy in this regime is
beyond present work, but in light of various experiments is of
interest to explore by methods developed here. Here we only
speculate about some qualitative zero-temperature features
inside this glassy edge states. The localized edges for K <
3/8 spontaneously break time-reversal symmetry and exhibit
half-charge excitations, corresponding to domain walls or
equivalently the Luther-Emory fermions. We expect that this
time-reversal breaking eliminates sensitivity of the response
to an applied magnetic field. We thus expect that the localized
nature of the glassy edge will lead to only weakly momentum-
dependent tunneling spectroscopy, contrasting to that found
above for hLL. It might be challenging to distinguish the
single-particle Anderson localization (i.e., trivial edge state)
and the unconventional half-charge localization (i.e., TI edge
with K < 3/8). Exploring the unique spectroscopic signatures
for the nontrivial half-charge localization is an interesting
future direction.

We conclude by noting that momentum in MRTS setup
is tuned by a magnetic field B that explicitly breaks TR
symmetry. Quite generally, we expect TI phase and the as-
sociated hLL edges to be stable as long as the Zeeman energy
associated with this TR breaking is weak enough to be below
the bulk gap. Nevertheless, the bottleneck of our theory is set
by the magnetic field induced disorder backscattering with
a localization length [j,.(B). Although, as we discussed in
Sec. IVD 1, the effect of magnetic field may vary based on
the specific setup, we still expect our theory to be valid in a
sufficiently weak magnetic field such that the length of hLL
edge legge K loc(B). As illustrated in Fig. 4, the momentum
transfer Q = 2w Bd /¢, required to access the low-bias tun-
neling region between the same (Jgrg/Jrr) and the opposite
(Jre/Jgr) chiral movers are given by the Fermi wave vector
difference |kr| — kr>| and the sum |kg | + kp 2|, respectively.
Clearly then, a typical wave vector range we want to explore
is set by the scale of Fermi wave vector, e.g., for Q = |kp; —
kpa| = 0.01 nm’! and tunneling distance d = 15 nm, the cor-
responding magnetic flux density B ~ 1 T. In principle, the TI
materials with larger bulk gap (e.g., WTe, [27], WSe, [28,29],
and BiSiC [30]) are best suited for MRTS experiments due to
the suppression of backscattering generated by, e.g., charge
puddles [12] and Zeeman gap of edge bands [45].
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APPENDIX A: CHIRAL DECOMPOSITION
OF GENERIC HLL

In the presence of the Rashba spin-orbit coupling (RSOC),
the spin is no longer a good quantum number, and the single
particle band develops a momentum-dependent spin texture.
The orientation of the spin quantization axis at momentum k
relative to the one at k = 0 (denoted by 1 and |) is given as

follows [11]:
|:CkTi| =B, [Ck+i|’
Cky Ck—

where (with the convention k in x direction and the normal
vector of the 2D TI plane in z direction)

—sin@p] [k
cos(6) i| ~ |:k2 1 ] (A2)

K

(AD)

—ioty _ | c08(6k)
Bp=e ™ = [sin(ek)
The form of By, encoding the spin texture, is determined by
the unitarity and the time-reversal symmetry (in a particular
phase convention) with spin orientation at momentum k obey-
ing 6, = 6_y. In the last equality in (A2), we use 6; ~ (k/ky)*
for small k, where ky is a parameter characterizing the scale of
spin rotation across the band. To study the low-energy physics
around Fermi points, we can expand k &~ +kr + g for the
right (4) and left (—) movers, respectively. The field operator
for spin up is then given by

cp(x) = /e”‘ch(k)
k
= eik"x / eiqu¢(kF +q)
lgl<kr
+ e_ikFx/ eiqxc¢(—kp +q)
lq|<<kr

A oikrx / ecy(kr +q)
|ql <k

) T k2 2k
_ e_lkFx/ equ[—g — —gq]C(_kF +q)
gl <k ky kg
_ e / e, (k + q)
|ql<<kr

[k 2k i
_ eszx|:k_§ + ik_zFax] / equc,(—kF +9q)
0 0 lg|<kp

. o [ k2 2k
= ¢ R(x) — e_’k‘”‘[—F + i—FBX:|L(x),

A3
2t (A3)

Similarly, the field operator for spin down can be expressed as

c,(x)= /eik’“cN
k

2
’\,\;eikpx|:k_F _ i&ax]R(x) + ek rL (). (A4)
kK

APPENDIX B: BOSONIZATION CONVENTION

To treat interaction and disorder nonperturbatively we uti-
lize standard bosonization method [62] (with the convention
consistent with Refs. [34,68]), where left (L) and right (R)
moving fermionic low-energy excitations can be represented
through the bosonic fields ¢ 1, according to

1 . 1 )
R(x) — el¢1<(X) — el[¢(X)+9(X)l’
V2« V2«
1 . 1 .
L(x) = i) — P—0(] (B1)
V2o V2mo

where « is the ultraviolet cutoff length scale below which
the low-energy description breaks down. The “phaselike” (¢)
and the “phononlike” (6) bosonic fields obey the following
commutation relation:

[0:0(x), p(x")] = im§(x — x). (B2)
The commutation relations of the right and left bosons are
given by

[Pr(x), pr(x")] = im sgn(x — x'),
[pr(x), pr(x)] = —im sgn(x — x'),

[Pr(x), p(x)] = ir. (B3)

The key characteristic of a helical Luttinger liquid (as
contrasting with superficially similar, spinless fermions) is the
anomalous time-reversal operation 7, withR — L, L — —R,
and i — —i,and 72 = —1, akin to spin-1/2 fermions. On the
corresponding bosonic operators 7 acts according to ¢ —
—¢ + % 6 — 60— % and i — —i. One of the immediate
consequence of the anomalous time-reversal symmetry is the
absence of elastic backscattering (i.e., forbidding LR and
RTL) that clearly breaks it. As discussed in the main text,
the forward-scattering nonmagnetic disorder (allowed by 7))
alone cannot result in Anderson localization, and thus TI hLL
edge is stable to nonmagnetic impurities in the absence of
strong interactions.

APPENDIX C: DERIVATION OF CLEAN IMAGINARY
TIME-ORDERED GREEN FUNCTION

In this Appendix we provide a step-by-step derivation of
imaginary time-ordered single fermion Green function in 7, x
domain at finite temperature using the bosonization formal-
ism. The generalization to multiparticle Green function for a
harmonic bosonized model is straightforward utilizing Wick’s
theorem. With the helical edge Hamiltonian Hy 1, = Hy + Hiy
given by Eqgs. (7) and (14), the bosonized imaginary-time
action reads

[ v 5 1 2
St = / {—(ax9)<af¢>+—[1<<ax¢> + L0 “
wx LT 2 K
1

Using the chiral decomposition W(x)= e*FR(x) +
e *¥*[(x) of fermionic field at low energy, the imaginary
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time-ordered single fermion correlation function is given by
G(z,x) = (¥(z, )¥'(0, 0)).

= " (R(t, )R (0,0)); + e *(L(z, x)L' (0, 0)),

(€2)

where the subscript T denotes imaginary time-ordered aver-

age, and for forward scattering only, appropriate to the hLL.

J

1 I 2
(L(‘L',x)LT((), 0)), = 3 e~ 2{0(@0)=0(.x)=¢(0,00+6(0.00F): _
T

where
Fi(z, x)
F(t,x)

=2K[{(¢(0,0)¢(0, 0)): —

($(z. )p(0, 0))] = 2K~
=2(6(, 1)$(0. 0)). = 2((r. x)6(0, 0)).

studied in this paper, the cross term vanishes. We calcu-
late the left mover contribution and then deduce the right
mover component using the time-reversal operation according
to the relation (R(z, x)R7(0,0)), = (L(z, x)L'(0, 0))*. Using
the bosonization representation Eq. (B1) and Wick’s theorem
for the Gaussian bosonic phase fields, the left-moving part is
given by

1 e_%(](.»,_K*')Fl (r,x)-‘er(T,X)’ (C3)

2ra

'[(6(0, 0)6(0, 0)); — (8(z, x)0(0, 0))-],

(€4

and (¢(0, 0)8(0, 0)), = 0. The correlators Fi(t, x) and F,(t, x) are easily computed with a quadratic imaginary-time bosonic

action (C1) that in Fourier domain is given by

1
ShiL = = .
hLL = 5 /;mk (2

where

T

- k? (1)2k2 + wﬁ)

O )M~ <¢“’” k) : (C5)
vk? .
e ikw,

<ikwn vk’K ) ' (©6)

By rewriting the bosonic fields of Eq. (C4) in Fourier space and performing standard Gaussian integral, we obtain the following

integral expressions:

FI(T,)C)

n=—oo

The Matsubara sum can be carried out by using Poisson summation formula } >~

Z / 2v[1 — cos(kx)e 7]
2K+ o

2w,, sin(kx)e™n®

Fa(e,x) = Z / D )
o 8 x=nT)y=T7'Yy > 2T,

1 v[1 — cos(kx)e 7] 29[l — cos(kx)e 7]
F d 8 ; k> dw emte | dk
1(t,x) = /_ a)n;oo (0 —o )/ NTERG ﬂ/ Z_ / NSTER
=_ / dk Z —le” ImBIvk _ cog(kx)eImB=TIvR]
®  2ng(Buk) . <1 —tuk
= dkT[l — cos(kx) cosh(Tvk)] + dkz[l — cos(kx)e 1, (C8)
0 0

where T = mod(z, B) € [0, B).
Similarly,

1 00 0 2 in(k —iwT 1 —2i in(k —iwt
F(t,x)= ——/ S(w — a)n)/ dkM I d Z '8 tmﬁw/ iw sin(kx)e
Bl k(22 + ; . k(K> + )
* sin(kx) — > dk .
— f dksml(( x) 3 sen(mp — vye I = / - sin(kx)[e~T* — 2ng(Buk) sinh(F vk)] (C9)
0 s 0
The integrals are over k, with the convergence factor e~*! then gives

—ak 2n(Bvk)
k

o g (ati)e , [ (F — ik
= —/ dk—k sinh® | ——
0 k sinh (’3“ ) 2

Fl(r,x)=/ dke
0

1 2.2 . o
e~ Eln |:'3 v sinh (_ﬂ(x+tvr)) sinh (—T[(X vt)

202 Bv

Bv

[1 — cos(kx) cosh(Fvk)] —i—/ dke_“kk[l — cos(kx)e™ 7]

I~ i)k 00 —ak i(iTv—x)k i(iTv+x)k
+ sinh? | T EOK —/ aké—| ¢ 46 —1
2 o k 2 2

)], (C10)
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where we have assumed o < x, vt, Bv and used the following integral identities:

®  e~*sinh?(A 1 A
/ gy S L AT i Re() < 1, (Cl11)
0 x sinh(x) 2 sin(Am)
[e9) —axX [ IAX __ 1
/ PRC )=ln[ ¢ } (C12)
0 X o —iA

In the last line of Eq. (C10) we make a replacement ¥ — 7 using the identity sin(x + nm) sin(y — nr) = sinxsiny forn € Z.
Similarly,

B(t,x) =i f %e‘“k sin(kx)[e"T"* — 2ng(Bvk) sinh(Fvk)]
0

./oo dk _,, |:ei(ifv+x)k _ ei(ifux)ki| .e’%k[sinhz [(uf;ix)k] _ sinh? [(vf-;ix)k]]
=1 —e —1
o k 2i sinh (22%)

~ —iArg[—isinh (M>j| (C13)
Bv

where we have used iArg(z) = [In(z) — In(z*)]/2 and assumed o < x, vt. As discussed in Ref. [63], the expression of F>(t, x)
above is not quite correct since it is bosonic time ordered. To calculate fermionic correlation function, we need to add an
additional minus sign for t < 0, which can be taken into account by replacing T — t in the last line of Eq. (C13). Following a
similar procedure, the zero temperature results are given by

1 2 2
F1T=O(‘L'7 Xx) = 5 In [M

2
where we have taken replacements T — || for F1T=0(t, x) since § = oo and vT + o — vt + a sgn(r) for FZTZO(I, x) for the
reason of restoring fermionic time ordering.

Plugging Fj(z, x) and F,(t, x) into Eq. (C3), we find a standard result,

i|, F2T:0(7:, x) = iArg[vt + o sgn(t) + ix], (C14)
o

(M)Z)/-H
(R(z, X)R(0,0)), = P ‘ ,
2 [ sinh (ZOHRD) ] sinh (Z0m)

(C15)

T = —
(L(r. ))L1(0,0))r = —5—— [ sinh (Zckien) V[Sinh(%)]yﬂ.

APPENDIX D: DERIVATION OF CLEAN RETARDED GREEN FUNCTION IN FOURIER SPACE

Here we provide a detailed derivation of the retarded Green function given by Eq. (23) in the main text. A similar derivation
for density-density correlation function was discussed in Ref. [70]. We first compute the Green function in the Matsubara
frequency-momentum domain and then perform analytic continuation to the retarded Green function at real frequency. Below
we compute the left-mover Greens function, with the extension to the right-mover one is straightforward.

We first rewrite the above imaginary time-ordered Green function in a more convenient form:

; ( «/57501 )2V

2,31) [COSh (27”‘) cos (2’}?)]}/+1

By using the identity z7¥ = ['(v)~! fooo dxrexp(—zA)A'~! (for Re[z] > 0 and Re[v] > 0), Fourier transform of the Green
function can be written as

Gr(iwn, q) = / e @ em G (1, x)
fmx

2mx 2t X TT X FTT
- .2ﬁv1“(y+l)/ / dhe TNty T em T — e T
7,X

(ﬂ)zy ‘321) oo oo , , 2w )
— Bv Prv f Y / dy'el? [3—ulx o cosh(x)) f 4061 ghcos (0)
2BvI(y + 1) 4n? - 0

o0 1 / o[ i
% f dx el— 171 g2 cosh(x') f A0 g cos ©) } , (D2)
oo 0

%51 X T

Gr(t,x) = —(L(z, x)LT(0, 0)), (8%6'7 e_/fT'e_’?) (D1)

(o]
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where [ = [% dx, [ Efoﬁ dr, [i=["0 %, w,=2m(n+1/2)/B because of the boundary condition (L(t +

B.x)L(0,0)), = —(L(t, x)LT(0, 0)), and u = iBvg/2m. T denotes the Gamma function. We can use the following identities to
carry out the integrals:

o0
f dxexp[—bx — acosh(x)] = 2K,(a), for |Arg(a)| < %
—0Q0

27
/ dO exp [inf + acos(0)] = 2n1,(a),
0

o0
1
/ mhﬂummméﬂwzum&uyfmx>amm—m>—imm+m>—L
0

I3 +a+1)]

1
—=————=  forRe(a+b) > —1,Re(a) < -,
r[i—a+1)] @xt @=3

o0
/ dxx*Jp(x) =2¢
0

(/wd et 1B<“+b 1 b) for Re(a + b) > 0, Re(b) < 1 (D3)
X = = = ~ L 5 a > U, <15
0 [2sinh(x)]? 2 \2 2

where L € R, n € Z, a, b € C, and the integral variables x, 6 are along the real axis. I,(x) and Kj(x) are the modified Bessel
function of the first kind and the second kind, respectively. (Not to confuse with the Luttinger parameter K.)
The Green function becomes

. ()T gy g
Gr(iwy, q) = IWT/O dIAY [K_ 14y OOl ) = K1y OL(V)]
& dIrY /wdzj (21 sinh(2))[e —(n+3—u)z _e,(n,%,u)z]
AT+ 1) Jo o e

frrot 2y e (t5—wz _ p—(n—3-wz  poo
_ dX AT
271F()/ + 1)/ [2sinh(z)]" ! /o rl?)

a\2
i Y Y C N SO 2 N S € S SO 2 B
2Ty +D2|°\2 "4 2 2 2 4 2 2

FG+i+s+%)
rG+i+5-4%)

(D4)

We note that the individual terms in the z-dependent integrands are individually divergent at z = 0. However, the full integrand
is convergent for y < 1 by a Taylor expansion.

Now using the properties of Gamma and Beta functions: I'(z)I"(1 — z) = 7 /sin(wz), B(a, b) = I'(a)I'(b)/T (a + b), and
B(x,y) = B(x+1,y) 4+ B(x,y + 1), the above expression simplifies to

2ma )%
GL(iwn, q) = i—L— sin (y)B
472

T P FE 2 R

4 4 2

Now performing the analytical continuation iw, — w, = w + in (n — 0%) to get the retarded Green function for the left movers:

o \2Y
. B Bl@, + vq) B, —vg)  y+1
Gy, q>=lTsm(w>B[ =T 2 I_VH_’ e ,—y}. (D6)
Similarly, the retarded Green function for the right movers is given by
o \2Y
. B Bl B, +vg)  y+1
Gr'(@, q) =l sin (771/)3[ Zl—n + E 1 - V]B[—l zm +t —7/} D7)

The retarded Green function above is consistent with the finite temperature results in Ref. [61] (imaginary part) and the zero
temperature results in Ref. [59] (both real and imaginary parts) for y < 0.5 at low energy w/v, g < 1/a. To the best of our
knowledge, the full expression of G}?}L (w, q) has not appeared in the literature.
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Following similar procedure in this Appendix, we are able to perform the Fourier transform for a generalized Euclidean
function:

Fiw,, q) = / e e F (g, x)

T,X

B i\ (2ma\T Bw—ivg) y+m B(w+ivg) y+n
_W<ﬁ) (W) sm(ny)B[ o + > ,l—y—m:|B|: i + > ,l—y—n:|,
(D8)

where

(2_3)2)/+n+m

i n —i m
F(t,x) = :
(®0) <2na) (2na> sinh [2 (£ +i7)]"" sinh [ (£ —i7)]"™"

DY)

APPENDIX E: DERIVATION OF DISORDER-AVERAGED RETARDED GREEN FUNCTION IN FOURIER SPACE

At low temperature, by using Stirling’s approximation on the Beta function, B(x, y) ~ I'(y)x™, for a fixed y and |x| > 1,
Re(x) > 0, the clean Green function in Eq. (D6) can be written in the following asymptotic form:

o )21/ ra—-y)
2v/ Td+y)
The disordered Green function, as discussed in the main text, can be calculated via a convolution with a Lorenzian [see

Eq. (26)]. With the asymptotic approximation in Eq. (29), the disordered Green function can be evaluated by residue theorem
and is given by

G (. ) ~ =i( [—iw +vq) + 2wy TV [=i(w — vq) + 27(y + DTV, (ED)

L@, q) =G, g +iE™") + GY (0, 9), (E2)

where G{ﬁ‘ ;. 1s given by the following integral:

) 2 . a2 (1 —y) [ £/ Ry +1) 207!
Gy (®,q) = —i—sin (ny)(§> Fl—y dk p, _/w 5 |kt v —i—| K.
v (I+y)Jo [k-{-ﬂ—v—l(;—q)] —&- Bv v
(E3)
Using the following identity:
OodxxY(x+a)V*1(x+b)*1— =Y T T 2B 4y, —2y R (1,1 142y, 2 E4
= - v, 2ynb(L1+y, 142y, ), (B4
0 b sin 2wy) b
we derive the following expression:
—1
- 2% (1 — i(w+vg) — F +s07"
G5y q) = Y s sinry)( L) IO T e ———
—_t T 2v F(1+)/) sm(27'ry) —l(w—vq)+T+svg_
, 2r(y +1 2r-1 o 2Ry + DT . 2r(y +1 !
X [—z(w — vq)+% + své_l:l + [—12(0—}—%} |:—z(a) — vq)—}—% + sv§_1:|
D+ 271(2é/+1)
xB(1 4y, =2y)nFAll,14+y,14+2y, , (ES)
14 Y)2 1( 14 14 “i(w —vg) + 2n(;/;+1) —i—svS_')}

where , F] is the ordinary hypergeometric function.

APPENDIX F: DERIVATION OF THE TUNNELING CURRENT J

In this Appendix we provide the derivation of Eq. (37) in the main text. Working in the interaction representation, the
expectation value of the tunneling current density J, Eq. (36), is given by

J= %Tr[e_ﬁH”UT(I)JA(X)U(I)]’ D

where U(t) = Un)0;(t), Upa(t) = e, Uy(t) = Texp[—i ' dt'H]

tun

()] (T the time-ordering operator), H[{m(t) =
et HO o=t and B is the inverse temperature. Expanding in the weak tunneling matrix element 7o, we find the leading
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contribution to J ~ J@ is at O(z3) and is given by
—BH12

V4

J(2>(t,x):Tr (—=i)(—ty) Z/ dt’ /[U]TZ(I)J(X)UQ([) CZs(t -x)61§‘(t x)ezQx +Hecl]

=14

o—BHn o
= —eto Z / dt’ /Tr{ [CZYcls(t x)e'e* —chck(t x)e @ c%cls (t, x)e’Q" —i—Hc]} (F2)

s,8'=

In the interaction picture, the fermionic creation and annihilation operators have time dependence controlled by the zero-
tunneling Hamiltonian Hj,. In the weak tunneling setup, we use a source-drain bias to control the electrochemical potential
difference eV (with electron density fixed) between the two edges. We take the two edges to be in thermal equilibrium at a
common temperature T, at densities controlled by kr; and kp,, and at the fixed electrochemical potential imbalance that drives
a steady-state tunneling current. Accordingly, the effect of the source-drain bias can be included by the substitution c,(t, x) —
Cas(t, X)e /M where uy = eV, ur = 0. With straightforward algebraic manipulations, at time long since the tunneling was
turned on, we arrive at the steady-state current

c fcls(O O)C-L/CQS (1, x)) e e7iO

(c3 )
_(CT 25(0, O)Czs/cls’(t X )ye it 210X
(chy :

s.8'=1] s e
+ic ls/(l/,x/)clczs(O, 0))e—i@!’ i0¥
_€f() Z / dt / dx’ lwt —iQx' [(CIS’CZ& (t X )CZJCH(O 0)) (C;SCIS(O’ O)CL’CZS’(I/, X/))]’ (F3)
s,8'=1

where w = eV/h and (O) denotes the expectation value with respect to Hi, under thermal density matrix e PR /7 with Hy,
including the interedge interaction but not the interedge tunneling. We have used translational invariance in the first equality.
The derived expression is Eq. (36) of the main text and coincides with the result in Ref. [57]. We note that this current expression
is quite general, not relying on the linearized band or chiral decomposition.

APPENDIX G: ANALYTIC CONTINUATION OF CORRELATION FUNCTION

For notation simplicity, we define O = Zs:’[‘ ' CT +C2,s- We will also drop the spatial argument since the discussion here is
only related to the analytical properties in time. The response function of interest is given by

(o) oo
I ) = / die ' (0(1)0"(0)) = f die ) {n]O(0)|m) Pe Bt =P

—00 nm

=27 Z [(n|O)|m)|>e PEr§(w + E, — E,,). (G1)

Similarly, the tunneling current from edge 2 to 1 can be written as

I () = / dte (0% (0)0(1)) —2nZ| (n|0O)|\m))>e PEn§(w + E, — Ey)

=2me P Z |(n|00)|m)|*e PE8(w + E, — E,,). (G2)

The corresponding Matsubara correlation function is given by

B
T (i) = f dte ™ (T,0(1)0"(0)) = / dre’wﬂze E (nlu(t)0(7)0' (0) + u(—7)0T (0)O(1)|n)
0 0

B ‘
— / dte Ze@*ﬂr'ﬁ[u(r)aﬂ’fﬂ + u(=1)e PEn1|(n|0(0)|m)|?

0

n,m

O] >|2 [eﬂ(ErEm) _ l]efﬂE G3)
io, + E, — E,

By taking the imaginary part of the Matsubara correlator, and do analytic continuation iw,, — @ + in, we obtain the following
fluctuation-dissipation relation:

2Im[T (0 + in)] = [1 — e P2 () = [P — 1P (0) =2, (@) — I (o). (G4)

085152-23



HSIEH, CHOU, AND RADZIHOVSKY PHYSICAL REVIEW B 102, 085152 (2020)

APPENDIX H: BOSONIZATION AND DERIVATION OF J (z, x)

The action S}, in Eq. (43) can be generally written as two decoupled spinless LLs via a basis transformation shown in
Ref. [69]. Here we briefly summarize the result. By the transformation ¢, = Zb: L Pupopand 6, = Zb: 1 OQubp (a=1,2), the
action can be written as

Sn=§:/n{%ﬂ%%V+GMMﬁ+%@ﬁM&%4, (H1)
b=+ VX

where

5 2 2 N 2 Yt ocos e /= giple
vi+v vy — v Uy \ vk 2 K 2
=124 L _2) 4 (=) vKink,, P=
+
2 2 T U+ gin 2
sin
1Ky

(2%} v (2%}
2 nk, €08
LSRN ‘9% — /UK gin %2
0 Vi v_
[vks G O [vks oos b |’
Vi 2 v_ 2

with tan 61, = 2(U2/m)V/v1K; 1)21(2/(1)12 — v%) (v1 > v, is assumed without loss of generality). The matrices P and Q are chosen
to decouple the bosonic fields in the edge basis in the presence of interedge interactions, but under constraint to maintain their
canonical commutation relations, which corresponds to requiring PQ” = 1 or keeping the Berry phase term diagonal. The
four-point correlation function for tunneling current can be calculated as follows:

(H2)

o (1910001 (1042 (1. 0)+02(1.0)=61 (0,0)+61 (0,0)4+62(0,0)~62(0.0)1)

(L Ly(t, x)LIL1(0,0)), =

Qra)?
— 1 > e—% e [(Pro—Po ) +(Q16—02)* | Fii (. 3) =Y (Pio—P2y)(Q15— 02 ) Fai (T,X)
Qra)
— 1 l_[ e*%[(Plb*PZb)2+(Q1b*Q2b)2]Flh(fyx)*(1*P1bQ2h*P2hQ1b)F2b(f.,X)
2
QRra) palid
2yp+1
__ 1 (7)™
- (27‘[0[)2 : T (x+ivpT) —2viar . T (x—ivpT) )/b+loj71/|2+1’
b=z [ sinh (FER) 72T [sinh (Fogie)|
o \2Vt1
. . I (5)
2 tv-x 1 k] T =
(R]R>(t, x)RSR1(0, 0)) (H3)

B (27‘[0[)2 it [sinh (ﬂ(x;]f:bf))]yh+%ylz+l [ sinh (n(xﬁ—;’:z,t))])’b*%ylz ’

where Fy;, and F3,, are given in Appendix C with v — v, and the interaction parameters are given by

1 1 K> vk .
= —— sin 6, H4
Y12 > (,/ "k, + v2K2> 12 (H4)

— Py — Py 4 2 _ ] H5
Vb_z_t( b — 2b)+Z(Q1b_Q2b) — 3 (H5)

The tunneling current between right and left Fermi points can also be calculated by similar way:

<L-II-R2(‘L', )C)R;Ll 0, 0)), = e—% e [P1s—Po)*+(Q16—026)* | Fi (7. X) =Y (P1o—Pap)(Q15+Q26) Fap (T.X)

Qra)?
__ 1 [ 4w+ @u=go Fute-shafinron)
2mra)? fid
R (32)™"!
T Qra)? p— [ sinh (n(x;rlf:br))]}/b'F%—%?lz[Sinh (n(x/;;':hr))])’b*‘%"‘g?lz ’
(%)mﬂ

(RILy (7, x)LIR, (0, 0)), =

Qra)? pulied [Sinh (n(x+ivbr))]yh+%+§?1z [ sinh (n(x—ivbr))])/ﬁr%*%]_/lz ’ (HO)
= Bup Bup

_ 1 12K> vk \ . 61, + cos 0 H)
= — — sin cos 01.
Y12 ) K kK 12 12
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We discuss the simplified special case of K; = K, = K and v; = v, = v. It is convenient in this case to work with the
symmetric and antisymmetric fields (denoted by subscripts 4 and —, respectively, not to be confused with the chiral band index
for generic hLLL), which are given by

=¢1i¢>2 =)

, 0L = . (H8
=7 T2 )
In terms of these the Hamiltonian decouples and is given by
, 1 ) 1 1
Hip =Y vy | |Kp(@:p) + —(0:0) |, Sais= [ |Va) =005 +V_(x)=0,0_ |, (H9)
b=t X K, T,x T T

where vy =v/1 £ UK/2n%v and Ki = K/\/1 £ UK/2n2v, Vi = (Vi £ V»)//2, satisfying V,()Vy (y) = Apy8(x — y),
A =A__=(A1+A2)/2, Ay =A_1 =(A; — Ay)/2. For repulsive interedge density-density interaction U > 0, we
have v_ < vy and K; < K_. As for a single edge, we can eliminate the disorder potentials via a linear transformation on
the 6, fields, S12[0s, 5] + Sis[0p] = S12[0s, ¢5] + const., where

X

- K
Bo(r. ) = Op(e.) + / Vo(y)dy. (H10)

—0Q

With this transformation, the disorder-averaged correlator can then be straightforwardly calculated using Eq. (19).

APPENDIX I: FOUR-POINT CORRELATION FUNCTION FOR TUNNELING CURRENT COMPUTATION

The calculation of tunneling current requires a Fourier transformation of a four-point correlation function with two different
velocities, which is generally quite difficult, even numerically. In this Appendix we consider the following two complimentary
cases, which cover a broad spectrum of situations with significantly simplified calculations: (i) Finite temperature in the absence
of interedge interaction and (ii) zero temperature in the presence of interedge interaction. We will also discuss the special case
of identical edges, where analytical expressions are derived.

1. Finite temperature, no interedge interaction

In the absence of interedge interaction, we consider a space-imaginary time correlation function of the following form:

C(t,x) = Gi(z, )G2(7, x) an
that in Fourier space is a convolution
1
Clion,g) =5 3 [ Gitiw, = i, g = B0 ) 1)
(o k

where iw, = 2nTn [iw,, = 27T (m + 1/2)] is bosonic (fermionic) Matsubara frequency. To this end, it is convenient to first
trade the Matsubara summation for an integration. Using the standard Lehmann spectral representation

o0 ret
Glion, q) = ~ / g @ )l 13)
T J o 7 — iwy,

we can express C(iw,, ¢) in terms of the retarded Green functions G as follows:

C(ia)n, q) = % Z\/];/ / Im[Grle (Z, q — k)] IHI[(;Ee (Z s k)]

z—iw, + iw, 7 —iwy

1 Grel ,q — k I Gret /’ k
24// ml G e.a — DJin[ 67 b [nF(=2) — np ()], a4)
kJz,7

247 —iw,

where [ = f_oooo dz/2m and the Matsubara summation was done by, e.g., the Poisson summation formula. After the analytic
continuation iw, — w + in, the imaginary part of the correlation function is given by (z’ replaced by £2)

Im[C(w + in, q)] = 2/

Im[G (0 — 2, ¢ — k) |Im[G5(Q, k)] [nF (2 — ©) — np(Q)]. 15)
Q.k

Considering a special case that one of the edge is noninteracting, e.g., K, = 1, the spectral function of edge 2 becomes a delta
function

Im[G, (R k)] = —78(Q F vk). (16)
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After integrating over k, we obtained the following integral expression for the correlation function:

1 Q
Im[C(w + in, )] = — - / Im[Grft<w -Q,qF ;)}[np(ﬂ — ) —np(Q)]. I7)
Q

2. Zero temperature, with interedge interaction

The tunneling current can also be directly calculated by Fourier transforming Eqgs. (50) and (56) following the approach in
Ref. [57]. Specifically, we rewrite Eq. (37) as an integral from ¢ = 0 to co with the integrand (space-time correlator) obtained by
an analytic continuation T = it + € sgn(¢) from the Euclidean correlation function. Below we will discuss the calculation of J;
and Jgr. The tunneling current J;;, at zero temperature is given by the following integral:

1 © R U . a2
Jir(V,q) = — ﬁRe/ dx/ dreVEint g=iax
—00 0

. _b . b
Pl (x — upt + lé)yb 2)/12(x + upt — le)Vb+2)/12+l

M(=2y; — 2y > 5.
- (V+—2)’)Re/ duln — i(vV — quPr- T . o ———. ()
27 —0 bt (U — vp + €)1 (U 4 vy — i€)TRVF

where in the second equality we change the variable x = uf and integrate over ¢ using the gamma function identity. The tunneling
current Jg;, can also be calculated with the same procedure, and is given by

-2 —2y_ o0 2y
TV, gy = SEHe Z 2 ) g [ Gty — v — quypr [ — . (19
22 oo s (1 — v+ €)1y oy, — je)rtaTets

In evaluation of the integrals in Egs. (I8) and (19), one can detour the integration contour [57] to yield accurate numerical results.
The effects of forward-scattering disorders can be included by replacing ¢ in the integrand with g — i sgn(u)/£.

3. Identical edges

For identical edges v; = v, K; = K, and in the absence of interedge interaction, we can derive the exact disordered zero-
temperature expression using similar procedure as in Appendix D. We were not able to derive a low-temperature asymptotic
expression since Stirling approximation gives a qualitatively wrong answer in low temperature in this case. The exact zero-
temperature clean tunneling current is given by

et? s a N\ T(1—2y) .
J =0 0 (_) I s 2y—1p__ _ 2y+1 ,
1L (w,q) = “a\w) Tt m{[—i(w +vg) + 77" [—i(w —vq) + ]}
_ et, a4 T'(1-2y) . .
I =%, 0( ) Sl 24 YT 2 [i(w — 2y, 110
R (@, q) = m\2) T@T2y) m{[—i(w + vq) + nl7'[—i(w — vq) + n]™"} (I110)
The disordered tunneling current can be calculated by Residue theorem and is given by
JdlS RL/LL(wv q) = JlT,EI(,)/LL(“% g+iEH+ JzT,;LO/LL(“% q9), In
where
. _ 2y—1
_ et? wT-2y) T i(w~+ vg) + svE™!
7=, g 1 ) ( )
210 (0:4) = Zs SINCTYN5) T 2y) | sin@ny) | —iw — vg) + svE
x[—i(w — vg) + svE 1Y — [<i20 + 0] H [—i(w — vg) + svE~']!
)
WBQR+2y. —1 —dynFi( 1,242y, 244y, — =0t ,
—i(w — vg) + svE~!
4y T(=2 j i
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—i2w+n
xB(1+2y, —1/2 = 2y R 1,142y, 2 + 4y, — . 112)
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