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We present a multi-probe transport analysis that effectively separates bulk and edge currents in
large Hall bar devices with standard geometries. Applied to transport measurements on all possible
four-probe configurations of six-probe Hall bar devices made of inverted three-layer InAs/GaInSb
quantum wells (QWs), our analysis not only reveals the presence of dissipative edge currents in the
topological gap, but also allows the temperature dependence of bulk and edge conductivity to be
evaluated separately. The temperature dependence of the edge conductivity for Hall bar channels
from 10 µm to 70 µm in the range of 1.5 K to 45 K is consistent with the theoretical expectation
of weakly interacting helical edge electrons with backscattering due to localized magnetic moments
of charge impurities. We argue that these charge impurities are naturally associated with intrinsic
Ga-antisite defects, which act as double acceptors in InAs/Ga(In)Sb-based QWs.

I. INTRODUCTION

The resistivity of two-dimensional (2D) systems, like
quantum wells (QWs) or monolayer materials is usu-
ally measured either by means of the van der Pauw
method [1], or by using specially designed devices, such as
Hall bars (HBs). These methods are well suited for triv-
ial 2D systems that conduct only through the bulk, while
they must be modified for topological materials with ad-
ditional conduction at the edges, superimposed on the
conventional bulk resistivity. Typical examples of such
2D topological materials are quantum spin Hall (QSH)
insulators [2]. The one-dimensional (1D) edges of QSH
materials are metallic, while their bulk is insulating.
In the HB devices of QSH materials, the edge cur-

rent is usually determined by analyzing non-local resis-
tances [3–9], because the bulk contribution becomes ex-
ponentially small when the distance between the probes
is large. However, the existing non-local measurements
have not used the full potential of this method offered by
the presence of all the contacts in HB devices. Indeed,
conventional non-local transport measurements involve
only certain contacts, which does not allow one to ac-
curately determine the contribution of the residual bulk
current that may coexist with the edge current due to
hopping or thermal activation. Very often, to evaluate
the residual bulk current, one has to perform additional
measurements based on Corbino disks [8–10] or devices
of specific geometry [11, 12]. The purpose of this work is
to demonstrate a new multi-probe analysis for the sep-
aration of edge and bulk current in HB devices made
from QSH insulators. The essential point of the proposed
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method is that it is based on the transport measurements
involving all 45 geometries of conventional six-probe HB
devices. The use of all possible geometries allows us to
obtain maximum accuracy in the separation of bulk and
edge currents.

Despite the fact that the first experimental evidence of
QSH insulator state was found in HgTe QWs [3], which
made this 2D system canonical for studying transport
through topological edge states, for our HB devices, we
chose QSH insulators on the basis of III-V semiconduc-
tor QWs. The main reason for this choice is that III-V
semiconductors have well-established technological pro-
cess for manufacturing devices, while good ohmic con-
tacts of well-reproduced geometry are still difficult to
achieve in HgTe-based QSH devices. Incorrect determi-
nation of device geometry or poor contact ohmicity would
greatly compromise the quantitative multi-probe analysis
presented below.

The first 2D system based on III-V semiconductors,
in which the QSH insulator state was predicted [13] and
then experimentally observed [5] are inverted InAs/GaSb
QW bilayers (2Ls). Due to the inverted bandgap typi-
cally lower than 4 meV [14], the observation of topologi-
cal edge states in InAs/GaSb QW 2Ls is more challenging
than in HgTe QWs. Particularly, the small bandgap re-
sults in high residual bulk conductivity and additional
parasitic edge conductance, which persists even in the
trivial regime [10], thus hindering a clear observation of
the transport via topological edge states. However, these
initial difficulties inherent in InAs/GaSb QW 2Ls were
later overcome and the QSH effect was observed, either
by reducing the bandgap mobility [8], or by engineering
strained InAs/GaInSb QW 2Ls [15] with higher bandgap
values.

Not long ago, some of us predicted that adding a third
InAs layer to the InAs/Ga(In)Sb QW 2Ls would signif-
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icantly increase the bandgap values in the QSH insu-
lator state [16]. Subsequent magneto-optical measure-
ments of three-layer (3L) InAs/GaSb QWs confirmed
that the inverted bandgap was much higher than in the
QW 2Ls [17], and was independent of temperature, un-
like the one in canonical HgTe QWs [18, 19]. Later,
numerous THz spectroscopy investigations and magne-
totransport studies of large-scale QSH devices confirmed
the whole phase diagram of topological states predicted
for 3L InAs/GaSb QWs [20–26]. Finally, we have re-
cently been able to experimentally realize strained 3L
InAs/GaInSb QWs with a large inverted bandgap up to
45 meV, making these structures promising candidates
for high-temperature QSH insulators [27]. By combining
local and non-local measurements of the HB devices, we
detected the traces of edge conductivity at temperatures
up to 40 K with equilibrium lengths of a few micrometers.
Our observed edge conductivity was much lower than its
predicted quantized value [27], which can be explained
by the presence of backscattering in the edge channels of
large HB devices made from QSH insulators [6, 28–33].

To perform any characterization of the backscattering
mechanism, one has to carefully extract the edge contri-
bution dependence on temperature (T ) or voltage drop
(V ) in the edge channel from the experimental data [28–
33]. In the large scale HB devices, the edge contribution
into non-local transport always coexists with the residual
bulk contribution [8, 34]. The residual bulk contribution,
in turn, can also depend on temperature, which distorts
the temperature dependence of non-local transport, mak-
ing it different from the real dependence of the edge con-
tribution. Currently, there are only a few works [35–37]
devoted to studying the dependence of edge conductance
on temperature or voltage drop in the channel of HB de-
vices made from InAs/Ga(In)Sb-based QSH insulators.

In particular, transport measurements of Li et al. [35]
at T < 2 K, performed in an HB device with a chan-
nel length of 1.2 µm made of InAs/GaSb QW 2L, re-
vealed a power-law dependence of the edge conductance
on the voltage drop and temperature, which was inter-
preted as the observation of a helical Luttinger liquid
at the HB edge. In contrast, scanning superconduct-
ing quantum interference imaging of the edge current in
50-µm-long channels revealed temperature-independent
edge resistances in the range up to 30 K within the lim-
its of experimental resolution [36]. In both works [35, 36],
the InAs/GaSb interface was additionally doped with sil-
icon to reduce the residual bulk conductivity. Finally,
the transport measurements at T < 2 K of inverted
InAs/Ga0.68In0.32Sb QW 2L of Li et al. [37] showed that
the edge conductance in a 12-µm long HB channel in-
creases with increasing T or V . We note, however, that
the interpretation of the results of these measurements
did not take into account the residual bulk conductivity,
assuming that it should be negligible in a 2L QW with a
bandgap of about 20 meV at T < 2 K.

In this work, by applying the multi-probe analysis to
the transport measurements of several HB devices made

FIG. 1. Color maps of the four-probe resistances Redge
14,25 (panel

a) and Rbulk
14,25 (panel b), as a function of the parameters L/W

and lp/L defining the shape of the HB. The black lines are
equipotential lines at zero resistance. The three solid dots
represent the geometry of devices HB10 (red dot), HB50 (blue
dot) and HB70 (black dot). The inset shows the HB geometry
and contact labeling.

from large-gap 3L InAs/GaInSb QWs, we first check that
the edge current in the inverted gap can be detected
by a sign reversal in some four-probe resistances of the
HBs. Such a sign reversal is a signature of strongly mod-
ified current flows that was used, for instance, for de-
tecting the appearance of the hydrodynamic regime in
graphene [38]. Then, by analyzing transport measure-
ments in all possible four-probe configurations at differ-
ent temperatures, we separately evaluate the tempera-
ture dependencies of the bulk and edge current contribu-
tions for two HB devices. We show that the temperature
dependence of edge conductivity in both HB devices, as
well as previous experimental results [35–37], are well ex-
plained by the backscattering due to localized magnetic
moments [32]. We argue that the presence of these lo-
calized magnetic moments is naturally associated with
intrinsic Ga-antisite defects, acting as double acceptors
in InAs/Ga(In)Sb-based QWs.

II. DETECTION OF EDGE CURRENTS

First, let us determine some geometries in which a sign
reversal of the resistance is expected as the current flows
from the bulk to the edges. We start with a simple model
of a HB, as shown in the inset of Fig. 1. The HB rep-
resented as a 2D rectangle of width W and total length
L, has six infinitely small contacts labeled from 0 to 5,
and the distance between two adjacent side contacts is
marked as lp. By definition, Rij,kl is Vkl/Iij , where Vkl is
the voltage difference between contacts k and l, and Iij
is the current from contact i to contact j.
If the current flows only at the edge of the HB and

is dissipative, we can introduce a one dimensional edge
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FIG. 2. (a,b) Geometry of (a) device HB10, and (b) device HB70, with a distance lp = 10 µm and lp = 70 µm between the
middle probes respectively. The grid used for the numerical calculation is indicated in blue (bulk part) and orange (edge part)
colors. The mesh size is 1 µm. The ohmic contacts are shown with thick black lines. (c,d) Numerically calculated four-probe
resistances Rij,kl both for bulk conduction only (Ge = 0) and edge conduction only (σb = 0), for (c) device HB10 and (d)
device HB70. Resistances have been normalized to their maximum value for each device and conduction type.

resistance per unit length, Re. This situation can oc-
cur in the QSH state when the HB dimensions are larger
than the helical edge backscattering length induced by
the presence of charge puddles [39]. It may also hap-
pen if parasitic edge currents are present[10]. In these
situations, the corresponding resistances Rij,kl can be
calculated analytically. For example, R14,25 = (P/2 −
2lp)Re/2, where P is the perimeter of the HB. Note that
R14,25 can be either positive or negative. In the opposite
case, if the HB is perfectly homogeneous with an isotropic
conductivity σb, then Rij,kl can be calculated by a nu-
merical Schwartz-Christoffel (SC) mapping [40] from the
Hall rectangle onto an infinite half-plane, as originally
proposed by van der Pauw[1].

In the case where the HB hosts a QSH state, a tran-
sition between these two configurations can be observed
by adjusting the carrier density using a gate. From basic
geometric considerations that arise from the SC mapping
onto the half-plane, it can be shown that Rij,kl always
has the same sign if the probes k and l are adjacent and
not separated by one of the probes i or j (i.e., the probes
i,j,k,l define one of the usual van der Pauw configura-
tions). Such a relationship does not hold if the probes
i, j, k and l are interleaved.

Let us focus in particular on the interleaved configura-
tion R14,25. We have calculated R14,25 in the case of edge

current only (Redge
14,25) and bulk current only (Rbulk

14,25) as a

function of the dimensionless parameters L/W and lp/L

of the HB. Figure 1 shows the mapping of Redge
14,25 and

Rbulk
14,25 as a function of L/W and lp/L. It appears that

the region where Redge
14,25 and Rbulk

14,25 have opposite signs is

quite extended. Moreover, for large L/W and small lp/L,

Redge
14,25 can be quite large. Therefore, to detect a change

in current flow induced by a topological transition, these
peculiar HB geometries are particularly well suited.

III. SEPARATION OF THE BULK AND EDGE
CONTRIBUTIONS

We now develop a numerical model adapted for realis-
tic HB geometries. It takes into account the finite size of
the contacts and includes both edge and bulk conduction
via the two parameters Ge and σb. We assume the exis-
tence of a unique electrochemical potential ψ in the HB.
In the inner part of the HB, current conservation and
Ohm’s law yield the usual Laplace equation ∆ψ = 0. On
the edges, the boundary condition is imposed by current
continuity:

Ge
∂2ψ

∂x2
+ σb

∂ψ

∂y
= 0, (1)

where x (y) is the direction parallel (normal) to the edge
and Ge = 1/Re. Note that Ge is in Ω−1 ·m and σb is in
Ω−1. The validity of this model for QSH states depends
on additional assumptions discussed in Appendix A. We
note that similar models have already been successfully
applied to decouple edge and bulk conductance for both
2D [12] and 3D [41] topological insulators.
We assume an infinite conductivity for the contacts.

For the source and the drain contacts i and j we apply
Dirichlet boundary condition. This completes the set of
boundary conditions, and ψ, as well as the associated
current distribution, can be calculated numerically for a
given device and a given experiment.
For the numerical solution of the boundary value prob-

lem described by Eq. (1), we used a finite difference
scheme on a square grid. We have chosen standard HB
geometries with six contacts, with a HB width W =
20 µm, and a HB total length L = 130 µm. Typical
geometries are shown in Fig. 2(a,b). The size of the
four lateral contacts of infinite conductivity is fixed to
lc = 10 µm. We let the distance lp between the middle
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probes vary from device to device, and label devices with
the prefix HB followed by a number corresponding to lp.
Hence, lp = 10 µm, 30 µm, 50 µm and 70 µm for HB10,
HB30, HB50 and HB70 respectively. The six probes are
labeled from 0 to 5, see Fig. 2(a,b). In a device with six
probes, we obtain 45 possible Rij,kl resistances, impos-
ing i < j, k < l and excluding Rkl,ij if Rij,kl is already
present, because the Onsager-Casimir relation imposes
Rkl,ij = Rij,kl. In what follows, these 45 configurations
are used to check the integrity of the HBs. However,
the number of configurations can be reduced to 12 by
considering the HB symmetry and removing certain re-
dundancies (for example, R01,24 = R01,23 +R01,34).

Figure 2(a) shows the geometry of HB10, as well as the
finite difference grid used for the numerical calculation.
We used a mesh size a = 1 µm ≪ W,L, which ensures
a good numerical estimate of ψ in the inner part of the
HB. Figure 2(c) shows the 45 resistances Rij,kl calculated
for HB10 for two extreme cases: i) bulk conduction only
(Ge = 0) and ii) edge conduction only (σb = 0). For
clarity, in these two cases the resistances have been nor-
malized with the highest value of the 45 resistances for
bulk and edge conduction: 0.75/σb Ω and 45/Ge Ω·µm−1,
respectively. Interestingly, the Rij,kl signatures for these
two cases are very different. First, R15,24, often nick-
named the “non-local” resistance, greatly exceeds R03,12

in case of edge conduction. Second and as expected, the
previously studied configuration R14,25 changes its sign
when the conduction evolves from bulk to edge. More-
over, a similar sign reversal is also observed for the config-
urations R02,13, R02,14, R04,25, R04,35, R13,25, and R14,35.
These configurations are indicated by vertical red arrows
in Fig. 2(c).

Similarly, Figs. 2(b,d) show the geometry of HB70 and
the associated Rij,kl signature for bulk and edge conduc-
tion. Again, the resistances have been normalized with
the highest resistance value for bulk and edge conduction:
3.5/σb Ω and 37/Ge Ω ·µm−1, respectively. As expected,
the non-local resistance R15,24 is much larger for edge
conduction than for bulk conduction. However, when
compared to Fig. 2(c), the differences between bulk and
edge conduction appear less obvious. In particular, there
is no more sign reversal when the current flow moves from
edge to bulk. The same analysis has been performed for
HB50. For this geometry, a sign reversal is detected only
for R14,25. The three different geometries: HB10, HB50
and HB70 are reported in Fig. 1 as solid colored circles.
The positions of these HBs in Fig. 1 confirm that a sign

reversal between Redge
14,25 and Rbulk

14,25 is indeed expected
for HB10 and HB50, while in contrast, no sign reversal
should be expected for the HB70 geometry.

The structure used for the fabrication of the HB de-
vices was grown by molecular beam epitaxy (MBE)
on a (001) n-type doped GaSb substrate. On the
substrate, a 700 nm GaSb layer is grown, followed
by a 1500 nm AlSb buffer, then a 10 × 2.5nm/2.5nm
AlSb/GaSb superlattice (SL). After the SL, a symmet-
rical 3L InAs/Ga0.68In0.32Sb QW is grown between two

FIG. 3. Growth scheme (a) and band structure (b) of the 3L
InAs/Ga0.68In0.32Sb QW used for fabrication of HB devices.
The blue and red curves represent the energy-dispersion of the
electron-like (E1, E2) and hole-like (H1) subbands, respec-
tively. The positive and negative values of quasimomentum
k correspond to the [110] and [100] crystallographic orienta-
tions. The inset shows an optical image of device HB10a.

40 nm AlSb barriers. The 3L QW consists of a 3.1 nm
thick Ga0.68In0.32Sb layer surrounded by two 9 nm wide
InAs layers. Finally, the top AlSb barrier is followed by
a 5 nm thick GaSb cap layer to prevent oxidation of the
AlSb barrier in air (see Fig. 3(a)).

Band structure calculations based on the eight-band
k·p Hamiltonian were performed by expanding the eight-
component envelope wave functions in the basis set of
plane waves and by numerically solving the eigenvalue
problem. In the Hamiltonian, which directly accounts the
interaction between Γ6, Γ8 and Γ7 bands of bulk materi-
als, we also include the terms describing the strain effect
due to the mismatch of lattice constants in the buffer,
QW layers and AlSb barriers. Details of the calculations
and the form of the Hamiltonian can be found in Ref. 42.
The bulk material parameters and valence band offsets
used in the calculations are taken from Ref. [43]. These
calculations show that the grown 3L InAs/Ga0.68In0.32Sb
QW has an inverted band structure, when the electron-
like E1 subband lies below the hole-like H 1 level [44])
with a band gap of 27 meV (see Fig. 3(b)). When the
Fermi energy is in the inverted gap, QSH edge conduction
should appear. On the contrary, when the Fermi energy
is in the valence or conduction band, bulk conduction
comes into play. The position of the Fermi energy can be
modulated by a gate voltage.

More than ten HBs have been realized and measured in
detail. The HBs have a metal top-gate and the geometry
discussed above. In the following, we focus mainly on
two HBs, named HB10a and HB70a, whose geometries
HB10 and HB70 are shown in Fig. 2(a,b). As can be
seen, each HB device has, in addition to the two edge
channels of length lp between the middle contacts, four
edge channels with a length l1 = (L − lp − 2lc)/2, i.e.,
l1 = 50µm for HB10a and l1 = 20µm for HB70a.

The experiments were performed at low temperatures
down to T = 1.5 K. All measurements were made with
high impedance 1 TΩ preamplifiers, using standard lock-
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FIG. 4. (a) Evolution of the 45 Rij,kl resistances as a function of the top-gate voltage Vtg for device HB10a at T= 1.7 K. The
colored lines are the experimentally measured four-probe resistances. The black dotted lines are the best nonlinear least-squares
fit of the 45 resistances with the two-parameter model based on the edge conductance Ge and the bulk conductivity σb. The fit
is performed for each gate voltage value Vtg. The seven configurations in which a sign inversion of the resistance is expected,
as shown in Fig. 2, and demonstrated experimentally, are highlighted with red boxes.

FIG. 5. R14,35 as a function of Vtg for HB10a at four different
temperatures: 1.7 K, 10 K, 30 K and 45 K.

in techniques and a current of 10 nA at a frequency close
to 10 Hz. Measurements in four-probe configurations
were automated using a mechanical switch system. Dur-

ing the measurement, the top-gate voltage is continuously
swept from negative to positive and back to negative val-
ues over a period of several minutes. A small hysteresis
occurs and the amplitude of the peaks depends on the
direction of the gate voltage sweep [26]. Unless other-
wise stated, the data presented below were taken for a
negative gate sweep.

Figure 4 shows the 45 four-probe configurations mea-
sured on HB10a at T = 1.7 K, as a function of the top-
gate voltage Vtg. The solid colored lines correspond to
the experimental data. A prominent peak is observed
for all configurations, and attributed to the inverted gap.
On the left (right) side of the peak, the Fermi energy lies
in the valence (conduction) band and bulk conduction
occurs. On the two sides, the charge of the carriers was
confirmed by Hall measurements. At the peak maximum,
edge conduction is expected to take place. As some de-
tails are difficult to see in Fig. 4, some important curves
have been enlarged and are shown Fig. 9, Appendix B.

Remarkably, the sign reversal predicted by the model
for the HB10 geometry at the transition from of bulk
to edge conduction is observed in the evolution of R02,14,
R04,25, R04,35, R13,25, and R14,35 as a function of the gate
voltage. Only for R02,13 and R14,25 the expected change
of sign is not obvious in Fig. 4. However, a close look on
the data reveals that a sign reversal also takes place for
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FIG. 6. Evolution of Ge (orange dots) and σb (blue dots) as a function of top-gate voltage Vtg at several temperature values
for HB10a. The error intervals are indicated as colored areas.

these two configurations. For R14,25, the central positive
peak attributed to edge conduction is so intense (more
than 170 kΩ) that it masks the negative resistance on its
aisles (which peaks at −2 kΩ). Moreover, for some of
the Rij,kl peaks, a double peak structure can also be ob-
served, see e.g. R02,45, R03,25 and many other resistances.
Such a double-peak structure indicates that between the
two peaks dramatic modifications of the current flow take
place.

The sign reversal can be used to determine the high-
est temperature at which the edge conduction dominates.
Figure 5 shows R14,35 for HB10a at four different tem-
peratures. The sign reversal is seen up to T = 30 K,
which demonstrates the presence of the edge currents in
HB10a at least up to this temperature, without further
analysis.

For each Vtg, the 45 resistances were fitted together
with the parametersGe and σb, as described by the model
above. The fit involves the resolution of a nonlinear
least-squares problem, which we solved numerically. The
details of the procedure are given in Appendix C. The
dashed black lines in Fig. 4 are the best obtained fits,
with a standard deviation which does not exceed 7 kΩ
even at the peak maxima. By comparison, the maxima
of the resistance peaks can largely exceed 100 kΩ, see e.g.
R14,25. Qualitatively, the sign reversal of the resistances
and the double peak structures are well reproduced. The
largest discrepancy is obtained for the resistance peak of
R03,15, which is a transverse (Hall) resistance, sensitive
to any residual asymmetry.

The fitting parameters Ge and σb are shown in
Fig. 6(a) for HB10a, as a function of Vtg and at T ≃
1.8 K. The error bars are also indicated as colored ar-
eas. Some remarkable features can be spotted. First,
edge conduction largely dominates at the peak center,
where bulk conduction becomes very small, with a re-
sistivity greater than 1 MΩ. In the bandgap region, at
Vtg ≃ −1.5 V, Ge = 200 µS·µm. In the hypothesis of dif-
fusive helical edge states, one expects the edge conduc-
tance Gedge to be defined as Gedge = (e2/h)λ/l, where
λ is the backscattering length and l the length of the
edge. Note that Ge presented in Fig. 6 is defined as
Ge = Gedgel. Thus, the backscattering length is around
5 µm, which is in good agreement with typical values in
the literature [8, 11, 15, 27, 37].

As Ge decreases dramatically above Vtg = −0.5 V,
there is no edge conduction in the conduction band. This
can be evidenced even if the error bar is quite large. By
contrast, edge conduction in the valence band region is
revealed. The persistence of such an edge conduction is
confirmed by a direct and close analysis of the non-local
resistances like R15,23, which remains anomalously large
on the left side of the peak: R15,23/R03,12 ≃ 10% in the
valence bands, while we would expect 2–3 % for the bulk
conduction only.

The nonzero edge contribution in the valence-band re-
gion is not surprising – some theoretical studies [45] in-
deed predict the coexistence of edge and bulk states in
complex valence band, described beyond the Bernevig-
Hughes-Zhang model [44]. Alternatively, the edge con-
duction may be attributed to additional parasitic edge
currents.

The fitting parameters Ge and σb have been extracted
at different temperatures, as shown in Figs. 6(a-d). The
edge conductance in the bandgap persists up to 30K or
more, with a weak temperature dependence. By contrast
the bulk conductance in the gap increases. Six HBs at
different temperatures were investigated with this tech-
nique. All devices showed a very weak temperature de-
pendence of the edge conductance below T = 10K. At
the lowest temperature of T = 1.7K, Ge varied from
50 µS · µm to 250µS · µm from device to device, and
the bulk conduction varied from 1 × 10−2 µS · µm up to
1 µS ·µm. It turned out that Ge and σb are very sensitive
to the device preparation, and the gate voltage sweeps
performed.

To elucidate the temperature dependence of the edge
conduction, thorough measurements were performed on
HB10a and HB70a with a small temperature step, from
5K up to 80K, always using the same voltage sweeps.
Figure 7 shows the temperature dependence of σb ex-
tracted from these measurements. The σb and Ge val-
ues have been taken at the gate voltages corresponding
to the minima of σb(Vtg). At high temperatures, above
T = 20K, σb has an activated behavior and can be fitted
by exp(−∆/2kBT ), where ∆ is the energy gap. The fit on
the range 40K < T < 90K yields ∆ = 26±1 meV, which
is in very good agreement with the theoretical bandgap
value provided in Fig. 3(b). On the contrary, the temper-
ature dependence of σb is weak at T < 20 K, which might
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FIG. 7. Bandgap bulk conductivity σb as a function of tem-
perature for HB10a (blue symbols +) and HB70a (navy blue
symbols ×). The thick cyan line represents the fit obtained
by exp(−∆/2kBT ) with ∆ = 26±1 meV. Edge conductances
Ge are also shown as brown symbols + and red symbols × for
HB10a and HB70a respectively. Colored areas indicate error
intervals.

indicate the onset of hopping transport. The logarithm of
σb can be fitted with a power law of the kind T 1/α, with
α < 4. Unfortunately, the limited temperature range
available for our measurements does not allow us to de-
termine α with good accuracy. Hence, the underlying
hopping mechanism cannot not be identified. Finally,
σb for both HB10a and HB70a almost coincide over the
whole temperature range 5K < T < 80K. The fact that
σb depends only weakly on the device and its geometry
suggests that the multi-probe model is adequate.

Figure 7 also shows the temperature dependence of
Ge in the middle of the bandgap. Note that Ge was
evaluated at the gate voltage where σb is minimal. The
edge conductivities for both devices are quite similar at
low temperatures, with a weak metallic behavior. As
seen, Ge tends to saturate below 30 K at values around
200 µS · µm. The extrapolation of Gedge to T = 0K
does not reach the quantized value (e.g., l/Ge = 50 kΩ
(350 kΩ) with l = 10µm (70 µm)). Above 50 K, the edge
conductances of both devices differ. In device HB70a,
the edge conductance disappears and merges with the
bulk conductivity. On the contrary, an extra edge con-
ductance persists in HB10a up to 90K. This difference
in behavior is unexpected and may be due to additional
differences between the two HBs not accounted for by
the model, as current leaks through the bottom gate. In
the following, we provide a more detailed analysis of the
temperature dependence of the edge conductance below
50K only.

IV. POSSIBLE ORIGINS OF THE EDGE
BACKSCATTERING

As mentioned in the introduction, the temperature and
voltage drop dependence of the edge conductance may
lead to the identification of the backscattering mechanism
arising in the helical edge channels of large HBs [28–33].
In a very general case, the edge conductance depends
dramatically on whether the 1D system is strongly cor-
related or not [32, 33, 46, 47]. The parameter that char-
acterizes the sign and the strength of the many-particle
interaction in a 1D system is the Luttinger parameter K:
K < 1 for repulsion, K > 1 for attraction, and K = 1
for the non-interacting case. Besides, the value K = 1/4
is a natural crossover between the Fermi liquid regime
with relatively weak Coulomb interaction (K > 1/4) and
the strongly correlated case of 1D helical Luttinger liquid
(K < 1/4).

Despite numerous theoretical models, existing experi-
mental results in various QSH materials [6, 34, 36, 48–
50] are still interpreted based on the general concept of
charge puddles [30, 31] that trap edge carriers and within
which the spin flips, allowing backscattering in the heli-
cal edge channels. In the following, let us first consider
the most likely causes of backscattering in the edge chan-
nel of QSH insulators based specifically on semiconduc-
tor heterostructures, like HgTe QWs and InAs/Ga(In)Sb
QWs. Very recently, Dietl [51, 52] noticed the criti-
cal role of localized spins of native acceptors with res-
onant levels in the bandgap on the properties of HgTe-
based QSH insulators. Experimental studies of interband
photoconductivity [53] and relaxation times of photo-
excited carriers [54, 55] demonstrated that these na-
tive acceptor states in HgTe QWs are associated with
Hg vacancies, acting as double acceptors. In turn,
the arising of double acceptors in InAs/Ga(In)Sb-based
QWs is naturally associated with intrinsic Ga-antisite
defects in Ga(In)Sb layers possessing the lowest forma-
tion energy [56–59]. The presence of these defects in
3L InAs/GaSb QWs was previously revealed by the ob-
servation of its characteristic resonant line with an en-
ergy of about 35 meV in the terahertz photoluminescence
spectra [17, 23]. From these considerations, we can ex-
pect HgTe- and InAs/GaSb-based QWs to have similar
backscattering mechanisms, based on the localized spin of
the native acceptors. Interestingly, the conclusion on the
similarity of backscattering mechanisms was previously
made by Spanton et al. [36] by comparing experimental
images of the edge current in InAs/GaSb 2L QWs and
HgTe QWs [60]. Thus, as the main backscattering mech-
anism, we will further consider the interaction of helical
edge electrons with the localized spin of the impurities
randomly distributed along the edge.

In what follows, to describe our experimental results
on the temperature dependence of the edge conductance,
we will use a model by Väyrynen et al. [32] that takes
into account the backscattering of edge electrons due to a
ensemble of localized magnetic moments of random ori-
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entation. Considering a channel hosting many diluted
impurities near the edge, the conductance of a single edge
Gedge of length L in the high temperature regime T > T ∗

can be written as:

Gedge ≈
1

N

(
e2

h

)2 [
∂⟨δI⟩
∂V

]−1

, (2)

where N is the number of impurities, V is the voltage
drop along the channel, and ⟨δI⟩ is the single-impurity
backscattering current. For many impurities, one expects
N ∝ L and hence resistive behavior G ∝ L−1. The crit-
ical temperature T ∗ which limits the use of Eq. (2) is
determined by the bulk bandgap ∆, the Luttinger pa-
rameter K, and the effective constant J0 of the isotropic
part of the exchange interaction between edge electrons
and the localized impurity spin:

T ∗ =
∆

kB

(
1√
2

ρJ0
1−K

)1/(1−K)

, (3)

where we assume ρJ0 ≪ 1 − K (here, ρ is the electron
density of states per spin per unit edge length) [31].

The temperature and voltage-drop dependence of the
backscattering current in Eq. (2) can be represented as a
product of several terms:

⟨δI⟩ = δG0

[
∆

2πkBT

]2−2K
B(K,K)f (x)V[

1 +A(K)

(
eV

2kBT

)2
]1−K

,

f(x) =
β + x2

1 + x2
, x =

eV

2kBT

2

πζ
, (4)

where δG0 is independent of T and V , B(K,K) is the

Euler beta function, and A(K) = π−2Γ(K)
2

1−K . Note
that the model presented above does not imply any re-
strictions on the values of the Luttinger parameter K.
Parameters β and ζ in Eq. (4) both origin from

isotropic and anisotropic parts of the exchange inter-
action between the localized spins and the edge elec-
trons [32]. In general, β and ζ are functions of temper-
ature, which depend strongly on the spatial distribution
of impurities along the QW growth direction and on the
crystal symmetry of the 2D system [51, 52]. Theoretical
estimates for the simplest case [32] predict that β is well
approximated by a constant of order 1 (0.67 < β(T ) <
0.83) and ζ is small for K ≃ 1 (2ρJ0 < ζ(T ) < 3(1−K)).
In the following we assume that both β and ζ are inde-
pendent of temperature.

As can be seen from Eq. (4), the dependence of the
backscattering current on the temperature and voltage
drop has two well-separated crossover scales associated
with the ratio eV/kBT . The smaller scale, eV/kBT ∼ ζ,
is attributed to the dynamics of the localized spin in the
presence of the effective field generated by the electron
spin imbalance due to a finite voltage drop V [32]. The
crossover at the higher scale, eV/kBT ∼ 1, occurs be-
tween the linear and weakly nonlinear regimes of the

FIG. 8. (a) Solid lines: all measured voltage drops
e|Vij,kl|/kBT measured for HB10a between two adjacent
probes, as a function of T . The voltages probing edges of
length 10 µm (50 µm) are highlighted in red (dark yellow).
(b) Brown + symbols: Ge(T ) for HB10a, normalized to its
value at 10 K. The shaded area is the error interval (1σ).
The dashed red (dotted dark yellow) lines correspond to the
fits based on Eqs. (2) and (4)) of the voltages probing the
10 µm-length (50 µm-length) edges shown in panel (a), evi-
dencing the convergence of all the fits on Ge(T ). (c) The
same as panel (a) but for HB70a. The voltages probing edges
of length 20 µm (70 µm) are highlighted in blue (cyan). (d)
The brown + symbols are experimental values of Ge(T ) for
HB70a, normalized to its value at 10 K. The dashed blue (dot-
ted cyan) lines represent the fits of the voltages probing the
20 µm-length (70 µm-length) edges shown in panel (c).

voltage dependencies of ⟨δI⟩ in Eq. (4). Far away from
this crossover, the edge conductance can be written in a
simple form:

Gedge ∼
1

N
[max (kBT, eV )]

2−2K
. (5)

We argue in the appendices that all currently available
data in literature on the dependence of edge conductance
on temperature and voltage-drop in InAs/Ga(In)Sb QW
2Ls [35–37] are consistent with the theoretical expec-
tation of weakly interacting helical edge electrons with
the backscattering due to localized magnetic moments of
charge impurities. In the following, we discuss the tem-
perature evolution of the edge conductivity in HB10a and
HB70a devices made from 3L InAs/Ga0.68In0.32Sb QW
(see Fig. 3). The symbols in Fig. 8(b,d) represent the
experimental values of Ge(T ) for HB10a and HB70a, ob-
tained by the multi-probe analysis of the transport data
as a function of temperature. The data are the same as
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the ones previously presented in Fig. 7, taken on a limited
temperature range T < 50K to ensure negligible resid-
ual parasitic contributions. Here, Ge is normalized to its
value at 10K for clarity. As the edge conductance Gedge

is defined as Gedge = Ge/l, this normalized form allows
us to analyze the data in Fig. 8(b,d) in terms of temper-
ature dependence of the edge conductance. As seen from
Figs. 8(b,d), the edge conductance in HB10a and HB70a
increases with temperature up to 50K.

Figure 8(a,c) shows all the measured experimental ra-
tios e|Vij,kl|/kBT as a function of T for adjacent probes
k and l. Here, we define Vij,kl = Rij,klI, and I = 10nA.
For each voltage Vij,kl and its temperature dependence,
we evaluate Gedge from Eqs. (2) and (4). For HB10a, the
ratio e|Vij,kl|/kBT stays in the range 5× 10−3 to 1 over
the whole temperature range when Vij,kl probes one of
the edges of the length 10µm. These voltages are shown
in Fig. 8(a) as red lines. If we fit separately these spe-
cific voltages using the model based on Eqs. (2) and (4),
all these fits converge to the Ge(T ) curve, as shown in
Fig. 8(b) by the set of red lines. Moreover, the variance
of the three fitting parameters K, β and ζ over the dif-
ferent fits is rather small. The fits yield K = 0.89± 0.01,
β = 0.73 ± 0.03, ζ = 0.02 ± 0.01. Repeating the same
procedure for the edge channels of 50 µm long of HB10a
device, we get K = 0.87 ± 0.01, β = 0.80 ± 0.02, and
ζ = 0.13± 0.06.

The same analysis was also performed for HB70a de-
vice, as shown in Fig. 8(c,d). If we choose the volt-
ages Vij,kl for the 20µm-length edges that do not ex-
ceed kBT/e, the fits again all converge to the experimen-
tal curve Ge(T ), as shown in Fig. 8(d). These fits yield
K = 0.88± 0.04, β = 1.1± 0.2, and ζ = 0.04± 0.02. On
the contrary, by using the voltage drops corresponding
to the 70 µm edges, the fits become poorer, as clear from
Fig. 8(b,d). This may indicate the emergence of an ad-
ditional backscattering mechanism that is absent in the
shorter edge channels. Clarification of the nature of this
mechanism requires additional experimental research be-
yond the scope of this work. Nevertheless the fits for the
70 µm-channels still give values of K corresponding to
weak electron correlation. The fitting parameters for the
different edge lengths 10 µm, 20 µm, 50 µm and 70µm are
summarized in Table I.

By construction, the multi-probe analysis assumes that
Ge is independent of voltage. Consequently, our mul-
tiprobe analysis is eligible only in the regimes, where
Ge depends only on temperature but not on eV : (i)
ζ < eV/kBT < 1 if β differs significantly from unity
and (ii) eV/kBT < 1 for β ∼ 1. One can directly verify
these limitations by means of Eqs. (2), (4) (see also Fig. 1
in Ref. 32). As can be seen from Tab. I, the obtained β
values are of the order of unity for all HB devices, thus
justifying the use of the numerical model underlying the
multi-probe analysis (see Section C).

Before concluding, let us discuss the strong difference
in the parameters ζ and β obtained from the analysis of
experimental results for the HB devices made from QW

TABLE I. A set of fitting parameters obtained for differ-
ent edge channel lengths of HB10a and HB70a devices or ex-
tracted from the analysis of experimental data available in
the literature [35–37] (see Appendix F).

HB device l (µm) K β ζ × 10
HB10a 10 0.89 ± 0.01 0.73 ± 0.03 0.2 ± 0.1

50 0.87 ± 0.01 0.80 ± 0.02 0.13 ± 0.06
HB70a 20 0.88 ± 0.04 1.1 ± 0.2 0.4 ± 0.2

70 0.85 ± 0.06 1.2 ± 0.3 0.48 ± 0.05
Ref. 35 1.2 0.82a – –

1.2 0.84b – –
Ref. 36 50 [0.77, 0.97] [0, 5] [0, 0.3]
Ref. 37 12 0.986 1.35 0.06

a Analysis of the experimental data at high voltage drops
(eV≫kBT ) on the basis of Eq. (5).

b Analysis of the experimental data at high temperatures
(eV≪kBT ) on the basis of Eq. (5).

2L [37] (see Fig. 14 in Appendix F) and 3L QW based
on InAs/Ga0.68In0.32Sb, provided in Fig. 8. The main
difference between 3L QWs and QW 2Ls is the absence
of strong structural inversion asymmetry (SIA), which
allows not only to obtain a larger inverted bandgap [16],
but also to draw a definite conclusion about the edge
state polarization. Indeed, if we neglect small effects as-
sociated with the absence of an inversion center in the
unit cell of the bulk materials, then in the absence of
SIA, the spin polarization of the edge states is oriented
perpendicular to the QW plane. The latter is clear from
the absence of the terms in low-energy Hamiltonian that
mix different basic spin states of the QW at the Γ point
of the Brillouin zone [16, 44]. The presence of SIA in
QW 2Ls causes momentum-dependent terms to mix ba-
sis states with different spins [13], making the orienta-
tion of the edge state polarization dependent of the mo-
mentum along the edge. Since both parameters β and
ζ arise from the exchange interaction between localized
spins and edge electrons [32], they must depend on the
orientation of the spin polarization of the edge electrons.
Therefore, one can indeed expect their strong difference
in InAs/GaInSb-based QW 2Ls and 3L QWs.

V. CONCLUSION

We have shown numerically and experimentally that
by placing the lateral probes of a HB in close prox-
imity to each other, one can detect edge currents as a
sign reversal of the four probe resistances. We have
also developed a numerical model to evaluate the rel-
ative contribution of edge and bulk currents in large-
scale HB devices, taking into account most of the acces-
sible four-probe configurations. This model, which can
also be applied to other structures such as simple van
der Pauw devices, fits remarkably well our experimen-
tal data obtained on HB structures based on inverted
3L InAs/GaInSb QWs designed to host quantum spin
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Hall insulator state. In particular, we used the developed
model (i) to show that bulk conduction is negligibly small
in the best HB devices, suggesting that edge quantiza-
tion should be achieved in devices of smaller sizes; and
(ii) to separately evaluate the temperature dependencies
of the bulk and edge current contributions for two HB
devices with 10 µm, 20 µm, 50 µm and 70 µm-long chan-
nels. We have also shown that the temperature depen-
dence of edge conductivity in both HB devices, as well as
previous experimental results obtained in InAs/Ga(In)Sb
QW 2Ls [35–37], are well consistent with the theoretical
expectation of weakly interacting helical edge electrons
with the backscattering due to localized magnetic mo-
ments of charge impurities [32]. We argue that these
charge impurities are naturally associated with intrin-
sic Ga antisite defects, the presence of which in inverted
InAs/Ga(In)Sb QWs was previously confirmed by means
of terahertz photoluminescence [17, 23].
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Appendix A: Validity of the Model for QSH states

Let us assume that the edges of the device host the
QSH edge state. A complete model of QSH states in the
diffusive regime [39, 61, 62] implies the use of two phe-
nomenological constants γ and g, which represent edge to
edge and bulk to edge inverse scattering length, respec-
tively, and the definition of four local chemical potentials:
Ψi, the potentials in the bulk, and φi, the potentials of
the helical states at one edge. Here, i = 1, 2 labels the
states with different projections of the spins.

In this work, we largely simplify this model. We define
a unique electrochemical potential φ at the edge, which
is related to the potentials of ’virtual contacts’ all along
the edge, in which the counter-propagating edge states
equilibrate. The distance between the virtual contacts
defines the edge to edge backscattering length. Assuming
fast spin relaxation in the bulk, Ψ1 ∼ Ψ2 and we get the

equation [39]:

Ge
∂2φ

∂x2
= g (ψ − φ) , (A1)

where x is the direction parallel the edge. In the in-
ner part of the bar, current conservation and Ohm’s law
yield the usual Laplace equation ∆Ψ = 0. The boundary
condition is imposed by current continuity:

σb (n · ∇ψ) = g (ψ − φ) , (A2)

where σb is the bulk conductivity, and n is the normal to
the edge. As clear, Eqs. A1 and A2 is the set of partial
differential equations to be solved to determine ψ and φ.
However, in the limit of high coupling: g ≫ Ge/L, σb/L

2

where L is the typical size of the device, we get φ = ψ
on the edge. The boundary condition for the bulk then
simplifies as given in the main text.

Appendix B: Enlargement of the HB10a resistances
with a sign reversal

Some of the fine features of the resistance peaks are dif-
ficult to spot in Fig. 4. Therefore, in Fig. 9 we provide
enlarged views of the most important four-probe resis-
tances, including the seven resistances for which sign in-
version is expected and measured, and also R02,45, where
a double peak structure is visible.

Appendix C: The nonlinear least-squares fit

The numerical procedure can be described as follows.
The Hall bar is discretized onto a finite mesh by a finite
difference method. For this study we used a mesh size
a=1 µm. The two important parameters are the edge
conductance and the bulk conductivity Ge and σb. The
mesh gives a matrix G. The elements of the matrix G
are the conductance elements Gpq between the nodes p
and q which belong to the finite difference mesh. From
G, the equation to solve is the well-known formula for
the multi-terminal conductors:

Ip =
∑
q

Gpq(Vp − Vq). (C1)

Here, Ip is the current flowing from the external circuit
into the node p, Vq is the voltage at the node q. The Ip
are all zeros, except at the nodes corresponding to the
source and drain. The voltages can then be determined
by inversion of the G matrix.
Once all the experimental four-probe resistances have

been measured, this numerical model can be used to fit
the data with a nonlinear least-squares method. For each
top-gate voltage Vtg , we minimize the chi-square χ2:

χ2 =
∑

(ij,kl)∈configs

[
Rexp

ij,kl −Rmodel
ij,kl (Ge, σb)

]2
σ2
ij,kl

, (C2)
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FIG. 9. The seven four-probe resistances measured at T = 1.7 K in HB10a, for which a sign inversion is expected and measured,
and the resistance R02,45 in which a double peak structure is evidenced. All data is the same as in Fig. 4 in the main text.

where the sum is performed over the N = 45 chosen
configurations, Rexp

ij,kl are the experimental four-probe re-

sistances, Rmodel
ij,kl (Ge, σb) the calculated four-probe resis-

tances for the device geometry, σ2
ij,kl are the variances

of the experimental resistance values.

For simplicity, we assume that all these variances are
equal for a given gate voltage: σ2

ij,kl = σ2. The stan-
dard deviation of a unique resistance measurement with
a lock-in technique is very small. A larger error of a few
percents comes from the necessity to perform a voltage
sweep for each measured four-probe resistance. Hence, at
each voltage sweep, the electrostatic environment of the
2D channel is slightly modified. For simplicity, we as-
sume that the standard deviation σ is equal to 5% of the
maximal resistance measured, for a given gate voltage.
Then, the Hessian matrix is calculated:

H (Ge, σb) =
1

σ2
×

∑
ij,kl ∈ configs

(
∂Rmodel

ij,kl

∂Ge

)2
∂Rmodel

ij,kl

∂Ge
× ∂Rmodel

ij,kl

∂σb

∂Rmodel
ij,kl

∂Ge
× ∂Rmodel

ij,kl

∂σb

(
∂Rmodel

ij,kl

∂σb

)2

 , (C3)

and the covariance matrix is defined as the inverse of
the Hessian, C = H−1. The variances of the parameters
are given by: σ2

Ge
= CGe,Ge

, and σ2
σb

= Cσb,σb
. Typical

results are reproduced below in Fig. 10, where we also
indicate the standard deviation of the data, and the re-
duced χ2

ν defined as χ2
ν = χ2/ν, where ν = 45−2 are the

degrees of freedom. This quantity χ2
ν is often used as a

measure of the suitability of the chosen model for fitting
to the given data, i.e., the condition χ2

ν ≃ 1 is taken to
indicate that the fit is meaningful.

FIG. 10. (a) Four-probe resistances from HB10a at T = 1.7 K
(the same data as in Fig. 4 in the main text) at three dif-
ferent gate voltages: (a) Vtg = −4 V (valence band), (b)
Vtg = −1.2 V (peak resistance) and (c) Vtg = 3.5 V (con-
duction band). The experimental error (1σ) is indicated by
orange bars. Best fits are shown with blue triangles. The
signs of the four-probe resistances have been adjusted so that
all resistances are positive for bulk conduction. The sign re-
versal is then better evidenced in panel (b).
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Appendix D: Decoupling edge and bulk
contributions

Let us illustrate here what are the conditions to de-
termine the two components Ge and σb with reasonable
error bars. Fig. 11 shows the evolution of the absolute
value of the different resistances Rij,kl, normalized by the
bulk conductance σb, as a function of Ge/σb for HB10.
The two configurations R13,12 and R15,24 are indicated by
colored thick lines. The other non-null configurations are
indicated as thin gray lines, and the ratio R15,24/R03,12

is also reported as a thick black line. This ratio varies
of two decades over a rather large Ge/σb interval, from
1 · 10−1 µm to 1 · 103 µm. The situation is similar for
HB70, with the main difference that R15,24/R03,12 varies
on more than six decades in this case, as shown in Fig. 12.
We conclude that for both geometries, the analysis of
R15,24 and R03,12 allows for a good estimate of both Ge

and σb on several decades of the ratio Ge/σb. Only when
Ge/σb < 1·10−1 µm (Ge/σb > 1·103 µm), Ge (σb) cannot
be evaluated precisely.

FIG. 11. (a) Evolution of the four-probes resistances |Rij,kl|×
σb as a function of Ge/σb for device HB10. R03,12 × σb is in-
dicated by a blue line, R15,24 × σb by a red line. The other
resistances are not labeled and reported as thin gray lines.
The ratio R15,24/R03,12 is also reported as a black gray line.
(b) Relative error σGe/Ge (red line) and σσb/σb (blue line)
for the nonlinear least-squares fit with i) only N = 2 resis-
tances R15,24 and R03,12 (dashed lines) and ii) all the N = 45
resistances (solid lines).

FIG. 12. (a) Evolution of the four-probes resistances |Rij,kl|×
σb as a function of Ge/σb for device HB70. R03,12 × σb is in-
dicated by a blue line, R15,24 × σb by a red line. The other
resistances are not labeled and reported as thin gray lines.
The ratio R15,24/R03,12 is also reported as a thick black line.
(b) Relative error σGe/Ge (red line) and σσb/σb (blue line)
for the nonlinear least-squares fit with i) only N = 2 resis-
tances R15,24 and R03,12 (dashed lines) and ii) all the N = 45
resistances (solid lines).

From this analysis it is clear that both Ge and σb can
be determined from only R13,12 and R15,24 but this way
has some limitations: i) it is not possible to determine
if the model (i.e., the fitting function) under considera-
tion does faithfully represent the data, because the best
test for this is a low value of χ2

ν . The latter however
is is not defined with only two points and two param-
eters (ν = 0); ii) the determination of both σb and Ge

is much less precise with only N = 2 parameters than
with N = 45. Generally speaking, the variance of the
parameters varies as 1/N . This last point is clearly ev-
idenced in Fig. 11(b) and Fig. 12(b), where the relative
standard deviation is shown for Ge and σb, for N = 2 and
N = 45, and for both HB10 and HB70 geometries. The
experimental standard deviation σ was set at 5% of the
maximum resistances measured. It is seen that the error
is significantly reduced only when all the resistances are
taken under consideration.
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Appendix E: On the device uniformity

As seen from the data set for HB10a at T = 1.7 K pre-
sented in Fig. 4 in the main text, the fit at the maximum
value of the resistivity peak is not perfect for some resis-
tances like R15,24. Another fit can be attempted in which,
for simplicity, the low bulk conductance is neglected but
the six edge conductances are taken as six independent
fit parameters (instead of a single parameter used in
the main text). As a result, we get the following scat-
tering lengths (assuming λ =

(
h
e2

)
Ge): λ01 = 8.1 µm,

λ12 = 3.2 µm, λ23 = 6.4µm, λ34 = 6.3 µm, λ45 = 6.1 µm,
and λ50 = 7.1 µm. This gives λ = (6 ± 2) µm, in agree-
ment with λ = 5µm given in the main text.

Appendix F: Fitting data available in literature

Let us demonstrate that the model explains well the
experimental results on the temperature and voltage-
drop dependence of edge conductance reported previ-
ously [35–37]. Indeed, as shown by Väyrynen et al. [32],
Eq. (5) provides an alternative explanation of the results
by Li et al. [35], interpreted previously as the observation
of 1D helical Luttinger Liquid with K ≃ 1/4 in a HB bar
of length 1.2 µm made from inverted InAs/GaSb QW 2L.
Indeed, matching the observed dependenceGedge ∝ V 0.37

in the regime eV > kBT with Eq. (5) leads to K = 0.82,
which shows that in the presence of many impurities,
even moderately weak interactions yields to the power
law voltage dependence of the edge conductance. An-
alyzing in a similar way the temperature dependence
Gedge ∝ T 0.32, when eV < kBT , one can get K = 0.84.
Unfortunately, in short channels with l < λ (where λ
is the backscattering length), it is not possible to dis-
tinguish a strongly correlated regime (K ≃ 0.25) with
a small amount of impurities from a weak-interaction
regime (K = 0.82) with a large N based on the experi-
mental data of Ref. [35].

Alternatively, experimental results by Span-
ton et al. [36], obtained by superconducting quantum
interference device (SQUID) microscopy, have revealed
that in 50-µm-long HB channels also made from inverted
InAs/GaSb QW 2L, the edge resistance is independent
of temperature in the range of up to 30 K within the
limits of experimental resolution. The latter, however,
was quite mediocre and led to a wide spread of ex-
perimental values of edge resistance. The symbols in
Fig. 13 represent experimental edge conductance values,
obtained from the data of Fig. 3 in Ref. [36]. The
horizontal dashed curves that define the scattering range
of experimental values of Gedge actually correspond to
the limits of experimental resolution.

Using a current value of 10 nA and the resistance val-
ues in the bandgap region (see Fig. 2(f) in Ref. [36]), one
can estimate the voltage drop in the edge channels as a
function of temperature. The results of this estimate are
summarized in the inset of Fig. 13. The voltage drop

FIG. 13. Temperature dependence of the edge conductance
in 50-µm-long channels of inverted InAs/GaSb QW 2L, nor-
malized to the value at 4.5 K (calculated from the data of
Fig. 3 in Ref. [36]). Symbols correspond to the experimental
data, while black and red curves represent the fits at K = 0.77
and K = 0.97, respectively. Other parameters were chosen as
∆ = 3 meV, ζ = 0.03 and β = 0.75. The insets show the tem-
perature dependence of the voltage drop in the edge channel,
calculated from the data in Fig. 2(f) in Ref. [36]. The red line
in the inset represents the linear fit.

has a linear dependence on temperature and eV ⪆ kBT .
Therefore, Eq. (5) can explain the temperature indepen-
dent behavior of Gedge obtained by Spanton et al. [36].
A more accurate analysis based on Eqs. (2) and (4)
shows that in the scattering range of experimental val-
ues, Gedge can be well fitted by any sets of parameters ζ,
β and K from the intervals: ζ ∈ [0, 0.03], β ∈ [0, 5] and
K ∈ [0.77, 0.97] (see Fig. 13). Estimating T ∗ in Eq. (3)
based on these values gives T ∗ < 9.5 mK, which fully
ensures the fulfillment of the criterion T > T ∗. Impor-
tantly, the range of K ∈ [0.77, 0.97] includes the values
obtained above by analyzing the results by Li et al. [35].

Since the bandgap in inverted InAs/GaSb QW 2Ls is
very small, in order to reduce the residual bulk conduc-
tivity in the HB devices, the InAs/GaSb interface is usu-
ally doped by silicon [35, 36]. As the bandgap increases,
for example in InAs/GaInSb QW 2Ls, it is expected that
the contribution of residual bulk conductivity should also
decrease. Figure 14 shows temperature and drop-voltage
dependence of Gedge, extracted from the transport mea-
surements by Li et al. [37] of a 12-µm-long HB made from
inverted InAs/Ga0.68In0.32Sb QW 2L. Note that it is not
possible to estimate the contribution of residual bulk con-
ductivity based on the available data [37]. One can only
assume that it is small in a 2L QW with a bandgap of
about 20 meV at T < 2 K.

As clear from Fig. 14(a), the temperature dependence
of the edge conductance corresponds to a regime where
eV≪kBT . The latter can be understood by analyzing
the dependence of the longitudinal resistance on tem-
perature presented in Fig. 2(b) in Ref. [37], taking into
account the 0.1 nA current used in the measurements
(see also the inset to Fig. 14(a)). A power law fit of the
temperature dependence with Eq. (5) yields K = 0.979,
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FIG. 14. (a) Temperature dependence of Gedge in a 12-µm-
long HB made from inverted InAs/Ga0.68In0.32Sb QW 2L,
normalized to the value at 50 mK. The symbols represent the
data from the inset to Fig. 2(b) in Ref. [37]. The insets show
the temperature dependence of the voltage drop, extracted
from the longitudinal resistance Rxx in the bandgap region
(see Fig. 2(b) in Ref. [37]), and its linear fit. (b) Voltage-drop
dependence of Gedge at T = 30 mK extracted from the zero-
magnetic field values in Fig. 3(c) in Ref. [37]. The red curves
in both panels correspond to the fit based on Eqs. (2) and (4)
with the same set of parameters: ∆ = 20 meV, ζ = 0.006,
β = 1.35 and K = 0.986. The blue curves represents the
power law fits with Eq. (5) resulting in (a) K = 0.979 and (b)
K = 0.984.

which indicates the weakness of the electron-electron in-
teraction in the helical edge channel. On the contrary,
the voltage-drop dependence of the edge conductance at
T = 30 mK in Fig. 14(b) represents a regime where
eV≫kBT . By approximating the experimental Gedge

values by a power-law dependence on the voltage drop
given by Eq. (5), we get a close value of K = 0.984.
A more accurate analysis shows that the experimental
dependencies of Gedge on temperature and voltage drop,
measured in the same HB device, can be well fitted by the
theoretical dependencies based on Eqs. (2) and (4) with
the same set of parameters: ∆ = 20 meV, ζ = 0.006,
β = 1.35 andK = 0.986. Estimates based on these values
give T ∗ < 1 µK, which certainly ensures that condition
T > T ∗ is satisfied throughout the entire temperature
range used in the measurements. Finally, we note that
the temperature dependence of Gedge in Fig. 14(a) is also
attributed to the proximity to the small-scale crossover
eV/kBTζ = 0.77 ignored by Eq. (5). This explains the
better fitting based on Eqs. (2) and (4).
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[32] J. I. Väyrynen, F. Geissler, and L. I. Glazman, Magnetic
moments in a helical edge can make weak correlations
seem strong, Phys. Rev. B 93, 241301(R) (2016).

[33] C.-H. Hsu, P. Stano, J. Klinovaja, and D. Loss, Heli-
cal liquids in semiconductors, Semicond Sci. Technol. 36,
123003 (2021).

[34] I. Knez, C. T. Rettner, S.-H. Yang, S. S. P. Parkin, L. Du,
R.-R. Du, and G. Sullivan, Observation of edge trans-
port in the disordered regime of topologically insulating
InAs/GaSb quantum wells, Phys. Rev. Lett. 112, 026602
(2014).

[35] T. Li, P. Wang, H. Fu, L. Du, K. A. Schreiber, X. Mu,
X. Liu, G. Sullivan, G. A. Csáthy, X. Lin, and R.-R. Du,
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