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We have investigated low-temperature electronic transport on InAs/GaSb double quantum wells, a system
which promises to be electrically tunable from a normal to a topological insulator. Hall bars of 50 p«m in length
down to a few micrometers gradually develop a pronounced resistance plateau near charge neutrality, which
comes along with distinct nonlocal transport along the edges. Plateau resistances are found to be above or below
the quantized value expected for helical edge channels. We discuss these results based on the interplay between

imperfect edges and residual local bulk conductivity.
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After the prediction [1] and the observation [2] of the
quantum spin Hall (QSH) phase in the two-dimensional
topological insulator HgTe/CdTe quantum well (QW) sys-
tem, there is increased interest in the double QW structure
InAs/GaSb sandwiched between AISb barriers. In this system
the overlap between the electron dispersions in the InAs
conduction band and in the GaSb valence band is gate
tunable [3] due to the spatial separation of the two wells.
Hybridization of these two bands at zero magnetic field has
been theoretically predicted [4—7] and pioneering experiments
aimed at verifying this prediction [8—13]. More recently a
phase diagram was suggested [14] covering metallic, normal
insulator and QSH phases. In the latter counterpropagating
topologically protected helical edge states are expected to
dominate transport properties at zero magnetic field close to the
charge-neutrality point (CNP) in devices with reduced struc-
ture sizes. This scenario requires edge state scattering to be
sufficiently reduced while the bulk is insulating. First studies
aiming at the observation of the QSH phase used samples
with the highest available material quality [15—-18], which still
showed substantial residual bulk conductivity. In subsequent
devices disorder was intentionally introduced [19,21] based on
the hope of suppressing the bulk conductivity without affecting
the topologically protected edge states. In these samples the
four-terminal resistance peak at charge neutrality shrinks
when the device dimension is reduced, gradually forming
a plateau [21-24]. The expected quantized edge-resistance
value of h/e? between neighboring voltage contacts should
be reached on samples smaller than the spin-relaxation length
of the helical edge states. It is expected to remain insensitive
to further reduction of device size as long as edge channels at
opposite sample edges do not overlap.

Here we report edge-dominated transport where the re-
sistance at charge neutrality measured between neighboring
contacts along the sample edge falls below the expected
quantized value even though a bulk resistance of the order of 10
MZS is seen in large area devices. This observation contrasts
with the expectation based on ideal helical edge channels,
which predicts a quantized minimum resistance in fully spin-
coherent devices. The presence of nonlocal edge conduction
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is detected in measurement configurations, where a local
conductivity model delivers a voltage drop between contacts
too small to be experimentally detectable. Mesoscopic samples
show pronounced nonlocal resistances scaling according to
the expectations for helical edge modes without giving the
precisely quantized values expected from theory. Based on
a resistor network model we separate qualitatively edge and
bulk resistances explaining the deviation of the experimentally
observed plateau height from the theoretical prediction.

Our devices were fabricated on molecular beam epitaxy
grown wafers containing an 8 nm GaSb QW on top of a 15 nm
InAs QW embedded between AISb barriers. These wafers
were grown using a source with reduced Ga purity as described
in Ref. [19]. For this layer sequence the InAs conduction band
overlaps with the GaSb valence band leading to a hybridization
gap at finite wave vector as schematically shown in the lower
inset of Fig. 1(a). Results from six Hall bars (denoted devices
A-F; see Table I) with different lengths L between contacts
and widths W [for an exemplary image including device
dimension notations see Fig. 1(b)] are discussed in this Rapid
Communication [20]. Argon plasma etching was used for the
large area devices E and F to fabricate the Hall bar mesa. The
smaller devices A-D were patterned by wet etching as reported
in Ref. [25]. All devices were passivated with a 200-nm-thick
Si3Ny dielectric. Gate tunability is implemented with a Ti/Au
top gate of width Wy, and length L, listed in Table I,
defining the area of the sample where the density is modulated.

The experiments were performed at a temperature of 1.5 K
and devices A and B were additionally tested at 125 mK.
Reducing the temperature by an order of magnitude resulted in
an insignificant enhancement of the longitudinal resistance by
less than 5% similar as in Ref. [24]. Four-terminal resistance
measurements were performed by applying a dc current of
5-10 nA between two contacts and by measuring the dc
voltage between two different contacts using a low-noise
(30nV/+/Hz) voltage preamplifier. The resistance of device
F, which was highly insulating at charge neutrality, was
measured in a two-terminal voltage-biased configuration with
an IV converter.

In all measurements shown in Figs. 1 and 2 we start the
top-gate sweep at Vig = 46 V, where the resistance R is
governed by transport in the conduction band of the InAs QW.
Upon lowering the top-gate voltage, the resistance increases
indicating that the electron density is reduced and the system
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FIG. 1. (Color online) Comparison of two-terminal resistance vs
top gate voltage of a large device (L = 50 um, device F) (a) with
the four-terminal resistances of a medium sized device (L = 10 um,
device E) (c) and a small device (typical dimension L = 5 pum, device
B) (e). The resistance peak around the CNP decreases with reduced
structure size and forms a plateau. Black arrows indicate the top
gate sweep direction. The band structure of the double QW system
InAs/GaSb is schematically explained in the lower inset of (a) with
the conduction band of InAs in blue, the valence band of GaSb in
red, and the edge states in yellow. The optical microscope image of
device B in (b) indicates the length L, width W, gate length Ly,
gate width Wy, and the total length of the gated edge L.g. used
in Table I. Four-terminal resistances of devices E and B aiming at
the measurement of nonlocal resistances are shown in (d) and (f),
respectively. The schematics in each panel indicate how the current
source and the voltmeters were connected for the measurements
shown. The theoretically expected resistance quantization values of
12.9 k€2 in the case of the local configuration [(a),(c),(e)] or 4.3 k2
for the nonlocal measurements [(d),(f)] are indicated with horizontal
black dashed lines.

approaches the CNP. Below Vi, = —2 V the behavior of
the resistance depends strongly on device size as seen in
Figs. 1(a), 1(c), and 1(e).
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FIG. 2. (Color online) Four-terminal nonlocal configurations on
device B are shown and schematically explained in the respective
upper right corners. For current flow between neighboring contacts
[(a),(b)] 4.3 k€2, respective for a flow between next-nearest neighbors
[(c),(d)] 8.6 k€2 is theoretically expected, indicated with black dashed
lines.

Before we look into these differences in detail, we discuss
the hysteresis of the resistance R between down- and upsweep
of the gate voltage shown in Figs. 1(a), 1(c), and 1(e) (black
arrows indicate sweep direction). The hysteresis is probably
due to the accumulation of charge in the gate insulator, or at the
insulator-semiconductor interface. The approximate gate volt-
age shifts AV between up- and downsweeps are summarized
for all devices in Table I. The gate hysteresis of device B shown
in Fig. 1(e) represents one of the worst cases (AV = 4.6 V),
whereas in the best case AV < 1 V (device D). For large
values of gate hysteresis plateaulike features may arise, since
the resistance becomes independent of gate voltage.

Three reasons make us confident that the plateaus observed
in Figs. 1(e) and 1(f) are still related to the topological
properties of the material: First, there is a continuous evolution
from the resistance maximum in the largest device F [Fig. 1(a)]
via the intermediate device E [Fig. 1(c)] showing a clear
plateaulike maximum, to the smallest devices. Second, the
observed conductance behavior is well conceivable, if the hole
mobility is rather low compared to the electron mobility, and if
the contribution of the edge to the conductance scales with edge
length. Third, the plateau comes along with a distinct nonlocal
edge conductance, as shown below. Many publications on

TABLE I. Summary of device details as explained in the main text. The meaning of the length scales and the hysteresis AV are indicated

in Figs. 1(b) and 1(e), respectively.

Device W L Weae Lgae Legee Hysteresis L-R config. NL-R config. NL-R config. Rg Rc
name  (um) (um) (um) (um) (um) AV (V) k) type 1 (k) type 2 (k) *kQ) k)

A 2.1 33 9.3 113 403 6.6 10.8+0.5(84%) 3.14+0.3(72%) 6.1£0.4(71%) 21.9 339.5
B 2.2 5.1 9.5 132 418 4.6 11.6 £0.0 97%) 2.9+0.1(67%) 5.7+0.1(66%) 23.3 1934
C 4.4 4.4 6.5 74 129 1.0 54+£0.6(42%) 15+0.0(35%) 3.0£0.0(35%) 10.7 159.8
D 3.5 5.9 6.2 9.9 195 0.9 7.54+03058%) 1.5£02035%) 29+0.434%) 15.3 65.4
E 4.9 10 11.7 19.6 534 5.6 130.9+9.1 22.7+2.4 457445 Not valid Not valid
F 25 50 0.4 90 000 - — - -
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two-dimensional topological insulators [2,21,26,27] show a
marginal decrease in resistance for decreasing gate voltage
beyond the CNP. Difficulties to tune into the deep hole regime
were explicitly reported [26]. A good gate tunability in the
hole regime is shown in Refs. [23,27]. We took great care
that the plateaus which we discuss in the following are not
related to experimental artifacts by following a consistent
measurement protocol. It turned out that measurements are
stable and reproducible, if the gate voltage is repeatedly swept
in the same range at a constant rate. The data presented
in this Rapid Communication are discussed and analyzed
only for downsweeps of the voltage, and the plateaus seen
below Vi, = —2 V are considered to be reliable only down to
Vie = —5.5 V in the case of device B (replication of plateau
during upsweep).

In Fig. 1(a) the two-terminal resistance R in device F
as a function of top gate V,; shows a profound charge-
neutrality resistance peak of about 90 M. A continuous
transition between the electron and the hole regime with a sign
change of the Hall slope in four-terminal magnetotransport
measurements (not shown) is observed while crossing the CNP.
The peaked resistance transforms into a plateau at 131 k<2 for
a reduced structure size [device E, shown in Fig. 1(c)], well
above the quantization value of h/2e* expected for helical
edge states. An even lower and well defined resistance plateau
is found in all the small area devices [devices A-D; device B
is shown exemplarily in Fig. 1(e)]. Contrary to the large area
device F, a sign change of the Hall slope could not be exper-
imentally detected for the intermediate and smallest samples,
an observation whose origin remains to be investigated.

The resistance plateau in Fig. 1(e) stays below the expected
quantization value indicated with a dashed black line, reaching
about 97 % of its anticipated height. The plateau heights for
the other devices A, C, and D are even lower and can be
found in Table I, column “local resistance configuration” (L-R
config.). This is in contrast to the expectation that the quantized
edge-resistance value is reached as soon as the edge length is
smaller than the spin-relaxation length.

The predicted transport along helical edge channels is
governed by the expectation of a strongly nonlocal resis-
tance close to charge neutrality. Nonlocality is best probed
in four-terminal measurement configurations in which an
entirely local resistivity model would give a vanishingly small
resistance [see, e.g., the inset of Fig. 1(d)]. Device E shows a
profound nonlocal plateau of 22.7 k2 when the Fermi energy
is tuned to the CNP as shown in Fig. 1(d). Device B [see
Fig. 1(f)] shows a reduced plateau height below the expected
quantization value of & /6e2 (black dashed line) [28].

For a detailed nonlocality discussion we concentrate now on
device B and the data shown in Fig. 2. In Fig. 2(a) an example
of a measured vanishing local response at Vig > 0.5 V (red
and yellow traces) is shown, where the Fermi energy is deep
in the conduction band and transport is well described by a
local resistivity model. Comparing the red and yellow traces
to the brown trace in the same voltage range, we realize that
the measured four-terminal resistance grows when the pair of
voltage probes is closer to the current carrying contacts. This
corresponds to the fact that the current density flowing through
the bulk of the sample weakens strongly with increasing
distance from the current contacts. Note also that within a
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homogeneous local resistivity model, the bulk current density
distribution does not depend on the value of the resistivity.

When the gate voltage is tuned close to the CNP (V,; <
—1 V) in Fig. 2(a), the measured resistance shows a plateau.
The red and yellow traces saturate at the same plateau value,
whereas the brown trace shows its plateau at a larger resistance.
In the picture of edge transport, the same current flows along
the sample edges between all four involved voltage contacts,
and we would therefore expect the same plateau resistance to
be measured in all three configurations. The enhanced plateau
resistance of the brown curve is in qualitative agreement with
the notion of a higher bulk contribution to the current leading
together with the edge current to a larger voltage drop along the
sample edge. We draw the preliminary conclusion, that in our
samples there is strong evidence for nonlocal transport along
the edge, which is, however, still influenced by a finite residual
bulk conductivity having a local character. We may call the
red and yellow traces truly nonlocal on the plateau, because
the contribution of the local bulk conductivity vanishes for
the corresponding voltage contacts, as confirmed by the zero
resistance value deep in the electron regime.

This picture has to be stated more precisely, if we compare
the plateau values of the three traces in Fig. 2(a) quantitatively
to the theoretical expectation for transport in ideal helical edge
channels (black dashed line). The experimental fact that the red
and yellow traces show a plateau at 67 % of the expected value
seems to indicate that the current in the corresponding edge
segments is reduced below its ideal value, probably because
the finite bulk conductivity diverts some current away from
these edge segments. For the brown trace, however, which
results from an edge segment closer to the current contacts, it
seems that the additional bulk current just about compensates
for this reduced edge current leading to a close to ideal plateau
value. Within this picture the ideal plateau value appears rather
like an accidental coincidence than a cogent effect.

We have performed similar four-terminal measurements
of all possible contact combinations of current and voltage
leads. In general we find that different contact configurations
related by the generalized Onsager symmetry relations [29]
always give consistent results, as expected. This reduces
the set of independent four-terminal measurements in our
six-terminal devices to ten, which classify into conventional
configurations [Fig. 1(e)], nonlocal resistance configurations
(NL-R config.) of type 1 [Figs. 2(a) and 2(b)], where the
current is driven between neighboring contacts, and nonlocal
resistance configurations of type 2 [Figs. 2(c) and 2(d)], where
the current flows between next-nearest-neighboring contacts.

Additionally, geometric symmetries of the samples (e.g.,
reflections at the Hall bar axis, or inversions at the Hall bar
center) always gave consistent results. This observation and
the vanishing zero magnetic field Hall resistance [see Figs. 1(c)
and 1(e)] give evidence for a homogeneous bulk and excellent
contact properties witnessing the high quality of our devices.

Due to the Onsager symmetries the sketched schematics
in Figs. 1(e) and 2(a)-2(c), represent all the possible config-
urations. In Figs. 1(e) and 2 the expected quantization values
for helical edge states of //2¢? [Fig. 1(e)], h/6e? [Figs. 2(a)
and 2(b)], and /3e? [Figs. 2(c) and 2(d)] are shown as dashed
black lines. In all configurations the experimental plateau
values are systematically below the expectation. For all voltage
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drops, which are truly nonlocal [far away from the current
leads, vanishing local resistance in the electron regime; see
Figs. 2(a) red and yellow, and 2(c)], the ratios of plateau values
of pairs of different configurations are exactly given by the
ratios of the expected plateau values in an ideal topological
insulator without residual bulk conductivity. Device B, for
example, reaches about 66 % of the expected plateau values
in all truly nonlocal configurations. The mean plateau values
together with their uncertainties and these scaling factors
are summarized in Table I for all devices and all types of
configurations. The clear nonlocal signals together with this
consistent scaling are in agreement with the theoretically
proposed current carrying helical states along the edge.

Device C has an off-centered gate resulting in different
gated edge segment lengths L,; between consecutive contacts.
Even though the length of these edge segments varies by a
factor of 4, the corresponding nonlocal plateau resistances
remain constant, as shown exemplarily in Fig. 3(a) in color
for the configuration schematically described in the inset and
with black circles for the corresponding measurements related
by symmetry. This independence on edge length excludes
trivial edge conduction characterized by a resistance per length
as indicated with the black dashed line strongly deviating
from the measurements. Quasiballistic edge states arising, for
example, from electrostatic edge confinement [30] might be
compatible with the observations but are considered unlikely.

The independence of plateau resistances on edge length
suggests a resistor network model for the description of
transport in the plateau region of the devices similar as in
Ref. [23] consisting of a series of resistors Rg along the edge
as schematically shown in Fig. 3(b) in red. The observed finite
bulk conductance is accounted for by adding bulk leakage
resistors Rc to the model in Fig. 3(b). Although this model
oversimplifies the real situation it may serve as a tool to
compare the relative relevance of edge and bulk conduction.

One measurement configuration [here the configuration
shown in Fig. 2(a)] is sufficient to calculate the two unknown
resistors in the network model. The result is a bulk coupling
Rc between 65.4 k2 (device D) and 339.5 k2 (device A),
which is an order of magnitude larger than the edge resistance
Rg ranging from 15.3 k2 (device D) to 21.9 k2 (device
A) (for more details see Table I), confirming the dominant
edge conduction and the model assumption. Even though Rc
simplifies the description of the bulk contribution, the calcu-
lated predictions of all possible measurement configurations
based on the configuration in Fig. 2(a) pass the test of being
compared with the measurements as illustrated with the bar
graphs in Figs. 3(c)-3(f). Our analysis demonstrates that one
set of Rg and Rc is sufficient to describe all measurement
configurations.
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FIG. 3. (Color online) (a) Value of the nonlocal four-terminal
plateau resistance as a function of the edge length L,,. Black dashed
line: Linear dependence of resistive edge states. (b) Resistor network:
Here R symbolizes aresidual bulk resistance, Rg the edge resistance,
and V,—Vy the voltage probes. The bar graphs in (c)—(f) allow a
comparison of samples A-D between the measured four-terminal
resistances (filled bars), as schematically shown in the respective top
right corners, and the calculated prediction with the model (dotted
bars).

To conclude, we have investigated the edge conduction
in standard Hall bar samples of InAs/GaSb QWs. At the
CNP a pronounced nonlocal resistance below the expected
quantization value was observed in all devices with structure
size below 6 um together with a consistent scaling according
to the Landauer-Biittiker theory, suggesting edge conduction
with helical character. The deviation from the theoretical
prediction could be described qualitatively in a resistor
network model.

Note added. Recently we became aware of the paper by
Suzuki et al. [31].
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