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Quantum Hall effect and current distribution in the three-dimensional topological insulator HgTe
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We study the quantum Hall effect (QHE) in the three-dimensional topological insulator HgTe, which features
topological Dirac-type surface states in a bulk gap opened by strain. Despite the coexistence of multiple carrier
subsystems, the system exhibits perfectly quantized Hall plateaus at high magnetic fields. Here we study the sys-
tem using three different experimental techniques: Transport experiments, capacitance measurements including
the quantum capacitance, and current distribution measurements using electrostatically sensitive scanning probe
microscopy. Our key finding is that at sufficiently high magnetic fields, the different electronic subsystems merge
into one, and the current in a quantum Hall plateau is distributed across the entire width of the Hall bar device.
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I. INTRODUCTION

The Quantum Hall effect (QHE) stands as a defining
characteristic of two-dimensional electron systems (2DESs),
and its manifestations have been documented in a multitude
of diverse systems, like silicon MOSFETs [1], semiconductor
heterostructures [2,3], and quantum wells [4,5] or graphene
[6-8]. This groundbreaking effect plays a pivotal role in
precision metrology, leading to the redefinition of SI units
in 2019 [9]. The QHE is the first experimental manifestation
of the role of topology in condensed-matter science [10].
A recent intriguing observation of the QHE has occurred
in three-dimensional topological insulators (3D TIs), such
as strained HgTe layers [11,12], Bi-based materials [13,14],
or B-Ag,Te [15]. In contrast with conventional 2DESs, a
two-dimensional electron system in a 3D TI consists of the
Dirac surface states that encompass the bulk of the material
[16] and has a different geometric topology. Thus, different
charge-carrier species on the different surfaces and bulk
electrons or holes, depending on the Fermi-level position,
contribute to the electrical transport [17].

Here we study the QHE in strained 3D HgTe, which is a
strong 3D topological insulator [18] and exhibits high charge-
carrier mobilities of several 10° cm? V! s~! [12]. These high
mobilities offer the advantage of resolving Landau levels with
low disorder broadening, even at magnetic fields as low as 1 T.
On the one hand, we study how it can be that a system with
several charge-carrier systems has a pronounced quantization
of the Hall resistance R,, [19] and, on the other hand, how the
current is distributed in the quantum Hall regime. The latter is
motivated by the fact that theories stress the role of edge states
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at the side facets oriented parallel to the magnetic field B or at
the side edges of a 3D TI (see, e.g., Refs. [19-22]).

The band structure of strained 3D HgTe is sketched in
Fig. 1(a) and shows the conduction band, the valence band,
and the spin-resolved, gapless topological surface states. In
strained HgTe, the Dirac point is buried in the valence band
[11,23,24]. The molecular beam epitaxy grown layer structure
containing the 80-nm-thick HgTe layer is shown in Fig. 1(b).
Since the lattice constants of HgTe and the underlying CdTe
layer are different, the typically semimetallic HgTe is tensile
strained by about 0.3%, opening the gap between the valence
and the conduction bands [11,23,24]. The topological sur-
face states, which form a two-dimensional electron system
wrapped around the bulk states, are indicated by the magenta
(top surface) and green line (bottom surface). Not shown,
they also appear at the etched mesa’s side facets, directly
connecting the top and bottom layers. A gold gate on top of
the structure allows tuning the charge-carrier densities.

Due to the three-dimensional nature of the system, dif-
ferent groups of charge carriers (subsystems) contribute to
transport and react differently to the applied gate voltage.
Figure 1(c) schematically shows the change in the cross-
sectional band diagram as the gate voltage is varied. The cones
on the left correspond to Dirac surface states on the top sur-
face, i.e., near the gate electrode. Those on the right represent
the Dirac electrons on the backside. For sufficiently negative
V, (here —1.5 V) the top surface Dirac states are depleted,
bulk holes (in red) appear, and the bottom surface states are
occupied up to the Fermi level. Corresponding data are shown
in Fig. 8 in the Appendix. Sweeping V, to positive values
increases the top surface carrier density 7y, and the bulk
electrons (blue), while the backside Dirac electron density
(green) remains nearly constant. This is due to the screening
of the electric field of the gate electrodes by the charge carriers
in between.

To study the QHE in this complex layered system, we
used three complementary techniques, sketched in the panels

Published by the American Physical Society
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FIG. 1. (a) Simplified electronic band structure of tensile-strained HgTe around the I' point as a function of an in-plane wave vector.
The conduction band with bottom E¢ is shown in blue, the valence band with top Ey in red and the topological surface states in magenta.
The bulk gap Eg, opened by strain, is of order 15 meV. (b) Heterostructure layers grown on (013)-GaAs and 5 um CdTe containing the
80-nm-thick strained HgTe film. Cladding layers of 20-nm-thick CdyesHg, 5, Te below and 20-nm-thick CdyeHg, 4 Te above HgTe are
doped with 10" ¢cm~ In distributed in a 10 nm layer. The next layers in the growth direction are 40 nm CdTe, 30 nm SiO,, and 80 nm
Al,O3, a 5 nm Ti adhesion layer, and 70 nm Au, which serves as the top gate. The topological surface states in HgTe are shown by the
magenta (top) and green (bottom) lines. The average Hall mobility of the doped samples used in this study varied between 1.2 x 10> and
2.3 x 105 cm® V~!s7!, depending on the tunable carrier density. The top gate allows tuning the carrier density and Fermi level by applying a
DC voltage V,. (c) Schematic band bending through the HgTe layer for different gate voltages V,. The top surface is on the left side, respectively,
and the cones sketch its density of states. The dashed line indicates the Fermi level. Filled top surface states are shown in magenta, filled bottom
surface states in green, filled bulk hole states in red, and filled bulk electron states in blue. Due to the doping on both sides, the conduction and

valence bands are bent towards the surface.

of Fig. 2: The electrical current in a 3D TI is carried by
all charge-carrier subsystems in the HgTe layer, and hence
quantum oscillations and QHE are affected by all participating
charge carriers. A schematic diagram of the transport mea-
surements setup, using a Hall bar geometry of width 50 um
and a contact spacing of 100 um, is shown in Fig. 2(a).
The respective measurements were done at 57 mK. Second,
by driving an AC voltage Vac superposed to a DC voltage
V, between the top gate and the HgTe layer [Fig. 2(b)] and
measuring the displacement current phase-sensitively at suffi-
ciently low frequencies with a lock-in amplifier, it is possible
to extract the capacitance C. This C includes, in addition
to the geometric capacitance Cgeo, the quantum capacitance
e’D, which is proportional to the density of states (DOS)
D at the Fermi level of the conductor facing the metallic
top gate. Here, e is the elementary charge. In its simplest
form the relation reads: C~! = C;e‘l) + (¢*D)~" [25,26]. For a
2DES with a perpendicularly applied magnetic field, a half
filled Landau level at the Fermi level leads to a maximum
in D and therefore in the capacitance. Recent experiments on
3D HgTe TIs have shown that the capacitance probes at small
and intermediate magnetic fields the DOS of the top surface
of the HgTe layer only [17,27]. Thus, the periodicity of the
quantum oscillations seen in the capacitance in not-too-high
magnetic fields reflects exclusively the carrier density of the
top surface. The capacitance measurements presented here

under different magnetic fields and DC voltage bias V, be-
tween the top gate and the HgTe layer were performed at
a temperature of 5 K. Finally, to get information about the
current distribution in our 3D TI under quantum Hall condi-
tions we used a scanning field effect transistor, sketched in
Fig. 2(c), which probes the Hall potential profile within the
cross section of an ungated 20-um-wide Hall bar at 40 mK.
From the gradients in the Hall potential profile across the Hall
bar one can derive the nonequilibrium current distribution in
the quantum Hall regime, as discussed in more detail below.

II. MAGNETOTRANSPORT MEASUREMENTS

An example of transport data on our gated Hall bar,
showing the QHE and the corresponding Shubnikov—de Haas
(SdH) oscillations is shown in Figs. 3(a) and 3(b), which
differ in the magnetic-field scale. At high magnetic fields in
Fig. 3(a), Ryy shows well-quantized quantum Hall plateaus
and Ryx pronounced zero-resistance states with Ryx spikes
in between. The existence of well-quantized quantum Hall
plateaus indicates that a two-dimensional charge-carrier sys-
tem dominates the transport in that respective parameter
regime. From the plateau values at high magnetic fields, we
can extract the Landau-level filling factors v =2 and v = 3.
The Ry spikes mark DOS maxima at the Fermi level which
are expected for a half filled Landau level (LL). At lower
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FIG. 2. Three complementary techniques used to study QHE. (a) Schematic gated Hall bar for measuring longitudinal and Hall resistance
in four-point geometry using standard lock-in techniques. For the transport experiments, we used alloyed indium contacts (not shown). (b) The
capacitance measurements were performed by applying an AC voltage V¢ on top of the DC gate voltage V, between the top gate and HgTe,
indicated by the schematic coax cables. The resulting AC current is measured phase-sensitively using lock-in techniques. (c) On an ungated
Hall bar, electrostatically sensitive scanning probe microscopy (SPM) was applied: Scanning over the cross section of the Hall bar twice while
switching between two voltage excitation schemes, a and b, allows for a detailed mapping of the Hall potential profile and reflects the spatial
nonequilibrium current distribution in the quantum Hall regime. The voltage Vcoy is used to compensate for a work-function difference, i.e.,
a local electrostatic depletion of the charge carriers within the HgTe layer by the probe tip is avoided. For contacting, the CdTe was partially

removed before the Au contacts were deposited.

magnetic fields, better seen in Fig. 3(b), the SdH oscillations
and associated Ry, plateaus show some irregularities: features
for v =10 are missing in both R,, and Ry, and the SdH
minimum for v = 7 and the corresponding Hall plateau is only
weakly pronounced.

We expect this irregular behavior because, at least at lower
magnetic fields, there are three subsystems—occupied top
and bottom surface states and bulk electrons or holes—with
different evolution of Landau levels with a magnetic field
(“Landau fans”), and this coexistence should leave its mark
on the transport data. By fast Fourier transforming (FFT) the
low-field SdH oscillations in the voltage regime between —1
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FIG. 3. Hall resistance R,y (black) and the square magnetoresis-
tance Ry« measured at 57 mK and V, = 0 using an AC current of
10 nA. (a) At high magnetic fields R, shows well-quantized plateaus
and zero-resistance states in R, . (b) Measurements at lower B show a
more complicated behavior, e.g., some of the quantum Hall plateaus
and SdH minima are only faintly visible (v = 7) or completely miss-
ing (v = 10), while others are still very pronounced. This reflects the
coexistence of multiple charge-carrier subsystems. The horizontal
lines in both panels correspond to the expected position of plateau
number 7.

and 0 V, where the Fermi level is above the valence band edge,
plotted over 1/B [28,29], we can obtain more information
about the densities of the dominant charge-carrier systems
there. Figure 4(a) shows the FFT amplitudes for three different
gate voltages, with two peaks in the spectrum, as expected
for the Fermi level in the gap. One of these frequencies
(the inverse of the periodicity in 1/B), f}, increases linearly
[Fig. 4(b)] with the gate voltage. The corresponding carrier
density, given by ef; /h corresponds to the density of a carrier
system directly facing the top gate—the Dirac electrons at the
top surface. The other frequency f, remains constant and is
hence ascribed to a carrier system which is screened from
changes in V,—presumably the Dirac electrons at the bottom
surface and/or electrons in the bulk facing the bottom surface
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FIG. 4. (a) Fast Fourier transform (black) of the low-field SdH
oscillations from 0.75 to 1.5 T at three gate voltages, which can be
decomposed into two characteristic frequencies (red). (b) While f;
increases linearly with V,, f, remains constant.
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FIG. 5. (a) Comparison of capacitance (magenta) and transport data for V, = 0.5 V. Transport data were taken at 7 = 57 mK and an AC
current of 10 nA, the capacitance was measured at 5 K and at a AC voltage amplitude of 100 mVgys at 3.1 Hz to minimize resistive effects
(see Supplemental Material of Ref. [27]). The minima of Ry, match only for some filling factors (2, 4, 7, and higher) with minima in C. For
other filling factors, minima in capacitance are missing, reflecting different carrier densities being measured by both techniques. (b) Evolution
of the capacitance as a function of V, and B, measured at 5 K, represented in a color map by its second derivative to enhance feature visibility.
Yellow corresponds to capacitance maxima, i.e., DOS maxima which are expected for a half-filled Landau level (LL maxima) in the conductive
layer closest to the top gate. The magenta lines follow the LL maxima centers. (c) Color map of the second derivative of Gy« normalized to its
average value with respect to the gate voltage at fixed magnetic-field values. Yellow regions correspond to Gyx norm Maxima indicating also LL
maxima. In greenish regions, Gy« (as Ry) goes to zero. The blurred, nearly horizontal lines at about 3.3 and 5.2 T, marked by white dashed
lines, reflect half-filled LLs on the back surface. The magenta lines are the same as those in panel (b) reflecting only the conductive layer
closest to the top gate. At high gate voltages and magnetic fields, these lines correspond to the evolution of certain maxima in Gyx. (d) Ratio
of the Klitzing constant Ry to Hall resistance Ry, as a function of magnetic field and V,. The different colors reflect the different Hall plateaus.
The boundary lines are plotted at the halfway point between two quantum Hall steps. The numbers indicate the relevant integer filling factor.

They are also marked in panel (c).

[see band diagram in Fig. 1(c)]. The corresponding data points
are shown in Fig. 4(b) and Fig. 8. in the Appendix. For V, <
0.5V, fi is smaller than f5, i.e., the surface electrons have less
density than the bottom electrons. Somewhere between 0.5
and 1 V, these become equal [see band diagram in Fig. 1(c)
for V, = 0.7 V]. The situation gets inverted for V, > 1 V.

III. CAPACITANCE SPECTROSCOPY

To emphasize that transport and capacitance measurements
give different charge-carrier densities due to the existence of
different carrier subsystems, spatially separated in the HgTe
layer, the corresponding data of Ryy, Ry, and C are directly
compared in Fig. 5(a). The data are shown for V, =0.5 V,
where—due to previous analysis—the top layer density and
the one at the bottom are close to be equal (at low magnetic
fields). The capacitance shows pronounced quantum oscilla-
tions, but the 1/B periodicity of these oscillations starting at
low fields is different from that of the SdH oscillations in

Ryx. To examine the transition from low to high magnetic
field and from negative to positive V, in more detail, we
compare capacitance data with transport data as a function of
magnetic field B and gate voltage V, in Figs. 5(b) and 5(c).
To enhance the visibility of the maxima in C and Ry at low
B, we plot the second derivative of the capacitance, 9:C / av2,
and the second derivative of the square magnetoconductance,
82Grx.norm/ 8ng. Here, the G, data were calculated from R,y
and Ry, and then normalized to their mean value Gy norm
with respect to the gate voltage at fixed magnetic-field val-
ues before taking the second derivative. In both graphs, the
yellow regions correspond to maxima, in the case of Fig. 5(b)
capacitance maxima, and for Fig. 5(c) Gxx maxima. Although
the quantum oscillations were measured on one and the same
device, the resulting Landau fans look strikingly different.
The capacitance data show a simple Landau fan in the (V;, B)
plane, the pattern of a 2DES with linearly increasing density
in V,. This is shown by the magenta lines in Fig. 5(b). The
lowest Landau level, marked by the dashed magenta line is
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FIG. 6. (a) Normalized 9*Gyx.norm/ BV;, color map as in Fig. 5(c) but extended to higher B. The magenta lines are the same as in Fig. 5
and are the Landau fan of the top surface electrons, identified by the capacitance measurements at low magnetic field. The dashed lines follow
the contour of Bszx,mrm/ BV;, reflecting L maxima. Above about 12 T these lines become straight. When the first and the second LL are
extrapolated to zero field (solid black lines), they meet at —2.3 V, i.e., at the CNP. They reflect the Landau fan of the merged electron density.
The zeroth LL deviates from a straight line, likely due to a nonlinear magnetic-field dispersion. The indicated filling factors are those of
the merged electron density. (b) Second derivative of the capacitance data with yellow regions showing the density of states maxima. The
dashed lines are those taken from panel (a). At high field the LL maxima of capacitance and 8>Gyy norm/ BVg2 coincide, indicating that both
measurements reflect the same carrier density. The red spheres in both panels indicate the special points where the maximum and minimum of

capacitance and conductance are in antiphase (see text).

not resolved in the experiment because of the vicinity to the
edge of the valence band at that negative V, [see band diagram
in Fig. 1(c)] and therefore the abrupt change of the zero
field C(V,) in this region. The transport data in Fig. 5(c), on
the other hand, show a complicated LL pattern. Plotting the
Landau fan of Fig. 5(b) in Fig. 5(c) shows that some of the
LL maxima of Gyxx (as Ryx) coincide with the magenta LL fan
in certain sections. These LLs we ascribe to the top surface.
The LL sections that do not coincide with the magenta fan
must come from the bottom surface and the bulk electrons.
The blurred narrow regions, lying nearly horizontally in this
map just at about B = 3.3 and 5.2 T, highlighted by white
dashed lines, can be correlated with quantum oscillations of
the conductive bottom surface because the inverse periodicity
A(1/B) of these line positions corresponds to the carrier den-
sity of the bottom surface extracted from the Fourier transform
shown in Fig. 4(b). In parallel, the bottom electron system also
leaves their mark in the map of the total filling factor, reflected
in the inverse Hall resistance. This is shown in Fig. 5(d) as
Rx /Ryy, with the Klitzing constant Rk. Close to 3.3 and 5.2 T,
steps appear which we also ascribe to the presence of backside
electrons. The different quantized Hall plateaus appear in this
plot as single-color regions, where the plateau values allow
the assignment of the filling factors in Figs. 5(c) and 6. The
plateau values for filling factors two and three, measured by
using standard lock-in techniques, deviate by approximately
0.15% from the theoretical value, for filling factors four to six
the deviation is between 0.3% and 0.7%.

While the Landau fan in Fig. 5(c) looks quite complicated
with Landau levels running crosswise, the pattern becomes

simpler as the magnetic field is increased. This is shown in
Fig. 6 where we again compare capacitance and transport data
but now with an extended magnetic field range up to 17 T.
At higher B the Landau fan extracted from the transport data
[Fig. 6(a)] takes on the look of a conventional 2DES. The
positions of the LL maxima of the three lowest filling factors
are marked with dashed lines. Extrapolation of the dashed
lines for the first and second LL. maxima to B = 0 gives the
solid black lines. Their slopes correspond to the filling rate we
obtain from the classical B-linear Hall voltage, plotted (Fig. 8
in the Appendix). Thus we associate this filling rate with the
one of the total electron density dn/dV,. This black Landau
fan, along with the dashed lines, is copied to Fig. 6(b). In
contrast with the low-field situation, shown, e.g., in Fig. 5, the
capacitance maxima now all correspond to the conductivity
maxima. This means that capacitance and Gxx now reflect the
same filling rate determined by the same electron density, i.e.,
the sum of all electron densities. Thus, the central conclusion
from these experiments is the following: Atlow B, up to about
6 T, different Landau fans for the top surface, bottom surface,
and conduction-band electrons coexist and cause the compli-
cated transport Landau fan. As the magnetic field increases,
the Landau fans merge into one, indicating that at sufficiently
high magnetic fields only one merged 2D electron system
survives in the whole HgTe layer. In this regime, we observe
well-quantized Hall plateaus and zero resistance states in Ryx,
as shown in Fig. 3(a).

In the simplest terms, the merging of the top and bot-
tom surface electrons with the bulk electrons into a single
two-dimensional electron system (2DES) can be understood
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FIG. 7. (a) Magnetotransport data of the ungated Hall bar, measured at 40 mK and a bias voltage of Vps = 0.3 mV. The dotted lines indicate
the magnetic-field positions in the plateau for which the Hall potential profiles are shown in panel (c). (b) Hall potential profiles within the
v = 2 QH plateau, normalized to the applied voltage, measured over the width of the Hall bar in the middle between potential probing contacts.
(c) Color map of Hall potential profiles for a larger magnetic-field range containing the plateaus of v = 2 (in the range of B=11,...,15T)

andv=3(,...,97).

by examining the distinct evolution of Landau levels for
these three subsystems. At zero magnetic field, the differ-
ent electron densities in each subsystem result in different
initial Fermi energies. However, the overall Fermi level
remains the same across the three subsystems. As the mag-
netic field increases, the LL degeneracy increases linearly
with the magnetic field, and therefore the energetically higher
LL levels in each subsystem get depopulated. Energetically
driven, electrons move into the lower LL of the subsystems or
change to other subsystems as all are electrically connected.
In the latter case, the overall electrostatics is affected. The
exchange of electrons between the subsystems might lead
to an energetically more favorable situation. To model this,
one must consider self-consistently the modification of the
electrostatics, as well as the dispersion of the different Landau
levels, the effect of Landau-level crossings, and the spatial
distribution of the bulk electrons. The lack of knowledge of
some of these parameters makes the modeling unreliable. At
a sufficiently high magnetic field, only the evolution of a
single LL fan is visible in the B — V, diagrams of Fig. 6. By
linear extrapolation, the corresponding LL fan has its origin at
(B=0T,V, =—-2.3V). At high magnetic fields, this merged
2DES acts as the counter electrode to the gate electrode. The
fact that the electron density extracted from the capacitance at
high magnetic fields corresponds to the total carrier density
and can be directly tuned by the gate voltage supports the
assumption that only a single 2DES remains. The merging
of a top and bottom electronic subsystem with an increasing
magnetic field has also been observed in wide quantum well
structures based on (Al,Ga)As heterostructures [30].

IV. CURRENT DISTRIBUTION

Finally, we looked at the nonequilibrium current distri-
bution in the quantum Hall regime. Similar to investigations
over the last two decades on quantum Hall samples based on
(Al,Ga)As heterostructures [31-36] and exfoliated graphene

[37], this was obtained by measuring the local Hall voltage
drop over the cross section of the Hall bar by a scanning
probe microscope sensitive to electrostatic potential variations
within the 2DES. The scheme of the experimental setup is
presented in Fig. 2(c). The measurements were conducted in
a top-loading *He-*He dilution fridge at a base temperature
of 40 mK on an ungated Hall bar with a width of 20 um,
fabricated from the same heterostructure as previously
described. A field effect transistor—fabricated from an
(Al,Ga)As heterostructure containing a 2DES—was used here
as a local probing sensor. Due to the orientation of the sensor
relative to the Hall bar, at best a spatial resolution of 1 um in
the x direction and 10 nm in the y direction can be expected.
The Hall potential profile normalized to the applied Hall bar
bias voltage is obtained by scanning twice at a distance of
about 0.3 um over the cross section of the Hall bar with
different voltage excitations applied to the Hall bar source
and drain contact [see in Fig. 2(c) the switch position a or
b] [31,38].

Figure 7(a) shows R,x and Ryy vs B around the Hall re-
sistance plateau with v = 2 measured on the ungated sample
with Vps = 0.3 mV. The magnetic-field range where this
plateau appears fits very well to the magnetotransport char-
acteristics obtained on the gated Hall bar at V, = 0. Please
note, the Hall resistance plateau is more extended than the
Ry« zero-resistance state which is measured along the Hall bar
with 150 um distance between the potential probing contacts.
This indicates that here the charge-carrier density is slightly
inhomogeneous along the Hall bar.

In Fig. 7(b), Hall potential profiles, normalized to the ap-
plied bias voltage of 0.3 mV, are shown, measured over the
cross section at about half the distance between the potential
probing contacts for different magnetic-field values in the
quantum Hall plateau. For B = 10 T, i.e., in the transition
regime between quantum Hall plateaus, the Hall potential
profile shows a linear Hall potential drop over the width of
the Hall bar, as expected for a classical Hall effect. The Hall
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potential difference between left and right side is much less
than the applied bias voltage (normalized Hall voltage is about
20%) which is mainly due to the voltage drop along the
resistive Hall bar. For B = 11 T, the sample enters the plateau
from the lower magnetic-field side. The Hall resistance is
well quantized, yet the longitudinal resistance is still finite.
Looking at the respective Hall potential profile in Fig. 7(b), the
potential drop shifts to the center of the cross section, increas-
ing in steepness and overall magnitude (to about 70% of the
applied voltage). Increasing the magnetic field to B = 12 T,
Ryx = 0 is reached. The Hall potential profile for B = 12, 13,
and 14 T shows a Hall voltage of 90% of the applied bias
voltage (the wiring to the QH sample and the resistances at
source and drain contact are responsible for the remaining
10%), and slight variations in the Hall potential drop at the
cross-section center. At B = 15 T, the longitudinal resistance
shows again a finite value, going hand in hand with a decrease
in the Hall voltage seen in this cross section.

The changes of the Hall potential profiles throughout a
plateau can be better seen in Fig. 7(c). Here, the Hall poten-
tial profiles for a larger magnetic-field range are shown as a
color map, containing the plateaus for filling factors v = 2
and v = 3. The positions of the potential drop are visible as
green-yellow-colored areas. For both plateaus, a continuous
evolution occurs from a linear potential drop over the entire
Hall bar width to a potential drop only in the center of the
cross section and back again to a linear drop over the whole
cross section. Inhomogeneities of the electron density along
the Hall bar become visible by measuring the Hall potential
profile for fixed magnetic field (B = 14 T) at different cross
sections along the Hall bar (see Fig. 9 in the Appendix):
For that magnetic-field value within the QH plateau, the Hall
potential drop in the center continuously varies from cross
section to cross section shifting back and forth in the cross
section on a scale of few micrometers along the Hall bar.

This behavior is expected from scanning probe ex-
periments on quantum Hall samples based on (Al,Ga)As
heterostructures and their interpretation [39]. The quantized
Hall resistance appears due to Hall voltage drops only over
locally incompressible regions, all of the same integer-valued
filling factor v =i. The local drop over an incompressible
region in the y direction causes a dissipationless Hall current
in the x direction, carried locally by all occupied Landau
levels within the incompressible region. This is expressed by
a local relation between Hall field E, and local current density
Jjx = i(&*/h)E,.

In contrast with (Al,Ga)As QH samples, here in the HgTe
sample, only the bulk-dominated quantum Hall regime is ob-
served. The edge-dominated QH regime, found in (Al,Ga)As
QH samples at the lower magnetic field side of a QH plateau,
is caused by the pronounced depletion region at the Hall
bar mesa edges where the electron density goes down to
zero over a typical length of a micron. Due to that, with
increasing magnetic field, pronounced incompressible strips
appear in the depletion regions at the Hall bar edges before
the bulk becomes incompressible. Wide enough, Hall voltage
drops over such incompressible strips cause a dissipationless
nonequilibrium current flow along both edges of the Hall
bar. With rising B, the innermost incompressible strip at each
edge shifts strongest in its positions towards the Hall bar

center while getting also wider, until the innermost incom-
pressible strips of opposite edges merge to an incompressible
bulk, where—due to inhomogeneities in the charge carrier
concentration—compressible droplets are embedded. Hall po-
tential profiles, measured in (AL,Ga)As QH samples, reflect
this evolution of incompressible regions from the edges to the
bulk, i.e., within a quantum Hall plateau we moved from an
edge- to a bulk-dominated QH regime [39]. This can even
be seen in electrically induced QH breakdown measurements
[40] on (Al,Ga)As QH samples of different Hall bar widths.
The topological surface states of HgTe at the mesa edges do
not allow for such depletion at the edges of the Hall bar.
Therefore, the edge-dominated QH regime is here suppressed,
only the robust bulk-dominated QH regime of a merged
2DES exists where the dissipationless current is driven by
the local Hall voltage drop in incompressible regions of the
2DES. In the QH regime, the compressible edges have the
important role of carrying the electrochemical potential dif-
ference between source and drain contact into the QH sample
which is then present as Hall voltage in the Hall bar cross
section. The topological surface states of HgTe at the mesa
edges fulfill this task.

V. DISCUSSION AND OUTLOOK

As previously discussed, quantum Hall effect is not only
observed at high magnetic field but also in the regime where
more charge-carrier subsystems coexist. As seen in Fig. 5(d),
the quantum Hall plateaus reflect an integer filling factor for
the total electron density although the subsystems have not
merged to a single one. This is possible if the two Dirac
electron systems—the one at the top and the one at the bottom
of the HgTe layer—are both incompressible (with compress-
ible droplets embedded) (Gxx = 0). Due to the electrically
conductive side facets, both subsystems are connected and
see the same Hall voltage V,. If within a Hall bar cross sec-
tion the Hall voltage drops within each subsystem only over
incompressible regions of the same filling factor—which can
be different for both subsystems, i.e., v, = i, and v, = ip, the
resulting nonequilibrium current is carried dissipationless by
both subsystems: I, = (i; + ib)(ez/h)Vy.

In the transition between plateaus we see that maxima of
Gyx and C do not always coincide. For instance, the coinci-
dence of the maximum of Gyx and a minimum of C (e.g., at
B =9TandV, = —0.9 V marked as one of the red spheres in
Fig. 6) is explained by the fact that under these conditions the
electron subsystem on the top surface has a low density, be-
haves incompressible and therefore only partially screens the
gate electrode. Consequently, the deeper-lying compressible
subsystem is charged, giving—due to the larger distance to the
gate—Iless contribution to the capacitance. The coexistence of
zero Gxx and a capacitance maximum (e.g., at B=9 T and
Ve = —0.45 V) suggests a different situation. Zero Gy, hints
to the fact that all subsystems are incompressible. While most
of the additional charge carriers are induced in the top layer at
that gate voltage, obviously these electrons remain localized
in compressible droplets. The various situations in the data
can be interpreted—more or less stringently—in that way,
however a detailed model to describe the respective evolution
of Gxx and C is not yet available.
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In conclusion, we have studied the quantum Hall effect in
a 3D topological insulator, specifically a strained HgTe film,
by combining different measurement techniques. At low mag-
netic fields, multiple electron subsystems are identified that
develop distinct Landau fans. Quantum Hall plateaus, corre-
sponding to integer-valued Landau-level filling factors of the
total electron density, are consistently observed in this regime.
Our results at high magnetic fields indicate that these subsys-
tems merge into a single electron system at sufficiently high
magnetic fields. In this regime, the nonequilibrium current
distribution has been probed using spatially resolved mea-
surements of the Hall potential with an electric-field-sensitive
scanning probe technique. These measurements show that the
side facets of the conductive mesa conduct the bias voltage
applied between the source and drain contacts along the Hall
bar edges into the sample. In the quantum Hall regime, this
bias voltage is present as Hall voltage in the cross section of
the Hall bar and drives a dissipationless current through the in-
compressible bulk—a quantized Hall resistance is measured.
This suggests what happens at lower magnetic fields, where
there are still electron subsystems at the top and bottom of
the HgTe layer: both subsystems see the same Hall voltage
and—if both subsystems are incompressible in the bulk—each
carry a fraction of the dissipationless current.

It would be intriguing to explore whether similar physics—
such as the existence of essentially independent subsystems
at low magnetic fields, the merging of these subsystems with
increasing B, and the eventual survival of a single Landau
fan at higher fields—can be observed in other material sys-
tems. In principle, comparable behavior might be expected
in other topological materials with topological surface states.
However, HgTe distinguishes itself due to its exceptionally
high mobilities in both bulk and surface states, which en-
able the detection of subtle quantum transport phenomena
that are often obscured by disorder in materials like Bi-based
TIs. Moreover, the magnetic-field range over which merging
effects are observable through quantum oscillations in other
systems is likely to depend significantly on factors such as
disorder (Landau-level broadening), the dielectric constant,
effective masses, and other material-specific parameters.

APPENDIX: GATE VOLTAGE DEPENDENCE OF CARRIER
DENSITY AND HALL POTENTIAL DISTRIBUTION

Figure 8 summarizes the densities of the different charge-
carrier species as a function of V,, extracted by different
techniques. Similar data for other devices has been discussed
previously [12,17,27]. The carrier density measured by the
classical, B-linear Hall voltage for V, > —1 V, nfllinvolves
all electrons. Therefore we call it the total electron density
e = nt4ll The carrier density extracted from periodicity
of the SdH oscillations measured at high magnetic fields,
Hyians coincides with ng™" for V, > —1'V, so that nifgy = nio
holds. In the valence band (V; < —1 V), where electrons and
holes coexist, the sum of top and bottom surface electrons,

D“‘de, is extracted from the two-carrier Drude model. The
total hole density pP™% is also obtained from the two-carrier
Drude model. SdH measurements on the valence band show
a slightly lower hole density pS% than the Drude result, a
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FIG. 8. Charge-carrier densities of the different charge-carrier
types. Black data points are the total electron density n,, at partic-
ular gate voltage extracted from the linear Hall slope (nf'!), from
high-field SdH oscillations (nlfidg%) and, on the hole side, from the
two-carrier Drude model (nP™%). The valence-band hole densities,
shown in red, were extracted using the two-carrier Drude model
(pSD’“de) and SdH oscillations (p3™). The top surface electron density
(np) is obtained from the period of the capacitance oscillations and
the back surface electron density ny,, by Fourier analysis of the low
field SAH oscillations.

feature, which is explained by the partial compensation of
electrons and holes [12,28]. The capacitance quantum oscil-
lations, as discussed in the main text above, reflect for not too
high B only the carrier density n, of the Dirac top surface
electrons; the V, dependence of the respective carrier density
is shown by the magenta symbols in Fig. 4. In contrast, the
green data points show 71y (V). These values were extracted
from the data in Fig. 4.

Figure 9 shows the distribution of the Hall potential over
the plane of the sample at a fixed magnetic field of B = 14 T,
corresponding to an integer filling factor of v = 2.
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FIG. 9. Hall potential distribution over an area of the Hall bar for
a magnetic field of B = 14 T, being in the well quantized regime of
QH plateau v = 2.
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