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Quantum Hall effect and zero-resistance plateau in bulk HgTe
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We investigate the quantum Hall effect (QHE) in a gated 1000-nm-thick HgTe film that nominally constitutes
a three-dimensional system. Around the charge neutrality point (CNP), we observe a weak zero plateau in the
Hall resistance, accompanied by a relatively small value of R,, on the order of /1/e¢?. We demonstrate that the
zero plateau arises from counterpropagating chiral electron-hole edge channels with suppressed interchannel
scattering. This behavior resembles that of the quantum spin Hall effect; however, in our case, quasiballistic
transport persists over macroscopic distances. We show that the QHE emerges within a two-dimensional (2D)
accumulation layer near the gate, while the bulk of the film serves as an electron reservoir. Carrier exchange
between the reservoir and the 2D layer gives rise to anomalous scaling of the QHE—not with respect to the

CNP, but relative to the first electron plateau.

DOI: 10.1103/fc7w-cq8f

The quantum Hall effect (QHE) [1] stands as one of the
most groundbreaking discoveries in physics in the latter half
of the 20th century. It introduced the concept of the conduc-
tance quantum (e?/h), offering a clear, simple, and highly
precise demonstration of quantum mechanics at work. The
profound significance and broad applicability of QHE have
ensured that it remains a key area of both theoretical and
experimental research. Current investigations primarily focus
on realizing the QHE in emerging materials such as graphene
[2], semimetals [3,4], and three-dimensional (3D) topological
insulators (TIs) [5-7]. In graphene and semimetals, the be-
havior of the zero Landau level (LL), which manifests as zero
Hall conductivity, oy, = 0, is of particular interest. Although
several theoretical models address this phenomenon [8—11],
no consensus has been reached regarding the realization of
the zero plateau. In 3D TIs, topologically nontrivial and non-
degenerate surface states exist independently of the position
of the Fermi level [12,13]. If the bulk of such materials is in-
sulating, the conducting surfaces are natural two-dimensional
(2D) systems, exhibiting QHE originating from the surface
states [5,6,14]. Another intriguing issue is the possibility of
observing the half-integer QHE [15], which remains a topic
of ongoing discussion. Furthermore, it has been suggested
[16] that the QHE can be realized in 3D topological semimet-
als. Recently, the 3D QHE was demonstrated in bulk ZrTes
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[17], a system that actually has a layered structure. Since
this provides a completely different perspective on the forma-
tion of the QHE, further experiments in the field are eagerly
anticipated, especially if they can be realized using existing
systems.

Here we present an experimental study of a high-quality,
gated 1000-nm-thick HgTe film. The film was grown by
molecular beam epitaxy on a GaAs(013) substrate under the
same conditions and with the same layer sequence as for typi-
cal 80 and 200 nm films [18,19]. A schematic cross-sectional
view of the devices is shown in Fig. 1(a). The HgTe film
thickness is approximately ten times larger than the pseudo-
morphic growth limit for HgTe on a CdTe substrate, which
has a lattice constant 0.3% larger than that of HgTe [14,19].
Therefore, we conclude that the film under study is fully
relaxed to its original lattice constant, rendering it a zero-gap
semiconductor [20] with an inverted band structure hosting
3D carriers and topological surface electrons.

In our previous work [21], we studied classical magneto-
transport and Shubnikov-de Haas (SdH) oscillations in this
structure. It has been shown that the oscillations originate
from topological electrons at the interface between HgTe and
CdHgTe, as well as from 2D trivial electrons or holes and
Volkov-Pankratov states, all confined within a gate-tunable
accumulation layer [see Fig. 1(b)]. The low-mobility 3D elec-
trons are located in the bulk and act as a separate classical
conductivity channel. In contrast, here we focus on quantizing
magnetic fields and demonstrate a distinct QHE characterized
by several peculiar features, including the formation of a zero
plateau in p,,, quasiballistic edge channels on a macroscopic
length scale, and anomalous scaling relative to the first elec-
tron plateau.

Published by the American Physical Society
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FIG. 1. (a) Schematic cross section of the structure under investi-
gation. (b), (c) Proposed band diagram of the accumulation layer for
positive and negative gate voltages, respectively. E; and H; denote the
edges of the electron and hole subbands in the accumulation layer,
DP is the Dirac point of the topological surface electrons, and Ef is
the Fermi level.

Figure 2(a) presents the main experimental result of our
work: the Hall resistivity py, versus gate voltage V, measured
at B = 11T shows clear plateaus on both the electron side
(at positive V) and the hole side (at negative V, < —5V).
The quantized values of p,, correspond to h/e* and to its
integer fractions. These plateaus in p,, are accompanied
by near-zero values of the diagonal resistance R, (V,), as
shown in Fig. 2(b). Taken together, these observations provide
compelling evidence for the emergence of a well-developed
quantum Hall effect—an outcome that is particularly striking
and unexpected in a three-dimensional system. All three de-
vices studied exhibited consistent behavior. The centers of the
plateaus are equally spaced in gate voltage, indicating that all
two-dimensional carriers identified in Ref. [21] and shown in
Figs. 1(b) and 1(c) contribute to the formation of the QHE and
are hybridized by the strong magnetic field, a phenomenon
previously observed in thinner HgTe films [7,19,22,23] and
other systems [24]. Thus, the observed QHE is predominantly
2D in nature. Remarkably, however, the presence of a large
number of bulk carriers does not appear to distort or suppress
the formation of the QHE. We will revisit this point later.

At first glance, the behavior of R, and p,, in Figs. 2(a)
and 2(b) is similar to that observed in other electron-hole
systems, such as graphene [2,9,25-27], or in closely related
HgTe quantum wells [4,7,23,28-32]. In the quantum Hall
regime, the centers of the p,, plateaus generally align with
minima in Ry, and oy,, as shown in Figs. 2(a) and 2(b) for
v # 0. At the charge neutrality point (CNP), however, this
correspondence breaks down: As the magnetic field increases
and the temperature decreases, R,, in most of the studied sys-
tems exhibits exponential growth and becomes significantly
higher than h/e?, while p,, remains on the order of h/e?
[2,4,9,25,29,33-40]. Consequently, R,, >> p,, causing both
0y and oy, to naturally approach zero as a result of inverting
the resistivity tensor. In stark contrast, our system exhibits
fundamentally different behavior: Near the CNP, we observe a
zero plateau in the Hall resistivity p, accompanied by a max-
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FIG. 2. (a) QHE plateaus in the Hall resistivity p.,(V,) and
(b) minima in the longitudinal resistance R,(V,) measured at B =
11T and temperature 7 = 0.16 K. Note the formation of the zero
plateau in py,. Inset: Schematic representation of counterpropagating
chiral electron and hole edge channels. (c) Sketch of the macroscopic
Hall bar with two measurement schemes: local (top, used for p,,
and R,,) and nonlocal (bottom). The investigated Hall bars have a
50 um wide current channel, with potential probes spaced 100 and
250 um apart. (d) Nonlocal resistance vs gate voltage measured at
B =0 (black)and B= 10T (red) at 7 = 0.16 K.

imum in R, < 2h/e*. Although the zero oy, plateau is also
observed in the system under investigation (see Fig. S3 of the
Supplemental Material [41]), we emphasize the significance
and uniqueness of the experimentally observing the zero
plateau directly in the Hall resistivity p.,. This behavior was
consistently observed across all three investigated devices.

Unlike the plateaus at other filling factors, the zero Hall
plateau in p,, is not as precisely quantized. This is due to
two main factors. First, extracting the plateau requires an anti-
symmetrization procedure to eliminate spurious contributions
(see Fig. S5 of the Supplemental Material [41]). The need for
antisymmetrization is expected, as the measured p,, is invari-
ably distorted by a component proportional to R,,. Second,
the zero plateau lacks precise quantization accuracy because
the temperature is not identical at positive and negative B,
which affects R,, and, consequently, the obtained p,, values.
Together, these two effects lead to a shift and distortion of
the plateau. Despite these variations, the exceptional nature
of the zero plateau is evident, as its width and slope remain
comparable with those of the other plateaus.

The unusual behavior of R, and p,, near the CNP may
be attributed to both bulk and edge conduction mechanisms.
The absolute values of the diagonal resistance R, ~ 2h/e’
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at the CNP, along with its weak temperature dependence for
T < 0.2 K (see Fig. S6 in the Supplemental Material [41]),
suggest that the conduction mechanism originates from a dis-
ordered metal state, either in the bulk or at the edge. In the
first scenario, the 2D conductivity is determined by the sum
of partial contributions: electron and hole contributions are
added for o, but subtracted and cancel each other for oy,
due to their opposite charges. In the second scenario, counter-
propagating electron and hole channels form along the sample
edges [4,8,9], resulting in a zero Hall resistivity. This is
sketched in the inset of Fig. 2(a). Assuming the edge channels
are dissipationless, the counterpropagating edge states result
in a longitudinal resistance of 4/2¢? and a vanishing Hall
resistance, as observed here—phenomenologically similar to
the behavior of the quantum spin Hall effect (QSHE) [42]. The
magnetic-field-induced QSHE state near the CNP was first
predicted in Refs. [8,9,43] and later experimentally observed
in graphene [44] as well as in HgTe quantum wells [4].

To determine which of these models best describes the
system under study, we investigated the nonlocal transport
properties of our sample. This method has been exten-
sively used to demonstrate edge transport in both 2D TIs
[45-52] and nontopological systems in the QHE regime
[26,29,40,53-55]. For the nonlocal measurements, we sepa-
rated the current and voltage pairs of the contacts by 350 um,
as shown in Fig. 2(c). The results of Rpniocal(V,) measure-
ments for magnetic fields of 0 and 10 T are shown in Fig. 2(d).
The peak of the nonlocal resistance at the CNP at 10 T (red
curve) provides clear evidence for the edge-based nature of the
transport. The presence of even a small bulk conductivity (sig-
nificantly smaller in magnitude than 1/R,,) will immediately
lead to a reduction of the nonlocal resistance. This manifests
itself, for example, in a steeper temperature dependence of
the nonlocal resistance compared to the local one in the case
of 2D TIs [49,50,52]. In the limiting case of dominant bulk
conductivity, the theoretically expected value of the nonlocal
resistance in the employed geometry should be exponentially
small, on the order of pe ™'V ~ 10710 p,, (for more details,
see Sec. S3 of the Supplemental Material [41]), with p,, being
the resistivity and L/W = 7 the geometrical length-to-width
ratio of the corresponding section of the Hall bar. Such a
situation is realized at B = 0, which results in a negligibly
small measured signal [black curve in Fig. 2(d)]. This result
clearly indicates that the zero-resistance plateau is formed
by counterpropagating electron and hole channels, while the
contribution of the bulk conductivity is negligible.

While edge transport is commonly observed in 2D
electron-hole systems near the CNP and in the QHE regime
[4,8,9,26,29,42,44], the observed low value of R,, is unusual.
In the above works, electron-hole edge channels in the QHE
regime near CNP or in 2D TIs have no backscattering protec-
tion on scales larger than a few micrometers, leading to re-
sistances much higher than /1/¢?. In this context, the observed
value of R,, suggests that a quasiballistic transport regime is
maintained over a scale of 100 wm, similar to the equilibration
length of edge channels in the quantum Hall regime [56-58].
Quantitative estimates of the local and nonlocal resistance
(see Sec. S3 of the Supplemental Material [41]) showed that
the ballistic length of the edge states is at least 50 um. The
absence of a zero plateau in p,, prior to antisymmetrization,
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FIG. 3. Gate voltage dependences of (a) longitudinal and (d) Hall
resistance in the QHE regime at magnetic fields of 6, 8,9, and 10 T
measured at 7 = 0.12 K. The gate voltage position of the first R,,
minimum and the corresponding p,, plateau remains the same (V, =
4 V) regardless of the magnetic field, while all other minima and
plateaus scale around v = 1 as the magnetic field changes. (b) Gate
voltage dependence of the charge density ngup obtained from the
positions of maxima and minima of R, for B = 6, 8, 10, and 12 T, re-
spectively. Note the linear dependence of ngue(V,), as well as a linear
shift between the curves in the magnetic field. (c) Gate-voltage-
averaged charge-density shift An(B) = ngue(B) — n2h, taken from
panel (b) and other QHE traces (not shown). Linear extrapolation

to B =0 gives An = 0, demonstrating the coincidence of nqoug and

2D
ngan-

combined with its strong temperature sensitivity, also indi-
cated limited protection against backscattering. Further inves-
tigation is required to understand this issue in greater detail.
We now address the role of bulk 3D carriers by analyzing
the evolution of the QHE in magnetic fields. Figures 3(a)
and 3(d) show the magnetic field dependences of Ry (V,) and
Pxy(Vy), respectively, in the range from 6 to 10 T. Starting at
B = 8T, well-defined plateaus in p,, are visible and are ac-
companied by deep, flat minima in R,,. For v = Onear V, = 0,
R, exhibits a broad flat maximum with values between 30
and 50k€2. At lower magnetic fields, such as B = 6 T [brown
trace in Fig. 3(d)], the QHE collapses abruptly. Instead of a
gradual smearing of the plateaus, the values of p,,(V,) deviate
significantly from the quantized levels, and the overall shape
of the traces loses resemblance to those observed at higher
magnetic fields. Equally dramatic changes are observed in
the gate voltage dependence of R,.(V,) [Fig. 3(a)]: The clear
oscillations vanish, giving way to a flatter profile with a much
weaker dependence on gate voltage. The observed evolution
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of the QHE as a function of magnetic field is atypical, but can
be well explained by the parallel conductivity of 3D carriers,
which shunts the QHE state and distorts the observed traces.
The density of the 3D carriers is expected to be independent
of the gate voltage because of the screening, and therefore,
the distortion is observed at all gate voltages. To be consistent
with the observed evolution of the QHE traces, which show
a qualitative change in the behavior as the magnetic field
increases from 6 to 8 T, the conductivity of the 3D carriers
has to decrease rapidly in a thresholdlike manner. A possible
mechanism for this could be the localization of 3D carriers,
either of the classical type, o, o 1/B?, or quantum localiza-
tion, driven by disorder (when electrons are trapped in 3D
puddles) and carrier interactions. At magnetic fields of 8 T
and above, these carriers are expected to become almost fully
localized, such that they no longer contribute significantly to
the transport and thus cease to distort the R, and p,, traces.
Nevertheless, the influence of bulk carriers remains detectable
at B = 8T, as evidenced by the deviation of the p,, plateau
positions from A/ ve?, and the minima of R,,, which saturate
at a finite value instead of reaching zero. From the depth of
these minima, and assuming the partial conductivity of the
2D carriers in the gap between Landau levels is negligible,
we estimate that the bulk conductivity decreases from 107° to
10~7 7! as the magnetic field increases from 8 to 10 T. More
detailed insight into the localization of 3D carriers lies beyond
the scope of the present work.

Localization of 3D carriers drives a transition from bulk
to edge transport. Thus, the emergence of counterpropagating
electron-hole edge channels and the zero Hall plateau can-
not be strictly assigned to magnetic fields above 8 T. QHE
traces at B = 6 T suggest that a QSHE-like state may already
exist at lower fields, but its signatures are obscured by bulk
conduction. This contrasts with graphene, where at the CNP
strong magnetic fields induce a pseudospin ferromagnetic
state [8,44,59], while bulk transport remains negligible and
qualitative changes occur solely in edge channels. Funda-
mental differences between graphene and HgTe—including
Zeeman energy scale, absence of valley degeneracy, carrier
distribution along z, and dielectric screening—make a direct
transfer of graphene-based symmetry-breaking mechanisms
to HgTe unlikely.

The variation of the mobile carrier density with magnetic
field is also reflected in the positions of the p,, plateaus and
the R,, minima along the V, axis. These positions correspond
to integer-filled Landau levels, where the carrier density fol-
lows the standard quantum Hall relation noug = veB/h. Due
to the linear relationship between carrier density and gate
voltage, the spacing AV, between adjacent plateaus remains
constant and is proportional to the magnetic field. Conse-
quently, the p,, and R, curves typically scale around the CNP
[2,4,7,25,26,28,30]. However, the traces shown in Figs. 3(a)
and 3(d) behave differently: As the magnetic field increases
from 6 to 10 T, the position of the first electron plateau at V, =
4 V remains fixed, while the positions of the other plateaus
(including the zeroth) scale linearly with the magnetic field
relative to the first plateau. In other words, the first plateau
serves as a reference point along the gate-voltage axis instead
of the CNP. Since the electron density at the center of the
first plateau is given by eB/h, this implies that the electron

density at a fixed gate voltage varies with magnetic field. This
behavior is verified throughout the full range of applied gate
voltages. To illustrate this, Fig. 3(b) shows the dependence
of noue(V,) extracted from the positions of the Ry, minima
and maxima corresponding to integer and half-integer filling
factors v, for magnetic fields ranging from 6 to 12 T. All
traces show linear dependencies with the identical slopes,
but are offset relative to one another. The vertical separation
between the curves represents the “excess” electron density,
An = noue — nZly;, where n2h; is the 2D carrier density ex-
tracted from SdH oscillations (see Fig. S7 of the Supplemental
Material [41]) in the limit of zero magnetic field. The resulting
An(B) follows a linear dependence starting from zero, as
shown in Fig. 3(c), with a slope of 2.7 x 10'cm™2/T. The
slope is close to e/h, which is precisely the value necessary to
maintain the fixed gate voltage position of the first plateau and
to scale the other plateaus relative to it. The excessive density
only results from a redistribution of carriers from the 3D bulk
to the 2D layer near the gate. Consequently, the reduction in
bulk electron density enhances carrier localization in the bulk
under a magnetic field and may even represent the dominant
mechanism driving this localization for B > 6 T.

An exchange between quantized 2D carriers and a charge
reservoir has previously been observed in HgTe quantum
wells (QWSs) [32,35,60] as well as in graphene [61], leading to
anomalously extended Hall plateaus, a phenomenon known as
the giant QHE. For such a transition to occur, the first electron
LL must lie below the energy of the bulk electrons. This expla-
nation is well founded, as the presence of a single LL with a
negative slope, stemming from topological electrons, is a hall-
mark of HgTe QWs with an inverted energy spectrum [62,63].
To numerically support our explanation, we performed LL
calculations using the eight-band k - p Hamiltonian [64]. The
results reveal (see Sec. S1 of the Supplemental Material [41])
that the slope of the first electron LLs associated with the
surface states is smaller than that of the bulk LLs. A more
comprehensive theoretical model of the exchange processes
remains to be developed.

The presented results raise several questions for future the-
oretical and experimental studies concerning the formation of
the QHE and the potential to harness its unusually stable chiral
edge states. The first issue is related to the role of bulk carriers.
It would be particularly interesting to explore whether similar
bulk electron localization occurs in other systems hosting
both high-mobility and low-mobility carriers. Additionally, it
remains unclear whether the observed linear e/h dependence
of the excess density of 2D electrons on magnetic field persists
in the strong field limit. Investigating the transport response
of thicker HgTe films in quantizing magnetic fields may shed
light on this problem. An intriguing possibility arising from
such studies is the magnetically controlled separation of topo-
logical electrons located on opposite surfaces of the film.
However, this hypothesis contrasts with experiments on thin
strained HgTe films, where complete hybridization of electron
states was observed in a strong magnetic field [23].

The second issue relates to the further investigation of the
zero Hall resistance plateau. First, it is unclear whether the
zero Hall resistance plateau can be observed in other systems.
To address this issue, previously obtained experimental data
should be re-examined. Second, we have found that the zero
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plateau is accompanied by the formation of electron-hole edge
states. For reasons not yet understood, these states exhibit
protection from backscattering over macroscopic distances,
which is unusual in itself. It is logical to assume that pro-
tection from scattering is linked to the spatial separation of
the electron and hole channels; however, it remains unclear
whether this separation occurs along the z axis or within the
plane of the sample, and to what extent bulk carriers play
a role. Studying this problem may be of interest from the
perspective of developing systems with a controlled degree
of interaction between edge channels.
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