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ABSTRACT

The surfaces of a three-dimensional topological insulator each host a single Dirac fermion, which, in a strong magnetic field, contribute to
the transverse conductance in integer-and-a-half multiples of the conductance quantum. The direct observation of this extra half integer, the
hallmark of the two-dimensional Dirac state, is usually thwarted by the fermion doubling theorem—top and bottom surfaces are not mea-
sured independently. Here, we employ a Corbino measurement geometry in which a current, induced by an ac magnetic field, is driven
around the ring, as a complementary measurement to the conventional Hall bar geometry. As the device enters the quantum Hall regime,
the transverse voltage reaches a series of plateaus when the current is carried by the incompressible bulk states. We compare the results with
the corresponding Hall bar measurements.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0056357

In a strong enough magnetic field, the massless fermions on the
surfaces of a three-dimensional topological insulator (TI)1,2 each con-
tribute to the transverse conductance in integer-and-a-half multiples
of the conductance quantum.3,4 The direct observation of this extra
half integer, a fingerprint of the two-dimensional Dirac state, is
thwarted by the fermion doubling theorem; absent strong electron–
electron correlations, only integer filling factors can be observed in the
quantum Hall effect,5–7 just like in a conventional two-dimensional
electron system. An integer quantum Hall effect has been observed in
several different topological insulators in standard Hall bar geome-
tries.8–12 Since the surface of a three-dimensional topological insulator
is the interface between two regions whose band structures have differ-
ent topological invariants, electrical contacts and device isolation do
not add edges.13 For this reason, the nature and location of the edge
states of a topological insulator, which carry the current in the conven-
tional picture of the quantumHall effect,14,15 has been a subject of sub-
stantial discussion in the literature.13,16–22

An alternative measurement geometry is a Corbino ring, consist-
ing of two concentric metal contacts on top of a much larger mesa, as
shown in Fig. 1(a). When current is driven from the center electrode
to the outer ring, magnetoresistance measurements probe the diagonal
element of the conductance tensor (Gxx), according to Vr ¼ Ir=Gxx ,

where Vr is the voltage across the ring and Ir is the current. The Hall
effect is not measured. By inductively coupling a small ac magnetic
field out of plane to the disk, however, an azimuthal current induces a
voltage (Vr) between the inner and outer contacts that is related to the
Hall voltage.23 With the current, thus, azimuthally biased, the Corbino
ring is in effect a local probe of the topological surface, although the
bottom and top surfaces may still couple capacitively. Moreover,
because charge is transported across the ring through the two-
dimensional bulk of the quantum Hall insulator, it is edgeless: no
charge is transported through states at the edges of the contacts.

Our experiments are carried out on thin films of cadmium arse-
nide (Cd3As2), which is called a three-dimensional Dirac semimetal
because, in its bulk electronic structure, two doubly degenerate bands
cross.24–27 In this work, the salient feature is the band inversion. In
thin films, the bulk electronic structure demonstrates a gap, and the
band structure is characterized by a Z2 invariant of nontrivial value.

24

The (001) surfaces of these films, as a result, feature topological
insulator-like surface states [see Fig. 1(a)].12,24 QuantumHall measure-
ments performed on gated Hall bar structures reveal filling factor
sequences corresponding to two sets of Landau levels, each from a sin-
gle Dirac state, originating from the top and bottom surfaces, respec-
tively.12 Here, we compare results obtained from the same film in quasi-
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dc magnetoresistance measurements on Hall bars and Corbino disks
and the inductive ac technique described above [Fig. 1(b)].

The (001) thin films of Cd3As2 were grown by molecular beam
epitaxy (MBE) on (001) GaSb substrates. Details of the MBE growth
have been described elsewhere.28,29 A 500nm Al0.45In0.55Sb layer was
used as a buffer layer between the Cd3As2 and the substrate to provide
electrical insulation and reduce extended defect densities in the Cd3As2
layer. The composition of the buffer layer was chosen because the lattice
parameter of Al0.45In0.55Sb matches the in-plane lattice parameter of
Cd3As2. Results presented focus on measurements performed on a
30nm-thick film, which was capped in situ with 3nm of GaSb. In total,
eight films with thicknesses between 20 and 70nm were measured,
including samples with different buffer layers. In general, films thinner
than 40nm showed well-developed quantum Hall plateaus and Rxx was
sufficiently low for magnetic coupling measurements.

Hall bars with dimensions of 100� 300lm and Corbino disks of
different external and internal radii (300/200, 300/250, and 200/
150lm) were fabricated using photolithographic techniques. Ohmic
Ti/Au (500/2500 Å) contacts were patterned by lift off. Mesa isolation
was accomplished by Arþ ion milling. After device fabrication, the
sample was annealed in vacuum at 120 �C and a 30nm AlOx film was
deposited for passivation using atomic layer deposition. The Hall car-
rier density for the film discussed in the main body was 1� 1012 cm�2,
and the Hall mobility was 2 m2/V s at 2K.

Quasi-dc magnetoresistance measurements were performed at 40
mK in a dilution refrigerator on a Hall bar and four Corbino disks of
different sizes, all fabricated at the same time on the 30 nm Cd3As2
film, using standard lock-in techniques. Data shown here were
acquired from the Corbino disk with internal radius r2¼ 250 and
external radius r1 ¼ 300lm. An external magnetic field l0H of up to
14T was applied out of plane. Measurements at higher temperatures
(T > 1K) were performed with a Quantum Design PPMS Dynacool
system with a 14T magnet.

Magnetic coupling measurements were performed using a small
ac magnetic field to induce azimuthal currents by mutual inductance.
ReðVrÞ and ImðVrÞ were measured between the inner and the outer

electrodes. The ac field was generated by a small NbTi coil, made by
winding a NbTi multifilament wire [0.50 diameter, 20mm insulation
layer (3.0 6 0.1)/1 Co/NbTi ratio] into a solenoid of 80 turns with a 5
bore and a 16mm external diameter. The solenoid was placed directly
under the sample, with the Corbino disk aligned to the bore axis.
Magnetic coupling measurements shown here were performed on a
Corbino disk with radii r2¼ 150 and r1 ¼ 200lm. Rxx and magnetic
coupling voltages were nearly symmetric upon magnetic field inver-
sion, while Rxy was antisymmetric, with deviations on the order of
10% for Rxx and less than 1% in all other cases. Symmetrization or
anti-symmetrization of the data was performed after interpolation.

Figure 2 shows data from the quasi-dc measurements. In the Hall
bar measurement [Fig. 2(a)], quantumHall plateaus with filling factors
�H ¼ 3, 4, 5, 7, and 8 appear at fields above 2T. From the longitudinal
and transverse magnetoresistances (Rxx and Rxy), the diagonal term of
the conductivity tensor (Gxx) can be obtained to compare to that mea-
sured in the Corbino disk,

Gxx ¼
log r1=r2ð Þ

2pRr
; (1)

where Rr is the two-terminal resistance of the disk and r1 > r2 are its
external and internal radii, respectively. Figure 2(b) demonstrates
good agreement of Gxx in both geometries, allowing us to assign filling
factors in the dc Corbino disk data using the plateaus measured in the
Hall bar.

As shown in Ref. 12, the filling factor sequences can be under-
stood in terms of two intersecting Landau fans that originate from the
Dirac states on the top and bottom surfaces, respectively. Only odd-
integer plateaus are expected for perfectly degenerate surfaces;13 in
general, however, the top and bottom surfaces/interfaces in a hetero-
structure differ by an energy difference, and all filling factors will be
present except for accidental degeneracies.8,9,12

A simple model is shown in Figs. 3(a) and 3(b). Each surface
hosts a single Dirac fermion, so that �B or �Tð Þ ¼ nþ 1=2ð Þ, where n
is the Landau level index.3,4 The filling factor sequence in the Hall bar,
�H ¼ 3, 4, and 5, can be assigned to �B ¼ 5=2; 7=2; and 9=2, while

FIG. 1. Inductively coupled ac Corbino disk measurements on a topological insulator surface. (a) Schematic of the top and bottom surface Dirac nodes of a TI, which are offset
in energy due to the asymmetry of the heterostructure, and the resulting two sets of Landau levels when the TI is placed in a magnetic field. Also shown is a schematic of the
inductively coupled measurement on a topological insulator placed in a magnetic field. An oscillating magnetic field induces an azimuthal electric field, which creates azimuthal
currents circulating around the ring-shaped channel. An induced transverse voltage Vr is measured with a lock-in amplifier. (b) Measured real and imaginary components of Vr
as a function of the external field H. Longitudinal and transverse resistivity measured on a Hall bar device are shown on the same plot. The filling factors corresponding to the
quantum Hall plateaus of the Hall bar are indicated.
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�T ¼ 1=2 for all three values of �H . The model and Landau level gaps
extracted from it [Fig. 3(c)] naturally explain the suppression of
�H ¼ 6 with the crossing of Landau levels from different surfaces,
which reduces the Landau level gap, as well as the relative prominence
of other transitions (e.g., �H ¼ 8 is more prominent than �H ¼ 7 and

�H ¼ 3 more prominent than �H ¼ 4). The gaps can be compared
qualitatively with the activation energies from the two measurements,
deduced from a fit of the temperature dependence of the Gxx minima
[Figs. 3(d) and 3(e)]. Even though the extracted values [Fig. 3(f)] do
not correspond to the actual Landau level gaps (e.g., disorder reduces

FIG. 2. Hall bar and Corbino disk dc mea-
surements. (a) Rxx and Rxy measured in
Hall bar geometry. Horizontal lines indi-
cate the quantum Hall plateaus. (b)
Diagonal element of the conductivity ten-
sor, Gxx , extracted from the measure-
ments of the Hall bar and the Corbino
disks, respectively.

FIG. 3. Landau level fan diagram consistent the filling factors observed in the Hall bar measurements of the topological insulator-like state of a thin film of Cd3As2. (a)
Schematic model of Landau levels from the topological surface states from top and bottom surfaces for the case where the two surfaces are at a slightly different potential due
to the inherent asymmetry of the heterostructure.12 (b) Magnified section of A showing the resulting sequence of filling factors in a magnetic field sweep. (c) Landau energy
gaps extracted from the model for each filling factor show a remarkable agreement with experimental data in (f). (d) and (e) Arrhenius plots of Gxx for the Hall bar and Corbino
disk, respectively. (f) Activation energies for Gxx minima at different filling factors.
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them30), the dependence of the relative values on the filling factor sup-
ports the underlying model of the surface states detailed in Figs. 3(a)
and 3(b).

The general agreement between the two measurement geometries
shows that the Landau level sequences reflect contributions from the
massless states on both surfaces also for the Corbino disk. The agree-
ment is a direct consequence of the three-dimensional nature of the
topological insulator surfaces13 and the resistive coupling of all surfa-
ces in both measurement geometries.

We next turn to the inductively coupled measurements. Real and
imaginary components of the Hall voltage Vr were measured between
the inner and outer edges of the disk. Here, Vr is given by23

Vr ¼
xMRxy

Rxx þ jxLð Þ
Im

1� jxCZð Þ
; (2)

where M is the mutual inductance between the coil and the Corbino
disk, Im is the coil ac current, x

2p is the frequency of the ac field, C is the
total series capacitance of the system, and L is the self-inductance of
the disk. The capacitance C includes the capacitance between the metal
rings and the capacitance of the probing wires. The capacitance
between the metal rings of the Corbino disk is negligible in our

microscopic Corbino disks, so that C mainly reflects the capacitance of
the probing wires. The complex impedance, Z, takes the form:23

Z ¼
R2
xx þ R2

xy þ jxLRxx

Rxx þ jxL
; (3)

with j2 ¼ �1. In the quantum Hall regime (Rxx � 0), the Corbino
ring behaves as a pure inductance and Vr is proportional to the azi-
muthal current via the Hall resistance.23 The appearance of the Hall
plateaus in the magnetic coupling experiments is illuminated by Eq.
(2). The value of Re Vrð Þ in the plateaus is closely related to the off
diagonal element of the conductance tensor Gij. In the limit where
Rxx � xL and xCZ � 1, Eq. (2) simplifies to Vr ¼ � MIm

CRxy
and

Re Vrð Þ scales with the conductance quantum �e2=h, where e is the
electron charge and h is Planck’s constant.

The left column of Fig. 4 shows the results at different frequen-
cies. At high frequencies x� Rxx=Lð Þ,Re Vrð Þ shows well-developed
plateaus that coincide with the quantum Hall plateaus, �H ¼ 4 and
�H ¼ 3 [see Fig. 1(b) for a direct comparison]. Smaller peaks, rather
than saturating plateaus, form at higher filling factors due to a non-

FIG. 4. Corbino disk magnetic coupling
measurements and calculations. (a) Hall
bar resistivity measurement shown as ref-
erence [same data as shown in Fig. 3(a)].
(b)–(d) Magnetic coupling measurements
at 0.314, 3.14, and 31.4 kHz, respectively.
Dashed lines indicate the positions of the
minima in a for �H ¼ 4, 5, and 8, which
correspond to the center of the Hall pla-
teaus in the Hall bar measurements
shown in Fig. 2(a). Black arrows indicate
features around �H ¼ 5 and �H ¼ 6,
where the data differs from the Hall bar
measurements (see the text). (e)–(g)
Calculations using the experimental fre-
quencies and Hall bar data as input. In
these calculations, L ¼ 5, M¼ 350 nH,
and C ¼ 200 pF. Dashed lines indicate
the positions of the minima in (a) for
�H ¼ 4, 5, and 8, drawn at the center of
the Hall plateaus in the Hall bar measure-
ments shown in Fig. 2(a).
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zero Rxx , meaning that the device is not in the high-frequency condi-
tion x� Rxx=Lð Þ. Increasing the frequency should increase the
amplitude, as is indeed observed [see Figs. 4(c) and 4(d)]. Peaks in
Im Vrð Þ flank the plateaus.

Figure 4 (right column) compares the experimental data with cal-
culations using Eqs. (2) and (3) and the experimental Rxx and Rxy data
from the Hall bar measurements as input. The calculations capture
many features of the experiments. For example, they reproduce the
peaks and plateaus inRe Vrð Þ and their frequency behavior, including
the widening of plateaus at higher frequencies. The corresponding
peaks in Im Vrð Þ are reproduced as well.

The calculations differ in crucial aspects from the experimental
observations. In particular, �H ¼ 5 is a prominent plateau in the Hall
bar measurements and, therefore, in the calculations, which use the
Hall data as input. In the ac measurement, there is only a small peak,
while a more pronounced one appears at a position closer to �H ¼ 6,
which is nearly absent in the Hall bar measurements. At �H ¼ 8, when
the top surface has increased its filling factor by one, calculations and
experiments match again. Moreover, in the experimental data, the
amplitudes of the plateaus saturate to the same constant value
(�215lV), in contrast to the calculations. The constant amplitude of
the plateaus could not be reproduced by artificially tuning the device-
dependent quantities C, L, and M in the calculations. A constant
amplitude of the Hall plateaus was observed in several other samples,
and the reasons are not well understood at present. Prior experiments
on conventional two-dimensional electron gases also noted that the
plateaus did not scale with the conductance quantum as would
expected from Eq. (2).23 This precludes an independent determination
of the filling factor from the measured value of Vr .

Despite this issue, the results show that the behavior of the Hall
voltage in the ac Corbino measurement reflects the transitions of the
bulk of the two-dimensional electron system as the field is swept, with
the plateaus corresponding to the incompressible state of the bulk of
the quantum Hall insulator. The main finding is, therefore, that the
Hall bar and ac Corbino measurements largely agree with each other,
despite the fact that transport is edgeless in the latter. This confirms a
picture of the quantum Hall effect of a topological insulator featuring
an incompressible bulk and well-defined edge states, despite the fact
that the side surfaces may not gap out in the perpendicular field. This
picture is in agreement with that of most theoretical studies for topo-
logical insulators that are not too thick. Future studies should investi-
gate the origins of the discrepancies between the two measurements
near �H ¼ 6 and the quantification of the induced voltage in the ac
Corbino measurement in terms of the filling factor of the surface(s).

The research was primarily supported by a Vannevar Bush
Faculty Fellowship program of the U.S. Department of Defense
(Grant No. N00014-16-1-2814) and by the U.S. Army Research
Office (Grant No. W911NF-16-1-0280). B. Guo thanks the UCSB
Quantum Foundry for support, which is funded via the Q-AMASE-i
program of the U.S. National Science Foundation under Award No.
DMR-1906325. The research made use of shared facilities of the
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