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A balanced quantum Hall resistor

Kajetan M. Fijalkowski    1,2 , Nan Liu1,2, Martin Klement1,2, Steffen Schreyeck1,2, 
Karl Brunner1,2, Charles Gould1,2 & Laurens W. Molenkamp    1,2

The quantum anomalous Hall effect in magnetic topological insulators has 
potential for use in quantum resistance metrology applications. Electronic 
conductance is quantized to e2/h (where e is the elementary charge and h is 
the Planck constant) due to the effect, which persists down to zero external 
magnetic field and is compatible with the quantum standard of voltage. 
However, metrological applications of the quantum anomalous Hall effect 
are currently restricted by the need for low measurement currents and 
low temperatures. Here we report a measurement scheme that increases 
the robustness of a zero-magnetic-field quantum anomalous Hall resistor 
and extends its operating range to higher currents. In the scheme, we 
simultaneously inject current into two disconnected perimeters of a 
multi-terminal Corbino device, which is based on V0.1(Bi0.2Sb0.8)1.9Te3, to 
balance the electrochemical potential between the edges. This screens the 
electric field that drives backscattering through the bulk and thus improves 
the stability of the quantization at increased currents. Our approach could 
also be applied to existing quantum resistance standards that rely on the 
integer quantum Hall effect.

The interplay between topology and magnetism in topological  
insulators1–3 results in phenomena such as the quantum anomalous Hall 
effect (QAHE)4–6, which has various underlying magnetic and electro-
dynamic properties5,7–15. The effect is characterized by a universal elec-
trical conductance that is quantized to e2/h, where e is the elementary 
charge and h is the Planck constant. This quantization persists even at 
zero external magnetic field and could be of use in quantum resistance  
metrology16–20.

One goal in quantum metrology is to combine the quantum volt-
age standard based on the a.c. Josephson effect21 with the quantum 
resistance standard based on the quantum Hall effect22 into a single 
reference instrument. This would provide simultaneous access to 
the von Klitzing and the Josephson constants (RK = h/e2 and KJ = 2e/h), 
from which e and h can be determined. Thus, this would be a universal 
quantum electrical standard, which is of particular relevance to the 
recent redefinition of the kilogram in terms of Planck’s constant23 
and to related experiments aimed at tracing the kilogram, such as the 
elaboration of a Kibble balance24,25.

Compared to the ordinary quantum Hall effect, an advantage of 
the QAHE is that it eliminates the need for an external magnetic field.  

However, metrological applications of the QAHE are restricted because its  
perfect quantization is limited to low temperatures and small measure-
ment currents. Metrology-grade measurements of the QAHE have, thus,  
been limited to dilution fridge temperatures16–19. There is, though, evi-
dence that edge states survive to higher temperatures (up to the Curie  
temperature of a few tens of kelvin26–28), which suggests that liquid 
4He temperatures commonly used for Josephson quantum voltage 
standards can potentially be reached through material optimization.

In regard to the low measurement currents, metrological measure-
ments typically use a cryogenic current comparator29, which works 
optimally at currents of tens of microamps30. When the current is 
restricted to lower levels, the accuracy of the instrument is reduced16. 
Therefore, it would be beneficial if metrologically relevant devices 
could operate at currents approaching tens of microamps. Thus far, 
metrological-level quantization of the QAHE at zero external magnetic 
field has been limited to currents below some 100 nA, which restricts 
the quantization precision to the 10−6–10−7 range16–18. An operating 
current of 1 μA has been achieved with a field of around 200 mT pro-
duced by a permanent magnet19, which improved the precision to the 
10−8 level. However, the use of a magnetic field hampers integration 

Received: 22 September 2023

Accepted: 21 March 2024

Published online: xx xx xxxx

 Check for updates

1Faculty for Physics and Astronomy (EP3), Universität Würzburg, Würzburg, Germany. 2Institute for Topological Insulators, Würzburg, Germany.  
 e-mail: kajetan.fijalkowski@physik.uni-wuerzburg.de

http://www.nature.com/natureelectronics
https://doi.org/10.1038/s41928-024-01156-6
http://orcid.org/0000-0003-4458-9358
http://orcid.org/0000-0003-4833-5179
http://crossmark.crossref.org/dialog/?doi=10.1038/s41928-024-01156-6&domain=pdf
mailto:kajetan.fijalkowski@physik.uni-wuerzburg.de


Nature Electronics

Article https://doi.org/10.1038/s41928-024-01156-6

Proof of concept
The device was patterned using standard optical lithography meth-
ods from a magnetic topological insulator V0.1(Bi0.2Sb0.8)1.9Te3 layer 
grown by molecular beam epitaxy (MBE) on a Si(111) substrate39. The 
outer diameter of the ring was 1 mm, the separation between the inner 
and outer perimeters was 100 μm and the constriction defining each 
contact was 50 μm wide. The magnetic topological insulator layer had 
a thickness of 8.2 nm and was capped with a 10-nm-thick protective 
layer of amorphous Te, which is insulating. The sample was fitted with a 
ring-shaped top gate, labelled G in Fig. 1c, which comprises a 15-nm-thick 
atomic-layer-deposition AlOx film and a 100-nm-thick layer of Au.

The material was optimized to have a fully insulating bulk (when 
properly gated and below 100 mK) and, thus, quantized anomalous Hall 
resistance8,16. The sample was mounted in a top-loader-type dilution 
refrigerator with a modest cooling power of 400 μW at 100 mK and a 
base temperature of about 30 mK. A gate voltage of 4 V was applied to 
tune the Fermi level and adjust the sample onto the QAHE plateau. In 
Fig. 1d,e, the Hall VB–D/IA–C and longitudinal VB–C/IA–D resistances are plot-
ted as a function of the external perpendicular-to-plane magnetic field 
and show a perfect QAHE. All other measurements in this paper were 
done under a zero external magnetic field. Measurements collected at 
various gate voltages can be found in the Supplementary Fig. 3.

To test the effectiveness of the balancing method, we first per-
formed a reference experiment without any balancing. Figure 2a shows 

with the superconducting devices needed to determine the Josephson 
constant. Improved stability of the zero-magnetic-field QAHE at higher 
currents is needed to bring the quantization precision closer to the 
level of the primary quantum standards based on graphene and GaAs, 
which routinely achieve a level of 10−11 (ref. 30).

In this article, we report a measurement scheme that improves 
the robustness of the zero-magnetic-field QAHE at higher currents31. 
This is achieved through the simultaneous injection of current into 
two disconnected perimeters of a multi-terminal Corbino device. 
In this geometry, the electric field created between the edges of the 
sample is compensated, which suppresses backscattering through the 
bulk. The same measurement method can also be applied to integer 
quantum Hall devices.

Inter-perimeter electrochemical potential 
balancing
The basic idea of electrochemical potential balancing comes from 
realizing that, in macroscopic devices (devices where the separation 
between edge states is larger than all other relevant length scales, such 
as the effective width of the edge state, the magnetic length or the 
screening length), the breakdown mechanism for both the ordinary 
quantum Hall and quantum anomalous Hall edge state transport is 
driven by the electric field between opposite edges of the device17,32–36.

How this electric field is distributed between the edges37 depends 
on the exact nature of the reconstruction of the edge electrostatic 
potential into compressible and incompressible regions and the asso-
ciated screening38 and can be quite rich. The essence nevertheless 
remains that when the electric field between edge states at different  
potentials exceeds a critical value, electrons are driven by this 
field to traverse the bulk and backscatter to the opposite edges of  
the device, thus causing a breakdown in the quantization of the Hall 
signal. For the purposes of this paper and in the limit of large devices, 
the single-electron picture of purely one-dimensional edge states with 
no special screening properties captures the essence of the relevant 
mechanism and is sufficient.

Figure 1a,b illustrates the basic advantage of our measurement 
scheme in this simple picture. In a Hall bar geometry in the edge state 
regime, the electrochemical potential along the edges of the device 
is distributed as presented schematically in Fig. 1a. A bias voltage is 
applied to the source contact, whereas the drain contact is grounded. 
The edge state equilibrates the electric potential along one edge to 
that of the source contact and the other edge to that of the drain. 
The edge state drawn in dark blue is at high electrochemical poten-
tial, whereas the one shown in light grey represents a low electro-
chemical potential (here grounded). As the measurement current 
is increased by applying a larger bias between source and drain, the 
electrochemical potential difference between the two edges of the 
sample increases. This increases the inter-edge backscattering prob-
ability and eventually leads to a breakdown of the perfect conductance  
quantization.

A multi-terminal Corbino geometry, first used in ref. 28, is pictured 
in Fig. 1c. In the limit of an insulating bulk, the inner and the outer peri-
meters can independently be used to measure the QAHE. On the outer 
(inner) perimeter, one can determine the Hall voltage by passing, for 
example, a current from A to C (1 to 3) and then measuring the resulting 
voltage between B and D (2 and 4).

Making use of both perimeters allows the measuring scheme 
sketched in Fig. 1b. The source and (grounded) drain contacts along 
each perimeter are chosen in such a way that for one part of the circum-
ference, the edge states running along both edges are at high electro-
chemical potential, whereas for the remainder of the circumference, 
both the edges are at the grounded electrochemical potential. This 
biasing method prevents the build-up of an electric field between the 
inner and outer edges and, thus, suppresses breakdown mechanisms 
induced by an electric field.
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Fig. 1 | Electrochemical potential balancing and device characterization.  
a, Schematic of a Hall bar device under an applied bias voltage. The dark blue line 
depicts the edge of the device with a high electrochemical potential (μSe), and  
the grey line shows the edge state with a low electrochemical potential (μDe ).  
b, Schematic of an optimally double-sourced multi-terminal Corbino device.  
c, Top, Photograph of the bonded multi-terminal Corbino quantum anomalous Hall 
device. Bottom, Optical microscope image of the same device (before bonding). 
The letters A–D label contacts along the outer perimeter, and numbers 1–4 those 
along the inner perimeter. G denotes the gate contact. d,e, Basic characterization 
of the device, without any balancing. d, Four-terminal Hall resistance (VB–D/IA–C) 
measured along the outer perimeter as a function of a perpendicular-to-plane 
external magnetic field. e, The corresponding measured longitudinal resistance 
(VB–C/IA–D). The coloured arrows give the direction of the magnetic field sweep. 
Measurements in d and e were done at 21.21 Hz with a bias voltage of 100 μV at a 
sample temperature of 35 mK and with 4 V applied to the gate. The horizontal 
dashed lines represent the resistance values expected for a perfect QAHE: ±h/e2  
for the Hall resistance in d, and 0 for the longitudinal resistance in e.
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a circuit schematic for a measurement in which the d.c. bias voltage was 
applied to the outer perimeter (between contacts A and C, which results 
in the d.c. IA–C). The inner perimeter was grounded through contact 1. 
With both contacts C and 1 grounded, for the half of the circumference 
that includes contacts B and 2, the electrochemical potential difference 
between the inner and outer edges was proportional to the bias applied 
at contact A and, thus, proportional to the measurement current. This 
situation is equivalent to that of a measurement on a Hall bar.

Figure 2b shows the corresponding four-terminal Hall resistance 
VB–D/IA–C measurement along the outer perimeter as a function of the 
current IA–C. At low currents, this resistance was quantized to h/e2. At a 
current IA–C exceeding about 620 nA (with a relative deviation from quan-
tization of about 1% observed at a current of about 680 nA), the critical 
electrochemical potential difference between the inner and outer edges 
was reached, and an abrupt breakdown of quantization was observed.

Figure 2c,d presents the balanced scheme. Figure 2c shows a circuit 
diagram schematic with an additional d.c. I3–1 (of nominally the same 
magnitude as IA–C; both currents were measured and found to be equal 
to within about 1%) flowing into the inner perimeter at contacts 3 and 1, 
whereas C and 1 were grounded. A 110 kΩ resistor was placed in series 
with each perimeter to minimize the effects of contact resistance vari-
ations along the device (contact resistances were of the order of a few 
hundred ohms in this device). In this scenario, as the edge states equili-
brated the electrochemical potentials, contacts 4 and D adjusted to the 
electrochemical potential determined by the circuit ground, whereas 
contacts B and 2 were at the electrochemical potential determined by 
the source contacts, A and 3, respectively. As the two currents IA–C and 
I3–1 were equal in magnitude, the electrochemical potential at contacts 
A and 3 was equal, leading to an electrochemical potential balance 
between the inner and outer edges at all points around the circumfer-
ence of the ring. This was, of course, independent of the amplitude 
of the measurement current. Alternative configurations producing 
an equivalent balanced setting (such as applying the electrical bias 
between contact pairs B and D and between 4 and 2) can, of course, 
also be used; see Supplementary information Fig. 2 for measurements 
of such configurations.

The Hall resistance VB–D/IA–C measured in the configuration in 
Fig. 2c is plotted in Fig. 2d as a function of the measurement current IA–C. 

It is clear that the breakdown induced by the electric field, as observed 
in Fig. 2b, was effectively suppressed, thus allowing a larger current to 
be injected into the sample before any deviation from quantization is 
observed (a relative deviation from quantization of 1% was observed 
at a current of about 2.85 μA). Importantly, the nature of the departure 
from quantization in Fig. 2d is very different from that in Fig. 2b. In 
Fig. 2b, an abrupt departure is observed, characteristic of the critical 
electrochemical potential difference having been reached. In contrast, 
in Fig. 2d, the Hall resistance moves away from quantization smoothly 
and gradually and at higher current values. We will show below that 
the breakdown of perfect quantization in this case can be attributed 
to thermal activation of bulk conductance caused by Joule heating.

Figure 2e–h presents an equivalent analysis for the four-terminal 
longitudinal resistance VB–C/IA–D. Pertinent reference measurements are 
shown in Fig. 2e–f, where the d.c. IA–D was flowing between contacts A 
and D, and contacts D and 1 were referenced to the ground. This resist-
ance configuration shows the expected value of 0 at low currents, with 
a clear onset of dissipation observed when the measurement current 
IA–D exceeded 620 nA, consistent with the Hall resistance measurement 
from Fig. 2b. Remarkably, in Fig. 2g–h, under the balanced scheme (with 
an additional current of the same magnitude I4–1 flowing into the inner 
perimeter), we observe that the longitudinal resistance signal remained 
below some 0.00002h/e2 (limited by the measurement resolution) up 
to the measurement current of 3 μA.

To further support our interpretation that the slow drift away from 
the quantized value observed in Fig. 2d was caused by current-induced 
heating, we consider measurements done at various higher temperatures 
on the same device, as shown in Fig. 3. It is well established for Cr/V-doped 
(Bi,Sb)2Te3

17,28,36,40 that as the temperature is increased above some 
100 mK, spurious conductance from the bulk of the material increases, 
the edge states become partially electrically shorted through the bulk 
and the observed Hall resistance decreases. The data nevertheless show 
that, as the sample temperature was increased, the change in Hall resist-
ance as a function of applied bias was progressively suppressed, as one 
would expect if the effects of current-induced heating diminish.

Note that the current at which we observed a breakdown without 
balancing in Fig. 2b,f (some 620 nA) corresponds to ~16 mV of voltage 
difference between the perimeters VB-2. We found a clear breakdown of  
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Fig. 2 | Electrochemical potential balancing. a, Circuit diagram for a reference 
measurement of the Hall resistance VB–D/IA–C without electrochemical potential 
balancing. The outer perimeter was electrically biased, which drove the d.c. 
IA–C in the outer perimeter, whereas the inner perimeter was grounded through 
contact 1. The dark blue colour indicates the high electrochemical potential part 
of the circuit, whereas light grey shows the low potential. b, A measurement of 
VB–D/IA–C for this configuration as a function of current IA–C. c,d, Same for the Hall 
resistance VB–D/IA–C measured with electrochemical potential balancing: circuit 
diagram (c) and measurements (d). An additional d.c. I3–1 (of the same magnitude 

as IA–C) was passed at the inner perimeter to balance the electrochemical 
potentials along the ring. e–h, Analogous, but for the longitudinal resistance 
VB–C/IA–D: circuit diagram (e) and measurements (f) without and circuit diagram 
(g) and measurements (h) with electrochemical potential balancing. The 
horizontal dashed lines in b, d, f and h show the expected values for ideal 
quantum anomalous Hall edge states. All data were collected at zero external 
magnetic field, a temperature of 30 mK and an applied gate voltage of 4 V to tune 
the Fermi level so that we could observe the quantization plateau.
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Hall resistance quantization whenever this voltage drop exceeded  
±16 mV, regardless of the magnitude of the measurement current IA–C.  
In the multi-terminal Corbino geometry, this can be directly tested by 
connecting two independent voltage sources to the sample, one into 
each perimeter, and separately controlling the IA–C and I3–1 currents. This 
is analysed and discussed in detail in Supplementary Fig. 1, which further 
confirms that the electrochemical potential difference between the peri-
meters is the key parameter driving the breakdown of QAHE quantization.

Conclusions
There are two main obstacles to using the QAHE in mainstream metro-
logy: the need for devices to support currents that are compatible 
with high-precision current comparators and the need for the devices 
to work at liquid helium temperatures. We have reported a measure-
ment scheme that addresses the issues surrounding the measurement 
current. Our approach drives the measurement current through the 
inner and outer edges of a multi-terminal Corbino ring. Balancing the 
electrochemical potential between the two edges eliminates the break-
down of the quantization induced by the electric field.

By turning off this primary current-induced breakdown mecha-
nism, we increased the allowed measurement current before a  
secondary current-induced effect ( Joule heating) becomes relevant. 
The effects of Joule heating can be suppressed by using a dilution  
refrige rator with a higher cooling capacity, and we expect that the  
maximum current that the edge states can stably support will further  
increase by applying a higher cooling power. The effects of Joule 
heating could further be mitigated by optimizing the material, such 
as increasing the device operating temperature, whether based on 
Cr/V-doped (Bi,Sb)2Te3 or another material system.

Our wiring scheme is an extension of established Hall bar measure-
ments, but it is fundamentally different in that it requires two current 
sources instead of one (as well as two grounding points on the device). 
Although the scheme was implemented in a research laboratory at the 
precision level offered by standard d.c. measurements, there is pres-
ently no instrument with metrologically relevant precision (namely, no 
cryogenic current comparator) that satisfies these requirements. The 
required modification to allow measurements with a cryogenic current 
comparator in this scheme are, though, clear and work has begun in 
this direction. Lastly, note that our balancing method is not limited 
to QAHE-based devices and could be used to increase the maximum 
current allowed in traditional quantum Hall based resistance devices, 
for applications where higher currents are useful.

Methods
Device preparation
The V0.1(Bi0.2Sb0.8)1.9Te3 layer was grown using MBE on an insulat-
ing, hydrogen, passivated, Si(111) substrate capped in situ with a 
10-nm-thick layer of insulating Te (ref. 39). Using X-ray reflectivity, the 
epilayer thickness was measured to be approximately 8.2 nm. The Bi/Sb 

ratio of 1/4 and V doping of 2% (of all atoms) were determined by X-ray 
diffraction and energy dispersive X-ray spectroscopy measurements 
of the layer as well as thicker (about 50 nm thick) calibration samples.

After MBE growth, the devices were fabricated using standard 
optical lithography methods. First, a mesa was patterned using Ar 
milling. The ohmic contacts were patterned in a second step. For that, 
the sample was transferred into a dry-etching chamber, where the Te 
cap was removed using Ar milling. Afterwards, the sample was trans-
ferred into an electron beam evaporation chamber, without breaking 
the high vacuum conditions, where a stack comprising 50 nm of AuGe 
and 50 nm of Au was deposited. A top gate was fabricated in a third step. 
The sample was transferred into an atomic-layer-deposition chamber, 
where a 15-nm-thick layer of AlOx was deposited onto the entire surface 
of the sample. This was followed by electron beam evaporation of a 
100-nm-thick Au top gate pad. In the final lithographic step, the AlOx 
layer was removed from the area of the ohmic contacts using hydro-
fluoric acid (HF) diluted 1:200 with water. After the patterning, the 
sample was glued to a chip carrier using GE varnish and mechanically 
wedge bonded using Au wires.

Transport measurements
All transport measurements were performed in a conventional 
top-loader-type dilution refrigerator with a base temperature of about 
30 mK (with the exception of the 4.2 K curve in Fig. 3, which was meas-
ured in a conventional 4He cryostat) and equipped with a supercon-
ducting solenoid magnet that produced a field perpendicular to the 
plane of the sample.

Electrical transport measurements were performed using con-
ventional d.c. techniques in a voltage-biased (limited) scheme. Each 
potential difference was measured using an ultra-high impedance 
operational amplifier (input impedance of about 1 TΩ). The output 
was read directly by a nanovoltmeter. Each current was determined by 
measuring the voltage drop across a calibrated reference resistor that 
was placed in series with the sample.

Data availability
Source data are provided with this paper. Other data that support the 
findings of this study are available from the corresponding author 
upon reasonable request.
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