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The quantum anomalous Hall effect in magnetic topological insulators has
potential for use in quantum resistance metrology applications. Electronic
conductance is quantized to e*/h (where eis the elementary charge and his
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 ameasurement 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, whichis based on V,(Bi,,Sbyg); s Te;, 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 atincreased 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
insulators'” results in phenomenasuch as the quantum anomalous Hall
effect (QAHE)*, which has various underlying magnetic and electro-
dynamic properties®” . The effectis characterized by a universal elec-
trical conductance that is quantized to €*/h, where eis the elementary
charge and his the Planck constant. This quantization persists even at
zero external magnetic field and could be of use in quantum resistance
metrology’®2°.

One goal in quantum metrology is to combine the quantum volt-
age standard based on the a.c. Josephson effect” with the quantum
resistance standard based on the quantum Hall effect® into a single
reference instrument. This would provide simultaneous access to
the vonKlitzing and the Josephson constants (R, = h/e* and K = 2e/h),
fromwhicheand hcanbe 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 constant®
and torelated experiments aimed at tracing the kilogram, such as the
elaboration of aKibble balance®**,

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

However, metrologicalapplicationsofthe QAHE arerestricted becauseits
perfect quantizationislimited to low temperatures and small measure-
ment currents. Metrology-grade measurements of the QAHE have, thus,
beenlimited to dilution fridge temperatures'® ™. There s, though, evi-
dencethat edge states survive to higher temperatures (up tothe Curie
temperature of a few tens of kelvin®*®), which suggests that liquid
*He temperatures commonly used for Josephson quantum voltage
standards can potentially be reached through material optimization.

Inregard to the low measurement currents, metrological measure-
ments typically use a cryogenic current comparator®’, which works
optimally at currents of tens of microamps®’. When the current is
restricted to lower levels, the accuracy of the instrument is reduced'.
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°-107 range'®'®. An operating
current of 1 pA has been achieved with a field of around 200 mT pro-
duced by apermanent magnet'’, whichimproved the precision to the
1078 level. However, the use of a magnetic field hampers integration
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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 ongraphene and GaAs,
which routinely achieve alevel of 107™ (ref. 30).

In this article, we report a measurement scheme that improves
the robustness of the zero-magnetic-field QAHE at higher currents™.
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
sampleis 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 statesislarger thanall other relevantlengthscales, 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 device'** ¢

How thiselectricfieldis distributed between the edges” depends
on the exact nature of the reconstruction of the edge electrostatic
potentialinto compressible and incompressible regions and the asso-
ciated screening® 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 thissimple 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 contactis 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 abreakdown of the perfect conductance
quantization.

Amulti-terminal Corbino geometry, first used inref. 28, is pictured
inFig.1c.Inthelimit of aninsulating bulk, theinner and the outer peri-
meters canindependently be used to measure the QAHE. On the outer
(inner) perimeter, one can determine the Hall voltage by passing, for
example,acurrentfromAto C (1to3) and thenmeasuring the resulting
voltage between Band D (2 and 4).

Making use of both perimeters allows the measuring scheme
sketched in Fig. 1b. The source and (grounded) drain contacts along
eachperimeter are chosen in such away 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 aHall bar device under an applied bias voltage. The dark blue line
depicts the edge of the device with a high electrochemical potential (15), and
the grey line shows the edge state with a low electrochemical potential (D).

b, Schematic of an optimally double-sourced multi-terminal Corbino device.

¢, Top, Photograph of the bonded multi-terminal Corbino quantum anomalous Hall
device. Bottom, Optical microscope image of the same device (before bonding).
Theletters 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
ofthe device, without any balancing. d, Four-terminal Hall resistance (V;_p//5¢)
measured along the outer perimeter as a function of a perpendicular-to-plane
external magnetic field. e, The corresponding measured longitudinal resistance
(Vs_/I,p)- The coloured arrows give the direction of the magnetic field sweep.
Measurementsind and e were done at 21.21 Hz with a bias voltage of 100 pVat 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/e?
for the Hallresistanceind, and O for the longitudinal resistance ine.

Proofof concept
The device was patterned using standard optical lithography meth-
ods from a magnetic topological insulator V,(Bi,,Sby )., Te; layer
grown by molecular beam epitaxy (MBE) on a Si(111) substrate®. The
outer diameter of the ring was 1 mm, the separation between the inner
and outer perimeters was 100 pum and the constriction defining each
contactwas 50 pmwide. The magnetic topological insulator layer had
athickness of 8.2 nm and was capped with a 10-nm-thick protective
layer of amorphous Te, whichisinsulating. The sample was fitted witha
ring-shaped top gate, labelled G inFig.1c, which comprises a15-nm-thick
atomic-layer-deposition AlO, film and a100-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
resistance®’. The sample was mounted in a top-loader-type dilution
refrigerator with a modest cooling power of 400 pyW at 100 mK and a
base temperature of about 30 mK. A gate voltage of 4 Vwas applied to
tune the Fermi level and adjust the sample onto the QAHE plateau. In
Fig.1d,e, theHall V;_p/l,_c and longitudinal V;_¢/I,_p resistances are plot-
ted asafunction of the external perpendicular-to-plane magnetic field
and show a perfect QAHE. All other measurements in this paper were
doneunder azero 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 areference experiment without any balancing. Figure 2a shows
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Fig.2|Electrochemical potential balancing. a, Circuit diagram for areference
measurement of the Hall resistance V;_ /I, without electrochemical potential
balancing. The outer perimeter was electrically biased, which drove thed.c.
I,_cinthe 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
Vi_o/l5c for this configuration as a function of current /, . ¢,d, Same for the Hall
resistance V;_p/I,.c measured with electrochemical potential balancing;: circuit
diagram (c) and measurements (d). An additional d.c. /5, (of the same magnitude

asl,_c) was passed at the inner perimeter to balance the electrochemical
potentials along the ring. e-h, Analogous, but for the longitudinal resistance

Vs /Ip: circuit diagram (e) and measurements (f) without and circuit diagram
(g) and measurements (h) with electrochemical potential balancing. The
horizontal dashedlinesinb, d, fand hshow the expected values for ideal
quantum anomalous Hall edge states. All data were collected at zero external
magnetic field, atemperature of 30 mK and an applied gate voltage of 4 V to tune
the Fermilevel so that we could observe the quantization plateau.

acircuitschematic forameasurementinwhichthe d.c. bias voltage was
appliedtothe outer perimeter (between contacts Aand C, whichresults
inthed.c./,_c). Theinner perimeter was grounded through contact 1.
With both contacts Cand 1grounded, for the half of the circumference
thatincludes contacts Band 2, the electrochemical potential difference
betweentheinner and outer edges was proportional to the bias applied
atcontactAand, thus, proportional to the measurement current. This
situationis equivalent to that of ameasurement on a Hall bar.

Figure 2b shows the corresponding four-terminal Hall resistance
Vs-o/l,.c measurement along the outer perimeter as a function of the
current/,_.. At low currents, this resistance was quantized to h/e’. Ata
current/,_cexceeding about 620 nA (with arelative deviation from quan-
tization of about 1% observed at a current of about 680 nA), the critical
electrochemical potential difference between theinnerand outer edges
wasreached, 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. /;_, (of nominally the same
magnitude as/,_c; both currents were measured and found to be equal
towithinabout1%) flowinginto the inner perimeter at contacts3and1,
whereas C and 1 were grounded. A110 kQ 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 ohmsin 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 Band 2 were at the electrochemical potential determined by
the source contacts, A and 3, respectively. As the two currents/,_-and
I;_;were equalin magnitude, the electrochemical potential at contacts
A and 3 was equal, leading to an electrochemical potential balance
between theinner 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,
alsobe used; see Supplementary information Fig. 2 for measurements
of such configurations.

The Hall resistance V;_p/I,_.c measured in the configuration in
Fig.2cisplottedinFig.2d as afunction of the measurement current/,_c.

Itis clearthat the breakdowninduced by the electric field, as observed
inFig.2b, was effectively suppressed, thus allowing alarger current to
beinjected into the sample before any deviation from quantization is
observed (a relative deviation from quantization of 1% was observed
atacurrentofabout 2.85 pA). 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 beenreached. In contrast,
inFig.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 V;_./I,_p. Pertinent reference measurements are
showninFig. 2e-f, where the d.c./,_, was flowing between contacts A
andD, and contacts D and1were referenced to the ground. This resist-
ance configuration shows the expected value of O atlow currents, with
aclear onset of dissipation observed when the measurement current
I,_.pexceeded 620 nA, consistent with the Hall resistance measurement
from Fig. 2b. Remarkably, in Fig. 2g-h, under the balanced scheme (with
anadditional current of the same magnitude/,_, flowinginto theinner
perimeter), we observe that the longitudinal resistance signal remained
below some 0.00002h/€? (limited by the measurement resolution) up
to the measurement current of 3 pA.

To further supportourinterpretation 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
onthesamedevice, asshowninFig.3.Itis well established for Cr/V-doped
(Bi,Sb),Te,"***0 that as the temperature is increased above some
100 mK, spurious conductance fromthe 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, asthe sample temperature was increased, the change in Hall resist-
ance as afunction of applied bias was progressively suppressed, as one
would expectif 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 V;,. We found a clear breakdown of
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Fig. 3| Electrochemical potential balancing at various temperatures.
Hallresistance V;_ /I, . measured in the balanced scheme (Fig. 2c) at various
temperatures as a function of /,_. The coloured horizontal dashed lines are guides
to the eye and indicate the resistance at each temperature in the low-current limit.
Measurements are at zero external magnetic field and with 4 V applied to the gate.

Hall resistance quantization whenever this voltage drop exceeded
+16 mV, regardless of the magnitude of the measurement current /,_..
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/,_.and /5, currents. This
isanalysed and discussed in detail in Supplementary Fig.1, which further
confirmsthat the electrochemical potential difference betweenthe peri-
metersis 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
refrigerator 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),Te, or another material system.

Our wiring scheme s an extension of established Hall bar measure-
ments, but it is fundamentally different in that it requires two current
sourcesinstead of one (as well as two grounding points on the device).
Although the scheme wasimplementedinaresearchlaboratory atthe
precision level offered by standard d.c. measurements, there is pres-
ently noinstrument withmetrologically 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 V,,(Biy,Sbys), o Te; 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'thelayer 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 inasecond 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-
ferredinto an electron beam evaporation chamber, without breaking
the high vacuum conditions, where astack comprising 50 nm of AuGe
and 50 nm of Auwas deposited. A top gate was fabricated inathird step.
Thesample was transferred into an atomic-layer-deposition chamber,
where al5-nm-thick layer of AlO, 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 AlO,
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 abase temperature of about
30 mK (with the exception of the 4.2 K curve in Fig. 3, which was meas-
ured in a conventional *He 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 TQ). The output
wasread directly by ananovoltmeter. Each current was determined by
measuringthe 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
uponreasonable request.
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