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ABSTRACT

The quantum anomalous Hall effect (QAHE) in magnetic topological insulators offers great potential to revolutionize quantum electrical
metrology by establishing primary resistance standards operating at zero external magnetic field and realizing a universal “quantum electrical
metrology toolbox” that can perform quantum resistance, voltage, and current metrology in a single instrument. To realize such promise,
significant progress is still required to address materials and metrological challenges—among which, one main challenge is to make the bulk
of the topological insulator sufficiently insulating to improve the robustness of resistance quantization. In this Perspective, we present an
overview of the QAHE; discuss the aspects of topological material growth and characterization; and present a path toward a QAHE resistance
standard realized in magnetically doped (Bi,Sb),Te; systems. We also present guidelines and methodologies for QAHE resistance metrology,
its main limitations and challenges, as well as modern strategies to overcome them.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0233689

I INTRODUCTION QHE are fabricated in GaAs/AlGaAs quantum well heterostructures
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Electrical metrology is a domain that has been at the forefront of
adopting new physics. Discovered more than a century ago, the Hall
effect underwent a transformative evolution when Klaus von Klitzing
observed its quantized counterpart in 1980 in a two-dimensional elec-
tron gas system (2DES). This discovery of the quantum Hall effect
(QHE)” linked the Hall resistance Ry to universal SI constants’—
Planck’s constant (/) and electron charge (e), with the von Klitzing con-
stant Ri defined as Ry = RTK = ie%, where i is an integer. This revolu-
tionized resistance metrology by establishing the QHE as the primary
resistance standard (PRS). Currently, high-quality 2DES to observe

grown by molecular beam epitaxy (MBE). Graphene, a two-
dimensional single atomic layer of carbon, was quickly realized as
promising PRS after its discovery.”” Over the years, the metrology com-
munity has refined the production of epitaxial graphene and developed
fabrication techniques suitable for resistance standards. Graphene devi-
ces have shown remarkable agreement with the GaAs resistance stan-
dard maintained by the International Bureau of Weights and Measures,
with a variance within 1 nQ/Q and an uncertainty of + 3 nQ/Q.°

The grand goal of electrical metrology is to realize a “quantum
electrical metrology toolbox” where the three components of the
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quantum electrical metrology triangle—the volt (V), ampere (A), and
ohm (Q)—exist in a single system. To achieve this, a “relaxed-
condition” environment (including zero-to-low magnetic fields, higher
operation temperatures and currents, and the ability to fabricate large-
area devices’) is critical for the universal adoption of quantum electri-
cal SI standards from metrological laboratories to industry. The quan-
tum anomalous Hall effect (QAHE) intrinsically offers a path to
circumvent the necessity to form Landau levels to realize a PRS with
unsurpassed accuracy in such relaxed conditions. This Perspective
presents recent advancement and current challenges for the realization
of QAHE-based PRS and provides strategies and methodologies
toward a new era of quantum electrical metrology.

1. QUANTUM ANOMALOUS HALL EFFECT
A. Overview

The idea of the QAHE dates back to 2003 and was first discussed
in the context of 2D ferromagnets.” The breakthrough came with the
advent of topological insulators (TD),”" where the QAHE was first
predicted to emerge in (Hg,Mn)Te quantum wells.'® There, the mag-
netic exchange interaction from the Mn atoms lifts the band inversion
for one of the two spin species, effectively “removing” one of the two
helical edge modes of the quantum spin Hall effect (QSHE).” '"'>'? A
remaining single chiral edge mode is a realization of the QAHE with a
Chern number C = 1. (Hg,Mn)Te is paramagnetic,20 which prevents
it from realizing electronic quantization at zero external magnetic
field.”" Fortunately, another material family emerged: group V-VI fer-
romagnetic TIs (transition metal doped Bi,Te;, Sb,Tes;, and
Bi,Se;),” > followed by a long-awaited experimental realization of the
zero external magnetic field QAHE in Cr-doped (Bi,Sb),Te; (BST)
in 2013,” soon afterward reproduced by multiple independent
groups.”” ' Most notably, despite all the progress in the field, metro-
logically relevant precision of QAHE quantization has thus far been
only reported in Cr/V-doped (Bi,Sb),Tes.”*”*° A key point to appreci-
ate is that the difficulty in achieving a pristine QAHE in a TI lies in
controlling the bulk insulator rather than the topological surface state.
The topological state is robust to perturbation. The bulk, however, is
not protected and, given the relatively narrow band gaps which are
ubiquitous in TTs, is very challenging to make sufficiently insulating.
For a comprehensive understanding of the physical mechanisms, rele-
vant material systems, and potential applications of the QAHE, the
reader is referred to a recent review”’ by Chang et al.

B. Dimensionality and axion electrodynamics

The original idea for realizing the QAHE from removing one of
the two QSHE edge modes of a two-dimensional TI'® implies that the
effect is inherently two-dimensional. Indeed, the conductivity tensor
(0xx> 0xy) scaling behavior analysis of the QAHE films™™** " often
reveals symmetries concurrent to that of conventional QHE observed
in ordinary 2DESs,"'*® without any non-trivial electrodynamics.”” On
the other hand, a perspective of the QAHE from the surface state of a
three-dimensional TI film paints a more intriguing picture and
involves axion electrodynamics."* ** Axionic corrections to Maxwell’s
equations lead to a half-integer g, = % quantization of Hall conduc-
tance from an individual topological surface,””° and a signature of
such half-integer quantization can be regarded as evidence for axion
physics. This quantization has recently been extensively studied and
debated in various electronic transport’””” ®* and optical®” **
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experiments. Noteworthy, an apparent distinct QAHE origin in two-
and three-dimensional magnetic TIs implies a distinct protection
mechanism for a topological state in each, potentially carrying rele-
vance for practical applications.

C. Unusual magnetism

The nature of interactions underpinning the magnetism remains
an open question. Cr- and V-doped (Bi,Sb),Te; materials have similar
Curie temperatures ~20K but vastly different strength of magnetic
anisotropy.” "’ Various mechanisms were attempted to explain experi-
mental observations, including Van Vleck ferromagnetism,z3’24’(‘9’72
Ruderman-Kittel-Kasuya-Yosida interactions,””’””> and double-
exchange/superexchange mechanisms.”* " While it appears that ferro-
magnetism plays an important role,””"’* there is evidence for
superparamagnetic-like dynamics, ” even concurrent with perfect elec-
tronic transport quantization near zero external magnetic field.”
Electronic transport studies reveal rich magnetic domain driven phe-
nomenology’” ' when the device size approaches a characteristic
magnetic domain dimension.”””**** Individual magnetic domains
can have a ground state with magnetization pointing antiparallel rela-
tive to its neighbors,” indicating a complex competition of ferro- and
antiferromagnetic domain-domain interactions. In addition, other
complex magnetic phenomena were reported on in this material sys-
tem, including magnetic skyrmions,” " coexistence of surface and
bulk ferromagnetism,87 adiabatic cooling,27 sizable Barkhausen-like
switching,”® and macroscopic quantum tunneling of the magnetiza-
tion.” It is not yet clear how all the experimental observations can be
reconciled within a single unified model.

D. Operational parameter space and experimental
limitations

The stability of QAHE in Cr/V-doped (Bi,Sb),Te; has been stud-
ied in detail. The explored parameter space includes the measurement
current,”* ** temperature,”****%**"?* material composition,”* ** and
layer thickness."”*””'?’ The effect turns out to be surprisingly fragile,
operating only in a narrow experimental window. Specifically to tem-
perature, despite recent progress in increasing the operational temper-
ature to ~1 K,”*”*'’" a regime of metrologically relevant quantization
remains limited to the mK range.””* *° The exact mechanism limiting
the QAHE temperature is not yet fully understood, but it is likely to be
related to the formation of charge puddles’'"*"'%° from material com-
position fluctuations, as the material is a mixed compound of n-type
Bi,Te; and p-type Sb,Tes.'”” The concentration of magnetic doping
can also fluctuate within the layer, which in addition to introducing
magnetic inhomogeneities, can contribute to charge puddle formation
if the magnetic dopants do not incorporate iso-electrically into the lat-
tice. While the impact of these inhomogeneities can likely be reduced
by further MBE development, the existence of charge puddles appears
to be unavoidable due to inherently narrow bandgaps ubiquitous to
TIs. Indeed, even state-of-the-art crystalline quality zinc blende topo-
logical materials, such as HgTe, suffer from charge puddles affecting
the electrical transport,'”*'"” despite more than 40years of MBE
growth development''’ and 60years of overall materials develop-
ment.''' The position of the bulk valence band maximum in the band
structure relative to the Fermi level could also play an important role.”
In terms of the quality of QAHE quantization, the key parameter that
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needs to be optimized is the resistivity of the material between the edge
channels.” The reports of edge state transport persisting up to the
bulk Curie temperature”””**” imply that the topological state itself is
robust; thus, further improvements are possible through materials
optimization. For completeness, we also mention that there has been
some literature questioning the validity of a pure edge state description
of the tlransport,l 12113 but in the end, as long as the Hall resistance can
be optimized close enough to perfect quantization, the effect can be
used for metrology, regardless of the microscopic details of the current
distribution within the device. On the issue of measurement current,
the primary breakdown mechanism stems from the Hall electric field
buildup when current is increased.”**~”* The buildup drives backscat-
tering through the bulk and hinders the quantization. Recently, a new
measurement scheme, “balanced quantum Hall resistor,” aimed at
eliminating this electric field has been demonstrated.””'"* Currently,
the metrology-grade experiments at zero external magnetic field
remain limited to currents <100nA.”* *® Application of an external
magnetic field improves this to about 1 #A.” Given that integer QHE
based resistance standards routinely operate at currents >10 ,uA,”S
significant improvements of QAHE performance are necessary.

E. Thin film growth

The Cr/V-doped (Bi,Sb),Te; thin films have been successfully
grown using MBE on a wide variety of single-crystalline substrates,
e.g, ALO; (0001),""° "% SrTiO5 (111),"*""** GaAs (111),"” ' Ge
(111),"71%% si (111)"* " (Fig. 1), CdS (0001),"” and graphene.'*
The lattice mismatch for TI films on these substrates is large, reaching
~40% for graphene.'” In fact, the governing van der Waals epitaxy
growth mechanism does not require a perfect lattice match between
film and substrate.' ">’ The absence of strong ionic or covalent bond-
ing across the film-substrate interface unavoidably results in some loss
of control over the growth. The grains originating from randomly dis-
persed nucleation centers coalesce and form defects at their bound-
aries. For example, films on c-plane sapphire are known to exhibit
rotational twins, i.e., sixfold symmetric reflection high-energy electron
diffraction (RHEED) patterns, representative of the R3m crystal struc-
ture. In contrast, films grown on BaF, (111) are twin-free."* In gen-
eral, the transport properties of TI films are most commonly not
heavily dependent on the choice of substrate, but strongly affected by
the generally large defect density at the interface.""'

The deposition technique of choice for TI thin films is MBE. The
growth of (Bi,Sb),Te; thin films by MBE is usually carried out with a
considerable chalcogen overpressure on the order of 10:1 due to the
high probability of re-evaporation, ** which can be lower if a chalco-
gen cracker cell is employed.'*’ The growth rate is absorption con-
trolled via the group-V element flux. The substrate temperature is the
key parameter for controlling the film quality,””” which can be opti-
mized further employing a two-step growth recipe, whereby a seed
layer is first grown at a lower temperature.''” Compensation doping
has proven to be a successful strategy in electrically controlling defects.
While Bi,Te; can either be n- or p-type due to its ability to easily form
both antisite defects and Te vacancies, Sb,Tes is exclusively p-type due
to its inclination to form antisite defects. As a result, the synthesis of
the compound (Bi;_,Sb,),Te; offers a direct approach to balance out
n- and p-type conduction. When x ~ 0.95, the carrier density was
lowered'”” to 2 x 10'2 cm ™. This facilitated the observation of the
QHE,'* and ultimately the QAHE in Cr/V-doped BST.> 7197138
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FIG. 1. (a) XRD 0-2 0 scans of a V 1(Bip21Sbo 79)1.9 Tes film on Si (111). The film
is 9 nm in thickness and capped with a 10-nm-thick Te layer to prevent the film from
oxidation. The inset on the left depicts a RHEED pattern obtained from a similar
layer's surface. (b) XRR profiles for similar layers measuring 7nm (blue), 8 nm
(magenta), and 10 nm (black) in thickness, displayed with sequential offsets of a
factor of 10 for visual clarity. (c) 2 x 2 um? AFM scan (5nm z-scale) of an
uncapped, 10-nm-thick film. (d) ¢ scan of {015} reflections demonstrating the in-
plane symmetry for a 9-nm-thick, Te-capped film on InP (111). Reprinted from Figs
1 and 2 with permission from Winnerlein et al., Phys. Rev. Mater. 1, 011201 (2017).
Copyright 2017 American Physical Society.””

Figure 1 illustrates the structural properties of an optimally doped
VO.I(BiO.ZISb0479)1.9 Te3 ﬁlm on Si (111).9/

lll. MATERIALS CHARACTERIZATION FOR QAHE
RESISTANCE STANDARD

To realize BST devices as QAHE PRS, deterministic engineering
of electronic and magnetic properties of the surface and the bulk is
essential. A feedback loop between growth and QAHE performance
has to be established, including material characterization at both mac-
roscopic and nanoscopic scales as illustrated in Fig. 2. Inhomogeneities
of structural, electronic, and magnetic properties at the nanoscale have
been previously shown to have adverse effects on the robustness of
QAHE quantization. Consequently, there is a need to combine bulk/
macroscopic with surface-sensitive nanoscale characterization techni-
ques, in order to distinguish bulk, surface, and edge properties, and to
correlatively examine inhomogeneities that contribute to the high bulk
conductivity.

A. Structural characterization

Structural properties of QAHE materials are commonly charac-
terized in situ using RHEED'*'** [inset of Fig. 1(a)], as well as ex situ
techniques such as x-ray photoelectron spectroscopy (XPS),>"**'*’
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FIG. 2. Main classes of characterization techniques for QAHE materials, categorized into structural, electronic, electrical, and magnetic properties. Structural analysis relies on
XRD, atomic force microscopy (AFM), transmission electron microscopy (TEM), and RHEED, each providing insights into crystal structures, phases, defects, and surface mor-
phology. Electronic properties are explored using scanning tunneling microscopy (STM) and angle-resolved photoemission spectroscopy (ARPES), which examine the band
structure, density of states, and the position of the Fermi level. Magnetic properties can be measured using techniques such as superconducting quantum interference device
(SQUID) microscopy, X-ray magnetic circular dichroism photoemission electron microscopy (XMCD-PEEM), and magnetic force microscopy (MFM). Finally, electrical properties
can be assessed via scanning near-field optical microscopy (SNOM) and Hall measurements, providing carrier densities and mobilities. Together, these methods provide insight
into the complex properties of Tls, essential for advancing their applications in technology. Top (left and right) and bottom left insets are reprinted with permission from Liu and
Hesjedal, Adv. Mater. 35, 2102427 (2023). Copyright 2023 Wiley.'*® Bottom right insets are reprinted with permission from Yuan et al., ACS Photonics 4, 3055 (2017).

Copyright 2017 American Chemical Society."*®

x-ray diffraction and reflectometry (XRD, XRR)" ™' 1ot [Figs. 1(a), 1(b),
and 1(d)], STM,"” and AFM"*>"* [Fig. 1(c)]. Combined with other
ex situ techniques, such as TEM with energy-dispersive x-ray spectros-
copy (EDS),"** Rutherford backscattering spectroscopy (RBS), and
particle-induced x-ray emission (PIXE),'”” as well as synchrotron-
based extended x-ray absorption fine structure (EXAFS),*"? the
stoichiometry, dopant states, and concentration in TIs can be deter-
mined. Basic principles and instruments for these techniques have
been comprehensively covered in a previous review, ** which demon-
strated that structural properties can be identified from macroscopic
down to atomic level.

B. Electrical, electronic, and magnetic characterization

Electrical and magnetic properties are typically only characterized
ex situ, which makes high lateral precision and especially tunability of
the probing depth more demanding. Alternatively, development of in
situ, MBE-compatible electromagnetic characterization techniques
would be advantageous, but remains a challenge. Given the challenges
of reducing impurity concentrations and their effect on the electron
potential landscape, it is important to measure the electronic band
structure of TI thin films to determine the Fermi level and validate the
existence of topological surface states. Electronic band structures of TI
thin films are often measured by ARPES, which maps the energy- and

angle-resolved distribution of valence band electrons emitted upon ioni-
zation via high-energy photon irradiation, enabling the band structure
to be mapped along different crystallographic directions. As ARPES
often uses incident light from a discrete gas resonance in the vacuum
ultraviolet range,”*'* the probing depth is limited to the order of
1 nm. By tuning the incident photon energy utilizing synchrotron radia-
tion or by employing the rapidly developing high-photon-energy laser
sources, photon-energy-dependent measurements can be realized to
extend the range of the probing depth to tens of nanometers, providing
a means for distinguishing the surface and the bulk.">'*'"'** However,
the spatial resolution is limited to ~50 um in conventional ARPES,
given by the typical incident beam size, and to hundreds of nanometers
for nano-ARPES limited by the focus provided by a Fresnel zone
plate,'** averaging over any nanoscale inhomogeneity.

At the macroscopic scale, low-precision magnetotransport can
serve as an easily accessible pre-characterization technique to observe
QAHE quantization and filter out devices with inferior performance.
The selected devices can be further characterized in high-precision mag-
netotransport measurement systems operating at mK ranges currently
required for metrology-grade QAHE quantization. Magnetotransport
measurements can also provide spatially averaged values for inhomoge-
neities in electronic properties, such as characteristic quantum coher-
ence lengths and energy scale of disorder potential due to charge
puddles.””*'*>'*° While they can provide some insight into the effect of
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localized impurities, they are not surface-sensitive and cannot deliver
spatially resolved analysis. Alongside magnetotransport, THz spectros-
copy has emerged as a powerful non-contact tool for electrical character-
ization of TI thin films. The carrier scattering rates of TIs tend to fall
within the THz frequency range, rendering THz radiation a low-energy
probe capable of extracting carrier concentration, mobility, and life-
times.'””'”* However, far-field THz spectroscopy is diffraction-limited
and not surface-sensitive, therefore does not directly probe the TI sur-
face and only infers spatially averaged properties aided via modeling.
Bulk magnetic properties of QAHE materials are commonly
characterized using SQUID, vibrating-sample magnetometry, and
magneto-optic Kerr effect.”>'”” To be able to characterize local and
depth-resolved magnetic properties, more advanced techniques, such
as XMCD and polarized neutron reflectometry, are required. The
recent review article'”” provides a comprehensive overview of charac-
terization techniques for magnetic properties of QAHE materials.

C. Toward the nanoscale: scanning probe techniques

Given that none of the techniques discussed above offers a tun-
able probing depth combined with nanoscale lateral resolution, we
emphasize the importance of functional scanning probe microscopy
(SPM), which allows local materials characterization at the nanoscale
and can independently resolve edge, surface/subsurface, and bulk
properties. Understanding nanoscale inhomogeneities of electronic
and magnetic properties, including variations in charge carrier density,
band bending effects, and the intricacies of magnetic structure,
presents significant challenges for QAHE metrology, making it a sub-
ject of considerable interest for the broader scientific community.
There exists a multitude of complementary (opto-)electronic and mag-
netic SPM techniques, such as scattering-type SNOM,'™"® scanning
SQUID, " "!7# scanning microwave microscopy (SMM),"”” MEM, and
Kelvin probe force microscopy (KPFM).'*’ These methods intrinsi-
cally offer nanoscale spatial resolution typically below 50 nm, making
them excellent choices for direct imaging of edge states and for nano-
scale assessment of inhomogeneities in magnetically doped BST thin
films and devices.

As an example, s-SNOM can perform optoelectronic characteri-
zation over a wide spectral range (visible-THz) beyond the diffraction
limit'®"'** and its probing depth can be controlled via the nonlinear
tip-sample interaction.'””'* " In conjunction with suitable model-
ing methods,'*"'**"'”* s-SNOM can in principle distinguish electronic
states and conductivity with nanoscale (< 20 nm) resolution both lat-
erally and at different depths, hence useful for determining the effects
of film thickness on hybridization of electronic states'”*'**'*> and
probing heterostructure interfaces and sub-surface dynamics. State-of-
the-art s-SNOM can now operate at cryogenic temperatures below
10 K. Rapid instrumentational and metrological development'**'*>"*”
provides a realistic prospect of operation at even lower temperatures
and incorporation of high magnetic fields, yet there is further need for
good practices of s-SNOM modeling, quantitative, and traceable deter-
mination of key transport and electromagnetic parameters toward
more robust materials metrology.'”* %’

IV. QAHE METROLOGY

The realization of a quantum Hall resistance standard (QHRS)
based on conventional materials requires high magnetic fields gener-
ated by superconducting solenoids. This limits the operation
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practicality and makes it technically challenging to integrate with
Josephson voltage standards (JVS) in a single cryogenic system.””"*"*
QAHE in magnetically doped BST has demonstrated Hall resistance
quantization ~ without ~a  permanent  external = magnetic
field.”****72%70-72739202 Early transport measurements aiming at quan-
titative confirmation of Hall resistance quantization in the QAHE
regime were performed on devices in Hall bar geometry, as shown in
Figs. 3(a) and 3(b), using conventional equipment such as calibrated
resistors, voltage, and current sources and detectors.””*” Since 2018,
precision Hall resistance measurements at considerably higher accu-
racy levels were published, demonstrating Hall resistance quantization
at the 1076 level of relative uncertainty and better.””* 7"

A. Cryogenic current comparators for resistance
metrology

The majority of these studies used metrology-grade high-preci-
sion resistance bridges based on the concept of the cryogenic current
comparator (CCC) and included evaluations of the measurement
uncertainties. CCC-based bridges and quantum-referenced standard
resistors are well established in resistance metrology and key to resis-
tance measurements at state-of-the-art accuracy levels at ten parts-per-
billion and below.””* ** As the goal is to measure a resistance ratio by
comparing an unknown resistor with a resistance reference, the bridge
techniques designed to measure ratios are inherently superior to
potentiometric methods. A simplified measurement scheme with a
CCC-based technique is shown in Fig. 3(d). The CCC fixes the ratio of
the currents I; and I, flowing through a QAHE device Ry = Rk and a
calibrated reference resistor R, = 100 Q. The SQUID detects the mag-
netic flux proportional to the difference Ny - I; — N, - I,. The current

Ho H(T)

FIG. 3. (a) Schematics of a QHRS device in Hall bar geometry (width w and length
1), with source (S), drain (D), and three pairs of Hall voltage contacts (1-1" to 3-3).
The arrow represents the current flow for Ips. (b) Nomarski microscope image of a
Vo.1(Big.2Sbo g)1.9Tes QAHE device.” The gate electrode is used to tune the chemi-
cal potential in the Tl film. (c) Hall resistivity p,,, and longitudinal resistivity p,, vs
external magnetic field as measured for the V-doped BST Hall bar device. As typical
fingerprint of the QAHE, the Hall resistivity is quantized in terms of Rk for magnetic
fields where the longitudinal resistivity vanishes (including at B = 0). (d) Simplified
schematic of a CCC resistance bridge used to measure the Hall resistance of a
QAHE device.
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I, is adjusted by a feedback loop controlled by the SQUID to null the
difference, such that I; /I, = N,/Nj. The R, /R, ratio is calculated
from the numbers-of-turns ratio Ny /N>, from the bridge voltage dif-
ference U and from the voltage drop I, - R, across the reference resis-
tor. Further details on advanced design and performance of state-of-
the-art CCC bridges are given elsewhere.””” *'’ Recent precision mea-
surements on QAHE devices made from magnetically doped BST
films were performed using bridges based on commercially avail-
able’ " or custom-made CCCs.””**'" For Hall resistance mea-
surements targeting highest accuracy and precision, the restriction to
low bias currents (<100nA) reflects in low fluxes generated by the
windings of the CCC and coupling into the SQUID, which can limit
the performance. Therefore, for measurements at very low currents,
the use of the highest possible numbers of turns N; and N, suitable for
realizing N; /N, & R, /R; is favorable, resulting in minimizing the
contribution of the SQUID to the uncertainty budget.”

B. Practical aspects: QHRS guidelines and methods

General rules and best practices for the metrological application
of the QHE in resistance metrology are laid out in technical guide-
lines™” for reliable dc measurements of the quantized Hall resistance.
These guidelines describe the main tests and precautions necessary for
both reproducible and accurate results in the use of the QHE to estab-
lish a reference standard of dc resistance with a relative uncertainty of
a few parts in 10°. Although they are more specific for QHRS, the gen-
eral methods and rules defined are also applicable to the QAHE resis-
tance standard. QHRS devices are preferably shaped in a “Hall bar”
geometry as shown in Figs. 3(a) and 3(b). In addition to the source
and drain contacts for the bias current, they should be fitted with at
least two pairs of contacts for measuring the Hall voltage, all of which
providing galvanic connections to the conducting path of the device.
For gated devices, an additional contact for applying a voltage to an
electrostatic gate electrode is necessary, which should not have galvanic
connection to the electron system.

Moreover, to have a reliable device, it is important that the Hall
bar be large, such that the separation between opposite edges of the
bar is much larger than the width of the edge state region. In this mac-
roscopic limit, the main breakdown mechanism is scattering of elec-
trons between conducting edge channels on different sides of the Hall
bar, and therefore, the critical current typically scales linearly with the
width of the Hall bar, as observed in conventional QHRS devices.””
For the QAHE in the macroscopic limit, it is believed that the break-
down mechanism is caused by electric-field-driven percolation of
charge puddles in the surface states of the TI films. Similar to conven-
tional QHRS, a linear relationship between the critical current and the
Hall bar width was observed.”” "' Thus, the width of the Hall bar
should be sufficiently large (100-800 m), with the maximum size usu-
ally limited by the homogeneity of the TI films.”"* ***** The source
and drain current contacts should extend over the whole width of the
device to maximize the critical current. Narrow voltage contacts should
be avoided, as this can lead to non-equilibrium populations of the elec-
tronic edge states and partial depletion of the 2DES in the narrow
channels, which will cause deviations of the Hall voltage from the
nominal quantized value Rk in the QAHE regime. The distances
between the voltage contact pairs should be sufficiently large, ie., in
the order of the width of the device.””
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Another important aspect is quality of the device fabrication.
While initially the experimental reports of QAHE often relied on
mechanical scratching to define Hall bar-shaped structures,” recent
metrology-grade experiments rely solely on lithographically patterned
devices.”” ™ A top gate is employed to electrostatically tune the
Fermi level and minimize the parasitic bulk conductivity, enabling
pure edge state transport (a back gate should in principle work equally
well for this purpose, but that has not yet been tested to metrological
precision). While the details of gate geometry are not expected to be
relevant for DC resistance metrology, at AC frequencies, circuit capaci-
tance considerations will obviously have to include the exact gating
geometry.

The key feature of QHEs (including QAHE) is the occurrence of
Hall (transverse) resistance quantization together with vanishing longi-
tudinal resistance, when entering the regime of dissipationless trans-
port along the edge channels as shown in Fig. 3(c). Realizing this
transport regime requires adjusting the chemical potential so that bulk
conductivity is suppressed to the minimum. The respective tuning of
QHRS devices is preferably carried out by minimizing the longitudinal
resistance (or voltage) measured along the device on two opposite pairs
of voltage contacts, 1-3 or 1'-3' in Figs. 3(a) and 3(b). More accurate
results are obtained by carrying out measurements of transverse vol-
tages on several contact pairs including “orthogonal” and “diagonal”
contacts and then by calculating the longitudinal voltage by using
Kirchhoff's voltage law.”"

Non-ideal voltage contacts to the electron system can severely
affect precision measurements and are critical for the device perfor-
mance in metrology.””” In addition to causing excessive current or
voltage noise, poor voltage contacts can generate offset voltages, which
introduce systematic errors in measurements of the Hall resistance due
to noise rectification processes. As poor contacts are typically indicated
by elevated contact resistance (and, in the worst case, by non-linear
current-voltage characteristics), contact resistances should be deter-
mined prior to precision measurements of the QAHE. A practical
method to perform contact resistance measurements uses a three-
terminal measurement technique.205 For conventional QHRS devices,
typical contact resistances of high-quality contacts are of the order
10Q or below; however, higher contact resistances up to 100Q are
acceptable.””” For magnetically doped BST QAHE devices, contact
resistances as low as several ohm were reported.””>"**"" For achieving
low contact resistances, choosing a split-finger design of the contacts
implementing a miniature on-chip multiple terminal connection can
be useful,”"” as demonstrated for graphene-based devices.”™*

In addition to the determination of contact resistances, the quan-
titative evaluation of the residual longitudinal resistivity p,, is key to
the conditions of Hall resistance quantization in all known types of
QHE devices. Ideally, the value of the transverse resistivity p,, on the
resistance plateau is, within the limit of the resolution of the measure-
ments, invariant over appreciable ranges of relevant experimental
parameters like bias current or temperature. If bias current or tempera-
ture is increased beyond critical limits, the breakdown of the QHE
with a deviation of p,, from the quantized value occurs,”*%?
Generally, this is indicated by a gradual increase in p,,. The depen-
dence of p,, on p,, typically depends on the device geometry, the
operating conditions, the magnetic field direction, the position on the
resistance plateau, and the bias current.”” 2% In QHRS devices, it has
often been observed that p,, varies linearly with p,, over several
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decades in p,,, described by the relationship dp,, =s- p,. with
Opxy = Pxy/Rk — 1 being the deviation of the Hall resistivity p,, rela-
tive to Ry.”"*?>15721% In the case of thermal activation, this behavior
stems from the temperature dependence of p,, and the geometrical
mixing of the longitudinal voltage into the Hall voltage. In conven-
tional QHRS devices, experimentally determined values of the propor-
tionality factor s typically vary between —1 and —0.01. For QAHE
devices made from magnetically doped BST films, values between
about —0.1 and —0.01 were reported.”” In some cases, deviations
from a linear p,,(p,,) relationship were observed.””"" The depen-
dence of p,, on p,, is of particular significance in quantum Hall resis-
tance metrology. Analysis of dp,,(p,,) when extrapolated to p,, =0
(dissipationless transport)zoj“l15’2{7’219’222 yields a proper measure for
Hall resistance quantization under ideal conditions, allowing QAHE
device performance evaluation for QHRS applications.”**®

V. METROLOGICAL OUTLOOK FOR QAHE

A. Materials optimization and metrological
characterization

The necessity of introducing magnetic order in TI films has
spurred extensive research aimed at identifying the optimal dopant—
one that introduces magnetic order, while not being detrimental to the
electronic properties. Both transition metal (TM) and rare earth doped
TI films exhibit promising characteristics.””> While ferromagnetic
order has been reported in a number of TM-doped TTs, Cr and V pos-
sess the most robust long-range ferromagnetic order with the desired
out-of-plane anisotropy and a typical T¢ of 59K (104K) for Cr (V)
concentrations of x = 0.29 (0.25) in Sb,_(V/Cr),Te;.”” As the QAHE
is limited to temperatures far below their ferromagnetic ordering tem-
peratures, magnetic doping is still an open material challenge.

To address the challenge of the non-insulating bulk, Fig. 4 com-
pares several essential characterization methods required for QAHE
materials. Their variations in probing depth, spatial resolution, and
their alignment with the critical regime of interest for robust QAHE
resistance standards are shown. Most current techniques do not offer a
tunable probing depth on the nanometer regime—a central obstacle
for QAHE materials optimization. While s-SNOM represents a prime
example of a tomographic technique with nanoscale resolution and
tunability in all three dimensions, its application is confined in elec-
tronic and optical characterization. Therefore, we emphasize the
importance of integrating complementary, multifunctional, and multi-
scale techniques. Concurrently, there is a need for development of in
situ, local, and depth-sensitive electronic and magnetic characteriza-
tion methods, which can also reduce material degradation and con-
tamination that can occur during ex sifu material evaluations. To
further develop and reliably employ these techniques, while ensuring
high accuracy and precision, metrological improvements to most of
the above-mentioned techniques are needed, namely, establishing
practical standards of measurements, modeling techniques, and refer-
ence materials; defining and assuring unbroken chains of traceability
to practical realizations of the SI units; and better understanding the
sources of variability and inaccuracy, improving reproducibility and
comparability. We emphasize that only with these rigorous metrologi-
cal approaches, we can progress metrological materials characteriza-
tion to enable real-world innovations of TIs with confidence.
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B. Vision, strategies, and challenges for practical QAHE
metrology

Main motivations for the development of a QHRS operatable at
zero external magnetic field are as follows: {) it is important for practi-
cal quantum electrical metrology, providing the attractive possibility to
integrate a QHRS and a JVS in a single cryogenic apparatus, without
hampering the operation of the JVS by magnetic fields needed for the
QHRS operation; ii) it is of an economical nature, i.e., to save the costs
and technical efforts associated with the operation of high-field mag-
nets, enabling wider dissemination of electrical units directly to end
users and incorporation of precision metrology into routine calibra-
tions in different economic sectors. The full practical and economic
advantages of such integrated systems will be exploited using cryogen-
free systems, such as a pulse-tube cryocooler with closed helium or
helium-free circuits and small laboratory footprint. Commercial state-
of-the-art cryocoolers can achieve temperatures down to about 2K in
combination with magnets sufficient to magnetize the QAHE device
prior to operation. Such compact system would realize a universal
quantum electrical metrology toolbox and offer the possibility to per-
form resistance, voltage, and current metrology based on the primary
quantum electrical effects. This strategic target is at the heart of mod-
ern quantum electrical metrology, which aims to develop and provide
user-friendly, economic quantum standard systems for an extended
usership suitable for direct exploitation by industry. Presently, several
metrological institutes worldwide are working toward this direction.
The National Institute of Standards and Technology (USA) recently
implemented a quantum current sensor setup that combines a QAHE
device and a JVS in a single cryostat.””” With this, currents within the
range of 10-250nA were measured with relative uncertainty 4-40
parts per million. However, the operation of QAHE device yet requires
a dilution refrigerator; therefore, it currently does not meet the desired
requirements for practicality, affordability, or mobility. Furthermore,
Rodenbach et al.”"” reported significant heating of the quantum anom-
alous Hall device due to microwave radiation leakage from the pro-
grammable Josephson voltage standard in their setup, demonstrating
that complications can arise from integrating a QAHE device with a
JVS in a single dilution refrigerator. Generally, such integration is chal-
lenging since dilution refrigerators with millikelvin base temperatures
have cooling powers limited to a few hundreds of microwatts typically,
which imposes technical constraints on the acceptable heat load intro-
duced by the wiring or by radiation sources of the system. These limi-
tations are less severe, for instance, for pulse-tube cryocooler systems,
which offer cooling powers of the order of a watt typically. However,
due to the temperature limitations set by state-of-the-art QAHE devi-
ces, the integration with the JVS in a cryocooler is currently not
possible.

Regarding one of the main metrological benchmarks—the quan-
tization accuracy—state-of-the-art QAHE devices have recently dem-
onstrated performance at the 10~° level in measurements performed
at the National Metrology Institute of Japan and at the Physikalisch-
Technische Bundesanstalt (Germany).””° This complies with the needs
of metrological applications™” **° and holds promise for future further
developments. Regarding the matter of increasing the applicable bias
currents to the metrologically desired level beyond few uA,” novel con-
cepts based on advanced device layouts and operation schemes were
proposed, and proof-of-principle experiments already showed
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FIG. 4. Comparative analysis of several essential characterization methods for QAHE materials with regard to probing depth and spatial resolution. Horizontal and vertical lines
represent the tunability of in-plane and depth resolution, respectively; their intersections represent typical spatial resolution. The dash-dotted box highlights the critical regime

required for the development of robust QAHE PRS.

promising results.”>''* Currently, these schemes are undergoing vali-
dation at accuracy levels relevant for metrological applications.

Most pressing need for practical QAHE metrology and resistance
standards, therefore, is the remaining task to overcome the limitations
regarding temperatures requiring dilution refrigerator operation. The
current consensus is that this will also require significant improve-
ments in the field of materials science and technology to explore novel
material systems beyond the family of magnetically doped BST. These
routes toward QAHE realizations at temperatures of at least 1K are
consequently pursued as a part of the current European Partnership
on Metrology project “Quantum Anomalous Hall Effect Materials and
Devices for Metrology.”””*
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