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A quantum anomalous Hall (QAH) insulator is characterized by quantized
Hall and vanishing longitudinal resistances at zero magnetic field that

are protected against local perturbations and independent of sample
details. This insensitivity makes the microscopic details of the local current
distribution inaccessible to global transport measurements. Accordingly,
the current distributions that give rise to transport quantization are
unknown. Here we use magnetic imaging to directly visualize the transport
currentinthe QAH regime. As we tune through the QAH plateau by
electrostatic gating, we clearly identify a regime in which the sample
transports current primarily in the bulk rather than along the edges.
Furthermore, we image the local response of equilibrium magnetization

to electrostatic gating. Combined, these measurements suggest that the
current flows through incompressible regions whose spatial structure

can change throughout the QAH regime. Identification of the appropriate
microscopic picture of electronic transport in QAH insulators and other
topologically non-trivial states of matter is a crucial step towards realizing
their potential in next-generation quantum devices.

The quantization of electronic transport in quantum Hall insulators
canbe explained by avariety of microscopic models that predict mark-
edly different local current distributions and potential landscapes.
For example, some models emphasize the role of chiral edge states,
which conduct along the sample perimeter’. Other work highlights
the role of bulk currents driven by the Hall electric field>. Although
most experiments are interpreted in terms of one of these micro-
scopic models, an interplay between local band filling and external
bias ultimately determines local current distribution. For the integer
quantum Hall effect, imaging experiments have demonstrated the
role oflocal Landaulevelffilling in determination of both local sample
properties and global transport coefficients®®. In the context of
the quantum anomalous Hall (QAH) effect’’, imaging experiments
have focused on local magnetic order'™ and local conductivity™.
However, direct measurements of transport current distribution
have not been reported for the QAH effect or in any other quantum
Hall system.

Here we use magneticimaging to visualize current distributionin
aQAHinsulator. As schematically shownin Fig. 1a, we scan the pickup
loop of asuperconducting quantum interference device (SQUID) ~1 um
above the surface of a lithographically defined Hall bar fabricated
from a magnetically doped topological insulator. The out-of-plane
component of the stray magnetic field generated by the sample cou-
ples magnetic flux into the SQUID pickup loop®, which we image with
aspatial resolution of a few micrometres (Supplementary Section 1).
We report the SQUID signal in units of the magnetic flux quantum @,,.
We measure magnetic signals from the static magnetization, applied
transport currents and magnetic response of the sample to changes
in the applied top-gate voltage. To disentangle static magnetization
from the latter two signals we modulate the voltage applied to the
sample contacts or gate, respectively, at afinite frequency and detect
the associated flux signal with alockin amplifier.

Our measurements were carried out on a six-terminal Hall bar
(device A) fabricated from a Cr-doped (Bi,Sb),Te, (BST) heterostructure
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Fig.1|Magneticimaging of a QAH effect sample. a, Schematic of a SQUID
pickup loop imaging stray magnetic fields above a Hall bar sample of dimensions
200 x 75 um? b, Cross-section of the sample. A four-quintuple layer (QL) of
undoped BST is sandwiched between two three-QLs of Cr-doped BST. A gold
layer insulated from the thin film by 40 nm of Al,O, is used as a top gate extending
beyond the Hall bar, as shownin a. Vyis applied through the STO substrate.

¢, Hall resistance versus magnetic field at V,,; =110 V showing a hysteresis loop.

d, Hall resistance (R,,, blue) and two-terminal resistance (R,y, red) versus Vg at
zero magnetic field with the sample magnetized at +0.4 T.

grown on a SrTiO, (STO) substrate (Fig. 1b). The drain contact and
its two adjacent voltage probes are shorted on-chip (Extended Data
Fig.1). Gating through the STO substrate allows us to tune the chemical
potential through the gap. When the sample is magnetized, the trans-
port coefficients reach a plateau with quantized values for a range
of back-gate voltage, Vg (Fig. 1c,d), indicating the QAH regime. Gate
sweeps through a STO substrate often display history-dependent
behaviour that probably arises from a charging effect in the STO™ .
Below, we use the values of the Hall resistance R, recorded withimaging
data to account for these shifts and provide additional characteriza-
tionin Supplementary Section 2. Allimaging was performed in a zero
external magnetic field after magnetization of the sample at either +0.4
or -0.4 T and with the microscope at a temperature of 45 mK unless
otherwise noted. The data presented in the main text were acquired
from the same Hall bar (device A). Data from a two-terminal sample
(device B) fabricated from the same thin film, and a similar Hall bar
(device C) fabricated from an additional thin film exhibiting the QAH
effect, areincluded in Extended Data3 and 4 and Supplementary Sec-
tions3and 4.

Currentdistributioninthe QAH regime

To image transport currents we apply a bias voltage that oscillates
between 0 and V,,; at a frequency of 140.5 Hz to the source contact
withthe drain contactgrounded (Fig. 2c). The current flowing through
thesample produces a stray magnetic field, which couples flux @,into
the SQUID pickup loop. Figure 2a shows an image of @, with current
I, =20 nA flowing through the channel at V;; =105 V. Here we define
loe. = IP . /N2 where I _ is the amplitude of the sinusoidal part of the
excitation (Methods). Alockinamplifier records the root meansquared
(r.m.s.) value of the SQUID signal oscillating at 140.5 Hz inresponse to
theapplied current. Figure 2b shows the reconstructed current density
(see Methods for details of the current reconstruction). Surprisingly,
we found current flowing in the interior of the sample even though it
was gated into the QAH regime.

In Fig. 2d,e we present line-cuts of @, and the reconstructed
x-component of current density, j,, as a function of back-gate voltage
for15 nAthrough the sample. We focus on back-gate voltages at which
transport is quantized and nearly dissipationless (Fig. 2f). We use a
bias current of 25 nA or below, at which the QAH plateauis observedin
transport and our measurements correspond to the linear response of
the sample (Extended DataFigs.3 and 4). Later in the paper we discuss
measurements performed outside the dissipationless regime. The
current distribution in device A depends on the back-gate voltage.
At the lowest back-gate voltage, V=96V, current density is located
in a single strip within the Hall bar channel. As back-gate voltage is
increased, this current density develops a depression in the centre of
the channel and bifurcates into two separate strips of current. These
strips move smoothly towards the edges of the channel as back-gate
voltage increases. Simultaneously recorded measurements of R . and
R, (Fig. 2f) show that the sample is tuned through the QAH regime as
current density changes. We observed the same qualitative behaviour
of current density in device B fabricated from the same thin film as
device A (Extended DataFig.2). For device C (Supplementary Section 3)
we found that the currentdistribution wasin theinterior of the sample
and remained uniform throughout the QAH regime.

Within the QAH literature the quantization of transport coeffi-
cients is typically explained by dissipationless chiral edge states that
transport currentalong the sample’s perimeter. In our measurements
most of the reconstructed current density profiles (Fig. 2e) are incon-
sistent withthe current flowinginanarrow channel along sample edges.
To reinforce this point using raw flux data, we consider three model
current distributions (Fig. 2i,j) and convolve them with the imaging
kernel of our SQUID to simulate the corresponding flux signal, @,y
(Fig. 2h). Theimaging kernel accounts for the Biot-Savart law and the
geometry of the SQUID pickup loop (Methods). @4 can be directly
compared with experimental @,in Fig. 2d. Figure 2h-j shows that any
edge conductionwill appear as asharp dip followed by ashallow peak
in @, near the sample edge. These signatures are absent in Fig. 2d,
acquired onthe low-V;;side of the transport plateau. In Fig. 2g we com-
pare @, measured across one of the gold leads of the Hall bar with that
observed in the QAH regime. @, across the lead quantitatively agrees
with asimulated flux profile assuming a uniform current density in the
75-um-wide lead. Inthe QAH regime, @, resembles the signal from the
goldlead andisin quantitative agreement with asimulated flux profile
for a uniform current density in a 40-pm-wide strip in the interior of
the channel. This confirms that current is carried in the bulk of the
sample at the corresponding back-gate voltage within the QAH regime.

Gate dependence of magnetization

Next we imaged the equilibrium magnetization of the sample, which
we found showed how local band filling depends on back-gate voltage.
Figure 3a shows an image of magnetic flux, @, ., produced by static
magnetization with the sample magnetized at-0.4 T.From @, . across
the edges we estimate magnetization of ~-10 yu, nm2with g as the Bohr
magneton. Thisis withinafactor of 2 of magnetization estimated from
bulk measurements of 100-QL-thick films of Cr-doped BST*.

To acquire the image shown in Fig. 3b we applied a small oscillat-
ing voltage, V, ., to the top gate (Fig. 3c) and observed magnetization
response. From images of @, we reconstructed the corresponding
change in magnetization, dM/dV;; (Methods) for three back-gate volt-
ages (Fig.3d-f), which opposes the static magnetization of the sample.
Thesignal was largely spatially uniformat Vg = 55 V (Fig. 3d), whereas
at V=110 V (Fig. 3e) we observed a substantial depression in dM/d V.
in the channel interior and stronger signal near the sample edges. At
Ve =150V (Fig. 3f), dM/dV;; was again spatially uniform but with a
reduced amplitude compared with lower back-gate voltages. The
total change across the back-gate voltage range was approximately
15% of magnetization at V=0V and was also noticeable in our d.c.
measurements.
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Fig.2|Bulk-dominated transport within the QAH regime. a-c, Images of
magnetic flux, @, (a) and reconstructed current density (b) with/,. =20 nA
applied in the channel by oscillating the source contact between 0 Vand Vy;,,
atafrequency of 140.5 Hz; shown schematically in ¢. Scale bar, 15 pm. a, Black
dashed lines indicate the edges of the device. Data were acquired at V=105 V.
b, Colour depth and arrows represent the magnitude and direction, respectively,
of current density. d, Traces of @ along the dashed red lineincfor/,. =15nA
asthe sample is tuned through the QAH regime with the back gate. Traces are
offset by 1.25 n@®,. Markers at the top indicate sample edges with w as the sample
width. e, X-component of current density, j,, reconstructed fromd. Traces are

offsetby 3 x10™*Am™.f, R.and two-terminal resistance, Ry, versus Vy recorded
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simultaneously with each tracein d. g, @ ,across a gold contact (purple, position
indicated by leftmost line in ¢) and across the channel in the QAH regime with
R,=0.998 e*/h at V=110 V (red). The QAH plateau has shifted by approximately
15V compared with that shown in d-f. Traces are scaled by the applied current
and offset for clarity. Grey curves are simulations of a 75- and 40-um-wide
uniform current profile for the Auand QAH effect trace, respectively. We note
that the position of the QAH plateau has shifted by approximately 15 V between
measurements in d and g (Supplementary Section 2). h, Simulated magnetic flux
profiles, @,,.q., for three simple model current distributions. i, Model densities
corresponding to flux profilesin h. j, Schematic depiction of the three model
currentdistributions.

The gate dependence of dM/dV, is strongly correlated with
both electrical transport measurements and transport current distri-
bution. To capture how dM/dV;; changes in detail we measured line
traces over the width of the sample as a function back-gate voltage.
The reconstructed dM/dV;; is shown in Fig. 3h. Starting at around
Ve =75V, dM/dV;; showed a shallow local minimum near the centre
of the channel followed by a gradual increase (Fig. 3d). With increas-
ing back-gate voltage this structure spread towards the edges of the
sample, giving rise to the wedge-shaped feature seen in Fig. 3h. R,
and two-terminal resistance R,; exhibited a plateau of h/€? (his Planck’s
constant and e is the elementary charge) throughout the back-gate
voltage range in which this feature appeared (Fig. 3i) The bifurcation
intransport currentdistribution (Fig. 2e) began at a voltage similar to
the wedge-shapedregionin dM/dV;;, and transport current appeared
to flow roughly in regions in which dM/dV;; changed. Taken together,
these observations suggest that the gate-dependent behaviour of
dM/dVi, R, and j, can be traced to a common microscopic origin.
Furthermore, the transport data indicate that the chemical potential
pisinthe valence band at V35 <75V and in the conduction band at
Vi >150 V. At these back-gate voltages, dM/dV ;islargely uniform but
the amplitude is dependent on whether pis in the valence or conduc-
tionband. Based on this, we use dM/dV;inFig. 3h as aspatially resolved
indicator of local band filling.

We now briefly discuss the potential origins of the observed
dM/dV. First, an orbital contribution, M,,,, to magnetization
depends on band filling and the distribution of Berry curvature
within the conduction and valence bands*. When y is in the gap,
dM,,,/dVis predicted to be o,, x 0u/0(eVy) (refs. 23-25). The maxi-
mum observed amplitude is approximately 2% of o, = €’/h, which
could be due to localized mid-gap states limiting du/d(eV+s), which
is how efficiently the top gate modulates chemical potential. Quan-
titative estimation of dM,,,/dV, when s either in the conduction or
valence band, requires detailed knowledge of Berry curvature and
ou/o(eVyg). Second, magnetization of Cr-dopants may depend
on charge carrier density. A substantial Van Vleck spin susceptibility
was previously proposed to mediate ferromagnetic coupling
between magnetic dopants. More recent studies, however, suggest
that additional mechanisms may contribute to coupling, includ-
ing a hole-mediated RKKY interaction'” and magnetic exchange
interactions mediated by dopant impurity bands*. While ferro-
magnetic order clearly persists in the absence of free carriers,
some changes in magnetic properties with carrier density have
been reported'?”. Although clarification of different contribu-
tions to dM/dV,; requires further work, dM/dVy; clearly indi-
cates the transition from filling the valence band to filling the
conduction band.
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Fig. 3 |Identification oflocal band filling through gate-induced magnetic
response. a, Image of static magnetic flux, @, ., with the sample magnetized at
-0.4 T.Scale bar, 10 pm. b, Image taken from the same area of magnetic response,
@,, for modulation of top-gate voltage, V¢, with V, . =240 mV at140.5 Hz while
both source and drain contacts are grounded. ¢, Diagram of system used.

d, Response of magnetization, dM/dV;, reconstructed from @, inb.e,f, dM/dV
atadditional Vg g, dM/d Vg versus Vg at the Y positions indicated in h.

h, Line traces of dM/d V¢ versus Vg, with the sample magnetized at +0.4 T.

i, corresponding Hall and two-terminal resistances, R, and R,;, respectively.

Microscopic model

Our observations are consistent with a model of electronic transport
developed for the integer quantum Hall effect in which dissipationless
transport current is driven by transverse electric fields in insulating,
incompressible regions of the sample®. The spatial structure of the
incompressible regions is primarily dictated by electrostatics: inter-
play between intrinsic carrier density, confining potential, trapped
charges, gate voltages and screening properties of the charge carriers
determineslocal carrier density and band filling within the sample. In
particular, when the electronic spectrumis gapped some electrostatic
energy may be saved through the formation of incompressible regions
in the sample interior in which the chemical potential remains in the
gap”. In the context of the integer quantum Hall effect, the relevant
energy gap is Landau level splitting. In the QAH effect the size of the
gap is determined by the magnetization of the sample and details of
bandstructure®. When g, vanishes and o, is quantized, the Hall electric
field drives adissipationless currentintheseincompressible strips. In

this scenario the position and geometry of the incompressible strips
play a central role in local potential and current distribution within
the sample.

To compare this scenario with our results we replotted dM/d V¢
in Fig. 4a over arange of V;; centred around the gap. Incompressible
strips are expected to form in regions where the chemical potential
transitions from the valence band minimum and conduction band
maximum. We therefore identified the transition region between the
strong dM/dV;signal fromthe valence band and the weaker dM/d V¢
signal from the conduction band as the range of positions and V¢
where the sample is incompressible. We mark this region with a
dashedlineinFig.4a.InFig.4c we show anormalized current density,
JIn =J/(max{j,.} — min{j,}), foreach Vs to highlight where the sample
supports a finite current density. We first focus on the range of
back-gate voltages above the black marker seen in Fig. 4c, where dis-
sipationinthe sampleis low, before returning to lower back-gate volt-
ages below. In Fig. 4a,c we plot the data as a function of Vg — Vo to
accountforashiftinthe position of the QAH plateau between the two
measurements. Voris the back-gate voltage that maximizes R . for each
measurement (Extended Data Fig. 6). We found that regions with a
finite current density closely tracked the geometry of the regions
identified as incompressible from dM/dV ;.. This suggests that the
transverse electric field drives a dissipationless Hall current in the
incompressible regions in our sample. In Fig. 4b we show a schematic
corresponding to local band filling as a function of V¢ inferred from
our data. In Fig. 4d,e we show corresponding real-space diagrams of
local band filling for two different back-gate voltages.

Within this model it is the anomalous velocity of carriers in the
topologically non-trivial valence band, rather than edge states, that
supports quantized transport. Although bulk transport dominatesin
our samples, in general both edge states and bulk may contribute to
transport in quantum Hall insulators, with the details determined by
the electrostatic configuration of the sample®**°. In our experiments
we cannot definitively exclude a small fraction of the current flowing
along the sample edge. Similarly, we cannot rule out a long, narrow
conducting pathway that winds through the bulk substantially below
our spatial resolution (see Supplementary Section 6 for discussion of
these scenarios). A complete understanding of transportin QAH insu-
lators will require investigations spanning several different materials
systems, device geometries and experimental techniques. Forexample,
direct comparisonbetween local electrostatic properties such aslocal
compressibility, transport current distributions and global electrical
transport coefficients measured on the same sample could directly
clarify the relationship between current density and incompressible
regionsin the sample.

Imaging outside the dissipationless regime

Finally we discuss the currents in Fig. 4c that appear to be circulating
the sample at back-gate voltages for which transport is not quantized
(Extended Data Fig. 3). The associated flux signals exceed the signal
expected from the transport current by approximately one order of
magnitude, do notinvert with the sign of the applied bias and are nonlin-
ear (Extended DataFig.7 and Supplementary Section 5). This suggests
that the signals originate from bias-induced heating and not directly
from magnetic fields produced by the transport current. Similarly,
the counterflowing current visible in Figs. 2e and 4b has a nonlinear
dependence on bias current and merges with heating-induced sig-
nals as the back-gate voltage tunes the sample out of the QAH regime,
suggesting that these signals are likewise due to heating. The spatial
structure, sign and amplitude of the signals outside the QAH regime
are consistent with bias-induced heating causing demagnetization
in the order of 0.1%. Substantial heating of the electron system is
expected outside the QAH regime, where a finite 0,, causes non-zero
power dissipationin the sample (Fig. 4f). At millikelvin temperatures,
where electron-phonon coupling is weak, small currents can generate

Nature Materials | Volume 22 | September 2023 | 1100-1105

1103


http://www.nature.com/naturematerials

Article

https://doi.org/10.1038/s41563-023-01622-0

a b
+2.9x1072
E :
=
c o
S <
= 3
o CY
a
> E]
ol -2.9x107
A
Vs (V)
c - de ey
50 —
_ — -
g. 25— —
5 —_—
= 0 . = —_—
@ Iy —
o e
N S e _—
5ol a0 !
L>X
 —
°7e Compressible
(] —10 ] >
z ool ° ° o conduction band
= (] % m Incompressible
& 0 ° 1% = o, =¢’lh,0,=0
L 4 '
Compressible
I 'ﬁgf Lo u valence band
-50 [0] 50

Fig. 4 |Microscopic model of transportin the QAH regime. a, dM/dV; from
Fig.2g.b, Schematic of inferred real-space band filling in the channel as back-
gate voltage changes. ¢, Current density as in Fig. 2e but normalized and over
awider Vg range. Each lineis normalized to vary between -1.0 and 1.0 on the
colour scale. For V;; below the black marker, heating-induced signals become
dominant (see main text). The back-gate voltage is shifted by V;, determined

as Vpgatwhich R, is maximum in each measurement, allowing us to plot a,c,fon
the same horizontal axis. Dashed black lines are visual guides highlighting the
same regionsina,b. No data are available for values of Vg indicated by the grey
area.d,e, Real-space diagrams of compressible and incompressible regionsin
the sample at the two back-gate voltages indicated in c. A dissipationless current
may flow in the incompressible regions. Both cases show QAH effect but current
distribution varies. f, R, (left axis) and power dissipated in the sample,

P,, (right axis), versus V.

large differences between electron and lattice temperatures®**. We
observed these signals, whichwe attribute to current-induced heating
for Vy;belowand above (Extended DataFig. 8) the QAH regime, as well
as at bias currents exceeding 30 nA throughout the whole back-gate
voltage range, and in a Hall bar (device D) fabricated from a Cr-doped
Sb,Te, thin film that does not exhibit the QAH effect. Thisindicates that
demagnetizationis linked to dissipation rather than to the QAH effect.
Coupling between magnetization and electron temperature may also
be important in previous studies of magnetically doped topological
insulators'®**** where dissipation influenced the dynamics of mag-
netization. A detailed characterization of flux signals and electronic
transportasafunction of bias current for devices A, Cand Dis provided
inthe Extended Data and Supplementary Information.

Local measurements of dissipation in the integer quantum Hall
effect reveal so-called hot spotsin the corner of contacts at which the
current is assumed to enter the device®. If local heating reduced
magnetization in our sample, hot spots should also have been visible
inmagneticimaging when we imaged the contact area of the Hall bar.
Weindeed saw signals consistent with local demagnetization near the

corner of the source contact when the sample was in the QAH regime
(Extended Data Fig. 7). When magnetization was reversed this hot spot
moved to the opposite corner, consistent with the motion of hot spots
inthe quantum Hall effect when magnetic field is reversed.

Outlook

Macroscopic transport measurements can average over the sample vol-
umeinunexpected ways***2. In quantum Hall systems this problem is
compounded by strong real-space variations in the conductivity tensor.
Here we provide an example in which currents in the sample bulk can
giveriseto the QAH effect. In addition, we observed variations between
samples indicating that current distributions in the QAH regime are
not universal. Our results underscore the importance of local probes
in the development of microscopic models of conduction in topo-
logically non-trivial systems. We note that the current distributions
observed here bear astriking resemblance to those inferred fromlocal
measurements of Hall potential in the integer quantum Hall effect>*,
Takentogether, these localimaging experiments are consistent witha
unified picture for conduction in quantum Hall systems. Further sup-
portforthisscenariois found in detailed analysis of electrical transport
data on QAH samples**. Developing an accurate microscopic picture
of transport in these topological materials is another step towards a
detailed understanding of the breakdown of transport quantization
and the integration of the materials into quantum devices with novel
functionality*>*°.
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Methods

Sample growth and sample fabrication

We used a VEECO 620 molecular beam epitaxy (MBE) system to grow
heterostructures comprising three-QL Cr,,5(Bi,Sb), ¢sTe;, five-QL
(Bi,Sb), ¢sTe; and three-QL Cr;5(Bi,Sb), ssTe; on STO (111) substrates
(MTI Corporation). Cr composition was nominal (based on past cali-
brations).STO substrates were cleaned using deionized water at 90 °C
for1.5 hand thermally annealed at 985 °Cfor 3 hinatube furnace with
flowing oxygen gas. The substrate was outgassed under vacuum at
630 °C for 1 h and then cooled to 340 °C for heterostructure growth.
When the substrate temperature was stable at 340 °C, high-purity Cr
(5N), Bi (5N), Sb (6N) and Te (6N) were evaporated from Knudsen effu-
sion cells to form the heterostructure. The desired beam equivalent
pressure (BEP) fluxes of each element and growth rate were precisely
controlled by cell temperature. The BEP flux ratio of Te:(Bi + Sb) was
keptabovetento prevent Te deficiency. The BEP flux ratio of Sb:Bi was
keptaround two to tune the chemical potential of the heterostructure
close to the charge neutrality point. Heterostructure growth rate was
0.25QL min™, and pressure in the MBE chamber was maintained at
2 x10° mbar during growth.

Following growth, heterostructures were fabricated into a
200 x 75 pm? Hall bar and a two-terminal sample using photolithog-
raphy. Sample shape was defined by argon plasma etching. Following
etching, 10 nm Cr/60 nm Au was deposited outside the active area of
the Hall bar to make electrical contact. The top gate was fabricated by
depositing a40 nm Al,O, layer via atomic layer deposition across the
entire sample and evaporation of a10 nm Ti/60 nm Au layer patterned
by optical lithography.

Electrical connections and measurements

Electrical connection to the samples was made via thermocoax
lines in a cryogen-free dilution refrigerator with a base tempera-
ture of 15 mK at the mixing chamber plate. Samples were mounted
on a high-thermal-conductivity copper cold finger in the bore of a
6 T-1T-1T vector magnet. Aruthenium oxide thermometer confirmed
that the sample stage had cooled to at least 45 mK, whichis the lowest
calibrated temperature reading.

Measurements of R, and R, of the Hall bar were carried out using
standard lockin measurements with the contact configurations shown
inExtended DataFig. 1. Asinusoidal a.c. bias was applied to the sample.
The current was monitored with an Ithaco current preamplifier and
an SR830 lockin amplifier. Voltage drops were amplified by an SR560
preamplifier withaninputimpedance of 100 MQ and read out withan
SR830 lockin amplifier. For the measurements shown in Fig. 1d a fre-
quency of 11.3 Hz was used, resulting in a phase difference between
excitation and signals below 5°. For transport measurements
corecorded with magneticimagingalockin frequency of 140.5 Hzwas
used, resulting in a phase shift of approximately 10°. The higher fre-
quency notably improved the noise performance of the SQUID. Voltage
across the sample to determine R,; was measured at room tempera-
ture. We subtracted 300 Q fromall R, values to account for the 300 Q
resistance of the wiring in the cryostat. Although our sample was
patterned into asix-terminal Hall bar geometry, contacts on theright
side of the sample were shorted on-chip leaving us with four independ-
ent contactsinstead of the usual six, asshown in Extended Data Fig. 1.
Inaddition to R, and R,;, we measured the longitudinal resistance of
the sample using geometric symmetrization*. Specifically, we show
Ry = % (Ruzy + Ry 14) in Extended Data Fig. le. Here, R; = Vi, the
current flowing from contactjtoiand V,,the voltage between contacts
land k. This R, is proportional to the longitudinal resistivity times of
ageometric factor thatisindependent of V.

Scanning SQUID microscopy
The scanning SQUID sensor has the same gradiometric layout as
that described in ref. 15, with a pickup loop of 1.5 pm inner diameter.

The SQUIDis coupled to aSQUID-array amplifier mounted on the mix-
ing chamber plate of the dilution refrigerator. We used a home-built
piezoelectric scanner to scan the SQUID ~1 pm above the sample sur-
face. To measure the flux signal produced by current flowing through
the sample, we excited one of the sample contacts with an a.c. voltage
to source a current between 10 and 50 nA at a frequency f=140.5 Hz.
We measured our devices under a variety of bias conditions and, in
general, sourcedacurrent /(¢) = I4.. + 17, sin(2nft)through the sample.
Throughout the manuscript we denote the peak amplitude of the oscil-
lating currentas /”. and define I, .. = I’ /2. The SQUID signal was then
detected by alockin amplifier that detects the RMS value of the flux at
the first and second harmonic of the excitation frequency. As the
two-terminal resistance of the sample changes with back-gate voltage,
we adjusted voltage bias amplitude to maintain a constant current bias.
To image dM/dV, a140.5 Hz sinusoidal excitation with RMS ranging
between 0.20 and 0.25 V was applied to the top gate with the source
and drain contacts grounded. The SQUID signal was then detected with
a lockin amplifier. For DC magnetic images, the SQUID signal was
low-pass filtered and directly recorded.

Current and magnetization reconstruction

Because sample thickness was more than one order of magnitude
smaller thanboth SQUID pickup loop radius and scan height, we treated
both current density and magnetization as two-dimensional. The mag-
netic flux, ®(x, y), at lateral position x, y at height zabove the sample
detected by SQUID was then given by convolution of the SQUID point
spread function, K, and the appropriate Biot-Savart kernel, Kyg:

D, y) = Kpsp(x, ) * Kps (X, y) * (X, ). (4]

Here *denotes a convolution,

Sxy) « h(x,y) = f dx'dy’fid, ¥y Hh(x' —x,y' - y). 2)

Thescalar functiong(x, y) canbe interpreted as either magnetic dipole
density, when reconstructing magnetization, or current stream func-
tion, which determines the two-dimensional current density through

Jooy) =V x [g.p)2]. 3)

Intwo dimensions, K is given by

Ho 222 —x2 — y?
5/2°

s = )
2 (x2 432 + 22)

We extracted K;s; (shown in Extended Data Fig. 9) from images of
superconducting vortices acquired using anominally identical SQUID.

Reconstruction of g(x, y) from a measured image ®@(x, y) with
the inclusion of experimental noise is a deconvolution problem that
requiresregularization to avoid amplification of high spatial frequency
noise. Here we write the problem as a linear system of equations that
canthenbesolved directly. We combine K, and Ky into asingle linear
operator, M, such that equation (1) can be written as @ = Mg, where g
isnow avector withlength nequal to the number of pixels inanimage
and Misan x nmatrix. Given asuitably chosen regularization operator,
I, that penalizes solutions that include high-frequency ringing, and
regularization strength o, we search for g* that satisfies

g =ming1/2|Mg - ¢|* + 0* | gl ®)

Assuchg*isthebest estimate of the true gand can be found by solving
thelinear equation

(M™M +20*TI") g =M. (6)

Nature Materials


http://www.nature.com/naturematerials

Article

https://doi.org/10.1038/s41563-023-01622-0

M" and I'" are the pseudo-inverse of Mand I, respectively. In practice
we do not directly calculate the elements of M but instead calculate
the convolution Mg using fast Fourier transforms. Furthermore, we
approximate M using the Wiener filter and choose the discrete Laplace
operator as our regularization operator I".

For the one-dimensionalline-cut data we utilize the same methods
described above inone dimension. In this case, the SQUID point spread
function and Biot-Savart kernel are integrated along one axis to form
an effective one-dimensional point spread function.

Data availability
The data supporting the plots and findings of this paper are available
at Zenodo: https://doi.org/10.5281/zenod0.8037337
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Extended Data Fig. 2| Currentimaging on the two-terminal sample. Imaging
the current density on a two-terminal sample fabricated from the same thin film.
(a) R, co-recorded with magnetic imaging versus V.. 300 Q of wire resistance is
subtracted. Color-coded points correspond to the colored traces. (b) SQUID flux,
@, with/,. =25nAand/,-= 0. The filmis magnetized out of the plane.
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(c) Reconstructed current density from (b). () Reconstructed current density for
Vg range in which the two-terminal resistance is near quantization. (f-i) Same as
(a-e) with a different sample configuration. The film is magnetized into the plane.
Wesourcel,. =25nAwitha positive Ipc = £, . =353 nA.

Nature Materials


http://www.nature.com/naturematerials

Article https://doi.org/10.1038/s41563-023-01622-0

Irms= 10 nA b Irms = 15 nA c d lams = 30 A

125 - - - -

1_00 -NM— - -
0.75 - 3] ,Q Q
—— e ]

§ .——_\/_\-A—l
%; 0.50 I
N )
=z ——T T e e
= o025} { B :
0.00 [- . H1 . <
-0.25 - 1 r s Bl 1 .
1 1 1 1 1 1 1 ] 1 1 1 1
-50 0 50 -50 0 50 -50 0 50 -50 0 50
e 1e5 Imms=10nA f lrus= 15 nA g lams = 20 nA h lans = 30 DA
6 F' T ]
150
5 = =
P i &g, ON 125
—_ <
E g
S Ll i 2
g m 100
: w'/\lﬁ\l“‘\a
2+ .
75
1l .
1 1 1 1 1 1 1 1 1 e 1 1
-50 0 50 -50 0 50 -50 0 50 -50 0 50
Y Position (m)
Extended Data Fig. 3| Current reconstruction at different bias levels. and offset vertically by the back-gate voltage for comparison. (a) /,. =10 nA.
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Extended Data Fig. 4 | Comparing data acquired at low bias currents. Same (b)1,. =15nA.The Vg corresponding to the center of the QAH regime is shifted
data asin Extended Data Fig. 3 but focusing on only low bias currents. Traces are by approximately 15 V between the two data sets (see Supplementary Section 2

color-coded and offset for clarity to indicate the back gate voltage. (a)/,. =10 nA.  for details).
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Extended DataFig. 5| Current bias dependence of the Hall resistance. Dependence of the Hall resistance on/, . current bias. Overlaid contoursindicate the
deviation from the quanitzed value as V¢ and bias current are adjusted.
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Extended Data Fig. 6 | Registration of different gate sweeps. (a) dM/dV
datawith co-recorded measurements of R, versus V.. Blue points mark the
minimum in dM/dV, for each positionyalong the channel. Blue curveis a 5th
order polynomial fit to the points. (b) Same as (a) with for the dM/dV; data
presented in Fig. 3 and 4a for which R, was not co-recorded. (c) Comparison of
the polynomialffitsin (a) and (b). Based on the alignment of the polynomial fits,
we use the same V, for both dM/dV datasets. (d) Comparison of R, co-recorded

0 50 100 150
Vea (V)

with (a) and the currentimaging datain Fig. 2b. R, measured with /,. =15nA
and co-recorded with magnetic imaging data (green) compared to R , measured
with/,. =2.5 nAmeasured at each back gate voltage in the dM/dV data in figure
(a) (blue). Vertical lines denote the gate voltages Vo where R, is maximized. A
difference of 11.2 Vis observed between the two data sets. The two values Vare
used for comparing datain Fig.4a,b.
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Extended Data Fig. 7 | Hot-spots and bias-induced heating. (a) Flux signal
produced with/,. =20 nA from contacts1to 2 (as indicated in (d)) with the
sample gated into the quantized regime and the sample magnetized out of the
plane. A strong signal is observed at the corners of the contacts. (b) Same as (a)
with the static magnetization reversed. The location of the hot-spots changes
and the sign of the signal isinverted. This is consistent with local
demagnetization at the sample corners when the sampleis gated into the
quantum anomalous Hall regime. (c) Same as (a) with the sample gated away

e Vec=0V
T
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M<0, loc>0
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X Position (pm)

from the quantized regime. Signs of demagnetization are observed throughout
the sample. (d) Same as (c) with the magnetization reversed. (e-f) Flux linecuts
over the two terminal device gated far away from the quantum anomalous Hall
regime with/,. =25nAbias currentand /. = I? . withthe sample magnetized
out of the plane (e), and with the sample magnetized into the plane (f). The
signals change sign with the magnetization direction and have a weak
dependence on DC bias direction, indicating that they arise from a partial
demagnetization of the sample rather than the transport current density.
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Extended Data Fig. 8 | Extended back gate voltage range for datashownin
Fig.2d and Fig. 4b. (a) Integral of the reconstructed current density, j, over
width of the Hall bar along y. Colors indicate line trace where the Hall resistance
is closest to the quantized value. Red line indicated 15 nA, which is the bias
current. Outside the quantized regime, we find deviations between the total
reconstructed current and the applied current due to heating-induced signals

as discussed in the main text. (b) R, and (c) R,; versus Vy; co-recorded with the
imaging. (d) SQUID flux detected over the channel as a function of back gate
voltage. Color-coded traces correspond to data displayed in Fig 2. Traces in black
are dominated by a partial demagnetization of the due to bias-induced heating.
(e) Reconstructed current density for the traces in (e). (f) Color-coded traces
from (e) re-plotted on anew y-scale.
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10 um

Extended Data Fig. 9| SQUID point spread function. Image of the SQUID point spread function, K, extracted from imaging a superconducting vortex. The SQUID
pickup loop has aninner diameter of 1.5 um, giving few-micrometer scale spatial resolution for magnetic imaging.
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