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ABSTRACT

Universal conductance fluctuations (UCF) are a distinctive mesoscopic transport phenomenon that arises in disordered systems

when the sample size approaches the phase coherence length of the system. As a hallmark of phase coherent transport, UCF shapes

the low temperature transport properties of such systems in a fundamental way. In this study, UCF are reported in magnetically

doped topological insulator thin films in the quantum anomalous Hall (QAH) regime. In mesoscopic QAH devices, aperiodic yet

highly reproducible conductance fluctuations are observed, robust against variations in field sweeping direction and temperature.

Two fluctuation components with distinct characteristic frequencies are revealed, and their contrasting temperature dependencies

indicate that they originate from different interference processes associated with bulk and edge states, respectively. These finding

uncovers rich quantum interference phenomena in the QAH insulators, providing new insights into mesoscopic transport in QAH

systems.

1 | Introduction

Quantum anomalous Hall (QAH) insulator is a novel state
of matter arising from the interplay between nontrivial band
topology and broken time-reversal symmetry [1-7]. In QAH
insulators, chiral edge states propagate unidirectionally along
the sample boundary, giving rise to a quantized Hall resistance
and vanishing longitudinal resistance, even in the absence of an
external magnetic field. The QAH effect was first experimentally
realized in magnetically doped topological insulators [3-6, 8] and
has since been observed in a growing family of systems, ranging
from antiferromagnetic topological insulators MnBi,Te, [9] to

twisted bilayer graphene [10] and MoTe,/WSe, heterostructures
[11]. More recently, the fractional QAH effect has been realized
in twisted MoTe, [12, 13] and multilayer graphene [14]. QAH
insulators provide a versatile platform for exploring a wide range
of exotic quantum phases and phenomena, including axion insu-
lator, high-Chern-number QAH insulators, Weyl semimetals, and
topological superconductivity [15-27]. Beyond their fundamental
interest, QAH insulators hold great promise for applications.
The dissipationless edge states open a pathway toward low-
power-consumption electronics, while the precisely quantized
Hall resistance provides a robust standard for electrical resistance
metrology [28-30]. Moreover, when coupled to s-wave supercon-
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ductors, QAH systems can host chiral Majorana modes [31] or
Majorana zero modes [32, 33], which are essential ingredients for
fault-tolerant quantum computing [34, 35].

To fully unlock these applications, it is crucial to understand
the transport properties of QAH systems at the mesoscopic
scale, the scale at which practical devices ultimately operate.
Intriguingly, mesoscopic QAH systems often display transport
behaviors that are markedly from their macroscopic counterparts
[36-38]. In the mesoscopic regime, quantum interference plays
a central role in shaping electronic dynamics [39]. A particular
direct manifestation of this interference is the universal con-
ductance fluctuations (UCF), [40-42] which arise in disordered
systems as electrons scatter coherently from impurities while
traversing the material. In such disordered landscapes, electrons
traveling between two points can follow multiple possible paths,
and the quantum interference among these paths does not
average out in mesoscopic devices, leading to aperiodic yet
reproducible conductance fluctuations as a function of mag-
netic field. These sample-specific fluctuations remain stable
as long as the impurity configuration is unchanged, and are
therefore referred to as the magneto-fingerprint of the sample.
Historically, UCF has been a powerful tool for investigating
quantum interference and dephasing mechanisms across a wide
variety of material systems, including metals [43], semicon-
ductor nanowires [44, 45], quantum dots [46], quantum Hall
devices [47-49], graphene [50-52], and topological materials [53-
56]. Yet in QAH materials, UCF remains largely unexplored.
Investigating these interference effects in QAH insulators is
not only essential for optimizing device performance but also
for advancing our understanding of the underlying dephasing
mechanisms.

2 | Results
2.1 | Basic Characterization of the QAH Effect

In this work, we report the observation of UCF in a QAH
system realized in the magnetically doped topological insulator
Cr-doped (Bi,Sb),Te; (CBST). The 5-quintuple-layer (QL) CBST
films were grown on semi-insulating GaAs(111)B substrates using
molecular beam epitaxy (MBE), following procedures described
in our previous reports [17, 20, 36]. From the same batch of 5-
QL CBST films, we fabricate four Hall bar devices with widths
of 500, 200, 100, and 50 pm, all with a fixed length-to-width
ratio of 2, for transport measurements. Figure 1b,c presents
the field dependence of the longitudinal resistivity (o,,) and
Hall resistivity (o,,), respectively, for the 500 um-wide Hall bar
device. The corresponding longitudinal conductance (o) and
Hall conductance (o), obtained using the tensor relationship
Oex = Pux /(P2x + P3x) and 0y, = p /(03: + p3), are shown in
Figure 1d,e, respectively. At the base temperature, the device
exhibits a nearly perfectly quantized Hall resistivity (lo,| >
0.9997 h/e?, where h is the Planck constant and e is the elementary
charge) and a vanishing longitudinal resistivity (o, < 2.5 X
107% h/é?) in the fully magnetized state (Figure 1f), hallmark
signatures of the QAH effect. Similar quantization conditions are
also observed in the 200, 100, and 50 pm devices, as shown in
Figure S2.

The exchange gap A is extracted by fitting the temperature
dependence of o, to the Arrhenius law o, ~ exp(-T,/T),
wherein A = ky T,. The fitted T, values are 1.31, 2.03, 2.11, and
1.79 K for the 500, 200, 100, and 50 um devices, respectively. It
is worth noting that the 500 pm device is patterned using a hard
mask, whereas the others were fabricated via photolithography.
The slightly higher T, values in the latter may result from a Fermi
level shift induced during the fabrication process.

The QAH effect remains robust under high magnetic fields, which
is the regime of primary interest in the following discussion.
Figure 2 presents the field dependence of p,, and p,, for all four
devices, measured at 50 mK up to 12 T. Across the entire field
range, except for a narrow window at around the coercive field, o,
stays negligibly small, while p,, remains quantized. In particular,
as the field isramped from 1to 12 T, the change in p,, is below 7.0 X
10~* h/é* for all devices. These minimal variations underscore the
remarkable stability of the QAH state even under strong magnetic
fields.

2.2 | UCF in Mesoscopic QAH Devices

After confirming the presence of the QAH state in all four
devices of different widths, we turn to investigate UCF in these
systems. To this end, we examine o,, defined as the inverse of
the two-terminal resistance R,;. The four-probe measurement
configuration for R,y is schematically illustrated in the inset of
Figure 3a. In this setup, voltage probes on opposite sides of the
Hall bar, specifically, probes 2 and 6, as well as probes 3 and 5,
are shorted on-chip, respectively. The current is applied between
probes 1 and 4, and R, is defined as the resistance between these
two shorted pairs. This configuration allows UCF to be observed
in much larger devices, as explained below, hence bypassing the
need for electron-beam lithography in device fabrication, which
can damage the sample and degrade its quality [57]. In this
geometry, o, corresponds to the two-terminal conductance of the
Hall bar, which, according to the Landauer-Biittiker formalism, is
expected to take a quantized value of e?/h.

Figure 3a presents the field dependence of o, for all four devices,
measured with a 100 nA current (corresponding raw R,; data
are shown in Figure S3). In the 500 and 200 pm devices, g,r
displays a quantized value. In stark contrast, the 100 and 50 um
devices exhibit significant deviation from the Landauer-Buttiker
ideal, with o,; exceeding e?/h. Notably, aperiodic conductance
fluctuations are observed in two smaller devices. These fluctua-
tions are reproducible in the forward and backward field sweeps,
indicating that they arise from intrinsic quantum interference
effects rather than measurement noise.

The deviation of o, from the quantized value in the 100 and 50 um
devices can be attributed to electric breakdown in QAH insulators
[58-60]. The quantized condition, o,; = €*/h, is realized when the
counter-propagating chiral edge states on opposite sides of the
sample do not hybridize. However, when the transverse electric
field exceeds a critical threshold, electrons gain sufficient energy
to tunnel from one edge to the other edge, resulting in o, > €*/h.
This breakdown process is further facilitated by charge puddles
that are inevitably formed in the magnetically doped topological
insulators [60]. Because smaller devices experience larger electric
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FIGURE 1 | QAH effect in the 5-QL-CBST. (a) Schematic of measurement setup. (b,c) Field dependence of p,, and Py at different temperatures for
the 5-QL-CBST sample. (d,e) Field dependence of o, and oy, for the same sample. f) Temperature dependence of the p,, and p,.
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FIGURE 2 | QAH effect in high magnetic field. Field dependence of p,, and Py« for the (a,b) 500 pm, (c,d) 200 um, (e,f) 100 um, and (g,h) 50 um
devices. All curves are measured at 50 mK. An excitation current of 100 nA is sourced for all four devices.
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FIGURE 3 | UCFin QAH devices. (a) Field dependence of o, for QAH devices with different widths. All measurements were performed at 50 mK
with an excitation current of 100 nA. Inset: schematics of measurement setup for two-terminal resistances R,r. (b) Schematics of electrical breakdown
in py/pyy (upper panel) and o,y (lower panel) measurement configurations. The electrodes and edges at equal potential are highlighted by the same
color, and regions where electrical breakdown occurs are denoted by green arrows.

fields under the same applied current, electrical breakdown
appears only in two smaller devices, with the effect being more
pronounced in the 50 pm device. To further illustrate this point,
we examine the field dependence of o,; under different excitation
currents. As shown in Figure S4, o,; increases monotonically
with increasing current.

We would like to note that the electrical breakdown is more
readily observed in the o, measurement configuration (inset of
Figure 3a) than in the conventional p,,/p,, measurement setup
(Figure 1a). As illustrated in Figure 3b, in the p,./p,, setup, the
Hall probes on both sides of the Hall bar are at equal potential
to the source and drain, respectively, so the voltage drop occurs
across the full width of the Hall bar. In contrast, in the o,r
measurement, probes 2 and 6, as well as 3 and 5, are shorted
on the chip, and the voltage drop is instead concentrated over a
much narrower region across the width of the Hall probes (see
Experimental Section for the specific width of Hall probes for
four QAH devices). This more localized voltage drop produces
a significantly larger electric field for the same applied current,
causing electrical breakdown to occur at a much lower current in
the o, configuration.

2.3 | Origin of UCF

Next, we focus on the UCF in the 50 pum device. To better
visualize these fluctuations, Ao, is obtained by subtracting a
polynomial background from o,;. The magnetic field dependence
of Ao,; at different temperatures is presented in Figure 4a,
where reproducible features are observed across multiple scans.
This strong reproducibility further confirms that the fluctuations
arise from quantum interference of electron trajectories rather

than measurement noise. Notably, these fluctuations exhibit
quasi-periodic behaviors, with dominant frequencies set by the
characteristic sizes of the areas enclosed by the interference paths.

To further analyze these fluctuations, we applied fast Fourier
transforms (FFT) to the data. Figure 4b,c show that the Fourier
spectra behave differently at base and elevated temperatures. At
50 mK, a prominent peak appears around 6.0 T}, corresponding
to a periodicity of AB = 166.6 mT, alongside low-frequency
components. This peak gradually diminishes as temperature
increases (Figure S5) and is entirely absent at 1300 mK spectrum,
where only low-frequency fluctuations remain. The contrasting
temperature dependence of high- and low-frequency components
is also evident in Figure 4a: the slowly varying background
persists at all temperatures, while the faster, noise-like features
are progressively smooth out as the temperature increases.

To separate the high- and low-frequency fluctuations, high- and
low-pass filters are applied to the Fourier spectra using a cutoff
frequency (e.g., f. = 5 T!) chosen between their characteristic
frequency ranges. Note that the choice of f, does not qualitatively
affect the results discussed below. The filtered spectra are then
subjected to inverse Fourier transforms, yielding Aoy and Aoy,
corresponding to the high- and low-frequency contributions,
respectively.

Figure 5a shows the field dependence of Aoy, at various temper-
atures, with a zoomed-in plot provided in Figure 5b highlighting
the visual similarities across different scans. The magnitude of the
fluctuation, quantified by the root mean square of Aoy, Acy™,
decreases with increasing temperature, as shown in Figure 5c.
The field dependence of Ac; is shown in Figure 5d, where

highly reproducible features are also evident. Interestingly, the
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low-frequency fluctuations. The yellow and green regions denote the electron and hole puddles, respectively.

corresponding root mean square Ag;"™ displays a non-monotonic

temperature dependence, initially increasing and then decreasing
as the temperature decreases (Figure 5e).

The distinct temperature dependence of the low- and high-
frequency components apparently suggests that they originate
from different interference processes. In the electrical breakdown
regime where UCF is observed, electrons traverse the bulk of the
sample, moving from the edge at a higher chemical potential
to that at a lower chemical potential. In magnetically doped

topological insulators, the energy landscape is modulated by
spatial variations in electrostatic potential [61-64], as well as
the fluctuations in the local exchange gap arising from the
random distribution of magnetic dopants [65]. Together, these
inhomogeneities give rise to the formation of charge puddles,
as schematically illustrated in Figure 5f. As electrons propagate
through this inhomogeneous landscape, their trajectories can
form closed loops encircling these charge puddles. The char-
acteristic frequency of the fluctuation enables an estimation
of the average size of the charge puddles via the relationship:
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ABnr? = @,, where @, is the magnetic flux quanta and r is the
puddle radius. For the high-frequency fluctuations, which exhibit
a dominant periodicity of AB = 166.6 mT, this corresponds to
an average size of r ~ 63 nm, in good agreement with scanning
tunneling microscopy results [63, 64]. These high-frequency
fluctuations are therefore attributed to the interference of bulk
currents, and they diminish at higher temperatures due to the
reduction in phase coherence length.

By contrast, the low-frequency fluctuations exhibit a markedly
different temperature dependence. Their behavior suggests that
they may be associated with interference processes involving the
chiral edge states. Although the exact spatial profile of chiral edge
states remains under investigation, growing evidence indicates
that they are not strictly confined to the sample boundary but
instead extend into the bulk over a finite width [38, 66, 67]. This
finite-width region exhibits an enhanced local density of state
and metallic character, resembling the compressible region in the
QH effect. In both cases, such an extended region supports the
flow of chiral edge channels. In such a region, electrons can form
interference loops that contribute to conductance fluctuations.
As the temperature decreases, chiral edge states become more
localized, effectively narrowing the width of the compressible
region and thereby reducing the fluctuation amplitude. At ele-
vated temperatures, on the other hand, enhanced dephasing also
suppresses the quantum interference. Together, these effects give
rise to the non-monotonic temperature dependence observed
for Ao]™. Moreover, that Ac]™ exceeds Acy™ indicates the
interference response for the low-frequency fluctuations occurs
within a more spatially confined region, further supporting its
edge state origin.

The amplitude of the conductance fluctuations also allows an
estimate of the phase coherence length L via the relationship:

Aoyt = % (%)3/2. At 50 mK, we obtain a coherence length of
Ly ~ 1.4 um. This length scale is comparable to those obtained
from previous studies of QAH insulators realized in magnetically
doped topological insulators [36, 59], where L, was determined
using different approaches. The consistency between these esti-
mates indicates that various phase coherent phenomena arise
from interference occurring over regions of similar characteristic
size.

The distinct temperature dependences of the high- and low-
frequency fluctuations are also evidenced in the 100 pm device
(Figure S6). In this larger device, the overall fluctuation ampli-
tude is reduced, as is expected for a general interference effect.
Notably, however, Ac}* exhibits a much stronger relative reduc-
tion than Ag;™, highlighting their distinct origins associated with

bulk and edge states, respectively.

Finally, we compare the conductance fluctuations observed
in this work with those reported in our previous study [37],
where similar conductance fluctuations in submicron-sized QAH
devices were attributed to interference paths encircling magnetic
domains. Although similar fluctuations are observed in both
studies, several key differences distinguish the two cases. First,
the fluctuations in [37] appear only near the coercive field (~
0.2 T), where a large number of magnetic domains are present,
whereas the fluctuations reported here persist up to 12 T, deep

in the single-domain regime. Second, the earlier fluctuations
are generally less reproducible across different field sweeps,
reflecting the stochastic nature of domain formation during the
magnetization reversal process. In contrast, the fluctuations in
our devices are highly reproducible, consistent with their origin
in static charge puddles set by quenched disorder. Finally, the
characteristic size of the area enclosed by the interference loops
differs: it is set by magnetic domain size in [37] and by charge
puddles in our case, which are approximately four times smaller
in diameter.

3 | Conclusion

To summarize, we investigate UCF in QAH systems realized
in the magnetically doped topological insulators Cr-doped (Bi,
Sb),Te;. In mesoscopic devices, we observed reproducible con-
ductance fluctuations in the two-terminal conductance o,;. Two
distinct types of fluctuations, differing in frequency and temper-
ature dependence, are identified, pointing to separate underlying
interference processes: the high-frequency component arises
from bulk current loops around charge puddles, whereas the
low-frequency component originates from interference of chiral
edge states. These findings offer new insights into the quantum
interference in QAH materials, which are essential for advancing
QAH-based low-power-consumption electronics and quantum
computing technologies.

4 | Experimental Section
4.1 | MBE Growth and Characterizations

The epitaxy growth of Cr-doped (Bi,Sb),Te; was conducted in an
MBE system with a base vacuum rate of 5 x 107'° Torr. Epi-ready
semi-insulating GaAs(111)B wafers were used as the substrate.
Prior to growth, GaAs substrates were annealed at up to 680°C
under a Te-rich environment. During growth, substrates were
held at 180°C and high-purity Cr (99.995%), Bi (99.999%), Sb
(99.999%), and Te (99.9999%) were deposited on the substrate. The
growth was in situ monitored by reflective high-energy electron
diffraction (RHEED). The thickness of the sample was calibrated
by the oscillation of RHEED intensity.

4.2 | Device Fabrication and Transport
Measurements

Grown films were patterned into Hall bar devices for transport
measurement. The 500 um-wide devices were defined using
stencil masks, while the 200, 100, and 50 um-wide devices were
patterned by photolithography. All devices have a fixed length-
to-width ratio of 2 for all devices. The widths of the Hall probe,
which are the relevant length scales for electrical breakdown in
the o, measurement configuration, are 500, 40, 20, and 10 pm,
for the 500, 200, 100, and 50 um wide Hall bar devices, respec-
tively. All devices were dry-etched using CHF;. Indium contacts
were used for devices patterned via hard masks, and Cr/Au
(20/ 80 nm) contacts were used for the photolithographically
patterned devices. Transport measurements were carried out in a
dilution refrigerator (Oxford Instruments). A low-frequency AC
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current was sourced (Keithley 6221) and the voltage was picked
up by lock-in amplifiers (Stanford Research System SR830).
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