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We investigate the quantum anomalous Hall plateau transition in the presence of independent out-of-
plane and in-plane magnetic fields. The perpendicular coercive field, zero Hall plateau width, and peak
resistance value can all be systematically controlled by the in-plane magnetic field. The traces taken at
various fields almost collapse into a single curve when the field vector is renormalized to an angle as a
geometric parameter. These results can be explained consistently by the competition between magnetic
anisotropy and in-plane Zeeman field, and the close relationship between quantum transport and magnetic
domain structure. The accurate control of zero Hall plateau facilitates the search for chiral Majorana modes
based on the quantum anomalous Hall system in proximity to a superconductor.
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The discovery of the quantum anomalous Hall (QAH)
effect in magnetic topological insulator (TI) opens a new
route for studying novel topological phases of quantum
matter [[-7]. From the fundamental physics point of view,
a key issue is whether there are phases and phase transitions
that are exclusive to the QAH effect due to the interplay of
topology and magnetism. In this regard, the transition
between the QAH plateaus with the Chern number
C=+1 and C = —1 has attracted particular attention
because it is driven by magnetization reversal instead of
the Landau level occupation like in the conventional
quantum Hall effect. It has been theoretically proposed
that the QAH plateau transition can be mapped to the
Chalker-Coddington network model for the integer quan-
tum Hall plateau transition [8,9]. Because of the quantum
percolation through a network of chiral edge states, in
which tunneling at the saddle point dominates the critical
behavior, an intermediate zero Hall plateau (ZHP) with
C =0 is expected to exist. Experimentally, a zero Hall
conductance (o,, = 0) plateau has indeed been observed in
QAH systems around the coercive field [10,11]. However,
different types of QAH thin films exhibit distinct ZHP
behaviors as functions of magnetic field and temperature,
and there are inconsistencies between theoretical prediction
and experimental observations [12-15].

The ZHP has aroused more interest recently because it is
expected to play a pivotal role in the search for chiral
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Majorana modes in QAH-based heterostructure [16]. It has
been proposed that during the transition from the C =1 to
the C = 0 plateau for a QAH film in proximity to an s-wave
superconductor (SC), there exists a chiral topological SC
phase with a half-integer quantized conductance plateau
with C = 1/2. Despite the report of the C = 1/2 plateau in
a QAH film covered by a Nb strip [17], there are debates
regarding the validity of the claim for the existence of chiral
Majorana modes [18-20]. In order to optimize the reali-
zation of chiral Majorana fermions in a QAH-SC hetero-
structure, the C =0 phase must fulfill the following
requirements. First, the C =1 and C = 0 plateaus should
both be well developed, rather than the anticorrelation
between them as observed previously [10]. Second, the
magnetic field scale for the plateau transition should be as
low as possible, so that the fragile proximity induced
topological SC is not suppressed. Third, the transition
should be smooth and broad, so there is a large parameter
space for the chiral topological SC phase. Last, it is highly
desirable to achieve an accurate control of the plateau
transition, preferable in an in sifu manner.

In this Letter, we introduce a new method to accurately
control the properties of the ZHP and its transition to the
C = 1 plateau in a QAH insulator by applying an in-plane
magnetic field. The transition field, ZHP width, and peak
resistance value can all be systematically tuned by the
in-plane field. The traces taken at various fields almost

© 2023 American Physical Society
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(a) The schematic diagram of the device structure and measurement setup. The out-of-plane and in-plane magnetic fields are

denoted by the purple and black arrows, respectively. (b) Hysteresis loops of longitudinal resistivity p,, and Hall resistivity p,, as
function of H at the optimal gate voltage V, = 6 V. (c) Hysteresis loops of o, and o, converted from the data in (b). There is no
obvious ZHP near the coercive field, and ¢,, only shows a shallow dip.

collapse into a single curve when the field vector is renor-
malized to an angle as a geometric parameter. These results
can be explained consistently by the competition between
magnetic anisotropy and in-plane Zeeman field, and the
close relationship between quantum transport and magnetic
domain structure. This new way of controlling the ZHP
is highly advantageous for searching the chiral Majorana
mode in a QAH-SC hybrid system.

The Cr0.092(Bi0'27Sb0.73)1.908Te3 film with thickness
5 QL (quintuple layer) studied here is grown by molecular
beam epitaxy on a GaAs substrate, as described in previous
reports [21,22]. Figure 1(a) displays the schematic device
structure and measurement setup. To minimize the degra-
dation of sample quality during fabrication, we use ion
milling with molybdenum hard mask to define the Hall
bar device. A top gate is fabricated on the Hall bar by
depositing 40 nm thick AlO, using atomic layer deposition
followed by the evaporation of a Ti/Au electrode through
another hard mask. During the transport measurement, a dc
current is applied by a Keithley 6221 source meter and the
voltage is detected by a Keithley 2182A voltmeter in the
delta mode. A small current ~3 nA is applied to minimize
the heating effect as described in Supplemental Material
[23]. The perpendicular and in-plane magnetic fields are
applied independently by a vector magnet.

Figure 1(b) shows the Hall resistivity p,, and longi-
tudinal resistivity p,, with respect to the perpendicular
magnetic field H,, measured at the base temperature 7 =
20 mK and optimal gate voltage V, = 6 V. As shown by
the gate dependent transport results in Supplemental
Material [23] Fig. S2, the optimal V, is chosen to reach
the maximum p,, peak and nearly minimum residual p,,
value. It shows the typical QAH effect in which p,, forms
a quantized plateau close to i/e” and the residual p,, at
uoH, = 1 Tis lower than 0.08 //e?. The peak p,, values at
the coercive field H ., is about 3.1 h/e?. The coexistence of
low residual p,, value and sharp p,, peak indicates the high
sample quality with a low level of disorder [37]. When we

convert the resistivity to conductivity using the tensor
relation (the justification of the in-plane isotropic
assumption is shown in Supplemental Material [23]
Fig. S3), the Hall conductivity o,, shown in Fig. 1(c) is
well quantized, but there is no obvious ZHP near H...
Instead, o,, forms a smooth shoulder and the longitudinal
conductivity o,, shows a small dip at H_,, both reflecting
the resistive behavior during magnetization reversal.

We then study the influence of in-plane magnetic field
H, on the QAH plateau transition. Shown in Figs. 2(a) and
2(b) are the p,,, and p,, versus H  hysteresis loops when H
is fixed at varied values. There are several systematic trends
with increasing H,. First, the slope of p,, versus H, during
the plateau transition decreases, and a higher H is needed
to realize the C = +1 plateau. Second, the out-of-plane
coercive field H., decreases systematically and drops to
zero for uoH, > 1 T, as summarized by the purple squares
in Fig. 2(c). Third, the p,, peak value at H_., shows a
nonmonotonic variation. It increases up to ~13 h/e? for
uoH, = 0.7 T and then decreases gradually, as summarized
by the red open circles in Fig. 2(c). The higher p,., peaks and
lower p,, slopes lead to deeper dips in o, and broader ZHP
around H., as revealed by Figs. 2(d) and 2(e). For
uoH, > 0.3 T, the width of the ZHP becomes quite signifi-
cant, and it keeps increasing for higher H,. Figure 2(f)
displays the variation of ZHP width with H, defined by the
field range when o, is smaller than a threshold 0.005 e?/h.
Above an onset field scale yyH; = 0.28 T, the ZHP width
becomes finite and then increases linearly with H,.

Despite the development of ZHP with increasing H ,, the
C =1 QAH plateau is still well quantized in sufficiently
high H, (the data at larger H, scales are shown in
Supplemental Material [23] Fig. S4), thus realizing the
coexistence of C =1 and C = 0 plateaus. The evolution
between the two phases can be visualized by the global
phase diagram when we plot o,, as a function of o,,.
As shown in Fig. 2(g), the insulating phase at points
(04x0xy) = (0,0) becomes evident for uoH,>0.3T,
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(a),(b) The p,, and p,, versus H_ loops measured with H, fixed at different levels. (c) The dependence of perpendicular

coercivity H,., and p,, peak values on H,. The black dashed line is the simulation based on the Stoner-Wohlfarth model described in
Supplemental Material [23]. (d),(e) The o,, and o,, loops converted from the data in (a) and (b) using the tensor relation. (f) The ZHP
width estimated from (d), which becomes finite from yyH, = 0.3 T and increases linearly above that. (g) The parametric plots show that
the system approaches the insulating phase at [0, (#oH ), 6. (uoH )] = (0,0) with increasing poH values.

which can also be seen directly in Figs. 2(d) and 2(e). The
traces taken at different H , values all form a semicircle with
radius of 1/2 e>/h centered at (£0.5 e?/h, 0), revealing
three fixed points corresponding to the C = £1 and C =0
states, respectively. The slight deviation of the max o,
value from 1/2 ¢?/h is due to the broadening of plateau
transition, and sensitive to gate voltage as shown in
Supplemental Material [23] Fig. S5. The nearly identical
flow trajectory for the traces taken in varied H, values
indicates the robustness of both the QAH and ZHP states,
and the universal quantum criticality for the plateau
transitions.

To directly illustrate the plateau transition driven by the
in-plane magnetic field, we perform the H, sweeps with
fixed H,. To eliminate the influence of magnetization
history, an appropriate sequence of field sweep is adopted,
as described in Supplemental Material [23]. Figures 3(a)
and 3(b) display the p,, and p,, versus H, loops for
uoH, = 0.1, 0.2, and 0.3 T, respectively. For each fixed H ,
the system shows the typical QAH behavior at yyH, =0 T

with a quantized p,, and nearly vanishing p,. With
increasing H,, p,, first remains at the C = 1 plateau and
is then gradually suppressed, which is accompanied by the
deviation of p,, from zero. These behaviors indicate the
destruction of dissipationless edge state transport by
increasing in-plane magnetic field. The converted o,,
and o,, shown in Figs. 3(c) and 3(d) also display the
evolution from a typical QAH behavior to a ZHP state. For
each fixed H,, o,, gradually deviates from the C =1
plateau and reaches the C = 0 plateau with increasing H,.
The plateau transition is smooth and broad, and the H,
scale increases with H, value. Moreover, a 6,, ~ 0.5 ¢>/h
peak emerges near the middle of the transition, as marked
by the dashed lines in Figs. 3(c) and 3(d), and the peak
occurs at a higher H, scale with increasing H,.

Based on the experimental results, we can construct a
complete phase diagram of ¢,, and o,, in the uoH, — uoH,
plane. As shown in Fig. 4(a), the o,, map is divided into
three phases with different Chern numbers. The C = 0 and
C = +£1 phases in Fig. 4(b) both have zero o,,, and they are
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FIG. 3. The in-plane field ugH, sweeps of (a) Hall resistivity
Pyx» (b) longitudinal resistivity p,,, (c) Hall conductivity o,,, and
(d) longitudinal conductivity o,, at fixed yoH, = 0.1, 0.2, and
0.3 T, respectively. The light purple areas in (c) and (d) denote the
peak position of o, corresponding to the middle of the C =1 to
ZHP transition.

separated by a red zone with finite o,,, namely bulk
metallic regime. With increasing H,, the transition area
becomes wider, indicating the broadening of the quantum
critical region. To reveal the quantum criticality, in Fig. 4(a)
we define a geometric parameter a by connecting the
points corresponding to the center of the transition with a
peak o, ~0.5 ¢>/h. The physical meaning of a is
tana = (H,—H..)/(H, — H;), where uoH; =0.28 T is
the onset H, in Fig. 2(f). In Fig. 4(c) the H, sweeps of 6,
can be plotted as a function of tan @, and they all collapse
into a single curve. This behavior strongly resembles the
quantum criticality of quantum Hall plateau-plateau tran-
sitions observed in high magnetic fields [38—41].

The systematic control of ZHP by H , provides new clues
for understanding the unique physics related to the inter-
play of magnetism and topology in a QAH insulator. The
first finding is the decrease of H,., with increasing H, as
summarized in Fig. 2(c). The suppression of perpendicular
coercive field by in-plane magnetic field has been pre-
viously reported in multilayer magnetic microstructures
due to the Dzyaloshinskii-Moriya interaction induced
magnetization tilt near sample edges, in which the tilt
angle is affected by the in-plane field [42,43]. In magnetic
TI, it has been theoretically pointed out that the exchange-
induced single ion magnetic anisotropy is along the
perpendicular orientation [44]. We propose that the reduc-
tion of H ., here can be described by the Stoner-Wohlfarth
model [45], where the coercivity is determined mainly by
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FIG. 4. (a),(b) The color maps of o,, and o,, in the H,-H,

plane. The middle of the C = 0 to C = %1 plateau transition with
64 ~ 0.5 €?/h are marked by the colored dots. (c) Field sweeps
of 6, with respect to tana = (H.-H,.)/(H,-H;), where a is the
geometric angle defined in (a) and pyH; = 0.28 T is the intercept
value in Fig. 2(f). All the data collapse into a single curve.
(d) Schematic drawing shows the magnetization M and domain
structure in the QAH film in the presence of both H, and H..

the Zeeman energy E, and magnetic anisotropy energy E4.
Because spin and orbital momentum with a different ¢
factor both contribute to the atomic magnetic moment, an
effective g tensor is needed to determine the spectroscopic
splitting in E,. The domain reversal process of the QAH
system is simulated by assuming the coherent rotation of a
single domain in a tilt external field with an anisotropic g
factor, as described in detail in Supplemental Material [23].
The black dashed line in Fig. 2(c) is the simulated
dependence of H.,, which agrees well with the experi-
mental results. The basic physical picture is that the
Zeeman energy gain by the tilt of local moment by H,
makes it easier for the domain to overcome the magnetic
anisotropy energy cost in the out-of-plane direction, thus
decreasing the perpendicular coercivity.

The second finding is the nonmonotonic evolution of p,,
peak value at coercivity, as summarized in Fig. 2(c). This
quantity is sensitive to the topological band structure and
magnetic domain structure during domain rotation, and
we propose that both of these essential features can be
controlled by H,. Figure 4(d) schematically draws the
domain structure of a QAH insulator, in which the domain
size is denoted by & For pgH, < 0.7 T, there is a finite H,
so during domain rotation the z component of magnetiza-
tion opens a magnetic gap at the Dirac point, and the p,,
peak value is determined by the quantum tunneling
between the chiral edge states enclosing QAH domains.
With increasing H,, the domain size at H,., decreases
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continuously. Consequently, the transmission amplitude ¢
between neighboring domains drops, and the peak resis-
tivity value keeps increasing. For poH, above 0.7 T, H,
approaches zero and the z component of magnetization
becomes so small that the magnetic gap near the Dirac point
closes. The surface conductive state starts to appear near
H.,, which causes a decrease of peak resistivity. The
nonmonotonic behavior of p,, peak value thus can be
understood as the competition between the out-of-plane
magnetization and H ., one favoring the gapped QAH state
while the other favors the gapless metallic state. The
conductivity scaling behavior as a function of tana =
(H,—H.,)/(H,— H;) also manifests that the quantum
transport properties are controlled by the relative strength
of the perpendicular and in-plane magnetic fields.

The accurate control of ZHP in a QAH system signifi-
cantly advances the search for chiral Majorana modes
based on a QAH/SC hybrid system, which occurs in the
process of the C = 1 to C = 0 transition. The in-plane field
broadens the ZHP and its transition to the QAH plateau,
thus providing a large parameter regime for the chiral
topological SC phase to exist. It reduces the H., level for
the ZHP, making it easier for the fragile proximity induced
topological SC to survive. For yoH, ~ 0.5 T [Fig. 2(d)], the
system reaches a quite ideal situation where both the C = 1
and C = 0 plateaus are well developed, and the broad
transition between them occurs for pogH, ~0.2 T. Or as
shown in Fig. 3(c), we can apply a small H, and use H, as
the tuning parameter for the plateau transition, which is
known to have much weaker suppression of two-
dimensional superconductivity [46-48]. Therefore, apply-
ing an in-plane magnetic field is beneficial for realizing the
chiral Majorana modes, although the total magnetic field
may exceed the H., under H, = 0.

In conclusion, we demonstrate systematic control of the
ZHP in a QAH system by an in-plane magnetic field due to
the intricate interplay of magnetism and topological trans-
port properties. With increasing H,, the ZHP occurs at a
lower H ., with a wider plateau, and a smoother transition
to the QAH state. All these features are strongly beneficial
for searching the chiral Majorana modes for a QAH in close
proximity to an s-wave superconductor.
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