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3D Quantum Anomalous Hall Effect in Magnetic Topological
Insulator Trilayers of Hundred-Nanometer Thickness
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Ke Wang, Moses H. W. Chan, Chao-Xing Liu, K. T. Law, and Cui-Zu Chang*

1. Introduction

Magnetic topological states refer to a class of exotic phases in magnetic

materials with the non-trivial topological property determined by magnetic
spin configurations. An example of such states is the quantum anomalous
Hall (QAH) state, which is a zero magnetic field manifestation of the quantum
Hall effect. Current research in this direction focuses on QAH insulators with
a thickness of less than 10 nm. Here, molecular beam epitaxy (MBE) is
employed to synthesize magnetic Tl trilayers with a thickness of up to

~106 nm. It is found that these samples exhibit well-quantized Hall
resistance and vanishing longitudinal resistance at zero magnetic field. By
varying the magnetic dopants, gate voltages, temperature, and external
magnetic fields, the properties of these thick QAH insulators are examined
and the robustness of the 3D QAH effect is demonstrated. The realization of
the well-quantized 3D QAH effect indicates that the nonchiral side surface
states of the thick magnetic TI trilayers are gapped and thus do not affect the
QAH quantization. The 3D QAH insulators of hundred-nanometer thickness
provide a promising platform for the exploration of fundamental physics,
including axion physics and image magnetic monopole, and the advancement
of electronic and spintronic devices to circumvent Moore’s law.
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Quantum-based technologies promise rev-
olutionary advance in computation, com-
munication, and metrology, but success
hinges on the creation of a material
platform in which a quantum state can
be made robust against environmental
decoherence, yet simultaneously amend-
able to control and ease in measurement.
The quantum anomalous Hall (QAH) in-
sulator with dissipation-free chiral edge
current in magnetic topological insulator
(TI) thin films/heterostructures provides
a promising platform for this purpose.[!!
The realization of the QAH effect re-
quires an interplay between topology and
magnetism.["11121 Through the careful in-
troduction of magnetic ion dopants into
TI films in a molecular beam epitaxy
(MBE) chamber, the QAH effect has been
successfully realized in Cr- and/or V-
doped (Bi, Sb),Te; films (Refs. [2,13]). To
date, most of the experimental efforts on
QAH insulators focus on the magnetic
TI films/heterostructures with a thickness
of less than 10 nm.[346-91-211 Thege are in the 2D or near the 2D~
3D boundary regimes.”?122l The 3D QAH insulators are limited
due to inevitable bulk carriers being introduced in MBE-grown
thick magnetic TT samples.

Different theoretical frameworks have been used to under-
stand the QAH effect in magnetic TI films/heterostructures
within 2D and 3D regimes!!! In the 2D limit, a hybridization gap
(Ap) between the top and bottom surface states appears!?22*] and
thus makes the T1I film a quantum spin Hall (QSH) insulator with
helical edge states.[2>"?’] By introducing transition metal ions into
TI, the ferromagnetic order eliminates one spin channel of heli-
cal edge states, and the QSH insulator transforms into a QAH
insulator, provided that the magnetization exchange gap A, is
greater than A,; (Ref. [11,28]). This framework becomes inappro-
priate when the TI film becomes thick and undergoes a transition
into the 3D regime, i.e., the formation of Dirac surface states with
Ay = 0.22224] For 3D TI films, the manifestation of the QAH ef-
fect is linked to the presence of the axion term 0-F- B in the
modified Maxwell Lagrangian®] where E and B are the electric
and magnetic fields inside TI, and 6 is a pseudo-scalar with its
value to be z in TI and 0 in vacuum (or in a trivial insulator).
When a magnetic exchange gap is induced to break time-reversal
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symmetry (TRS), the variation of 0 value from 7 to 0 across the
surface leads to a contribution of ~e?/2 h Hall conductance at
both the top and bottom surfaces, resulting in the QAH effect
with the total Hall conductance o, quantized at ~e’/h (Ref. [12]).
In magnetic TI thin films/heterostructures with the QAH
state, the criterion typically employed to differentiate between 2D
and 3D limits is the occurrence of hybridization between the top
and bottom surfaces.!!! In electrical transport measurements, the
emergence of the hybridization gap can lead to a zero Hall con-
ductance plateau, which has been used to differentiate between
2D and 3D QAH effects.[”!!l However, the appearance of the zero
Hall conductance plateau can originate from either the QAH in-
sulators with substantial magnetic disorder!!73%-32] or the antipar-
allel magnetization alignment between the top and bottom sur-
face layers (i.e., the axion insulator phase).**-3%! These two possi-
bilities specifically impact the connection between the 2D QAH
effect and the appearance of the zero Hall conductance plateau in
transport measurements. Consequently, the 2D-to-3D crossover
thickness for the QAH insulators is usually influenced by the
quality of the magnetically doped TI films/heterostructures and
ranges from several to a dozen quintuple layers (QL).[*2!]

2. Results and Discussion

In this work , we employ MBE to grow thick magnetic TT trilayers
with different magnetic dopants in their surface layers, specif-
ically 3 QL Cr-doped (Bi, Sb),Te;/m QL (Bi, Sb),Te;/3 QL Cr-
doped (Bi, Sb),Te, (designated as Cr-m) and 3 QL Cr/V-co-doped
(Bi, Sb), Te;/m QL (Bi, Sb),Te;/3 QL Cr/V-co-doped (Bi, Sb),Te,
(designated as Cr/V-m). In the magnetic TI sandwich, the TRS
is broken specifically on the top and bottom surfaces while be-
ing maintained within the interior of the sample. This facilitates
the realization of the QAH effect.l®] Moreover, the significant re-
duction of defects and disorders in the middle undoped TI layers
results in its bulk insulating properties. This allows us to sub-
stantially increase the thickness of the QAH samples. We find
that the QAH effect persists in the sample with a thickness of
up to 106 QL (i.e., m = 100). By varying magnetic dopants, gate
voltages, temperature, and external magnetic fields, we examine
the properties of these thick QAH insulators and demonstrate
the persistence and robustness of the 3D QAH effect. Compared
to the QAH trilayers doped only with Cr, the QAH trilayers with
Cr/V-co-doping show a wider quantization plateau and a slightly
larger thermal activation gap. In addition, we find that the peak
values of the longitudinal resistance near the coercive field can be
adjusted by ~8.8 times by varying solely the bottom gate while the
sample remains within the quantization regime. Through theo-
retical calculations, we show that the quantum confinement ef-
fect of the top and bottom magnetic TI induces a gap on the side
surface of the sample. This explains why the QAH effect persists
in samples of hundred-nanometer thickness. The thick 3D QAH
insulators in the 3D regime provide a good platform for the ex-
plorations of axion physics [e.g., the topological magnetoelectric
(TME) effect],['?) image magnetic monopole,'% and higher-order
TI phase with chiral hinge states.[3¢3]

All magnetic TI sandwiches are grown on 0.5 mm thick heat-
treated SrTiO,(111) substrates in a commercial MBE chamber
(Omicron Lab10) with a base vacuum better than 2 x 10~ mbar
(Experimental Section). The Bi/Sb ratio in each layer is opti-
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mized to tune the chemical potential of the trilayer sample near
the charge neutral point. Electrical transport measurements are
conducted using both a Physical Property Measurement System
(PPMS, Quantum Design DynalCool, 1.7K, 9T) for T > 1.7 K
and a dilution refrigerator (Leiden Cryogenics, 10mK, 9T) for T
< 1.7K. The magnetic field is applied perpendicular to the sam-
ple plane. The high magnetic field measurements are carried out
with a superconducting magnet (SCM4-28T, 50mK) and a hy-
brid 45T magnet (300mK) in the National High Magnetic Field
Laboratory (NHMFL) at Tallahassee. More details about the MBE
growth, sample characterizations, and transport measurements
can be found in Experimental Section.

We first focus on the Cr-100 trilayer sample (Device #1).
Figure 1a shows the cross-sectional scanning transmission elec-
tron microscopy (STEM) image and the corresponding energy
dispersive spectroscopy (EDS) mapping of the Cr element near
the bottom surface layer. The STEM image shows that the thick-
nesses of the top Cr-doped TI, middle undoped TI, and bot-
tom Cr-doped TT layers are ~3 QL, ~#100 QL, and ~3 QL, re-
spectively. The total thickness of the Cr-100 trilayer is ~106 QL
(Figure 1a). The ordered layer structure is shown in the STEM
image (Figure 1a). The streaky ‘1 x 1” reflection high-energy elec-
tron diffraction (RHEED) patterns (Figure 1, Supporting Infor-
mation), and the sharp X-ray diffraction (XRD) peaks (Figure 2,
Supporting Information), indicate the high crystalline quality of
our thick magnetic TI trilayers, which might be a pivotal factor
for achieving the 3D QAH effect therein (Figure 1b). Next, we per-
form electrical transport measurements on Device #1 (Cr-100).
At the charge neutral point V, = V,°, the Cr-100 sample exhibits
the well-quantized C = 1 QAH effect at T = 25 mK (Figure 1b).
The zero magnetic field Hall resistance p,,(0) and longitudinal
resistance p,(0) are ~0.985 h/e? and ~0.003 h/e? (~81.6 Q), re-
spectively. The coercive field y, H, is #0.21 T. All these values are
comparable to the m = 4 trilayer sample with a similar Cr-doping
concentration in our prior studies.®!

Besides the QAH trilayers doped with only Cr, we also syn-
thesize thick magnetic TI trilayers co-doped with Cr and V ions.
Here we take the Cr/V-70 trilayer (Device #2) as an example
(Figure 4a, Supporting Information). The Cr/V-70 trilayer also
shows the well-quantized C = 1 QAH effectat V, = V,” and T =
25mK. The value of p,,(0) is found to be ~#1.00 h/e’, concomitant
with p,, 0.0007 h/e? (18.6Q) (Figure 4b, Supporting Informa-
tion). To further validate the QAH effect in both Devices #1 and
#2, we measure |, H dependence of p,,, and p,, at different V, and
plot p,,(0) and p,(0) as a function of (V,-V,°) (Figure 1c; Figure
4c, Supporting Information). Here the value of V,” is determined
when p, (0) is maximized. For Device #1 (Cr-100), both p,, (0) and
£.(0) exhibit a quantized plateau [with p, . (0) >0.985 h/e* and
£.(0) £0.005 h/e’] for =8 V < (V,-V,%) < +20 V, confirming the
realization of the QAH effect in Device #1 (Cr-100) (Figure 1c;
Figure 5a, Supporting Information). Compared to Device #1 (Cr-
100), Device #2 (Cr/V-70) shows a wider quantization plateau be-
tween —13 V < (V,-V,°) < +90 V (Figures 3c and 5b, Support-
ing Information). The smaller residual p,,(0) and broader quan-
tized plateau in the Cr/V-co-doped sample might be a result of
the more uniform magnetization'® and the possible weaker gat-
ing effect as a result of the pinning effect of V ions.[3]

The observation of the well-quantized QAH effect in thick
magnetic TI sandwiches implies that the side surfaces of the
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Figure 1. The QAH effect in MBE-grown 3 QL Cr-doped (Bi, Sb)2Te3/100 QL (Bi, Sb)2Te3/3 QL Cr-doped (Bi, Sb)2Te3 sandwich [Device #1 (Cr-100)]. a)
Cross-sectional STEM image. Inset: the EDS map of Cr near the bottom surface layers of the sample. b) Magnetic field pyH dependence of the longitudinal
resistance p,, (red) and the Hall resistance p,, (blue) at V, = Vgo =+420Vand T=25mK.c, (Vg-\/go) dependence of p,, (0) (red circle) and p,, (0) (blue
square) at T = 25mK and poH = OT. p,,(0) and p,,(0) are the longitudinal resistance and Hall resistance under zero magnetic field, respectively.

sample are insulating, which will be discussed later. To further ex-
amine the properties of the chiral edge transport and the gapped
nonchiral side surface states in our thick QAH samples, we per-
form three-terminal transport measurements on Device #1 (Cr-
100) (Figure 2a). We find that both local and non-local three-
terminal resistances exhibit perfect quantization when the sam-
ple magnetization is well aligned (Figure 2b). This observation
suggests the dissipationless chiral edge transport exists in QAH
insulators with a thickness of #106 QL. Next, we perform electri-
cal transport measurements on Device #2 (Cr/V-70) under u,H
up to ~28 T. Figure 2¢,d shows the u,H dependence of p,, and
P, in Device #2 (Cr/V-70). At V, = V,°, Device #2 shows perfect
quantization for 0 T < puyH <+28 T at T = 50 mK (Figure 2d),
indicating the absence of nonchiral edge/surface channels®! At
(V4-V,") = =30V (i.e., the sample is hole-doped), p,,(0) ~0.946
h/e’ and p, (0) ~0.136 h/e’, respectively. As y,H increases, p,,
gradually increases and saturates at ~0.990 h/e’near p,H~20 T,
and p,, correspondingly decreases to 0.005 h/e?, showing an evo-
lution to the C =1 Chern insulator state as p, H localizes the dis-
sipation channels (Figure 2c). This observation agrees well with
that observed in 5 QL uniformly Cr-doped TI films!?! but different
from 10 QL uniformly Cr-doped TI films!* and 10 QL magnetic
TI sandwiches®! In the latter two cases,[*3? p__initially increases
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and then decreases as p, H increases, and a large value of p,, per-
sists even at u,H = 10T. This might indicate that the deviation
from the QAH state under high magnetic field is attributed to the
chemical potential of the sample not being inside the magnetic
exchange gap.***) We note that for Device #2 (Cr/V-70), both p,
and p,,, evolve smoothly with p,H, showing no phase transition
except for the magnetization switching at p,H,, which signifies
that the C = 1 QAH state is robust, without the involvement of
Landau physics for 0 T < y,H < +28 T. We further demonstrate
the robustness of the C=1 QAH state by the (V,-V,’) dependence
of p,.(0) and p, (0) under different u, H (Figure 2e,f).

Besides the Cr/V-70 sample, we also perform electrical trans-
port measurements on the Cr/V-100 and Cr-100 samples un-
der high magnetic fields. For the Cr/V-100 sample, the well-
quantized QAH effect appears for 0 T < pyH < +28 Tand V, =
V,’ = —13 V. However, for V, = +200 V (i.e., electron-doped), the
sample shows a well-quantized QAH effect at yyH =0T, p,,(0)
~0.977 h/e’* and p,.,(0) ~0.014 h/e’. With increasing p, H, both p,,
and p,, gradually deviate from the quantized values. At p,H = 28
T, py, ~0.915 h/e* and p,, ~0.153 h/e’ (Figure 6, Supporting In-
formation). This observation further confirms that the deviation
from the QAH state under high magnetic field is not an intrinsic
property of the QAH insulators. For the Cr-100 sample, we find
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Figure 2. Demonstration of dissipation-free chiral edge transport in thick magnetic Tl heterostructures [Device #1 (Cr-100) and Device #2 (Cr/V-70)].
a) Schematics of chiral edge channels. The red and blue lines indicate the right- and left-handed chiral edge channels under positive and negative
magnetizations, respectively. b) uoH dependence of local and non-local three-terminal resistance p1412, 14,13, £31,32, and p3q 34 of Device #1 (Cr-100)

atV, = Vgo =+20Vand T =25mK. c, d, yyH dependence of p,, (red) and p,, (blue) of Device #2 (Cr/V-70) at T = 25mK and different (V, -Vgo). o) (V,

g

—Vgo) =-30Vand (V, —Vgo) =0V (d).ef) (v, —Vgo) dependence of p,, (e) and p,(f) of Device #2 (Cr/V-70) at T = 50mK under different pyH. All the

data shown here is not symmetrized.

that this sample exhibits a negative magnetoresistance for (V,-
V,%)<0 but a positive magnetoresistance for (V,-V,°)>0 (Figure
7, Supporting Information). This unexpected deviation from the
QAH state with increasing y, H for (V,-V,°)>0 could potentially
arise from either the enhanced backscattering of the nonchiral
surface states or the manifestation of weak antilocalization in
thick middle undoped TI layer under higher p,H. More studies
are needed to pinpoint the physical origin of this phenomenon.
To further investigate the properties of our thick QAH trilay-
ers, we perform more magneto-transport measurements on De-
vice #1(Cr-100) and Device #2 (Cr/V-70) at different temperatures
(Figures 8 and 9, Supporting Information) and plot p,,(0) and
p.(0) as a function of T (Figure 3a). For T <300 mK, the trans-
port behavior is predominantly dictated by variable range hop-
ping, which arises from the strong localization effect caused by
local disorders!*®! For 300 mK < T < 1K, the transport behavior is
primarily determined by the effective activation gap E,, which can
be described using the Arrhenius equation: o, = 6?2 ¢ . To
estimate E,, we plot o, (0) as a function 1/ T on alog scale and per-
form linear fitting for the five sandwiches with m >50 (Figure 3b;
Figures 10 and 11, Supporting Information). The estimated val-
ues of E, are ~47.7 ueV, ~55.1 peV, =56.2 ueV, ~79.1 peV, and
~83.5 peV for the Cr-50, Cr-60, and Cr-100 (Device #1), Cr/V-70
(Device #2), and Cr/V-80 trilayers, respectively (Figure 3c). These
E, values in our thick QAH trilayers are comparable to those es-
timated in thin QAH samples in prior studies.[>*16204041] Thig
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also indicates that the side surfaces are gapped in our thick QAH
trilayers. A relatively larger gap size is consistent with the bet-
ter quantization and the wider quantization plateau in Cr/V-co-
doped QAH trilayers, presumably due to their more uniformly
distributed ferromagnetic order® For T >1 K, the bulk carri-
ers appear and the sample deviates from the QAH state with
increasing temperature. The critical temperatures of the QAH
state, which are defined as the temperature at which p,,, (0)/p,..(0)
=1 are ~4.0 K and ~5.1 K for Device #1(Cr-100) and Device #2
(Cr/V-70), respectively. Both are also comparable to the thin QAH
trilayers in our prior studies.3842]

Next, we highlight one unique property of our thick Cr/V-
co-doped QAH trilayers. We find that in Device #2 (Cr/V-70),
the peak value of p,, near p,H, (denoted as p,, ., ) can be ad-
justed by altering V, while the sample still resides in the well-
quantized QAH regime. For —22 V< (V,-V,°) <-2V, p, ..., #1.0
h/e* (Figure 4ae). For (V,-V,°) > 0V, p,. ... steadily increases
to ~8.8 h/e’ at (V,-V,°) = +88 V (Figure 4b—e). We note that De-
vice #2 (Cr/V-70) shows a well-quantized QAH effect for —22 V<
(Vg-V,%) < +88 V (Figure 4a—d). The V,-modulated p,, ,,,, can
be understood through the following scenario. For the bottom
3 QL Cr/V-doped TI layer, the p, H, usually varies with (V,-V,’)
and is typically larger by introducing hole carriers [i.e., (V,-V,’)
< 0] In these thick Cr/V-co-doped QAH trilayers, a single bot-
tom gate is insufficient for effectively tuning the chemical po-
tential of both bottom and top surfaces simultaneously. This can
make the u,H, values of the top and bottom 3 QL Cr/V-doped
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Figure 3. Comparation of the QAH states in thick Cr-doped and Cr/V-co-
doped magnetic Tl sandwiches. a) Temperature dependence of p,, (0) (cir-
cle) and p,, (0) (square) in Device #1 (Cr-100) (red) and Device #2 (Cr/V-
70) (blue). b) 6,,(0) as a function of 1/T in Device #1 (Cr-100) (red circle)
and Device #2 (Cr/V-70) (blue square). The dashed lines show the fit of the
Eﬂ

Arrhenius function o,, = 6 ¢ ¥s7. The fit temperature range is 0.3-1K,
which is shown in light green. c) m dependence of the estimated thermal
activation energy gap A in our five thick QAH sandwiches.

TI layers different. Therefore, the top and bottom magnetic TI
layers can form antiparallel magnetization alignment when p,H
is swept between two p,H_s, which drives the thick trilayer from
the QAH state toward an axion insulator-like state.**°] How-
ever, for (V,-V,) <0V, the sample deviates from the QAH state
much faster as the magnetic exchange gap is closer to the bulk
valance bands.['>*3*] Ag a result, the bulk carriers smear the
P Peak so that we do not observe a large p,, ., for (V,-V,’)
<0 V. We next convert p,, and p,, into longitudinal conductance
0., and Hall conductance o, (Figure 4f-j). With increasing (V,-
Vgo), a zero oy, plateau appears near p,H,, concomitant with
a o, dip feature. Therefore, the thick Cr/V-co-doped QAH tri-
layer offers a promising platform for investigating a gate-tunable
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quantum phase transition between the QAH and axion insulator
states.

3. Theoretical Calculations

In the following, we discuss the physical origins behind the per-
sistence of the QAH effectin thick magnetic T1I trilayers. As noted
above, the realization of the 3D QAH effect in thick magnetic TI
films/heterostructure needs to eliminate the conduction through
the bulk and along the side surfaces.!l In our magnetic TI trilay-
ers, the reliable MBE growth of the middle undoped (Bi, Sb), Te,
layer enables us to effectively eliminate bulk conduction. To clar-
ify the influence of the nonchiral side surface states, we perform
theoretical calculations based on a magnetic T1 trilayer model
(Experimental Section). Because of the confinement of the mag-
netic exchange gap in both top and bottom surfaces, the nonchi-
ral side surface states inherited from the TI are also gapped, with
a minimal gap § (Figure 5a). Our theoretical calculations show
that the dependency of the side surface gap 6 on the top and bot-
tom surfaces exchange gap 2 M and the sample thickness m has
two features (Figure 5b). First, for a fixed m, there is a critical
value in M, marked as M_. For M < M, § is larger than 2 M,
the side surface states are governed by § merging into the bulk
states, and we cannot calculate 6. For M > M_, 6 is smaller than
2 M, thus the side surface states governed by 6 can be seen. More-
over, if M >> M, § will saturate. Second, with increasing m, M,
monotonically decreases. For instance, when 2 M = 7 meV, the
sample with m <100 displays a side surface gap 6 larger than the
exchange gap 2 M on the top and bottom surfaces as 2M_ are
all larger than 7 meV (Figure 5b). Therefore, this nonchiral side
surface gap does not influence the QAH quantization behavior,
as demonstrated by the temperature-dependent measurements
(Figure 3). However, with a further increase in m, the value of §
becomes less than 2 M and vanishes in thick samples, eventu-
ally leading to the disappearance of the QAH effect (Figure 5c—e;
Figure 12, Supporting Information). We note that the QAH ef-
fect will persist as long as the chemical potential is tuned into
the nonchiral side surface gap §, until § becomes smaller than
the thermal activation energy (k;T) (Figure Sc—e).

Finally, we estimate the upper critical thickness for the QAH
state, where the conducting gapless side surfaces emerge. In
thick QAH samples, the total longitudinal conductance is o,, =
6., "% +0 % Where o,,'®" is the thermally activated conduc-
tance from both the top and bottom surface states, which phe-
nomenologically takes o, '¢? = K* exp(—2M/k; T) (Refs. [5,39))
The conductance from the side surface states ¢, * has contri-
bution only from nonchiral rather than chiral edge states, this
contribution can be expressed as o, % = K% exp(— 6/k;T). 0,
is dominated by the smaller value between 2M and §. Note that
2M remains independent of thickness, whereas § scales as ~1/m,
like in 1D confinement problems. Therefore, in the large thick-
ness limit, o, is primarily determined by 6. When the side sur-
face gap 6 is comparable to 2k, T, chiral edge states mix with other
high-energy nonchiral side surface states through thermal activa-
tion, leading to the suppression of the QAH state. For the Cr-100
(Device#1) sample, 6 > 2 M ~ 56.2 peV, T = 25 mK, and kT =
2.15 peV. By setting m, = 100, the transition occurs at (5-my,/m)
~ 2ky T = 4.3 peV. Therefore, the upper thickness limit of the
QAH state is estimated to be m = 1300 (Figure 12, Supporting

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 4. Gate-induced zero Hall conductance plateau in the Cr/V-co-doped Tl sandwich [i.e., Device #2 (Cr/V-70)]. a-d) uyH dependence of p,, (red)
and p,, (blue) at T=25mK and different (V,-V,0). a) (V,-V,0) = =12V, b) (V,-V,0) =0V, ¢) (V,-V,0) = +18V, and d) (V,-V,°) = +88 V. Note that p,,
shows a change of 8.8 times while p,, stays quantized with the change in V,. €) ugH dependence of p,, near coercive field pyH, at T = 25mK and different
(Vg-V,?). i) poH dependence of o, (red) and o,,, (blue) at = 25mK and Jiferent (Vg-Vg?)- £) (Vg-V,0) = =12V, g) (Vy-V%) =0V, h) (V,-V,0) = +18V,
and i) (Vg-Vgo) =+88 V. j) poH dependence of o, near poH, at T=25mK and different (Vg-Vgo). The zero plateau regime is shown in grey.

Information). In other words, the QAH effect will disappear for ~ Cr/V-co-doped (Bi, Sb),Te; (designated as Cr/V-m), were grown in a com-
m > 1300 because of the formation of the conducting gapless side ~ mercial MBE system (Omicron Lab10) with a base vacuum better than
surfaces. ~2 x 1071% mbar. The heat-treated insulating SrTiO5 (111) substrates with

a thickness of ~0.5 mm were first outgassed at 600 °C for 1 h before the

growth of the magnetic Tl sandwich samples. High-purity Bi (99.9999%),
4. Conclusion Sb (99.9999%), Cr (99.999%), V (99.999%), and Te (99.9999%) are evap-

orated from Knudsen effusion cells. During the growth of doped and un-
To summarize, we realize the 3D QAH state in magnetic TI doped Tl layers, the substrate is maintained at ~#230 °C. The flux ratio of
trilayers of hundred-nanometer thickness, exceeding ten times 1€ Per (Bi + Sb + Cr/V) is set to be greater than ~10 to prevent Te de-
the thickest QAH sample record."**71% By varying magnetic ficiency in the films. The Bi/Sb ratio in each layer was optimized to tune

d | d i field d the chemical potential of the entire magnetic Tl sandwich near the charge
opant, gate voltage, temperature, and magnetic hield, we demon- oy, point. The growth rate of both magnetically doped Tl and undoped

strate that the 3D QAH effect in our thick magnetic Tl trilayersis 7| films is ~0.2 QL per minute. No capping layer is involved in our ex situ
robust. Our theoretical calculations show that the magnetization  measurements.

in the top and bottom surface layers can still gap the nonchiral Electrical Transport Measurements: All magnetic Tl sandwich het-
side surface states in the hundred-nanometer-thick magnetic TI ~ erostructures grown on 2 mm x 10 mm insulating SrTiO3(111) sub-
trilayers, resulting in the appearance of the 3D QAH state in these strates are scratched into a Hall bar geometry using a computer-controlled

. s . . be station. The effecti f the Hall bar is ~1 x 0.5 .
thick samples. Our study eliminates the thickness constraints tra- probe stator. [ne eriective area of e Tall bar 1 &1 mm mm
The electrical ohmic contacts are made by pressing indium dots onto

ditionally associated with the QAH effect, expanding the scope of  the films. The bottom gate is prepared by flattening the indium dots
this concept to the 3D limit. The realization of the 3D QAH in-  on the back side of the SrTiO;(111) substrates. Electrical transport
sulator of hundred-nanometer thickness also represents a very =~ measurements are conducted using both a Physical Property Measure-
significant advance in MBE growth of topological materials and ~ ment System (PPMS, Quantum Design DynalCool, 1.7K, 9T) for T >
provides a platform for studying axion physics and image mag- 1.7 K and a dilution refrigerator (Leiden Cryogenics, 10mK, 9T) for

. [10] . . . T < 1.7K. The magnetic field is applied perpendicular to the sample
netic monopolel'”! and exploring emergent magnetic topological X ) ; .
. plane. The bottom gate voltage V; is applied using a Keithley 2450
phases such as higher-order TI.

source meter. The PPMS measurements are carried out by an inter-
nal AC resistance bridge with an excitation current of ~1 pA. The di-
lution measurements are carried out by a standard lock-in technique
with an excitation current of ~1nA. The high magnetic field measure-
ments are carried out with a superconducting magnet (SCM4, 32T,

MBE Growth: Al magnetic Tl sandwiches, including 3 QL Cr-doped ~ 50mK) and a hybrid magnet (Cell 15, 45T, 300mK) in NHMFL at Talla-
(Bi, Sb),Te;/m QL (Bi, Sb),Te;/3 QL Cr-doped (Bi, Sb),Te; (designated ~ hassee. More transport results are found in Figures 4-11 (Supporting
as Cr-m) and 3 QL Cr/V-co-doped (Bi, Sb),Te;/m QL (Bi, Sb),Te;/3 QL Information).

5. Experimental Section
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Figure 5. Quantum confinement-induced nonchiral side surface gaps in thick QAH insulators. a) Schematics of the magnetic Tl trilayer. b) The nonchiral
side surface gap 6 as a function of 2 M in QAH insulators with different m. c—e) Surface spectral functions in QAH insulators with m = 100 (c), m = 150
(d), m =200 (e). 2 M =7 meV is used in (c—e). The chiral edge states and the gapped nonchiral side surface state are marked by red and white arrows,

respectively.

Theoretical Calculation: We perform theoretical calculations of the side
surface gap based on a sandwich model:[*’]

M (k) —iAjd, 0  Ak_
—iA0, =M (k) Ak_ O
0 Ak, Mk iAo,
Ak, 0 A9, =M (k)

H (k) = + Hy (1

where k. =k, ik, M (k) =My + B0 = By(k; +k7), and Hy =
A(2)6,871y. To simulate the QAH state, we discretize it into a tight-
binding model along the z-axis between neighboring QL from H (k). We
also assume the spatial-dependent exchange field A(z) takes the values
M in the top and bottom 3 QL magnetic Tl layers and zero in the middle
m QL undoped Tl layers, respectively. The parameters in our model are
as follows: Mg =0.28eV, A, = 2.2eVA A, = 4.1eVA, B, = 10eVA’, B, =
56.6eVA” (Refs. [46,47]). The lattice constants are a = 4.14A, C = 9.57A
(Refs. [46,47]). In our calculations, we set g4 (k) = 0. Note that this simpli-
fication has no impact on the topology or the gap size near the T point. We
choose the magnetic exchange gap 2 M to be 7 meV for our magnetic
Tl sandwiches. In our calculations, the side surface spectral function
A(k,, @) is calculated from the recursive Green’s function approachl*!
which characterizes the density of states on the side surface (Figure 5).
We impose periodic boundary conditions along the x-direction with a
good quantum number k, and calculate the semi-infinite lead surface
Green'’s function G ; along the y-direction to expose the side surface. By

Adv. Mater. 2024, 36, 2310249 2310249 (7 of 9)

analyzing the side surface spectral function A (k,, @) = — ImTr(G ;), we
can determine the side surface energy gap 6.
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Supporting Information is available from the Wiley Online Library or from
the author.
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