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The recent realization of the quantum 
anomalous Hall effect (QAHE) in magnet-
ically-doped 3D topological insulators (TIs) 
opens new possibilities for realizing dissi-
pationless edge states without the applica-
tion of an external magnetic field.[1,2] With 
the introduction of magnetic dopants, the 
time-reversal symmetry of the topological 
surface states is broken, and the resulting 
magnetic exchange gap has led to a series 
of exotic physical phenomena.[3–5] At the 
same time, the engineering of TI-based 
magnetic heterostructures has greatly 
broadened opportunities for determin-
istic manipulation of the topological and 
magnetic order as the interfacial discon-
tinuities yield a complex and highly tun-
able energy landscape.[6,7] For example, 

Integration of a quantum anomalous Hall insulator with a magnetically 
ordered material provides an additional degree of freedom through which 
the resulting exotic quantum states can be controlled. Here, an experimental 
observation is reported of the quantum anomalous Hall effect in a magnet-
ically-doped topological insulator grown on the antiferromagnetic insulator 
Cr2O3. The exchange coupling between the two materials is investigated 
using field-cooling-dependent magnetometry and polarized neutron reflec-
tometry. Both techniques reveal strong interfacial interaction between the 
antiferromagnetic order of the Cr2O3 and the magnetic topological insulator, 
manifested as an exchange bias when the sample is field-cooled under an 
out-of-plane magnetic field, and an exchange spring-like magnetic depth 
profile when the system is magnetized within the film plane. These results 
identify antiferromagnetic insulators as suitable candidates for the manipula-
tion of magnetic and topological order in topological insulator films.
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the integration of a QAH insulator with a superconductor leads 
to chiral Majorana edge modes.[8,9] Additionally, the growth 
of multilayer QAH insulators spaced by the normal insulator 
CdSe results in an artificial high-Chern-number QAH insu-
lator.[10] While most functional heterostructures have mainly 
focused on control of the topological nature of the QAH insu-
lator, the use of magnetic couplings in such hybrid systems to 
manipulate the QAH state remains unexplored. There are two 
major challenges in the quest to realize a magnetically-ordered 
heterostructure based on a QAH insulator. First, the material 
must be highly insulating to avoid current shunting effects. 
Second, the critical growth requirements for achieving the 
QAHE mandate the selected magnetic material be compatible 

with the QAH insulator. In addition, it is highly desirable that 
the adjacent magnetic layer enable the effective manipulation 
of the magnetic or topological order in the QAH insulator, 
either through direct interfacial exchange (e.g., exchange bias) 
coupling or via the magnetoelectric effect.

An ideal candidate to address these longstanding challenges 
is Cr2O3, an antiferromagnetic (AFM) insulator with a Néel tem-
perature (TN) near 300 K.[11] As shown in Figure 1a, the Cr spins 
in Cr2O3 are generally thought to align parallel or antiparallel to 
[0001], resulting in robust antiferromagnetic ordering along the 
c-axis, and alternating rows of ferromagnetically aligned spins in 
the basal plane. Experimentally, high-quality Cr2O3 can be readily 
grown on the Al2O3(0001) via either sputtering, pulsed laser 
deposition, or molecular beam epitaxy (MBE), as the two mate-
rials have similar lattice constants and the same crystal sym-
metry.[12–14] Given our previous experience of the Cr:(Bi,Sb)2Te3 
growth on the Al2O3(0001) substrate,[15] the realization of a QAH 
insulator on Cr2O3 is thus feasible. Furthermore, Cr2O3 is a 
magnetoelectric material in which a net magnetic moment can 
be induced by applying an electric field. If properly utilized, this 
property can be used to electrically manipulate the magnetic 
states of an adjacent exchange-coupled ferromagnetic material, 
enabling electric-field-controlled exchange bias.[16,17]

In this study, we demonstrate the epitaxial growth of the 
magnetic topological insulator (MTI) Cr:(Bi,Sb)2Te3 on an 
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Figure 1. High quality quantum anomalous Hall insulator grown by molecular beam epitaxy on Cr2O3(0001). a) Spin structure of antiferromagnet 
Cr2O3 (only Cr atoms are shown). Cr atoms show a buckled arrangement. b) Neutron diffraction measurement of the Cr2O3 (H 0 2H) for temperature 
ranging from 125 to 350 K. c) Fitting the data reveals a TN value of 297 K. d) HAADF-STEM of the Cr2O3/sapphire interface. e,f) RHEED pattern of the 
MBE grown Cr2O3 and MTI on Cr2O3. g) HAADF-STEM of the MTI/Cr2O3 heterostructure.
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epitaxial film of Cr2O3(0001) with high crystallinity. Well-
defined magnetic and antiferromagnetic orders are confirmed 
by neutron diffraction. Significantly, the MTI/Cr2O3 hetero-
structure exhibits the QAHE at low-temperature where dissi-
pationless chiral edge conduction is achieved. In addition, by 
using field cooling and depth-sensitive polarized neutron reflec-
tometry techniques, we reveal the presence of exchange bias in 
the system as a result of strong interfacial exchange coupling. 
Our work thus provides a new platform to study the interac-
tions of a QAH insulator with an antiferromagnet and reveals 
new opportunities for functionalizing and manipulating macro-
scopic quantum states via coupling to antiferromagnetic order.

Most QAH insulators have been grown on traditional semi-
conductor substrates (e.g., InP and GaAs[18–20]) to achieve the 
highest film quality, or on complex oxides (e.g., SrTiO3

[21]) to 
gain control of the thin film’s chemical potential through  
back-gating. By carefully tuning the growth parameters, we 
successfully achieved a high-quality interface of an MTI with 
(0001)-oriented Cr2O3 on a Al2O3 substrate.

Cr2O3 films were deposited by either MBE or sputtering on 
α-Al2O3(0001) with thicknesses of 40 nm and 1 µm. We did not 
observe obvious material quality difference when growing MTI 
on these two kinds of substrate as explained in the Supporting 
Information. To verify the antiferromagnetic state of these 
films, we performed temperature-dependent neutron diffrac-
tion on the (102) magnetic reflection, as shown in Figure  1b. 
Measurements were performed sputter-grown thin films 
using the SPINS instrument at the NIST Center for Neutron 
Research over the temperature range 125 to 350 K. Fitting the 
data (Figure 1c) reveals a Néel temperature of 297.3 ± 0.3 K, in 
excellent agreement with the bulk value, thus confirming the 

realization of high-quality bulk-like antiferromagnetic Cr2O3 
films. Additionally, an atomically sharp interface between 
the Al2O3 and Cr2O3 layer is clearly seen by using high-angle 
annular dark field (HAADF) scanning transmission electron 
microscopy (STEM), as seen in Figure 1d.

The subsequent MTI growth was performed in a different 
MBE chamber after cleaning the Cr2O3 surface. The epitaxial 
growth of 7 quintuple-layers (QL) of high-quality Cr:(Bi,Sb)2Te3 
thin films was confirmed by the observation of a reflective 
high-energy electron diffraction (RHEED) pattern with sharp, 
unmodulated streaks, indicating 2D growth as shown in 
Figure 1e,f. A clear boundary across the chromia/MTI interface 
and the well-defined van der Waals structure of the MTI are 
seen in Figure 1g.

Remarkably, by optimizing the growth conditions,[19] we are 
able to observe the QAH state in MTI/Cr2O3 heterostructures 
(this sample will be referred to as sample 1). As illustrated in 
Figure 2a,b, the Hall resistivity reaches the quantized state at 

h

e
yx 1 2ρ =  (h is Planck’s constant and e as the electron charge) 

when the sample is cooled down to 20 mK, and the longitudinal 
resistivity drops to below 0.1 h

e2
. Using the conductance tensor 

to convert resistivity to conductivity, we obtain evidence for the 
quantum phase transition (Figure 2c). The semicircular charac-
teristic in the (σxy,σxx) conductance plot continuously connects 

the two quantized points at e
hxy xx( , ) ,0
2

σ σ = ±




, thereby dem-

onstrating the quantum transport feature characteristic of the 
QAHE.[22]

To shed light on the magnetic interaction between the AFM 
Cr2O3 film and the top MTI layer in the QAH state, we probed 

Figure 2. Observation of quantum anomalous Hall effect in MTI/Cr2O3 heterostructure. Hall a) and longitudinal resistivity b) for an MTI/Cr2O3 Hall-bar 
measured at 20 mK. The Hall resistance reached a value of 1 h

e2
. c) Evolution of the longitudinal conductivity σxx versus σxy when the magnetic field is 

swept between two saturation states (+2T and −2T). The semicircular behavior between the points e
h
,0

2
±




 reveals the quantum Hall state transition. 

d) Hysteresis loop at 1.45 K of sample 1 after different field cooling conditions, no exchange bias shift was observed in this sample.
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the interface using both exchange bias and polarized neutron 
reflectometry (PNR) measurements. For the former, we per-
formed a series of magneto-transport measurements under dif-
ferent field cooling conditions. The sample was first heated to 
320 K (i.e., above the TN of Cr2O3 of 297 K), at which point a per-
pendicular magnetic field ranging from +3 to −3 T was applied, 
followed by cooling to 1.45 K. Once the base temperature was 
reached, anomalous Hall measurements were performed to 
capture the hysteresis loop shift due to exchange bias. Sur-
prisingly, the hysteresis loop for sample 1 under different field 
cooling conditions exhibits no obvious exchange bias, as seen 
in Figure  2d. For comparison, we grew several MTIs (sample 
2/3/4) on Cr2O3 with the same thickness. Their transport 
results are shown in Figure 3a, Figure S10a,b in the Supporting 
Information, respectively. In sample 2, a pronounced exchange 
bias field was observed by using two opposite magnetic field 
coolings (+3 and −3T) as evidenced by the horizontal hyster-
esis loop shift as shown in Figure 3a. The exchange bias field 
remains visible until the temperature rises above the Curie 
temperature (≈30 K) of the MTI thin film. In sample 3 and 
4 where 3 was grown on 1-µm-thick Cr2O3 and 4 was grown 
on 40-nm-thick Cr2O3, again we saw different exchange bias 
behaviors: Sample 3 showed exchange bias and sample 4 did 
not as shown in Figure S10a,b in the Supporting Information. 
To rule out the potential carrier density dependency, we carried 
out the exchange bias experiment on sample 2 with the addi-
tion of a boron nitride top gate as shown in Figure S11b in the 
Supporting Information. However, we did not observe clear 
gate voltage dependence as shown in Figure S11a,c in the Sup-
porting Information.

Here, we point out that although similar field-cooling 
measurements were performed, we observed large variations 
in terms of the exchange bias effect among these MTI/Cr2O3 

samples as summarized in Figure  3c. Specifically, while two 
samples do exhibit exchange-biased hysteresis loops as shown 
in Figure  3a and Figure S10a (Supporting Information), the 
magnetic hysteresis loops remain almost symmetric under dif-
ferent field-cooling conditions in two other samples. Notably, 
we see that the measured exchange bias fields for both sam-
ples presented in Figure 3a and Figure S10a (Supporting Infor-
mation) show the same sign as the applied magnetic field, as 
schematically illustrated in Figure  3d. This is known as posi-
tive exchange bias and it occurs when the hysteresis loop shifts 
to the positive (negative) field direction as a result of a posi-
tive (negative) applied field. Positive exchange bias is usually a 
result of antiparallel alignment between the AFM and MTI’s 
surface spins, as shown schematically in Figure 3e.[23]

Understanding the magnitude of the exchange bias remains 
an ongoing challenge for both theorists and experimental-
ists. For our MTI/Cr2O3 heterostructure, one of the possible 
factors responsible for the large exchange bias variations is 
the gap between MTI’s low Curie temperature (≈30 K) and 
Cr2O3’s relatively higher Néel temperature. When temperature 
is cooled across the Néel temperature of Cr2O3, MTI remains 
in a random magnetization state which may create disorders 
in the Cr2O3’s magnetic boundary state. Similar result of the 
vanishing exchange bias in a Cr-doped Sb2Te3/Cr2O3 structure 
has also been reported recently.[24] To overcome this issue, a 
magnetoelectric field cool process (applying out-of-plane mag-
netic field and electric field simultaneously during field cool) 
may be needed to achieve a robust single-domain boundary 
magnetization state in Cr2O3.[12,16] Another possible factor 
is the varying densities of pinned or uncompensated spins 
at the interface. Previous studies have shown that the Cr2O3 
surface has a unique surface boundary magnetization state 
that is related to the exchange bias magnitude.[16,25,26] Under 

Figure 3. Exchange bias effect in MTI/Cr2O3 heterostructure. a) Temperature dependent hysteresis loops and b) summarized temperature dependent 
exchange bias field size of sample 2 after different magnetic field coolings. c) Exchange bias field summary of sample 1 to 4 using different field cooling 
field. d) Schematic diagram illustrating positive exchange bias. e) Schematic spin alignment at the MTI/Cr2O3 interface; the positive exchange bias sign 
is because of the antiparallel alignment of spins at the interface.
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such circumstances, when coupled to the MTI, the number 
of uncompensated spins pinned at the interface is expected to 
vary among different batches of MTI/Cr2O3 samples and lead to 
variations in the exchange bias.

To more directly probe the magnetic coupling at the inter-
face, we used PNR to determine the depth-resolved magnetiza-
tion profile which in turn allows us to understand the strength 
and range of the spin coupling across the MTI/Cr2O3 inter-
face. Because PNR probes magnetization components pulled 
in-plane by the applied field, it is much less sensitive to the 
domain state at the interface, making it the ideal technique for 
extracting the coupling information at this complex interface. 
PNR measurements were performed using the PBR instru-
ment at the NIST Center for Neutron Research as described in 
the methods section, and samples were again field cooled from 
above the Cr2O3 TN. The neutron measurements were per-
formed at 6 K with in-plane magnetic fields of 700 mT (results 
shown in Figure 4) and 3 T (results shown in Figures. S4–S7 
in the Supporting Information). The sample used was grown 
in the same batch as sample 3 using the exact same growth 
condition and substrate except for the thicker MTI layer to facil-
itate the neutron measurement.

Figure  4a,b shows the spin-dependent neutron reflectivities 
and spin asymmetry (defined as the difference between the 
spin-polarized reflectivities divided by their sum), respectively, 
overlapped with the fit from a theoretical model for a measure-
ment performed at the lower field of 700 mT. The converged 
model, shown in Figure  4c, is used to generate the calculated 

reflectometry profiles which are an extremely good match to 
the data. The magnetization profile for the converged model 
is shown schematically in Figure  4d. The converged models 
confirm the very high-quality interfaces between the Cr2O3 and 
MTI, in agreement with the STEM shown in Figure 1g. Inter-
estingly, models which match the splitting in the reflectivity, 
such as the one shown in Figure  4c, exhibit a nonuniform 
magnetization with a suppression of the magnetic scattering 
length-density (magnetic scattering length density (SLD), which 
is directly proportional to the in-plane projection of the mag-
netization) near the MTI/Cr2O3 interface. We interpret this as 
shown by the schematic in Figure 4d, where the magnetization 
at the Cr2O3/MTI interface, being oriented in the out-of-plane 
direction, is invisible to PNR and consequently does not con-
tribute to the magnetic SLD. Since modeling of reflectivity data 
often produces multiple degenerate models which describe the 
data equally well, we evaluated a variety of candidate profiles, 
which are shown in the Supporting Information. Specifically, 
we considered models with uniform and linearly varying mag-
netization profiles, as well as models exhibiting an exponential 
decay of the magnetization towards a bulk-like value, or models 
with an interfacial dead layer. In all cases, we found that only a 
non-uniform magnetic SLD profile with suppressed magnetiza-
tion at the MTI/Cr2O3 interface can accurately capture the spin 
asymmetry shown in Figure 4b.

A reduction in the magnetic SLD approaching the Cr2O3 
interface is found in both the low-field (700 mT) and high-field 
(3 T) PNR measurements, so that a nonuniform magnetization 

Figure 4. Capturing the exchange interaction between MTI and Cr2O3 by neutron techniques. a) Spin-dependent polarized-neutron reflectometry and 
b) spin asymmetry from an MTI/1 µm Cr2O3/Sapphire heterojunction in an applied in-plane field of 700 mT along with the best fit generated by the 
nuclear and c) magnetic depth profile models. d) Schematic drawing of magnetic depth profile shown in (c) where an in-plane field was applied.
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is required to properly describe the splitting between the reflec-
tivities for the two spin states. Only the linear or exponential 
models, which yield qualitatively similar profiles due to the 
smearing associated with long-range interface roughness, can 
accurately describe the data at both field values, with a slight 
preference for the linear model. It is critical to note that the 
profile measured in 3 T is more uniform that that of 700 mT 
and shows a larger magnetization near the Cr2O3 interface 
than is found at 700 mT, demonstrating that this is not simply 
a reduction in magnetic moment, but primarily a canting 
of the moments resulting from competition between the in-
plane magnetic field and a perpendicular magnetic anisotropy. 
Although the PNR does not conclusively eliminate the possi-
bility that a fraction of the magnetic SLD gradient originates in 
a truly nonuniform magnetization profile rather than entirely 
through spin-canting, we may address this question through 
energy dispersive X-ray spectroscopy, Figure S8 (Supporting 
Information), which does confirm that this is not an effect 
of a chromium gradient within the MTI. The winding of the 
magnetic moment observed by comparing the 700 mT and 3 T 
measurements is consistent with this picture and represents an 
exchange spring-like behavior.

The large perpendicular anisotropy in the MTI, demon-
strated by the resistance of the magnetization to the applied 
3 T field, is surprising given that the typical MTI has an anisot-
ropy of <1 T. This observation suggests a very strong magnetic 
coupling between the AFM and the MTI. A natural explanation 
is that the uncompensated pinned moments on the surface of 
the Cr2O3, which have a strong c-axis anisotropy, couple to the 
moments in the MTI, forcing them out-of-plane. Although this 
explanation is consistent with the traditional understanding of 
exchange bias in which the orientation of the pinned moments 
is controlled by the AFM and is expected to be robust up-to 
the exchange field, the orientation of the MTI would not typi-
cally be expected to reflect a similar strength. One possibility is 
that the Cr2O3 interface is comprised of a much larger pinned, 
uncompensated surface, consistent with the reconstructions 
previously discussed.[16,25,26] These reconstructed surfaces could 
likely give many inclusions which did not undergo reconstruc-
tion and are strongly pinned to the AFM. These inclusions, 
along with the relatively weak sensitivity to the magnetic field 
due to the thin nature of the surface reconstruction, allow 
the surface to possess large areas of pinned uncompensated 
moments. As a result, the coupling between the Cr2O3 and the 
MTI is much stronger than the typical exchange bias effect. We 
note that the demonstrated magnetoelectricity of this recon-
structed surface state suggests excellent potential for electric 
field control of the MTI in this system.

Thus, the PNR data corroborates very strong exchange 
coupling between the antiferromagnet and the MTI layers, 
potentially leading to ways to the manipulate quantum anoma-
lous Hall states and other topological properties.

In conclusion, we have successfully demonstrated the 
QAHE in an MTI/Cr2O3 heterostructure. We further confirm 
exchange coupling exists in the same material system between 
MTI and Cr2O3 using field-cooling magnetometry and PNR 
measurements. The exchange bias effects observed in different 
field-cooling schemes reveal a strong antiparallel coupling 
of magnetic moments across the interface. The PNR results 

further support the coupling scenario with a detailed magneti-
zation profile. As an outlook, the potential interplay between 
quantum anomalous Hall states and exchange bias effect in this 
system may provide an additional degree of freedom through 
which we may manipulate the quantum states for use in spin-
tronics and low-dissipation electronics.

Experimental Section
Epitaxial Growth: Single-crystal Cr2O3 thin films are received using 

three different growth techniques. Much variation in terms of material 
quality and exchange interaction behavior was not observed in MTI/
Cr2O3 heterostructures. The quantum anomalous Hall sample was 
grown on MBE-grown Cr2O3 films. The (0001)-oriented α-Cr2O3 epitaxial 
films were grown by MBE at PNNL using a high-temperature effusion 
cell with 5N purity Cr metal and an electron cyclotron resonance 
oxygen plasma source. The substrate temperature was 650  °C. Other 
experiment is based on Cr2O3 grown by reactive sputtering in an Ar and 
O2 mixture gas at 500 °C. Thin films grown by pulsed laser deposition 
was also received from a chromia target and the substrate temperature 
was kept at 700 °C. However, this manuscript does not include transport 
or neutron results based on these samples.

The Cr2O3 samples were then transferred through air to UCLA where 
MTI thin films were grown by MBE in an ultrahigh vacuum Perkin–Elmer 
system. Following sonication in acetone and DI water, the samples were 
loaded into the Perkin–Elmer system and heated to 500 °C for 1 h to clean 
the surfaces. During MTI growth, the α-Cr2O3/α-Al2O3(0001) specimens 
were maintained at 220 °C growth temperature with 6N purity Bi, Sb, Te, 
and Cr elements coevaporated from Knudsen cells. The epitaxial growths 
were monitored in situ by RHEED to optimize the growth conditions. The 
MTI composition is (Cr0.12Bi0.26Sb0.62)2Te3 which is similar to the previous 
QAHE related work because of similar growth conditions.[22]

Transport Measurements: Magneto-transport was performed in both 
He3/He4 dilution fridge, SCM2 system at the National High Magnetic 
Field Lab and PPMS. 10 nA AC current was applied by sourcing 1 V RMS 
across a 100 MΩ reference resistor at 7.351 Hz measurement frequency. 
The drain current, longitudinal voltage (Vxx) and Hall voltage (Vyx) were 
measured with SR830 lock-in amplifiers.

Polarized Neutron Reflectometry: Samples were field cooled in an 
in-plane applied field of either 700 mT or 3 T to the temperature of 6 K. 
Measurements were performed in the specular reflection geometry, with the 
direction of wave vector transfer perpendicular to the superlattice surface. 
The neutron propagation direction was perpendicular to the applied field 
direction. Based on the strong perpendicular anisotropy of MTI films, 
any magnetization not pointing along the applied field is expected to lie 
in the out-of-plane direction, so that, spin-flip scattering is not expected. 
Therefore, the spin-up and spin-down reflectivities were obtained using 
full polarization analysis to ensure that the incident and scattered beams 
retained identical neutron polarization directions. It is referred, therefore, 
only to the spin-up and spin-down nonspin-flip reflectivities, which are 
a function of the nuclear and magnetic SLD profiles. Fitting of the data 
allows the structural and magnetic depth profiles to be deduced, and 
modeling was performed using the NIST Refl1d software package.[27] Data 
reduction was performed with the Reductus software package.[28]

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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