Letter
pubs.acs.org/NanoLett

Proximity Induced High-Temperature Magnetic Order in Topological
Insulator - Ferrimagnetic Insulator Heterostructure
Murong Lang,*,†,ll Mohammad Montazeri,†,ll Mehmet C. Onbasli,‡ Xufeng Kou,† Yabin Fan,†
Pramey Upadhyaya,† Kaiyuan Yao,† Frank Liu,‡ Ying Jiang,§ Wanjun Jiang,† Kin L. Wong,† Guoqiang Yu,†
Jianshi Tang,† Tianxiao Nie,† Liang He,*,† Robert N. Schwartz,† Yong Wang,§ Caroline A. Ross,‡
and Kang L. Wang*,†
†

Department of Electrical Engineering, University of California, Los Angeles, California 90095, United States
Department of Materials Science and Engineering, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, United
States
§
Center of Electron Microscopy, State Key Laboratory of Silicon Materials, Department of Materials Science and Engineering,
Zhejiang University, Hangzhou, 310027, China
‡

S Supporting Information
*

ABSTRACT: Introducing magnetic order in a topological insulator (TI)
breaks time-reversal symmetry of the surface states and can thus yield a
variety of interesting physics and promises for novel spintronic devices. To
date, however, magnetic eﬀects in TIs have been demonstrated only at
temperatures far below those needed for practical applications. In this work,
we study the magnetic properties of Bi2Se3 surface states (SS) in the
proximity of a high Tc ferrimagnetic insulator (FMI), yttrium iron garnet
(YIG or Y3Fe5O12). Proximity-induced butterﬂy and square-shaped
magnetoresistance loops are observed by magneto-transport measurements
with out-of-plane and in-plane ﬁelds, respectively, and can be correlated
with the magnetization of the YIG substrate. More importantly, a magnetic
signal from the Bi2Se3 up to 130 K is clearly observed by magneto-optical
Kerr eﬀect measurements. Our results demonstrate the proximity-induced
TI magnetism at higher temperatures, an important step toward roomtemperature application of TI-based spintronic devices.
KEYWORDS: Magnetic topological insulator, proximity eﬀect, high temperature, ferrimagnetic insulator YIG, magnetoresistance,
magneto-optical Kerr eﬀect

T

eﬀective way to break the TRS in TIs, substantial eﬀorts have
been made to introduce ferromagnetic order in a TI by doping
3d transition metal elements such as Cr, Fe, and Mn.14−19
However, to date the Curie temperature (Tc) of magnetically
doped TIs has only reached ∼35 K, which is much lower than
required for practical applications.17,19−21 Hence, realization of
magnetic order in TIs at higher temperature remains one of the
major challenges in the ﬁeld.
One promising approach to break the TRS in TI is to utilize
a magnetic proximity eﬀect at the interface of the TI and a
topologically trivial magnetic material. While theoretical work
suggests the legitimacy of this approach,22,23 limited experimental work has been reported in the literature.15,24−26 Recent
eﬀorts on EuS/TI heterostructure strongly suggest the presence
of magnetic proximity eﬀects at the interface. However, the
eﬀect is limited to low temperatures (<20 K) due to the low

he recently discovered time-reversal-invariant topological
insulator (TI), a novel state of quantum matter, has led to
the ﬂourishing of unique physics along with promises for
innovative electronic and spintronic applications.1−3 For
example, consequent to the time-reversal symmetry (TRS)
the spin of the Dirac-like surface states (SS) is tightly locked to
the momentum, resulting in a spin-polarized current at the
surface of the TI which is immune to direct backscattering.1,3−7
Furthermore, these topological properties are robust against
nonmagnetic external perturbations as long as TRS is
preserved. Such properties make TIs perfect candidates for
low dissipation spintronic devices.
Breaking TRS introduces axion electrodynamics physics
manifested by a gapped Dirac spectrum as well as the
topological magnetoelectric eﬀect, which gives rise to the
direct coupling of electric and magnetic ﬁelds. Various exotic
phenomena, such as the quantum anomalous Hall eﬀect,8−10
giant magneto-optical Kerr eﬀect,11 chiral mode conduction
channels,6,12 and magnetic monopole eﬀect13 have been
experimentally discovered or theoretically predicted. As an
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Figure 1. Atomic force microscopy (AFM), X-ray diﬀraction (XRD), and VSM characterizations of YIG/GGG and STEM of Bi2Se3/YIG/GGG. (a)
A typical AFM image of 50 nm YIG thin ﬁlm grown on GGG (111) substrate. The YIG layers have a surface rms roughness less than 0.3 nm over the
scanned areas of 1 μm × 1 μm. (b) XRD spectrum of YIG grown on GGG in ω-2θ scans between 2θ = 40° to 130°. The peaks of the ﬁlm and
substrate were aligned in most cases because of epitaxial growth. Inset: a spectrum with an expanded angle scale, which indicates that the YIG ﬁlm
has a (111) orientation. (c) Magnetic hysteresis loop for 50 nm in-plane magnetized YIG measured by VSM at 300 K. The in-plane saturation
moment is 142 emu/cm3 and the coercivity is less than 5 Oe. (d) A typical STEM-HAADF image of Bi2Se3/YIG/GGG heterostructure, showing
atomically sharp interfaces of YIG/GGG (yellow dashed lines, left panel) and Bi2Se3/YIG (red dashed lines, right panel).

Curie temperature of EuS layer.25,26 In this work, for the ﬁrst
time a high-temperature (∼130 K) proximity-induced magnetic
order is demonstrated at the interface between Bi2Se3 and a
high Tc ferrimagnetic insulator (FMI), yttrium iron garnet
(YIG, Y3Fe5O12). This is a signiﬁcant step toward realizing TIbased spintronics at room temperature. By a combination of
temperature-dependent magneto-transport measurements and
magneto-optical Kerr eﬀect (MOKE) magnetometry, we
provide direct evidence of the correlation between the
magnetization of the YIG layer and the transport properties
of Bi2Se3. A butterﬂy shape or a square shape hysteretic
magnetoresistance (MR) is observed when the external ﬁeld is
perpendicular or parallel to the sample plane, respectively,
which is correlated with the magnetization reversal of the YIG.
Furthermore, the MOKE data suggest that a magnetic order
develops in the TI at the interface with its spin presumed to be
antiparallel to the magnetization of the YIG up to at least 130
K. Consistent with numerical simulations, while the YIG
substrate shows in-plane anisotropy at room temperature, a
canting of magnetization toward out-of-plane direction is
clearly observed at lower temperatures, most likely due to
magnetocrystalline anisotropy. The magnetic conﬁguration of
YIG is expected to be useful to control the TRS of Bi2Se3
surface states, due to the penetration of magnetic order from
the YIG into the Bi2Se3 at the interface.
The YIG was a 50 nm thick single crystal ﬁlm grown
epitaxially by pulsed-laser deposition on a paramagnetic gallium
gadolinium garnet (GGG) (111) substrate at 650 °C. YIG is a
well-known FMI with Tc well above the room temperature (Tc
∼ 550 K) and has been extensively studied as a prototype
magnetic insulator for spin waves and magnonic physics
including spin-Seebeck and spin-Hall eﬀects.27−30 A low

deposition rate (<1 nm/min) and a small lattice mismatch
between YIG and GGG (<0.2%) allowed high quality epitaxial
growth of YIG on GGG with low surface roughness.31 Atomic
force microscopy showed that the YIG layer had a surface rootmean-square roughness less than 0.3 nm over the scanned area
of 1 μm × 1 μm as shown in Figure 1a. X-ray diﬀraction, Figure
1b, showed YIG with a (111) orientation,32 and no other
phases were observed. Figure 1c displays the room-temperature
magnetic hysteresis loops measured by a vibrating sample
magnetometer (VSM), showing the YIG ﬁlms are magnetically
soft and isotropic in the ﬁlm plane. An in-plane saturation
moment (MS) of 142 emu/cm3 and coercivity less than 5 Oe
were measured at room temperature.
To form a TI/FMI heterostructure, 8 quintuple layers (QLs)
of single crystal Bi2Se3 were grown on the YIG/GGG substrate
in a PerkinElmer molecular beam epitaxy (MBE) system under
an ultrahigh vacuum environment at 200 °C (see Supporting
Information S1 for growth method).33−35 For comparison with
the Bi2Se3/YIG sample, 8 QLs of Bi2Se3 ﬁlms were also
deposited on highly resistive Si(111) using the same technique.
High-resolution scanning transmission electron microscopy
(STEM) and energy dispersive X-ray spectroscopy (EDX) (see
Supporting Information S2) were employed to verify the high
quality of the sample with no signature of intermixing at the
interface.36 Interdiﬀusion of materials at the interface is not
expected due to the high stability of YIG and the large
diﬀerence in the growth temperatures. Figure 1d shows the
high-angle annular dark-ﬁeld (HAADF) images of YIG/GGG
and Bi2Se3/YIG interfaces, acquired by a Fischione HAADF
detector. The atomically sharp interface indicated by the dashed
line in the left panel of Figure 1d demonstrates the high-quality
epitaxial growth of YIG on the GGG substrate. The right panel
B
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Figure 2. MR of Bi2Se3/YIG with out-of-plane and in-plane magnetic ﬁeld applied. (a) The nonhysteretic WAL behavior is obtained with out-ofplane ﬁeld applied in Bi2Se3/Si. The parabolic MR curve is observed with in-plane ﬁeld applied. (b) Temperature-dependent MR with an out-ofplane ﬁeld applied. The hysteretic feature associated with the magnetic property of TI bottom surface disappears above 25 K, as the Bi2Se3 bulk
component starts to dominate at higher temperature. Inset: An optical image of a Hall bar device structure with a 10 μm scale bar. (c) Temperaturedependent MR with in-plane ﬁeld applied. Similarly, due to the increasing bulk conduction contribution, the square-shaped feature cannot be
observed above 25 K. (d) Anisotropic mangnetoresistance in Bi2Se3/YIG sample at H = 4 kOe with AMR ratio ∼0.2%.

contribution of the topological surface states. On the other
hand, the Hmin of each hysteresis loop showed a weak
temperature dependence, to be discussed in detail later,
implying that the magnetic property may survive at higher
temperatures, due to the high Tc of the YIG.
With an in-plane magnetic ﬁeld, however, the MR hysteresis
loops were square shaped with two sharp steps within each
sweep (see Figure 2c). For instance, sweeping from negative to
positive ﬁeld, a sharp increase in MR appeared at Hr = −1.45
kOe following by a sharp drop at Hf = 1.84 kOe, as indicated by
the arrows. Hr and Hf did not vary much as the temperature
increased, which can be attributed to the modest temperature
dependence of YIG magnetization within this temperature
range (see Supporting Information S5). The comparison
between the temperature dependence of the two MR
geometries (Figures 2b-c) suggests that while their hysteretic
MR shared a common origin in the proximity eﬀect, the
switching process of the YIG diﬀered for diﬀerent ﬁeld
directions. Similar hysteretic behaviors of magnetoresistance
were observed in other TI/YIG devices (see Supporting
Information S6). Moreover, we have performed in-plane
rotation magnetic ﬁeld measurement at H = 4 kOe, in which
the MR results of Bi2Se3/YIG exhibit an anisotropic MR
(AMR) behavior as shown in Figure 2d. The AMR ratio of
Bi2Se3/YIG is measured at ∼0.2% while the control sample
(Bi2Se3/Si) does not exhibit any AMR as expected. It is
important to note that the ∼1% amplitude of the hysteretic MR
is much larger than AMR ratio of 0.2%, which indicates that the
AMR is not the dominant mechanism in the hysteretic
behavior. Nevertheless, both MR and AMR strongly suggest
the presence of magnetic order in the TI induced by the
magnetic substrate.
To further investigate the magnetic properties of the TI/FMI
bilayer and verify the role of broken/preserved TRS in the
spectrum of TI, MOKE measurements were performed at
various temperatures to study both the out-of-plane (polar
mode) and in-plane components (longitudinal mode) of the
magnetic moment of the YIG layer and the Bi2Se3/YIG bilayer.

shows magniﬁed quintuple layers of Bi2Se3 grown on YIG in
which the sharp interface between the Bi2Se3 and YIG is
indicated by the red dashed line.
To investigate the magnetic response of Bi2Se3/YIG
heterostructure, the samples were patterned into standard
Hall bar devices with 10 μm length and 10 μm width. Fourprobe magneto-transport measurements were conducted in a
Quantum Design Physical Properties Measurement System
(PPMS) (see Supporting Information S3 for device fabrication
and electrical characterization methods). The carrier density of
the Bi2Se3/YIG sample was ∼8.2 × 1012 cm−2 at 2 K,
comparable to the density of ∼7 × 1012 cm−2 in the Bi2Se3/Si
sample (see Supporting Information S4).
Figure 2a presents the longitudinal MR measurements of a
nonmagnetic control sample, Bi2Se3/Si. With an out-of-plane
magnetic ﬁeld, the MR exhibited weak antilocalization (WAL)
behavior with a sharp cusp at the low-ﬁeld region. With H
(magnetic ﬁeld) applied in the plane, however, the MR cusp
feature disappeared completely. Instead, the MR showed a
parabolic H2 dependence, which results from the Lorentz
deﬂection of carriers.37 These are characteristic transport
features expected in a nonmagnetic TI, which have been
reported previously for high quality TI thin ﬁlms.35,37−40
In sharp contrast to the nonhysteretic MR of Bi2Se3/Si, the
longitudinal MR of Bi2Se3/YIG showed hysteresis loops in the
low ﬁeld region distorting the WAL and parabolic MR
backgrounds, with the application of perpendicular and inplane ﬁeld, respectively (Figures 2b-c). In Figure 2b, the
hysteresis loop shows a butterﬂy shape with two separate
minima of MR, at Hmin = ± 90 Oe most prominent at 2 K. The
magnetic feature in the MR of the TI indicates the presence of
the proximity eﬀect at the interface. As the temperature
increased, the loop was gradually obscured by the background
MR signal and could not be clearly resolved above 25 K (see
Supporting Information S5). The reduction of the hysteretic
signal is attributed to the increasing transport contribution of
the bulk Bi2Se3 channel at higher temperature. This indicates
the interfacial origin of the hysteretic loop presumably with
C
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Figure 3. Temperature-dependent magnetization by MOKE measurements. (a,b) Polar and longitudinal MOKE of YIG substrate. (c,d) Polar and
longitudinal MOKE of Bi2Se3/YIG heterostructure. All curves are vertically shifted for clariﬁcation. The hysteresis loops of panels a and c show
diﬀerent signs, suggesting that the exchange coupling induced spin polarization of Bi2Se3 is opposite to YIG magnetization. The out-of-plane
magnetization of Bi2Se3/YIG can be clearly seen up to 130 K (c), indicating the high-temperature magnetic order of TI induced by proximity eﬀect.
The longitudinal MOKE of Bi2Se3/YIG can be measured up to 77 K (d), presenting a coupled but distinct switching behavior from that of YIG (b).
(e) Schematic of the Bi2Se3/YIG heterostructure in the presence of YIG domain pattern. The red and blue arrows indicate up and down
magnetization, respectively. (f) Cross-sectional view of Bi2Se3/YIG interface. Bi2Se3 bottom surface state is gapped through exchange interaction by
YIG out-of-plane magnetization at domain regions, while SS remains gapless at the center of domain wall.

the basis of reported parameters for YIG at low temperature, as
well as micromagnetic simulations, the shape anisotropy is
expected to be the dominant term but the magnetocrystalline
anisotropy leads to a small out-of-plane tilt of the magnetization
and hysteresis in the out-of-plane loops at lower temperatures
(see Supporting Information S9 for simulation results).
The polar and longitudinal MOKE signals of Bi2Se3/YIG
diﬀered from those of YIG in the sign of the MOKE signal as
well as the shape of the longitudinal loops. However, the
switching ﬁelds were the same as those of the YIG ﬁlms, and
hysteresis occurred up to at least 130 K for the polar signal and
77 K for the longitudinal signal (Figure 3c,d). Because of a
decreased signal-to-noise ratio at higher temperatures, the polar
MOKE of Bi2Se3/YIG does not provide conclusive evidence of
survival of the proximity eﬀect above 130 K. The data indicate a
contribution to the MOKE signal from the Bi2Se3 layer,
suggestive of magnetic order induced by the proximity eﬀect at
the Bi2Se3/YIG interface. This could be explained by exchange
interaction, that is, hybridization between the p-orbital of Bi2Se3
and d-orbital of Fe in YIG at the interface, which induces a spin
polarized state on the Bi2Se3 side. The direction of spin
polarization of this state is presumed to be opposite to the YIG
magnetization, as suggested by a recent theoretical work on
proximity eﬀect between a TI and a ferromagnetic insulator.23
However, the possibility of an optical origin for the reversal of
the sign of the polar MOKE cannot be completely ruled out. In
order to clarify microscopic origin of the proximity eﬀect,
comprehensive theoretical investigation is required. In addition,

The sample was mounted in a cryostat and cooled to 4.4 K at
zero magnetic ﬁeld. A laser beam with wavelength of 750 nm
was focused either on the YIG or the Bi2Se3/YIG portion of the
device and MOKE measurements were performed at increasing
temperatures (see Supporting Information S7 for MOKE
measurement setup). Figure 3a,b shows both polar and
longitudinal MOKE measurements of the YIG. The polar
measurements indicated low remanence, and a saturation ﬁeld
that increased with temperature from ∼0.4 kOe at 4.4 K to
∼0.6 kOe at 130 K. However, hysteretic steps were seen in the
loops near saturation with a magnitude that increased at low
temperature. The longitudinal loops showed a substantial
remanence and abrupt switching at ∼2 kOe in the range of 4.4
to 35 K, decreasing at higher temperature. The opposite
temperature dependence of saturation ﬁeld for the polar and
longitudinal modes is mainly because the out-of-plane
anisotropy is weakened while the in-plane anisotropy is
enhanced as temperature increases (see Supporting Information S8).
The existence of out-of-plane magnetization in YIG at low
temperature is explained below. The net magnetic anisotropy is
determined by contributions from shape anisotropy, magnetocrystalline anisotropy, and magnetoelastic anisotropy. The
shape anisotropy favors in-plane magnetization whereas the
magnetocrystalline anisotropy favors magnetization along the
⟨111⟩ directions at 90 and 35° to the ﬁlm plane. Magnetoelastic
eﬀects are weak but thermal mismatch between the YIG and
GGG gives a small out-of-plane magnetoelastic anisotropy. On
D
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Figure 4. The comparison between MOKE and magneto-transport of Bi2Se3/YIG. (a,b) In panel a, regions I and III, the YIG substrate is single
domain with magnetic moment aligned with the perpendicular magnetic ﬁeld. When magnetic ﬁeld is swept from region I to ∼−90 Oe, as indicated
by the dashed line, the domain nucleation is initiated in the YIG substrate, which is illustrated by a sharp increase in the polar MOKE of YIG (a) and
correspondingly the sharp drop in the Bi2Se3/YIG (b). (c) WAL background subtracted ΔMR shows a shape increase of resistance at ∼90 Oe, which
is inﬂuenced by the multidomains in the YIG substrate. (d,e) In-plane magnetization of YIG (d) and Bi2Se3/YIG (e) measured by a longitudinalmode MOKE setup. The peaks in the hysteresis loop may come from the domain nucleation. (f) Parabolic background subtracted MR with in-plane
ﬁeld applied, clearly displaying two resistance states. The switching ﬁeld is consistent with the MOKE data (d,e).

increases with increasing of the positive ﬁeld, the number of
domains decreases and hence the ΔMR of TI is gradually
reduced as shown in Figure 4c. Finally, when the ﬁeld enters
region III (∼0.5 kOe), the YIG substrate is saturated in the
opposite direction and the MR of the TI rejoins the WAL
background. The right panel of Figure 4 illustrates a similar
comparison of MOKE and MR measurements of both YIG and
TI/YIG with an in-plane magnetic ﬁeld. Contrary to the out-ofplane case, with in-plane ﬁeld the TRS is restored at larger
magnetic ﬁelds (regions I and III) causing a gapless spectrum
of the SS. In region II, again, the domain nucleation leads to a
rapid increase in the MR owing to the multidomain formation
of YIG. Figure 4f presents the resistance after subtraction of the
parabolic background. There is no appreciable change in the
ΔMR at region II with an in-plane ﬁeld, which is consistent
with the constant magnetization of YIG (Figure 4d) and TI/
YIG (Figure 4e).
The presence of domain walls during the reversal process of
the YIG can result in the formation of additional chiral mode
conducting channel in the TI bottom surface states, as theories
predicted,1,3 which will lower the resistance. However, our
experimental results show an increase of resistance in region II,
suggesting that the chiral modes conduction has a minor
contribution here, which could be because the device
dimension is much larger than the domain size of YIG
estimated in the order of 100 nm. As mentioned before, the
smaller AMR ratio (∼0.2%) compared with the ΔMR ratio
(∼1%) in Figure 4c,f suggests that the hysteretic ΔMR is not
dominated by AMR. In addition to AMR and increased
scattering due to spatially nonuniform SS spectrum, another
possible eﬀect that could contribute to the increase of MR is
the domain wall resistance due to the mistracking of carriers
spin and the background magnetization texture.42 The spin
mistracking could be especially important for the surface states
given their spin-momentum locking characteristic. In order to
clarify the possible diﬀerent mechanisms in the hysteretic MR,
further theoretical and experimental work is required.

to exclude any contribution from GGG substrate, we performed
MOKE measurements for Bi2Se3/GGG control sample. Linear
paramagnetic signals were observed for both GGG and Bi2Se3/
GGG (see Supporting Information S10).
Breaking the TRS requires an out-of-plane component of the
magnetization of the YIG that is readily available in our case
owing to the canting of the magnetization. This can introduce a
gap in the bottom SS due to proximity-induced magnetic
ordering from the exchange coupling between the Bi2Se3
bottom surface and the top surface of YIG. Figure 3e
schematically shows the coupling between Bi2Se3 and the
perpendicular component of the magnetization of the YIG in
which up and down magnetization is indicated by the red and
blue arrows, respectively. At ﬁelds below saturation, domain
walls in the YIG can be formed, as illustrated in Figure 3e. In
the middle of the wall, the out-of-plane magnetization vanishes
leading to a gapless region of the SS, shown schematically in
Figure 3f.
To explore the inﬂuence of the YIG on the transport of the
surface states of the TI, we compare the low-temperature
MOKE measurements of both Bi2Se3/YIG and YIG with the
corresponding magneto-transport measurements in Figure 4.
For suﬃciently large negative perpendicular magnetic ﬁeld
(region I in Figure 4a), the YIG substrate is a single domain
with perpendicular magnetic moment, creating a gap in the SS
at the bottom interface of the TI.41 As the ﬁeld increases, the
perpendicular magnetization component of the YIG and the
Bi2Se3/YIG drops abruptly at −90 Oe (Figure 4a,b). At the
same ﬁeld, instead of continuing the WAL behavior, a sharp rise
of the longitudinal MR is observed, as shown by subtracting the
WAL background in Figure 4c. The multidomain conﬁguration
during the reversal process of the YIG may lead to gapped
surface states in the domain regions and gapless SS in the
domain walls, resulting in a spatially nonuniform spectrum for
the surface states.1,3 This may introduce additional scattering
for SS carriers that results in an overall increase of resistance in
the device. As the perpendicular component of magnetization
E
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In summary, a Bi2Se3/YIG heterostructure has been used to
cleanly probe the surface magnetic behavior of Bi2Se3 due to
the magnetic proximity eﬀect. Our measured butterﬂy and
square-shaped magnetoresistance loops provided direct evidence of magnetic coupling between the insulating YIG and
Bi2Se3. More signiﬁcantly, for the ﬁrst time magnetic ordering
at the Bi2Se3/YIG interface has been demonstrated at
temperatures up to at least 130 K by MOKE measurements.
The engineering of a TI and FMI heterostructure will open up
numerous opportunities to study high temperature TI-based
spintronic devices, in which the TI is controlled by breaking the
TRS using a FMI with perpendicular magnetization component. A YIG ﬁlm with out-of-plane anisotropy at >300 K could
potentially manipulate the magnetic properties of a TI may
even above room temperature.
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