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Above 400-K robust perpendicular ferromagnetic phase
in a topological insulator
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INTRODUCTION

The discovery of the quantum anomalous Hall effect (QAHE) in magnetically doped topological insulators (TIs) has spurred a great deal of
excitement in the study of the topological state of matter (1–3). Unlike
the well-known quantum Hall effect or regular AHE, the remarkable
QAHE state is characterized by the quantized Hall conductance (± e2/h)
and dissipationless chiral edge current transport in the absence of any
external magnetic field. Furthermore, in the QAHE state, the chiral edge
charge current simultaneously carries a large and electrically tunable
spin polarization due to strong spin-orbit coupling in TIs (4). These attractive properties make QAHE materials strong candidates for nextgeneration spintronic applications at the nanoscale.
An essential prerequisite for the QAHE to occur is an exchange interaction that breaks the time-reversal symmetry in TIs (1, 5). In a magnetically doped TI, exchange interaction originates from the long-range
ferromagnetic order of magnetic moments carried by transition metal
dopants, such as Cr, V, and Mn (2, 3, 6). The spontaneous magnetic
order leads to an exchange gap at the Dirac point of the TI, which consequently gives rise to the QAHE. Hence, the ultimate upper temperature limit of the QAHE is dictated by the Curie temperature (Tc) of the
magnetic TI. In the optimal Cr- or V-doped TI samples that exhibit
QAHE, Tc can be as high as 30 K, but the QAHE only occurs at much
lower temperature, that is, at or well below 2 K (2, 3, 7–9). Although the
origin of this large discrepancy is an interesting topic for further investigation, it is imperative to drastically raise the Tc, and therefore greatly
increase the exchange-induced gap to ultimately realize QAHE at
elevated temperatures.
One possible route to higher Tc is to continue optimizing the
transition metal–doping approach, similar to previous efforts in dilute
magnetic semiconductor research (10). However, raising Tc requires
increasing the doping level, which inevitably lowers sample quality with
the presence of extensive disorder, or even destroys the nontrivial sur1
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face states due to weakened spin-orbit coupling (11). An alternative
route is to leverage the proximity effect to couple the TI surface states
directly to a high-Tc magnetic insulator without introducing spin disorder due to randomly doped magnetic moments to either bulk or surface states. The latter approach has an obvious advantage of independent
optimization of both electronic and magnetic properties (12), which is
impossible in the first approach. Recent progress in this direction, including TI/EuS (13–16), Y3Fe5O12(YIG)/TI (12, 17–19), and CrSb/TI
(20) heterostructures, indicates its feasibility. However, although induced exchange interaction is necessary for QAHE, the in-plane magnetization in a system such as YIG/TI does not open an exchange gap
in the TI surface electronic states unless reflection symmetry is broken
(21). Here, we demonstrate induced ferromagnetism in TIs with perpendicular magnetic anisotropy, as manifested by sharp and squared
AHE hysteresis loops, using a high-Tc (~560 K) ferrimagnetic insulator,
namely, Tm3Fe5O12 or TIG. In addition, the perpendicular ferromagnetic phase in TIs persists well above 400 K, which is more than
one order of magnitude higher than the Tc of the optimal magnetically
doped TI exhibiting QAHE. These unique features entail a much larger
exchange gap in TIs without requiring any external magnetic field.

RESULTS

TIG/TI heterostructures
Similar to the YIG films in previous studies (12, 17), TIG is a rare-earth
garnet with ferrimagnetism originating from the antiferromagnetically
coupled iron magnetic moments via superexchange interaction. To ensure high heterostructure quality, we first prepare atomically flat TIG
surfaces while engineering the needed perpendicular magnetic anisotropy. This is accomplished by epitaxial growth of TIG films on
(111)-oriented substituted gadolinium gallium garnet (SGGG) substrates with pulsed laser deposition (22, 23). Because of the negative
magnetostriction constant of TIG, the interface tensile strain exerted
by SGGG produces perpendicular magnetic anisotropy (22). The root
mean square surface roughness in 10-nm-thick TIG films can be as low
as ~1.2 Å. Meanwhile, the resulting perpendicular anisotropy is sufficiently strong to drive the magnetization in the direction normal to
the film plane without any external magnetic field. TIG/TI heterostructures are subsequently fabricated by growing a five–quintuple layer
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The quantum anomalous Hall effect (QAHE) that emerges under broken time-reversal symmetry in topological
insulators (TIs) exhibits many fascinating physical properties for potential applications in nanoelectronics and
spintronics. However, in transition metal–doped TIs, the only experimentally demonstrated QAHE system to
date, the QAHE is lost at practically relevant temperatures. This constraint is imposed by the relatively low Curie
temperature (Tc) and inherent spin disorder associated with the random magnetic dopants. We demonstrate
drastically enhanced Tc by exchange coupling TIs to Tm3Fe5O12, a high-Tc magnetic insulator with perpendicular
magnetic anisotropy. Signatures showing that the TI surface states acquire robust ferromagnetism are revealed
by distinct squared anomalous Hall hysteresis loops at 400 K. Point-contact Andreev reflection spectroscopy
confirms that the TI surface is spin-polarized. The greatly enhanced Tc, absence of spin disorder, and perpendicular anisotropy are all essential to the occurrence of the QAHE at high temperatures.

Copyright © 2017
The Authors, some
rights reserved;
exclusive licensee
American Association
for the Advancement
of Science. No claim to
original U.S. Government
Works. Distributed
under a Creative
Commons Attribution
NonCommercial
License 4.0 (CC BY-NC).

SCIENCE ADVANCES | RESEARCH ARTICLE

Anomalous Hall effect
A squared Hall hysteresis loop, which resembles the TIG magnetic hysteresis loop taken with an out-of-plane magnetic field (fig. S1B), is
superimposed on the linear background. In a normal ferro- or ferrimagnetic conductor, this type of loop would be the standard anomalous

Hall signal characteristic of the ferromagnetism of the conductor (26).
However, the ferrimagnet here is an insulator, and the Hall response can
only come from the TI film. The hysteresis must be acquired by the
bottom surface of the TI, which is in direct contact with the TIG. More
representative Hall loops above room temperature are presented in
Fig. 2 (low-temperature data are shown in figs. S2 and S3). The slight
enhancement of the linear Hall slope at lower temperature displayed in
Fig. 2 (A and C) is probably caused by a shift of the chemical potential or
narrowing of the Fermi-Dirac distribution function, which changes the
carrier density. After the linear ordinary Hall background is subtracted,
the corresponding AHE hysteretic loops are displayed in Fig. 2 (B and D,
respectively). The remarkable presence of sharp and squared loops
indicates a strongly preferred perpendicular magnetization direction.
Clearly, this strong perpendicular anisotropy exists throughout the entire temperature range up to 400 K (also shown in fig. S4), the highest temperature in our measurements. It is apparent from the high-temperature
trend that the hysteresis extends well above 400 K, which is more than
an order of magnitude higher than the record achieved in modulationdoped TI films exhibiting the QAHE (2, 3, 7–9). As the temperature
decreases, the magnitude of the AHE resistance, RAH, steadily increases, but the sign remains unchanged, as shown in fig. S5, which
is accompanied by an increase in Rxx. This temperature dependence is
presumably due to the reduction of bulk carriers when the temperature
is lowered. It is interesting to note that the coercive fields of the two
samples are different. This difference was also observed in TIG/Pt
samples and attributed to the coercive field variations due to the local
strain variation at the SGGG/TIG interface (22). The increased coercive field at lower temperatures results from the magnetic anisotropy
increase in TIG, likely due to an enhanced magnetoelastic coefficient

Fig. 1. Proximity-induced ferromagnetism and AHE at 400 K in TIG/TI heterostructure. (A) Schematic drawing of proximity coupling between TI and TIG. (B) Exchange
gap at the charge neutral point of TI surface states induced by broken time-reversal symmetry. (C) HRTEM image of a TIG/TI (20 QL) bilayer structure. (D and E) Hall
traces of TIG/(BixSb1−x)2Te3 (5 QL) for x = 0.20 and 0.30, respectively. The upper insets show the corresponding temperature dependence of Rxx. The lower insets show
schematic drawings of the corresponding chemical potential position.
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(QL)–thick (BixSb1−x)2Te3 TI film atop TIG using molecular beam epitaxy (MBE) (12, 17, 24). These TI films show excellent structural quality,
as confirmed by in situ reflection high-energy electron diffraction
(RHEED) patterns (see fig. S1A). Ex situ high-resolution transmission
electron microscopy (HRTEM) does not show any visible interfacial defects or additional phases (Fig. 1C).
The chemical potential of the TI films can be controlled by varying
the Bi/Sb ratio, as demonstrated previously (25). To study the effect of
carrier type on interface ferromagnetism, we deliberately choose two
ratios, x = 0.20 and 0.30, to place the chemical potential just below
and above the Dirac point, respectively. Both films behave as bulk semiconductors with the chemical potential inside the bulk gap, as indicated
by the typical temperature dependence of the longitudinal sheet resistance (Rxx) (25), as shown in the insets of Fig. 1 (D and E). Figure 1 (D
and E) shows Hall traces of these two samples measured at 400 K.
Besides the clear hysteresis loops, which are further discussed below, the
linear ordinary Hall background indicates opposite carrier types in these
two samples, with a hole carrier density (n2D) of 3.3 × 1013 cm−2 for x =
0.20 and an electron n2D of 3.5 × 1013 cm−2 for x = 0.30 at T = 400 K. In
consideration of the carrier densities below 1 × 1013 cm−2 at T = 2 K and
the thermally excited additional carriers at higher temperatures, the
chemical potential is located on either side of the Dirac point of the surface states but still within the bulk gap.
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Fig. 3. Representative Andreev reflection spectra for (Bi0.20Sb0.80)2Te3 (20 QL)
on TIG and sapphire substrate. Fitting the normalized differential conductance to
the modified BTK model yields P of 32% for TI on TIG and near-zero P for TI on
sapphire. All measurements were taken at 1.5 K. The circles are raw data and solid
curves are the best fits. The inset is a schematic drawing of PCAR experiments.

at low temperatures (27). Importantly, despite the different carrier types,
the AHE loops have the same sign in these two samples. This feature
immediately excludes the possibility of any Lorentz force–induced responses arising either from TIG stray fields or contributions from two
types of carriers in TIs.
Spin polarization determined by Andreev
reflection spectroscopy
A straightforward mechanism for the squared AHE hysteresis loops is
induced ferromagnetism due to proximity coupling with TIG. AlternaTang et al., Sci. Adv. 2017; 3 : e1700307
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tively, because TI has strong spin-orbit coupling, in principle, the spin
Hall effect could give rise to similar AHE loops (22), and this scenario
does not require any induced ferromagnetism in the TI. However, it is
only the first mechanism that produces the exchange gap relevant to the
QAHE. Magnetoresistance measurements can shed some light on the
relative importance of the spin Hall effect. We have performed those
measurements with both rotating and sweeping magnetic fields, and
the results point toward the first mechanism (figs. S6 and S7). However,
unambiguously confirming the exact mechanism with magnetotransport remains a major challenge. To directly verify the existence of induced ferromagnetism in TI surface, we use point-contact Andreev
reflection spectroscopy (PCAR), a well-established probe for quantitatively measuring spin polarization in ferromagnetic materials (28, 29).
Because the current only flows in the TI part of the heterostructures, it
exclusively detects spin polarization in the TI. To perform the measurements, we first cleaved the heterostructure sample. The superconducting tip then locates and approaches the interface from the cleaved side.
Because of a limitation on tip size, the tip-sample contact is across the
entire TI thickness, as shown by the inset of Fig. 3. Consequently, both
the top and bottom surfaces of the TI layer contribute to the Andreev
spectrum. Because of the spin-momentum locking, electrons on both TI
surfaces have opposite spins in the film plane; thus, zero spin polarization is expected if both surfaces contribute equally. This is observed in
the 20-QL sapphire/TI reference sample, as shown by the dark blue
curve in Fig. 3. An analysis using the modified Blonder-TinkhamKlapwijk (BTK) model (30) shows spin polarization (P) as small as 1%,
which suggests slight asymmetry between two surfaces. In contrast, in
TIG/(Bi0.20Sb0.80)2Te3 (20 QL), P is found to be more than 30% with a
large interfacial factor or Z-factor (Z = 0.4), much greater than that in the
reference sample. As shown in Fig. 3, the Andreev peak of the TIG/TI
sample is much lower than that of the sapphire/TI, also indicating
higher P.
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Fig. 2. Temperature dependence of AHE response up to 400 K. (A) Hall resistance of TIG/(BixSb1−x)2Te3 (5 QL) for x = 0.20 (p-type) between 300 and 400 K. (B) Temperature
dependence of AHE loops in (A) after subtracting the linear ordinary Hall background. (C) Hall resistance of TIG/(BixSb1−x)2Te3 (5 QL) for x = 0.30 (n-type) between 300 and 400 K.
(D) Temperature dependence of AHE loops in (C) after subtracting the linear ordinary Hall background.
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DISCUSSION

MATERIALS AND METHODS

Thin TIG films were grown on epi-ready single-crystal SGGG (111)
substrates via pulsed laser deposition. SGGG and TIG had sufficiently
large lattice mismatches so that they were chosen to generate a tensile
strain for inducing a large perpendicular magnetic anisotropy in TIG
due to its negative magnetostriction constant. The base pressure of
the deposition chamber is ~6 × 10−7 torr. After going through standard
cleaning, the substrates were annealed at ~200°C for over 5 hours before
TIG deposition. The TIG films were then grown at a moderate temperature of ~500°C by KrF excimer laser pulses of 248 nm in wavelength
with a power of 170 mJ at a repetition of 1 Hz under 2-mtorr oxygen
pressure with 12 wt % ozone. Rapid thermal annealing processes were
performed at 850°C for 5 min to magnetize the TIG films. Under this
optimal growth condition, the as-grown TIG films exhibited strong perpendicular magnetic anisotropy, and ultraflat surfaces were characterized by vibrating sample magnetometry (fig. S1B), ferromagnetic
resonance (19), and atomic force microscopy (22).
To fabricate high-quality TIG/TI heterostructures, we then transferred TIG (111) films to a custom-built ultrahigh vacuum MBE system
with base pressure better than 5 × 10−10 torr for TI growth. To ensure
good interface quality, we performed in situ high-temperature annealing (600°C, 60 min) before the film growth. The RHEED pattern was
taken again to ensure the same excellent quality of TIG surface (fig. S1A,
inset) after annealing. High-purity Bi (99.999%), Sb (99.9999%), and Te
(99.9999%) were evaporated from Knudsen effusion cells. During the
growth, the TIG substrate was kept at 230°C, and the growth rate was
~0.2 QL/min. The epitaxial growth was monitored by the in situ
RHEED pattern. The sharp and streaky diffraction spots indicated a
very flat surface and high-quality crystalline TI thin film grown on
TIG (111) (fig. S1A). The film was covered with a 5-nm Te protection
layer before taken out of the MBE chamber.
Tang et al., Sci. Adv. 2017; 3 : e1700307
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The HRTEM micrographs of the TIG/TI heterostructure were recorded using an image-corrected FEI Titan 80-300 operated at 300 kV,
with the spherical aberration coefficient set to be ~+5 mm. The specimen
was cross-sectioned for observation by focused ion beam milling using
an FEI dual-beam Nova 200, with initial milling at 30 kV and final surface cleaning at 5 kV.
TI films were patterned into Hall bars with width and length of 50
and 300 mm, respectively, using standard photolithography and inductively coupled plasma etching. Cr (8 nm)/Au (50 nm) was then
deposited in the Hall bar contact areas for better contact. Transport
measurements from 2 to 400 K were performed using a standard
four-terminal dc method in a Quantum Design Physical Property Measurement System. We used a Keithley 2400 as a current source meter
and a Keithley 2182A and Keithley 2000 as voltmeters. The dc source
was kept constant for measurements over a temperature range but
adjusted between 5 and 10 mA in different temperature ranges to avoid
overheating the sample and maintain a good signal-to-noise ratio.
To perform the PCAR measurements, we deposited a gold film of
~50 nm on half of the TI sample to serve as one electrode. A few
scratches were made on the sample before deposition so that the gold
layer could contact both the top and bottom TI surfaces. The sample was
then cleaved to create a fresh cross section and immediately mounted on
a homebuilt Andreev reflection spectroscopy probe, then enclosed into a
vacuum jacket, which was subsequently pumped to ~2 × 10−7 torr, and
then filled with a helium exchange gas of 0.1 torr. The probe was cooled
down to 4.2 K in a sample tube where liquid helium was introduced
through a needle valve, and 1.5 K was realized by pumping the sample
tube. The point contacts were established after the temperature had
been stabilized. Subsequently, the conductance (I/V) and differential
conductance (dI/dV) were measured simultaneously.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/3/6/e1700307/DC1
fig. S1. Structural and magnetic properties.
fig. S2. Representative low-temperature anomalous Hall resistance loops of TIG/(BixSb1−x)2Te3
(5 QL) for x = 0.20 from 2 to 250 K.
fig. S3. Representative low-temperature anomalous Hall resistance loops of TIG/(BixSb1−x)2Te3
(5 QL) for x = 0.30 from 2 to 250 K.
fig. S4. Magnetoresistance (MR) of heterostructure samples.
fig. S5. Anomalous Hall resistance over the entire temperature range.
fig. S6. Hall voltage responses to an in-plane magnetic field, Hx, along the current direction for
x = 0.20 at different temperatures.
fig. S7. Longitudinal resistance of TIG/TI (x = 0.20) sample as a function of the out-of-plane
magnetic field strength at selected temperatures between 50 and 400 K.
fig. S8. Andreev reflection spectra and extracted spin polarization with different Z-factors.
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