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We report a proximity-driven large anomalous Hall effect in all-telluride heterostructures consisting of
the ferromagnetic insulator Cr2Ge2Te6 and topological insulator ðBi;SbÞ2Te3. Despite small magnetization
in the ðBi;SbÞ2Te3 layer, the anomalous Hall conductivity reaches a large value of 0.2e2=h in accord with a
ferromagnetic response of the Cr2Ge2Te6. The results show that the exchange coupling between the surface
state of the topological insulator and the proximitized Cr2Ge2Te6 layer is effective and strong enough to
open the sizable exchange gap in the surface state.
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In magnetically doped three-dimensional (3D) topologi-
cal insulator (TI) films, exotic magnetic quantum phases
such as a quantum anomalous Hall (QAH) insulator and an
axion insulator have been achieved [1–11]. The formation
of an exchange gap at the Dirac surface states of TI films
and the Fermi-level tuning into the gap are two requisites
for the emergence of the topological phenomena, e.g., the
chiral edge conduction in the QAH state. In the magneti-
cally doped TI, the size of the energy gap (∼50 meV [12])
is produced by the interaction between magnetic impurities
and the surface states, whereas it suffers from disorders due
to spatial inhomogeneity of magnetic dopants [12,13] and
electronic potentials [14]. In fact, the observable temper-
ature of the QAH effect reported so far is lower than about
100 mK in the uniformly Cr- or V-doped ðBi; SbÞ2Te3 films
[5,6]. The modulation doping or codoping technique of the
magnetic ions has been developed to reduce the disorder,
yet the observable QAH temperature still remains at most
around 2 K [7,8]. The ferromagnetic proximity effect is
anticipated to be an alternative ideal approach to introduce
the uniform magnetic interaction to the surface states [1–3].
The choice of materials for ferromagnetic insulators (FMIs)
is a key issue to induce the effective coupling with less
disorder; candidates for the FMIs facing the TI are of a
great variety. Indeed, several FMI-TI heterostructures
have been proposed theoretically and synthesized to date
[15–29]. Although these studies have demonstrated several

potential magnetoelectronic responses, such as magneto-
resistance, the anomalous Hall effect [17–24], and uncon-
ventional surface magnetization, [25,26] even at room
temperature, the magnitude of the response or the coupling
strength to the surface state of the TI remains far smaller
than expected.
In this Letter, we report a large anomalous Hall effect,

being reminiscent of an incipient QAH state, in a FMI-TI
heterostructure consisting of Cr2Ge2Te6 (CGT) [21,30–33]
and ðBi; SbÞ2Te3 (BST) [5–13,22,23,26]. The observation
indicates the formation of a sizable exchange gap in the
surface state of the TI. Through combined characterizations
of the interfacial magnetic property by spin-polarized
neutron reflectometry and by magnetotransport measure-
ments, we demonstrate that the exchange coupling is
induced by the magnetic proximity effect.
We fabricated the CGT=BST heterostructures on

InP(111) substrates by molecular-beam epitaxy (MBE)
(see the Supplemental Material [34] for detailed methods).
Ferromagnetic CGT thin layers have recently been achieved,
not only by mechanical exfoliation of bulk crystals [32], but
also by thin film growth with MBE [33]. CGT has a
rhombohedral crystal structure of a van der Waals (vdW)
type [30], which is presumably matched to the interface
formation with a similar triangular lattice constant of BST
[Fig. 1(b)] [21,31]. Furthermore, it has been reported that the
MBE-grown CGT films possess a perpendicular anisotropic
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remanent magnetization [33,34], which is favorable to
produce the exchange gap in the surface state of the TI.
Experimentally, the structural characterization of the
interface was carried out by a cross-sectional scanning
transmission electron microscopy (STEM). Figure 1(c)
displays the STEM image of a MBE-grown CGTð12 nmÞ=
BSTð9 nmÞ=CGTð12 nmÞ heterostructure, exhibiting
abrupt interfaces with the ordered stacking orientation in
favor of the hexagonal Te arrangements ofCGTandBST.By
performing Fourier transformation in the lateral direction of
the image, the lattice distance of each layer is achieved as
depicted in the right panel of Fig. 1(c). Sharp changes of the
lateral lattice distance at the interfaces reflect weak epitaxial
strain at the interfaces, which are a notable feature of the
vdW heterointerface. Furthermore, energy-dispersive x-ray
spectroscopy ensures almost no interdiffusion of atoms [34].
On the basis of the MBE-grown clean heterostructures,

we examine the interfacial magnetism of the CGT=BST=
CGT sandwiched heterostructure by depth-sensitive
polarized neutron reflectometry (PNR) [34]. The PNR
measurements, being quantitatively responsive to in-plane
magnetization, were conducted at 3 K with an in-plane
magnetic field μ0Hk ¼ 1 T [Fig. 2(a)], which is strong
enough to fully align the magnetic moments to the field
direction as confirmed by the magnetization hysteresis
loops measured at 2 K [Fig. 2(b)]. Figure 2(c) shows the
x-ray and nonspin-flip specular PNR reflectivity curves Rþ

FIG. 1. (a) Schematic drawing of the interfacial exchange
coupling in a 3D TI sandwiched by FMIs. (b) Schematic of
crystal structures of TI ðBi; SbÞ2Te3 and FMI Cr2Ge2Te6 with the
relationship of stacking orientation expected from their Te
arrangements in the respective layer planes. (c) Cross-sectional
high-angle annular dark-field STEM image of the CGTð12 nmÞ=
BSTð9 nmÞ=CGTð12 nmÞ heterostructure grown on an InP
substrate with a BST buffer layer (left). The lateral atomic
distance of each layer obtained by the Fourier transformation
of the left image plotted along the growth direction (right).

FIG. 2. (a) Schematic of the PNR experimental setup for the
CGT=BST=CGT structure. (b) Magnetization hysteresis loops
under out-of-plane (H⊥) and in-plane (Hk) magnetic fields for the
identical CGTð12 nmÞ=BSTð9 nmÞ=CGTð12 nmÞ sample used
in the PNR experiments. The black arrow represents the satu-
ration field for the in-plane direction. (c) Measured (dots) and
fitted (solid lines) reflectivity curves for the x-ray (black) and
neutron of spin-up (Rþ) (red) and spin-down (R−) (blue) as a
function of momentum transfer (Qz) on a logarithmic scale. The
error bars represent one standard deviation. (d) PNR spin-
asymmetry ratio ðRþ − R−Þ=ðRþ þ R−Þ obtained from exper-
imental and fitted reflectivity curves in (c). The error bars
represent one standard deviation. (e) X-ray SLD (black) and
neutron SLD divided into the nuclear (blue) and the magnetic
(red) SLDs as a function of the distance from the InP substrate
surface (z). The re in the unit of the x-ray SLD denotes the
classical electron radius of 2.8179… × 10−15 m. For the mag-
netic SLD, the value of M corresponding to the neutron SLD is
shown in the right ordinate.
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and R−, where þ (−) denotes the incident neutron spins
parallel (antiparallel) to the direction of Hk as a function
of the momentum transfer vectorQz. The in-plane saturated
magnetization of the sample is directly reflected in the
spin-asymmetry ratio defined as ðRþ − R−Þ=ðRþ þ R−Þ
[Fig. 2(d)]. In addition, we combined an x-ray reflectivity
(XRR) measurement at room temperature [Fig. 2(c)] to
conduct a model analysis for the structural parameters,
including thickness and roughness of each layer. The depth
profile of the x-ray scattering length density (SLD) shown
in Fig. 2(e), corresponding to the electron density distri-
bution in the heterostructure, reflects the structural interface
roughness. Notably, the root-mean-square roughness of all
interfaces in the SLD profiles is less than 1 nm, which is
consistent with the STEM image shown in Fig. 1(c). The
structural parameters derived from the XRR fitted model
were used to refine the PNR curves. Figure 2(e) displays
the magnetic SLD depth profiles based on the fitting results
on Rþ, R− [Fig. 2(c)], and spin-asymmetry ratio [Fig. 2(d)],
taking into account the structural depth profile obtained
from the XRR data. The fitting analysis yields magnetiza-
tions of 152� 8 and 0� 20 emu=cm3 for the CGT and
BST layers [34], respectively. Although it is difficult to
precisely determine the induced magnetization in the BST
layer due to spatial broadening, it will be reasonable to
conclude from the present fitting analysis that the induced
magnetization in the BST layer is far smaller than the
magnetization of the CGT layer.
The ferromagnetic proximity effect on the surface states

of theTI can be assessed bymagnetotransportmeasurements.
The measurements were conducted with the sandwiched
CGT=BST=CGT trilayers and the CGT=BST bilayers.
Because of the high electric resistance of the CGT layer
[33], its contribution to electrical transport is negligibly small
[34]. For the TI layer, instead of simple single-layered
ðBi1−xSbxÞ2Te3, we engineered a multilayer structure of
ðBi1−xSbxÞ2Te3ð2nmÞ=Bi2Te3ð2nmÞ=ðBi1−xSbxÞ2Te3ð2nmÞ
[Fig. 3(a)], whichworks as a conduction channel. The reason
for adopting the multilayer structure is as follows. In the
CGT=BST=CGT heterostructures, the charge neutrality
point takes place at a relatively small value of x (0.3 <
x < 0.4) due to possible hole transfer fromCGT toBST [34].
According to an angle-resolved photoemission spectroscopy
study on BST [41], small x causes the Dirac point to
submerge below the bulk valence band. To approach the
Dirac point with the charge neutrality condition, we need to
dope electrons while keeping x > 0.5. To fulfill this require-
ment, we inserted the electron-rich Bi2Te3 layer between the
BST layers to assist electron doping. The value of x in the
BST layer is kept larger than 0.5, assuming that the surface
band structure is mainly affected by the environment near the
interface [36]. Consequently, we could prepare the samples
with low carrier density at reasonably large Sb compositions,
x ¼ 0.6 and 0.64, which show semiconducting temperature
(T) dependence of the longitudinal sheet resistivity (ρxx) as
depicted in Fig. 3(b).

In these samples, large anomalous Hall resistance
(>1 kΩ) appears with perpendicular anisotropic hysteresis
loops as shown in Fig. 3(c). We show in Fig. 3(d) the x
dependence of the sheet carrier density (n2D), the longi-
tudinal sheet conductivity (σxx), and the Hall conductivity
(σxy) at zero fields as converted from ρxx and ρyx. The
notable feature is that the σxy exceeds 0.2e2=h in the most
insulating sample (x ¼ 0.6), where σxx ∼ 2e2=h and n2D ∼
1012 cm−2 [46]. The sheet carrier densities are estimated
from the slope of Hall resistance above the saturation field.
The carrier types are electrons for x ¼ 0.3 and holes for

R
R

R

R
R

FIG. 3. (a) Schematic layout of CGTð12 nmÞ=ðBi1−xSbxÞ2
Te3ð2 nmÞ=Bi2Te3ð2 nmÞ=ðBi1−xSbxÞ2Te3ð2 nmÞ=CGTð12 nmÞ
heterostructure. (b), (c), Temperature (T) [out-of-plane magnetic
field (μ0H⊥)] dependence of the longitudinal sheet resistivity
(ρxx) in zero-field (b) [the Hall resistivity (ρyx) at 2 K (c)] of
CGT=ðBi1−xSbxÞ2Te3=Bi2Te3=ðBi1−xSbxÞ2Te3=CGT (x ¼ 0.3,
0.6, 0.64) heterostructures. (d) Sb fraction (x) dependence of
the sheet carrier density (jn2Dj) (top), the longitudinal sheet
conductivity (σxx) (middle), and the Hall conductivity (σxy)
(bottom) at 2 K. (Insets) Simplified schematics of band structures
representing the different Fermi energies; the blue lines represent
the dispersion of the surface state. (e) The anomalous Hall
conductivity σxy

A is plotted against the σxx plot, with the use of
the data for the present heterostructures shown in (d) in comparison
with other various FMI-TI heterostructures [17,21–25]. The values
of σxyA and σxx are taken from the data obtained at the lowest
temperature in the measurements (2–5 K) for the magnetized state
where the out-of-plane magnetization saturates.
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x ¼ 0.64, demonstrating that the Fermi level is systemati-
cally shifted from n to p type with increasing x [Fig. 3(c)].
These observations in Fig. 3 can be understood by the

opening of an exchange gap in the dispersion relation of
the TI surface state. When an exchange gap opens on the
surface of the TI, the Berry curvature is strongly enhanced
near the band edge, resulting in the large σxy. At the same
time, when the Fermi energy is tuned within or close to the
exchange gap, σxy takes a maximum, while σxx takes a
minimum. In the present study, we observe that σxy takes a
maximum accompanied by a nearly minimum value of σxx
in the sample with the low carrier density (x ¼ 0.6) as
expected. Also, the decrease in σxy and increase in σxx are
observed as the carrier density is detuned from the optimum
value. These carrier density dependencies are consistent
with the picture described above, indicating the opening of
the exchange gap by the magnetic proximity effect. The
increase in σxy accompanied by the decrease in σxx leads to
an enhancement in the Hall angle θH ¼ tan−1ðσxy=σxxÞ,
discriminating the anomalous Hall effect of extrinsic origin
[45]. The obtained values of the σxy and the θH are
dramatically increased in our samples compared to those
reported in other FMI-TI systems [Fig. 3(e)] [34]. This
trend suggests that the Fermi level is close to the exchange
gap and/or that the exchange gap is large in our samples
compared to those FMI-TI systems, although the quanti-
tative estimation of the size of the exchange gap is difficult
due to residual disorder and inhomogeneity in the samples
[43,44] (see Supplemental Material [34] for the detailed
discussion).
The CGT-layer thickness dependence provides addi-

tional evidence that the observed anomalous Hall effect
is induced by the magnetic proximity effect, excluding
other origins arising from Cr diffusion into the BST layer.
Figure 4(a) shows the temperature-dependent magnetiza-
tion (M-T) curves of four CGT=BST bilayers [inset of
Fig. 4(c)] films with representative CGT-layer thicknesses
under μ0H⊥ ¼ 0.05 T. Both magnetization M and Curie
temperature TC decrease systematically with decreasing the
CGT film thickness t. As shown in Fig. 4(b), the low-
temperature values of σxy also decrease with decreasing t.
In Fig. 4(c), the t dependencies of σxy at T ¼ 2 K and the
saturated magnetization of CGT Ms are plotted together.
The agreement in t dependencies of σxy and Ms indicates
that σxy is almost proportional to Ms. This observation
shows that the exchange gap on the surface state of the TI
can be tuned by the magnetization of the CGT layer,
directly pointing to the proximity-coupling origin of the
anomalous Hall effect. The decrease in Ms in the range of
t < 2 nm is attributed perhaps to the finite size effect of
the 2D ferromagnetic CGT layer [31]. In contrast to σxy, σxx
is almost constant with variation of t across t ∼ 2 nm
[Fig. 4(c)]. The constancy of σxx suggests that the Fermi
energy and the scattering time are not largely affected by
the thickness of the CGT layer.

On the basis of the above experimental results, we
discuss possible mechanisms of the exchange gap forma-
tion at the CGT=BST interface. One conceivable scenario
would be the induction of magnetization in the TI layer by
the adjacent FMI layer as discussed in earlier works
[15–17,25,26,28]. However, this scenario is unlikely appli-
cable to the present case. At the interfaces of EuS=Bi2Se3
and EuS=BST, large magnetizations of about 270 and
160 emu=cm3, respectively, in the TI layer have been
reported [25,26]. In contrast, in the present study, the
magnetization in the CGT layer is already smaller than
these values. Therefore, the induced magnetization, even if
it existed, in the BST layer of the present CGT=BST
heterostructure would be much smaller than that reported
for the EuS-based heterostructures [25,26]. Despite the
small induced magnetization, our transport measurements
have revealed that the σxy and θH are much enhanced in the
CGT=BST system. One other possible scenario to under-
stand these observations is the formation of the exchange
gap by penetration of the TI surface state wave function

FIG. 4. (a) M-T and (b) σxy-T curves measured under field
cooling with μ0H⊥ ¼ 0.05 T in BST=CGT (t ¼ 1.4, 2.2, 2.9, and
8.1 nm) bilayer structures. Black arrows indicate the Curie
temperature TC for highlighting the changes against t. (c)
CGT thickness t dependence of σxy (red closed circles, left
red ordinate) and the spontaneous magnetization Ms (black
closed squares, right black ordinate) at 2 K under zero magnetic
field (top) and σxx at 2 K (blued closed circles, left blue ordinate)
and TC (black closed squares, right black ordinate) (bottom).
(Inset) Schematic layout of ðBi0.5Sb0.5Þ2Te3ð6 nmÞ=CGTðt nmÞ
bilayer structure.
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into the FMI layer. In this scenario, even if the interfacial
magnetization in the BST layer is small, the penetrated part
of the surface state wave function can interact with the
magnetic moment in the CGT to produce a sizable
exchange gap. A recent first-principles calculation work
[29] indicates the formation of a large exchange gap in Te-
based heterostructure MnBi2Te4=Bi2Te3 based on the wave
function penetration mechanism.
In summary, we have synthesized CGT=BST=CGT

heterostructures and have studied the ferromagnetic prox-
imity effect at the interface of the heterostructures. We have
observed the depth profile of the magnetization by the PNR
measurement, which suggests small induced magnetization
in the BST layer. We have also observed a large anomalous
Hall angle in magnetotransport measurements, which
indicates a sizable exchange gap. To explain both obser-
vations, we have proposed the exchange gap formation due
to the penetration of the TI surface state wave function into
the FMI layer.
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