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Modulation of Dirac electrons in epitaxial Bi2Se3 ultrathin films on van der
Waals ferromagnet Cr2Si2Te6
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We investigated the Dirac-cone state and its modulation when an ultrathin film of topological insulator Bi2Se3

was epitaxially grown on a van der Waals ferromagnet Cr2Si2Te6 (CST) by angle-resolved photoemission
spectroscopy. We observed a gapless Dirac-cone surface state in six quintuple-layer (6QL) Bi2Se3 on CST,
whereas the Dirac cone exhibits a gap of 0.37 eV in its 2QL counterpart. Intriguingly, this gap is much larger
than those for Bi2Se3 films on Si(111). We also revealed no discernible change in the gap magnitude across the
ferromagnetic transition of CST, suggesting the very small characteristic length and energy scale of the magnetic
proximity effect. The present results suggest a crucial role of interfacial coupling for modulating Dirac electrons
in topological-insulator hybrids.
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I. INTRODUCTION

One of exciting challenges in the research of topolog-
ical insulators (TIs) is the realization of exotic topologi-
cal phenomena associated with the time-reversal symmetry
(TRS) breaking, as exemplified by the quantum anomalous
Hall effect (QAHE) [1–3], the topological magnetoelectric
effect [4–6], the magnetic monopole [7], and the inverse
spin-galvanic effect [8]. A well-known strategy to realize
such fascinating topological phenomena is the introduction
of magnetic impurities into TI crystals. In fact, this method
was successful in realizing the QAHE at low temperatures
[1–3], whereas disorders are inevitably introduced into the
crystal and hinder further enhancement of the observation
temperature.

Magnetic proximity effect is a useful approach to solve this
problem. The concept of magnetic proximity effect has been
proposed in the stripe phase of high-Tc cuprates [9] wherein
topological defects associated with the formation of stripes
are characterized by the spin-gap opening due to the mag-
netic proximity effect from neighboring antiferromagnetic
regions. Recently, the ferromagnetic proximity effect (FPE)
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occurring in a hybrid of ferromagnetic insulator and TI is
attracting particular attention as an alternative and likely more
promising approach to explore topological phenomena at high
temperatures, because it can avoid incorporation of disorders
into the TI crystal and reduce strong spin scatterings. The FPE
in a TI hybrid shares a similar framework with the magnetic
proximity effect in cuprates in the sense that the former
(the latter) is characterized by the magnetic-gap (spin-gap)
opening at the metallic topological bands (defects) associated
with the proximity effect from neighboring magnetic regions.
In TI hybrids, the coupling of ferromagnetic insulator EuS
and prototypical TI Bi2Se3 was demonstrated to be useful
for stabilizing and even enhancing the ferromagnetism at
interface [10]. A heterostructure of TIs, wherein magnetic
ions (Cr) are modulation-doped only in the vicinity of top
and bottom (Bi,Sb)2Te3 surfaces, was reported to host the
axion-insulator phase [11], triggering further investigations of
this exotic phase in intrinsic magnetic TIs such as MnBi2Te4

[12–14]. The FPE is similar to the well-known supercon-
ducting proximity effect in the sense that both can add new
(originally absent) properties to the attached metallic layer. On
the other hand, the latter is characterized by the penetration
of electrons (Cooper pairs) from the superconductor to the
attached metallic layer through the interface, whereas the
former does not have to involve the penetration of electrons
(electron spins) across the interface because the exchange field
of ferromagnet can influence the attached metallic layer.

To effectively utilize the FPE for realizing novel topo-
logical quantum phenomena, a good junction between
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FIG. 1. (a) Heterostructure consisting of Bi2Se3 (top) and CST
(bottom). [(b), (c)] LEED patterns of cleaved CST and 6QL-
Bi2Se3/CST, respectively, measured at room temperature with a
primary electron energy of 70 eV. Yellow dashed hexagon in panel
(b) traces the

√
3 × √

3 R30◦ spots of CST, while a red dashed
hexagon in panel (c) traces the 1×1 spot of Bi2Se3/CST. The yellow
hexagon in panel (b) is superimposed in panel (c). (d) Projected
hexagonal surface BZ of Bi2Se3 (red) and CST (black). (e) RHEED
pattern of 6QL-Bi2Se3/CST.

ferromagnetic insulator and TI is essential. In this regard,
a van der Waals ferromagnet is a suitable material, since
the weak van der Waals coupling between adjacent layers
would be effective for the atomically flat surface, absence
of dangling bonds, and stability against air, all of which are
useful for promoting the FPE. However, such hybrid systems
involving van der Waals ferromagnets and TIs have been
scarcely explored [15–17].

Among several van der Waals ferromagnets, we have delib-
erately chosen Cr2Si2Te6 (CST; TC ≈ 31 K) [18–20] as a tem-
plate to contact with TI [Bi2Se3 in this work; see Fig. 1(a)], by
taking into account the good lattice and symmetry matching
as well as its perpendicular ferromagnetism, a prerequisite
for realizing the Dirac-cone states with an energy gap called
Chern gap or a magnetic gap caused by the time-reversal sym-
metry breaking. Recently, an anomalous Hall effect has been
reported in a system consisting of nine quintuple layers (QL)
of (Bi,Sb)2Te3 sandwiched by Cr2Ge2Te6 (a sister compound
of CST). While this observation was interpreted in terms of
formation of an exchange gap in the Dirac-cone interface
states due to the FPE [15], it is unclear how strong the FPE
influences the Dirac-cone states. In a broader perspective, it
is unknown to what extent the interfacial coupling modifies

the electronic states of TI/ferromagnetic-insulator hybrid and
how such modification is linked to the physical properties. It is
important to address these questions from the electronic-state
point of view for effectively utilizing the FPE in TIs and its
related applications.

In this article, we report an epitaxial growth of Bi2Se3 thin
films on CST bulk single crystal by molecular beam epitaxy
(MBE). By visualizing the electronic structure with in situ
angle-resolved photoemission spectroscopy (ARPES), we ob-
served a large energy gap in the Dirac-cone state for 2QL
Bi2Se3 on CST. The gap magnitude is markedly enhanced
compared to that for a Bi2Se3 film on Si(111) and insensitive
to the ferromagnetic transition. We discuss implications of
this finding in terms of the lattice-strain effect, the interfacial
coupling of electronic states, and the FPE.

II. EXPERIMENT AND CALCULATION

Bulk single crystal of CST was grown by the self-flux
method [20]. To fabricate a Bi2Se3 thin film, a clean surface of
CST was obtained by cleaving with a scotch tape in an ultra-
high vacuum of 3 × 10−10 Torr. A Bi2Se3 film was epitaxially
grown by evaporating bismuth (Bi) on the CST substrate kept
at ≈180 ◦C in selenium (Se) atmosphere of 2.5 × 10−9 Torr
in the MBE chamber with the base pressure of 5 × 10−10

Torr. The film was subsequently annealed at ≈180 ◦C for
30 min to improve the crystallinity and then transferred to
the ARPES-measurement chamber without breaking vacuum.
To clarify possible substrate dependence of electronic states,
a Bi2Se3 film was also fabricated on Si(111). We used an n-
type Si(111) wafer with low electrical resistance (As doping,
1–5 m� cm) to accurately control the annealing temperature
during the resistive heating and also to avoid the charging
effect during the ARPES measurement. A clean 7 × 7 surface
of Si(111) obtained by flash annealing at 1160 ◦C was at first
terminated by a

√
3 × √

3 R30◦ Bi buffer layer, and then
Bi2Se3 film was fabricated on it with keeping the substrate
at 200 ◦C. The growth rate of Bi2Se3 was estimated to be
0.14 ± 0.01 QL/min by using a quartz-oscillator thickness
monitor. This value was always fixed irrespective of the
substrate (CST or Si) and the film thickness (2 or 6 QL).
Evaporation time was controlled with the accuracy of 10 s.
The estimated film thickness was totally consistent with the
band dispersion measured by ARPES which is known to
show an obvious difference among 0QL (substrate), 1QL, and
2QL Bi2Se3 films. The growth process was monitored by the
reflection high-energy electron diffraction (RHEED). ARPES
measurements were carried out using a MBS-A1 electron
analyzer with high-flux helium and xenon discharge lamps
at Tohoku University. The He-Iα and Xe-Iα resonance lines
(hν = 21.218 and 8.437 eV, respectively) were used to excite
photoelectrons. The energy and angular resolutions were set to
be 16–30 meV and 0.2◦, respectively. The sample was kept at
T = 40 K in an ultrahigh vacuum (<1 × 10−10 Torr) during
ARPES measurements. The Fermi level (EF) of sample was
referenced to that of a gold film electrically in contact with the
sample substrate. First-principles band-structure calculations
were carried out by the projector augmented wave method
implemented in Vienna ab initio Simulation Package (VASP)
code [22] with the generalized gradient approximation (GGA)
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potential [23]. We have also calculated the band structure with
the GGA+U and Heyd-Scuseria-Ernzerhof (HSE) methods,
as detailed in Supplemental Material [24]. After the crystal
structure was optimized, the spin-orbit coupling was included
self-consistently.

III. RESULTS AND DISCUSSION

First, we present the characterization of Bi2Se3 film on
CST. Figure 1(b) shows the low-energy electron diffraction
(LEED) pattern of a cleaved surface of CST. The appearance
of clear 1 × 1 spots without additional ones suggests the well-
ordered surface as well as the absence of surface reconstruc-
tion. When depositing 6QL Bi2Se3 on CST [Fig. 1(c)], the
LEED pattern transforms into the 1 × 1 periodicity of Bi2Se3

lattice. We found that the 1 × 1 pattern of Bi2Se3/CST is
expanded by nearly

√
3 times and rotated by 30◦ compared

to those of pristine CST. A similar behavior was observed
for 2QL-Bi2Se3/CST (for details, see Section 1 of the Sup-
plemental Material [24]). These results indicate that CST has
a surface Brillouin zone (BZ) with a periodicity of nearly√

3 × √
3 R30◦ compared to the 1 × 1 Bi2Se3 /CST, as

schematically shown in Fig. 1(d). A careful look at the LEED
patterns in Figs. 1(b) and 1(c) further reveals that the

√
3 ×√

3 R30◦ spots of pristine CST highlighted by a yellow dashed
hexagon in Fig. 1(b) do not necessarily coincide perfectly
with the 1 × 1 spots of Bi2Se3/CST [a red dashed hexagon in
Fig. 1(c)]. As seen in Fig. 1(c), the red hexagon (Bi2Se3/CST)
is slightly smaller than the yellow one (pristine CST). This is
consistent with the fact that there is a lattice mismatch of ≈6%
between bulk crystals of Bi2Se3 and CST [18–20] (for details,
see Section 2 of the Supplemental Material [24]). We have
estimated the in-plane lattice constant of Bi2Se3 on CST from
the LEED pattern to be 4.1 Å, which is in good agreement
with that of bulk Bi2Se3 crystal [21]. These results suggest a
relatively weak lattice strain effect from the CST substrate in
6QL film. As shown in Fig. 1(e), we find sharp streaks in the
RHEED pattern, suggesting a homogeneous nature of the film.
These results support a successful fabrication of high-quality
Bi2Se3 film on CST.

Figure 2(a) displays the plot of valence-band ARPES in-
tensity for pristine CST at T = 40 K (in the paramagnetic
phase) measured along the �M cut in the CST BZ (i.e.,
the �K cut in the Bi2Se3 BZ) with the He-Iα line (hν =
21.218 eV). One can recognize several dispersive bands, e.g.,
a relatively flat band at the binding energy (EB) of ≈1.8 eV
and a dispersive holelike band topped at EB ≈ 0.5 eV at
the � point. According to the first-principles band-structure
calculations [25,26], the former is ascribed to the Cr 3d orbital
responsible for the ferromagnetism while the latter to the Te
5pz orbital that forms a valence-band maximum separated by
a band gap (>0.5 eV) from the conduction-band minimum. As
shown in Fig. 2(b), the ARPES intensity undergoes a drastic
change upon the formation of 6QL Bi2Se3 film on CST. The
flat Cr 3d band at EB ≈ 1.8 eV totally disappears and at
the same time several highly dispersive Se 4p bands [27,28]
emerge at EB > 0.8 eV. Moreover, a metallic state appears
around EF at the � point. A holelike band topped at 0.5 eV
that resembles the Te 5pz band in CST [see Fig. 2(a)] is not
ascribed to CST, but to Bi2Se3, because the photoelectron

FIG. 2. [(a), (b)] Valence-band ARPES-intensity of (a) pristine
CST and (b) 6QL-Bi2Se3/CST measured at T = 110 K and 40 K,
respectively, with the He-Iα line (hν = 21.218 eV). Inset shows the
measured cut (black solid line) in the hexagonal surface BZ. [(c),
(d)] Band structures of 6QL-Bi2Se3/CST and 6QL-Bi2Se3/Si(111),
respectively, at T = 40 K, obtained by taking the second derivative
of MDCs.

escape depth for the measurement with the He-Iα photon
(≈0.5 nm) is much shorter than the thickness of 6QL Bi2Se3

film (≈6 nm). The metallic state near EF is assigned to the
conduction band that is pulled down below EF due to the
electron doping from Se vacancies, as commonly observed
in Se-based TIs [29,30]. All these spectral features were also
observed for the 2QL Bi2Se3 film on CST (see Section 3 of the
Supplemental Material [24] for details). The clear dispersive
feature of band structure supports the high single crystallinity
of our epitaxial film.

To clarify the substrate dependence of the valence-band
structure, we fabricated a 6QL Bi2Se3 film on Si(111). A side-
by-side comparison of the valence-band structure [Figs. 2(c)
and 2(d)] obtained by taking the second derivative of momen-
tum distribution curves (MDCs) reveals an almost identical
band dispersion between Bi2Se3/CST and Bi2Se3/Si(111).
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For example, a bright intensity spot ascribable to the bottom
of the “M”-shaped band around EB ≈ 1 eV in Fig. 2(b) is
commonly observed at EB = 1.4 eV. A couple of “�”-shaped
energy bands each topped at 0.5 and 1.5 eV, respectively, are
also visible in both plots. These results suggest a negligible
effect from the substrate to the valence-band dispersion in the
case of thick Bi2Se3 films.

To elucidate in more detail the electronic states near EF,
we have performed ARPES measurements with a higher
energy resolution using the more bulk sensitive Xe-I photons
(hν = 8.437 eV). The Xe-I photon is expected to have
higher sensitivity to the interface for films thinner than ≈2QL
because the photoelectron escape depth is ≈2 nm. Figure 3(a)
displays the near-EF ARPES-intensity plot around the �

point for 6QL-Bi2Se3/CST measured at T = 45 K (above
TC of CST). We find an electronlike feature centered at the
� point within ≈0.2 eV of EF and an “M”-shaped band
around ≈0.6 eV. These bands are bulk conduction and valence
bands, respectively [31]. We also find an X-shaped Dirac-cone
band characterized by touching of V- and �-shaped bands at
EB = 0.34 eV at the � point. A side-by-side comparison of
the ARPES intensity between 6QL Bi2Se3 on CST and that on
Si(111) in Figs. 3(a) and 3(b) reveals no discernible difference
in the near-EF electronic states. A similar behavior is also seen
from a comparison of energy distribution curves (EDCs) at the
� point in Fig. 3(c).

In contrast to the thick (6QL) film where the substrate
effect to the electronic states is significantly weak, we found
that the electronic states suffers an intriguing influence from
the substrate in 2QL film. As shown in Fig. 3(d), the ARPES
intensity for 2QL-Bi2Se3/CST shows a marked suppression
around EB ≈ 0.4 eV, obviously different from that for the
6QL film [Fig. 3(a)]. This suggests the opening of an energy
gap (Dirac gap) due to the hybridization of wave functions
between the top and bottom surfaces [31]. We think that
this gap is different from the Chern gap associated with the
time-reversal symmetry breaking because the gap persists
above TC of CST, as detailed later. One can also recognize
a similar gap opening for 2QL-Bi2Se3/Si(111) as shown
in Fig. 3(e), whereas the Dirac cone is obviously shifted
downward compared to the case of 2QL-Bi2Se3/CST. We
estimated the midpoint of the Dirac gap to be EB = 0.34
and 0.50 eV for 2QL Bi2Se3 on CST and that on Si(111),
respectively, by tracing the peak position of EDCs at the �

point [Fig. 3(f)]. This indicates that the 2QL film on Si(111) is
more electron doped compared to that on CST. It is expected
that the much larger work function of Bi2Se3 (5.6 eV) [32]
than that of CST (4.49 eV) [33] would cause a sizable electron
transfer from CST to Bi2Se3, as in the case of Bi2Se3 film
on other substrates including Si(111) [31,34–36]. However,
such electron transfer across the interface seems not to take
place in 2QL-Bi2Se3/CST, as evident from the experimental
fact that the binding energy of the Dirac point for 6QL-
Bi2Se3/CST is the same as that of the midpoint of the Dirac
gap for 2QL-Bi2Se3/CST (both are at 0.34 eV). It is noted
here that a comparison of the work function between CST
(4.49 eV) and Si (4.8 eV) suggests higher electron doping in
2QL-Bi2Se3/CST than that in 2QL-Bi2Se3/Si(111), contrary
to the experimental results shown in Figs. 3(d) and 3(e). While
the exact origin of this behavior is unclear at the moment,

FIG. 3. [(a), (b)] Near-EF ARPES-intensity plots around the �

point for 6QL Bi2Se3 on CST and on Si(111), respectively, measured
with the Xe-Iα line (hν = 8.437 eV) at T = 45 K. White curves
are a guide for the eyes to show the energy dispersion of conduction
band (CB) and valence band (VB). SS denotes the Dirac-cone surface
state. (c) Comparison of the EDCs at the � point for panels (a) and
(b). [(d), (e), (f)] Same as panels (a), (b), and (c) but for 2QL Bi2Se3.
Blue curves in panels (d) and (e) are guides for the eyes that trace
gapped upper and lower Dirac cones. (g) Line profiles of the RHEED
patterns for 0QL (pristine CST), 1QL and 2QL-Bi2Se3/CST. Peak
positions are indicated by vertical dashed lines. (h) EDC at the �

point for 2QL-Bi2Se3/CST measured at T = 50 and 20 K, across TC

of CST.

we speculate that the presence of Bi
√

3 × √
3R30◦ buffer

structure on the Si surface may reduce the effective work
function of Si down to below 4.49 eV.

By analyzing EDCs in more details [Fig. 3(f)], we found
an intriguing difference in the magnitude of the Dirac gap,
which is ≈370 and ≈300 meV for 2QL-Bi2Se3/CST and
2QL-Bi2Se3/Si(111), respectively. The Dirac gap is enhanced
by 70 meV when the substrate is changed from Si to CST.
The smaller gap for the Si substrate is not attributed to the
experimental artifact such as partial inclusion of 3QL because
the gap value of the 3QL film on Si is known to be much
smaller (≈150 meV) [34]. There are several possibilities to
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account for this observation. One of possibilities is a tensile
strain from the CST substrate which causes the shrinkage of
Bi2Se3 crystal lattice along c axis [37], leading to the increase
in the hybridization strength of wave functions between the
top and bottom surfaces. However, as seen from the RHEED
profile for the 0-2QL films on CST in Fig. 3(g), the in-plane
lattice constant for the 1QL film immediately relaxes to the
bulk value [4.1 Å; consistent with the LEED data in Fig. 1(c)]
and no further lattice relaxation takes place in thicker films,
as evident from the identical peak position between 1- and
2-QL films. Such abrupt lattice relaxation also occurs in the
case of Si(111) substrate [38], causing a lattice mismatch
of ≈8% (in both CST and Si cases, the Bi2Se3 lattice is
expanded relative to the substrate lattice). The fact that the
in-plane lattice constant of both films is already relaxed to
the bulk value for n = 1 suggests that there is no effective
compressive strain in the Bi2Se3 film and thus it is hard
to attribute the gap enhancement to the lattice-strain effect.
Another explanation of the gap variation is the interfacial
hybridization between the lower Dirac cone in Bi2Se3 and the
topmost valence band of CST, because these bands are located
in a same (EB, k) region [see Figs. 1(a) and 3(d)]. The presence
of interfacial hybridization is supported by our first-principles
band-structure calculations for the slab of 2QL-Bi2Se3/CST,
as detailed in Section 4 of the Supplemental Material [24].
These results suggest that the interfacial effect of the band
hybridization between Bi2Se3 and CST may be a useful means
to modulate the Dirac-cone dispersion.

Although the primary cause for the Dirac gap is thought to
be the hybridization between the top and bottom surfaces, one
may argue that the gap can be further enhanced by the FPE.
However, no obvious change in the gap magnitude across TC

[see EDC at the � point in Fig. 3(h)] seems incompatible
with the simple FPE scenario unless the ferromagnetic order
is stabilized even above TC of bulk CST (note that no such
experiment was reported at the moment). It is inferred that
the characteristic length and energy scale of the FPE may be
under the detectable limit of the present ARPES measurement.
This in return serves as an important guideline for making use
of TI/CST hybrids to realize novel topological phenomena,
because the accurate tuning of EF within the small magnetic
gap and the good crystallinity at the interface comparable to
the length scale of the FPE are simultaneously required.

Finally, we comment on the future research direction based
on the present results. While Bi2Se3/CST is not suitable for
realizing the QAHE due to the electron doping, it would
be useful to fabricate (Bi1−xSbx )2Te3/CST where the Dirac
point is situated exactly at EF to examine the possible QAHE
at higher temperature. To realize a large magnetic gap by

the FPE, the substrate is preferred to have a higher TC and
required to have an out-of-plane magnetic easy axis. In this
regard, some van der Waals ferromagnets such as Cr2Ge2Te6

(a cousin material of CST; TC = 65 K) [20], CrI3 (TC =
61 K) [39], Fe3GeTe2 (TC = 220 K) [40], and Fe-intercalated
TiS2 (TC = 111 K) [41] can be the possible candidates for
the ferromagnetic substrate. While we intended to create a
Dirac gap below TC of CST by utilizing the spontaneous
magnetization along the c axis, it would be also possible to
control the magnitude of magnetic gap by applying an external
magnetic field and also by controlling the field direction using
a vector magnet, as in the case of kagome magnet [42].

IV. SUMMARY

In summary, we investigated the Dirac-cone state and its
modulation for ultrathin nQL Bi2Se3 (n = 2 and 6) films
epitaxially grown on a van der Waals ferromagnet Cr2Si2Te6

by angle-resolved photoemission spectroscopy. In contrast to
the gapless Dirac-cone state observed in 6QL Bi2Se3 on CST,
the 2QL-Bi2Se3 film on CST exhibits a clear energy gap of
0.37 eV at the Dirac point, mainly due to the hybridization
between the top and bottom surfaces of Bi2Se3 film. This gap
magnitude (0.37 eV) is much larger than that (0.30 eV) for
a 2QL-Bi2Se3 film on Si(111), suggesting a strong substrate
dependence. We observed no discernible change in the gap
magnitude across the ferromagnetic transition of CST, sug-
gesting the very small characteristic length and energy scale
of the magnetic proximity effect. The present results lay a
foundation for modulating Dirac electrons in TI hybrids with
interfacial coupling.

ACKNOWLEDGMENTS

We thank T. Kawakami, T. Taguchi, and Y. Nakata for
their assistance in the ARPES experiments. This work was
supported by Grant-in-Aid for Scientific Research on Inno-
vative Areas “Topological Materials Science” (JSPS KAK-
ENHI Grants No. JP15H05853, No. JP18H04215, and No.
JP15K21717), “J-Physics” (Grant No. JP18H04311), JST-
CREST (Grant No. JPMJCR18T1), JST-PRESTO (Grant
No. JPMJPR18L7), Grant-in-Aid for Scientific Research
(JSPS KAKENHI Grants No. JP17H01139, No. JP18H01821,
No. JP15H02105, No. JP26287071, No. JP19H02424, No.
JP19K22124, No. JP19H05600, and No. JP25287079), Re-
search Foundation of the Electrotechnology of Chubu, and
World Premier International Research Center, Advanced Insti-
tute for Materials Research. N.I. acknowledges support from
GP-Spin at Tohoku University.

[1] C.-Z. Chang, J. Zhang, X. Feng, J. Shen, Z. Zhang, M. Guo, K.
Li, Y. Ou, P. Wei, L.-L. Wang, Z.-Q. Ji, Y. Feng, S. Ji, X. Chen,
J. Jia, X. Dai, Z. Fang, S.-C. Zhang, K. He, Y. Wang, L. Lu,
X.-C. Ma, and Q.-K. Xue, Science 340, 167 (2013).

[2] J. G. Checkelsky, R. Yoshimi, A. Tsukazaki, K. S. Takahashi,
Y. Kozuka, J. Falson, M. Kawasaki, and Y. Tokura, Nat. Phys.
10, 731 (2014).

[3] C.-Z. Chang, W. W. Zhao, D. Y. Kim, H. J. Zhang, B. A. Assaf,
D. Heiman, S.-C. Zhang, C. Liu, M. H. W. Chan, and J. S.
Moodera, Nat. Mater. 14, 473 (2015).

[4] X.-L. Qi, T. L. Hughes, and S.-C. Zhang, Phys. Rev. B 78,
195424 (2008).

[5] J. Wang, B. Lian, X.-L. Qi, and S.-C. Zhang, Phys. Rev. B 92,
081107(R) (2015).

084202-5

https://doi.org/10.1126/science.1234414
https://doi.org/10.1038/nphys3053
https://doi.org/10.1038/nmat4204
https://doi.org/10.1103/PhysRevB.78.195424
https://doi.org/10.1103/PhysRevB.92.081107


TAKEMI KATO et al. PHYSICAL REVIEW MATERIALS 4, 084202 (2020)

[6] T. Morimoto, A. Furusaki, and N. Nagaosa, Phys. Rev. B 92,
085113 (2015).

[7] X.-L. Qi, R. Li, J. Zang, and S.-C. Zhang, Science 323, 1184
(2009).

[8] I. Garate and M. Franz, Phys. Rev. Lett. 104, 146802 (2010).
[9] V. J. Emery, S. A. Kivelson, and O. Zachar, Phys. Rev. B 56,

6120 (1997).
[10] F. Katmis, V. Lauter, F. S. Nogueira, B. A. Assaf, M. E. Jamer,

P. Wei, B. Satpati, J. W. Freeland, I. Eremin, D. Heiman, P.
Jarillo-Herrero, and J. S. Moodera, Nature (London) 533, 513
(2016).

[11] M. Mogi, M. Kawamura, R. Yoshimi, A. Tsukazaki, Y. Kozuka,
N. Shirakawa, K. S. Takahashi, M. Kawasaki, and Y. Tokura,
Nat. Mater. 16, 516 (2017).

[12] M. M. Otrokov, I. I. Klimovskikh, H. Bentmann, D. Estyunin,
A. Zeugner, Z. S. Aliev, S. Gaß, A. U. B. Wolter, A. V.
Koroleva, A. M. Shikin, M. Blanco-Rey, M. Hoffmann,
I. P. Rusinov, A. Yu. Vyazovskaya, S. V. Eremeev, Yu. M.
Koroteev, V. M. Kuznetsov, F. Freyse, J. Sánchez-Barriga,
I. R. Amiraslanov, M. B. Babanly, N. T. Mamedov, N. A.
Abdullayev, V. N. Zverev, A. Alfonsov, V. Kataev, B. Büchner,
E. F. Schwier, S. Kumar, A. Kimura, L. Petaccia, G. Di Santo,
R. C. Vidal, S. Schatz, K. Kißner, M. Ünzelmann, C. H. Min,
Simon Moser, T. R. F. Peixoto, F. Reinert, A. Ernst, P. M.
Echenique, A. Isaeva, and E. V. Chulkov, Nature (London) 576,
416 (2019).

[13] Y.-J. Hao, P. Liu, Y. Feng, X.-M. Ma, E. F. Schwier, M. Arita,
S. Kumar, C. Hu, R. Lu, M. Zeng, Y. Wang, Z. Hao, H.-Y. Sun,
K. Zhang, J. Mei, N. Ni, L. Wu, K. Shimada, C. Chen, Q. Liu,
and C. Liu, Phys. Rev. X 9, 041038 (2019).

[14] J. Wu, F. Liu, M. Sasase, K. Ienaga, Y. Obata, R. Yukawa, K.
Horiba, H. Kumigashira, S. Okuma, T. Inoshita, and H. Hosono,
Sci. Adv. 5, eaax9989 (2019).

[15] M. Mogi, T. Nakajima, V. Ukleev, A. Tsukazaki, R. Yoshimi,
M. Kawamura, K. S. Takahashi, T. Hanashima, K. Kakurai,
T. H. Arima, M. Kawasaki, and Y. Tokura, Phys. Rev. Lett. 123,
016804 (2019).

[16] H. Ji, R. A. Stokes, L. D. Alegria, E. C. Blomberg, M. A.
Tanatar, A. Reijnders, L. M. Schoop, T. Liang, R. Prozorov,
K. S. Burch, N. P. Ong, J. R. Petta, and R. J. Cava, J. Appl.
Phys. 114, 114907 (2013).

[17] X. Yao, B. Gao, M.-G. Han, D. Jain, J. Moon, J. W. Kim,
Y. Zhu, S.-W. Cheong, and S. Oh, Nano Lett. 19, 4567
(2019).

[18] V. Carteaux, D. Brunet, G. Ouvrard, and G. Andre, J. Phys.:
Condens. Matter 7, 69 (1995).

[19] G. Ouvrard, E. Sandre, and R. Brec, J. Solid State Chem. 73, 27
(1988).

[20] N. Ito, T. Kikkawa, J. Barker, D. Hirobe, Y. Shiomi, and E.
Saitoh, Phys. Rev. B 100, 060402(R) (2019).

[21] M. Vyshnepoisky, C. Klein, K. F. Klasing, A. Hanisch-
Blicharski, and M. Horn-von Hoegen, Appl. Phys. Lett. 103,
111909 (2013).

[22] G. Kresse and J. Furthmüller, Phys. Rev. B 54, 11169 (1996).

[23] J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett. 77,
3865 (1996).

[24] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevMaterials.4.084202 for more details about
the structural characterization, experimental band disper-
sion for 2QL-Bi2Se3/CST, and calculated band structure for
Bi2Se3/CST slabs.

[25] S. Kang, S. Kang, and J. Yu, J. Electron. Mater. 48, 1441 (2019).
[26] J. Zhang, X. Cai, W. Xia, A. Liang, J. Huang, C. Wang, L. Yang,

H. Yuan, Y. Chen, S. Zhang, Y. Guo, Z. Liu, and G. Li, Phys.
Rev. Lett. 123, 047203 (2019).

[27] H. Zhang, C.-X. Liu, X.-L. Qi, X. Dai, Z. Fang, and S.-C.
Zhang, Nat. Phys. 5, 438 (2009).

[28] C. M. Acosta, M. P. Lima, A. J. R. da Silva, A. Fazzio, and C. H.
Lewenkopf, Phys. Rev. B 98, 035106 (2018).

[29] Y. Xia, D. Qian, D. Hsieh, L. Wray, A. Pal, H. Lin, A. Bansil,
D. Grauer, Y. S. Hor, R. J. Cava, and M. Z. Hasan, Nat. Phys.
5, 398 (2009).

[30] T. Sato, K. Segawa, H. Guo, K. Sugawara, S. Souma, T.
Takahashi, and Y. Ando, Phys. Rev. Lett. 105, 136802 (2010).

[31] Y. Zhang, K. He, C.-Z. Chang, C.-L. Song, L.-L. Wang, X.
Chen, J.-F. Jia, Z. Fang, X. Dai, W.-Y. Shan, S.-Q. Shen, Q. Niu,
X.-L. Qi, S.-C. Zhang, X.-C. Ma, and Q.-K. Xue, Nat. Phys. 6,
584 (2010).

[32] D. Takane, S. Souma, T. Sato, T. Takahashi, K. Segawa, and Y.
Ando, Appl. Phys. Lett. 109, 091601 (2016).

[33] Q. Pei, X. Wang, J. Zou, and W. Mi, Nanotechnology 29,
214001 (2018).

[34] Y. Sakamoto, T. Hirahara, H. Miyazaki, S. I. Kimura, and S.
Hasegawa, Phys. Rev. B 81, 165432 (2010).

[35] G. Landolt, S. Schreyeck, S. V. Eremeev, B. Slomski, S. Muff,
J. Osterwalder, E. V. Chulkov, C. Gould, G. Karczewski, K.
Brunner, H. Buhmann, L. W. Molenkamp, and J. H. Dil, Phys.
Rev. Lett. 112, 057601 (2014).

[36] C.-Z. Chang, K. He, L.-L. Wang, X.-C. Ma, M.-H. Liu, Z.-C.
Zhang, X. Chen, Y.-Y. Wang, and Q.-K. Xue, Spin 1, 21 (2011).

[37] H. Aramberri and M. C. Muñoz, Phys. Rev. B 95, 205422
(2017).

[38] N. Bansal, Y. S. Kim, E. Edrey, M. Brahlek, Y. Horibe, K. Iida,
M. Tanimura, G.-H. Li, T. Feng, H.-D. Lee, T. Gustafsson, E.
Andrei, and S. Oh, Thin Solid Films 520, 224 (2011).

[39] B. Huang, G. Clark, E. Navarro-Moratalla, D. R. Klein, R.
Cheng, K. L. Seyler, D. Zhong, E. Schmidgall, M. A. McGuire,
D. H. Cobden, W. Yao, D. Xiao, P. Jarillo-Herrero, and X. Xu,
Nature (London) 546, 270 (2017).

[40] B. Chen, J. H. Yang, H. D. Wang, M. Imai, H. Ohta, C.
Michioka, K. Yoshimura, and M. H. Fang, J. Phys. Soc. Jpn.
82, 124711 (2013).

[41] T. Takahashi and O. Yamada, J. Solid State Chem. 7, 25 (1973).
[42] J.-X. Yin, S. S. Zhang, H. Li, K. Jiang, G. Chang, B. Zhang, B.

Lian, C. Xiang, I. Belopolski, H. Zheng, T. A. Cochran, S.-Y.
Xu, G. Bian, K. Liu, T.-R. Chang, H. Lin, Z.-Y. Lu, Z. Wang,
S. Jia, W. Wang, and M. Z. Hasan, Nature (London) 562, 91
(2018).

084202-6

https://doi.org/10.1103/PhysRevB.92.085113
https://doi.org/10.1126/science.1167747
https://doi.org/10.1103/PhysRevLett.104.146802
https://doi.org/10.1103/PhysRevB.56.6120
https://doi.org/10.1038/nature17635
https://doi.org/10.1038/nmat4855
https://doi.org/10.1038/s41586-019-1840-9
https://doi.org/10.1103/PhysRevX.9.041038
https://doi.org/10.1126/sciadv.aax9989
https://doi.org/10.1103/PhysRevLett.123.016804
https://doi.org/10.1063/1.4822092
https://doi.org/10.1021/acs.nanolett.9b01495
https://doi.org/10.1088/0953-8984/7/1/008
https://doi.org/10.1016/0022-4596(88)90049-7
https://doi.org/10.1103/PhysRevB.100.060402
https://doi.org/10.1063/1.4821181
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevLett.77.3865
http://link.aps.org/supplemental/10.1103/PhysRevMaterials.4.084202
https://doi.org/10.1007/s11664-018-6601-2
https://doi.org/10.1103/PhysRevLett.123.047203
https://doi.org/10.1038/nphys1270
https://doi.org/10.1103/PhysRevB.98.035106
https://doi.org/10.1038/nphys1274
https://doi.org/10.1103/PhysRevLett.105.136802
https://doi.org/10.1038/nphys1689
https://doi.org/10.1063/1.4961987
https://doi.org/10.1088/1361-6528/aab5ab
https://doi.org/10.1103/PhysRevB.81.165432
https://doi.org/10.1103/PhysRevLett.112.057601
https://doi.org/10.1142/S2010324711000033
https://doi.org/10.1103/PhysRevB.95.205422
https://doi.org/10.1016/j.tsf.2011.07.033
https://doi.org/10.1038/nature22391
https://doi.org/10.7566/JPSJ.82.124711
https://doi.org/10.1016/0022-4596(73)90116-3
https://doi.org/10.1038/s41586-018-0502-7

