Journal of Physics: Condensed Matter
J. Phys.: Condens. Matter 29 (2017) 055002 (6pp)

doi:10.1088/1361-648X/29/5/055002

Interface electronic structure at the
topological insulator–ferrimagnetic
insulator junction
Y Kubota1, K Murata2, J Miyawaki1, K Ozawa3, M C Onbasli4, T Shirasawa1,
B Feng1, Sh Yamamoto1, R-Y Liu1, S Yamamoto1, S K Mahatha5,
P Sheverdyaeva5, P Moras5, C A Ross4, S Suga6, Y Harada1, K L Wang2
and I Matsuda1
1

Institute for Solid State Physics, The University of Tokyo, Kashiwa, Chiba 277-8581, Japan
Department of Electrical Engineering, University of California, Los Angeles, CA 90095, USA
3
Department of Chemistry, Tokyo Institute of Technology, Meguro, Tokyo 152-8551, Japan
4
Department of Materials Science and Engineering, Massachusetts Institute of Technology, Cambridge,
MA 02139, USA
5
Istituto di Struttura della Materia, Consiglio Nazionale delle Ricerche, Trieste, Italy
6
Institute of Scientific and Industrial Research, Osaka University, Ibaraki, Osaka 567-0047, Japan
2

E-mail: imatsuda@issp.u-tokyo.ac.jp
Received 22 September 2016, revised 27 October 2016
Accepted for publication 9 November 2016
Published 2 December 2016
Abstract

An interface electron state at the junction between a three-dimensional topological insulator
film, Bi2Se3, and a ferrimagnetic insulator film, Y3Fe5O12 (YIG), was investigated by
measurements of angle-resolved photoelectron spectroscopy and x-ray absorption magnetic
circular dichroism. The surface state of the Bi2Se3 film was directly observed and localized 3d
spin states of the Fe3+ in the YIG film were confirmed. The proximity effect is likely described
in terms of the exchange interaction between the localized Fe 3d electrons in the YIG film and
delocalized electrons of the surface and bulk states in the Bi2Se3 film.
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1. Introduction

Hall effect [14, 15], the topological magnetoelectric effect
[13, 16], and the image magnetic monopole effect [17]. There
are two methods for breaking the TRS; one is by doping
magnetic impurities (Cr, Fe and Mn) [11, 14, 15, 18, 19], and
the other is by connecting TIs to magnetic materials such as
Fe, Co and EuS [12, 20–23]. However, with the objective of
device applications, magnetic metals in contact with TIs are
not appropriate because the TI surface state is short circuited
by the metallic materials [24].
Recently, it was suggested that a ferrimagnetic insulator,
yttrium iron garnet (YIG, Y3Fe5O12) with a Curie temper
ature (TC)  ∼550 K, has the potential to be an underlayer for
magnetic TI films [24–27]. It was reported, from magnetotransport and magneto-optical measurements, that the temperature
where the Bi2Se3 has a magnetic order (TMO) reaches  ∼130 K

Topological insulators (TIs) are notable materials currently
attracting a wide interest in both fundamental and applied
research [1–3]. Although TIs show bulk insulating performance, they exhibit Dirac-like gapless bands at their surfaces
[4–10]. The surface state is ensured by time-reversal symmetry (TRS) and the spin polarization of the surface state
electrons is locked to its momentum. Because these properties
are resistant to non-magnetic external perturbations, TIs are
expected to be promising materials for new spintronic devices
[1–3].
By breaking TRS, TIs exhibit a number of interesting features, such as the gap-opening at the Dirac point [11, 12],
the half quantum Hall effect [13], the quantum anomalous
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[32]. Finally, the sample surface was capped with a 30 nmthick Se layer in order to transfer the sample wafer in air to
the ARPES measurement chamber. Removal of the capping
layer was accomplished by annealing at 190 C for  ∼10 min
in a UHV chamber prior to ARPES measurements.
The ARPES experiment was performed at the VUVphotoemission beamline at Elettra, Italy. Figure 1(e) shows
the core level photoelectron spectra of the 6 QL Bi2Se3/YIG
sample before and after the decapping procedure. In contrast
to a large and broad peak structure of the Se 3d peak for the
capped sample, a clean Bi2Se3 surface shows only a single
Se 3d doublet component that is split by the spin–orbit interaction, as reported previously [33]. On the other hand, no
apparent change was observed for the spectral features of the
Bi 5d core level. These observations indicate that the present
capping/decapping procedure was appropriate and a clean
Bi2Se3 film is left after the decapping.
XMCD measurements of the Bi2Se3/YIG samples were
made at the Fe L-edge at RT and 20 K. The experiment
was made at the high-brilliance soft x-ray beamline [34],
BL07LSU, at SPring-8, Japan.

due to the proximity effect [26]. Furthermore, TC of Cr-doped
Bi2Se3 on YIG was found to be higher than that on a nonmagn
etic substrate through magneto-transport and x-ray absorption
magnetic circular dichroism (XMCD) measurements [24, 25].
Understanding the mechanism of the proximity effect between
TI and YIG is required to realize TMO above room temperature
(RT) for practical applications.
In this paper, we present results of angle-resolved photoelectron spectroscopy (ARPES) and XMCD for Bi2Se3 films
on YIG. We have successfully observed the TI surface state in
this Bi2Se3/YIG system and obtained direct evidence that the
3d electrons of Fe in YIG induce the proximity effect at the
interface between TI and YIG.
2. Experimental methods
YIG (1 1 1) thin films (8.4 nm thick) were grown by pulsed
laser deposition (PLD) on gadolinium gallium garnet (GGG)
(1 1 1) substrates. Stoichiometric one-inch diameter YIG targets were prepared by mixing Y2O3 and Fe2O3, followed by
ball milling, calcination and sintering at 1400 C [28, 29]. The
surfaces of the GGG substrates (Supplier: MTI Crystals, Inc.)
were cleaned by ultrasonicating in acetone and then in isopropanol. PLD of YIG was carried out using a KrF coherent
excimer laser (λ = 248 nm, 400 mJ pulses at 10 Hz pulse
rate) at a growth rate of 3 nm min−1 (target-substrate distance:
85 mm) under 20 mTorr oxygen pressure (5 × 10−6 Torr base
pressure), while 10 mm × 10 mm GGG (1 1 1) substrates
were held at 650 C. After deposition and before cooling, the
oxygen pressure in the chamber was increased to 500 Torr and
then the films were annealed at 650 C. This annealing step
improved the quality of the YIG films, as reported elsewhere
[30]. The sample temperature was decreased to 200 C at 5 C
min−1 in oxygen ambient, followed by natural cooling to RT.
Figure 1(a) shows the crystal structure of YIG (space
group Ia3d). The YIG formula unit can be written as follows:
3+
3 + 2−
3+
{Y 3+
3 }[Fe 2 ](Fe 3 )O12 . The nonmagnetic yttrium ions (Y )
occupy 24c sites. Fe3+ ions occupy 16a (octahedral, O) and
24d (tetrahedral, T) lattice sites in the ratio of 2:3, respectively. The spins of these sites are antiparallel and as a result,
the unit cell is ferrimagnetic [31].
Figure 1(b) shows a schematic drawing of a Bi2Se3/YIG
heterojunction. Bi2Se3 films were grown on a YIG film prepared on GGG (YIG/GGG) using Bi and Se effusion cells. At
first, 2 quintuple layers (QLs) of Bi2Se3 were grown on YIG
at 150 C and subsequently annealed at 300 C. Then further
Bi and Se depositions were made at a sample temperature of
250 C. The thickness of the Bi2Se3 films was controlled from
3 to 6 QL by observing reflection high-energy electron diffraction (RHEED) intensity oscillations, as shown in figure 1(c).
After the deposition, the samples were annealed at 250 
C for 15 min to improve the crystalline quality. Figure 1(d)
presents the RHEED pattern of the 6 QL Bi2Se3/YIG/GGG
sample. Referred to the (0 0)-rod, streaks are identified at 2a*
and 3 × a∗ where a* represents the reciprocal lattice constant
of Bi2Se3. The pattern indicates that the Bi2Se3 films have a
multi-domain structure such as a 1 1 1 -textured structure

3. Results and discussion
3.1. Angle-resolved photoelectron spectroscopy

Figure 2(a) shows the momentum (k//: parallel to the sample
surface) distribution curves (MDCs) of the ARPES spectra
around the Γ point, taken at hν = 52.4 eV, at RT. In the ARPES
measurement, linearly polarized light was incident onto the
sample in the p-configuration. In the figure, it can be seen that
the two peaks in the MDCs at the Fermi level (EF) approach
with increasing binding energy (Eb) and overlap each other
at Eb = 0.38 eV, followed by separation at higher Eb. These
results unambiguously indicate band-crossing. The MDCs at
RT in figure 2(a) and T  =  30 K (not shown) were fitted by two
Gaussian peaks and the peak positions are plotted in the photoelectron band diagrams in figures 2(b) and (c). At T  =  30 K
and RT, the surface state band shows the Dirac-cone dispersion
around the Γ point with the Dirac point at Eb = 0.38 eV. The
band-dispersion curves were assigned to those of the Dirac surface state bands of the Bi2Se3 film as reported previously [4, 10].
The Fermi velocity of this system is v F = 5.1 × 10 5 m s−1
and this value agrees with previous studies [5, 7, 8].
For comparison, the photoelectron band diagram, taken at
hν = 23.1 eV, is also shown in figure 2(d). The observed band
between EF and 0.2 eV is assigned to the bulk conduction band
of Bi2Se3, as reported previously [4, 10] and it crosses the EF,
indicating the n-type doped nature. The electronic structures of
the surface and bulk states are essentially similar to the previous
ARPES results of Bi2Se3 films on different substrates [4, 6–10].
Due to the TI nature of the Bi2Se3 film [1–3], the existence of
the surface state at the film/vacuum interface suggests its presence also at the junction (interface) with the insulator YIG film.
Moreover, figure 2(d) implies that the Bi2Se3 bulk conduction band crosses EF at the Bi2Se3/YIG interface. It is notable
that the surface state band structure does not change with the
temperature across TMO ∼ 130 K [26], as shown in figure 2.
2
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Figure 1. (a) A schematic drawing of the crystal structure of YIG. There are two sites for Fe ions, octahedral (O) and tetrahedral (T) sites.
(b) A schematic drawing of the Bi2Se3 film prepared on a YIG(1 1 1)/GGG(1 1 1) sample. (c) The (0 0)-spot RHEED intensity oscillation
during Bi2Se3 growth on the YIG film, taken at an electron energy of 15 keV. (d) The RHEED pattern of a 6 QL Bi2Se3/YIG sample. The
symbol a* represents the reciprocal lattice constant of Bi2Se3. (e) Core level photoelectron spectroscopy spectra, taken at hν = 87.6 eV, of a
6 QL Bi2Se3/YIG sample before (red) and after (blue) decapping. These spectra were normalized to the Bi 5d5/2 peak.

Figure 2. (a) Photoelectron momentum distribution curves (MDCs), taken at hν = 52.4 eV, for the 6 QL Bi2Se3/YIG sample at RT (red
solid lines). The solid black and green lines indicate the two-peak fitting curves. (b), (c) Photoelectron band diagrams around Γ for the 6 QL
Bi2Se3/YIG sample at (b) T  =  30 K and (c) RT (hν = 52.4 eV). The solid circles correspond to the peak position from the MDCs and the
black lines are fits. (d) ARPES spectra of the 6 QL Bi2Se3/YIG sample at T  =  30 K (hν = 23.1 eV).
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Figure 3. (a) A schematic drawing of the XMCD experimental set up. (b) XAS spectra of the 3 and 6 QL Bi2Se3/YIG samples obtained

by the TEY mode at RT and 20 K. The solid red and blue lines represent the spectra taken with circular-polarized light of plus and minus
helicity (σ+, σ−), respectively. (c) XMCD spectra of 3 QL Bi2Se3/YIG at T  =  20 K (red), 6 QL Bi2Se3/YIG at T  =  20 K (green), and 6 QL
Bi2Se3/YIG at RT (blue) obtained by the TEY mode.

3.2. X-ray absorption magnetic circular dichroism

Figure 3(a) shows the XMCD measurement configuration. A
magnetic field of 0.24 T was applied by a retractable permanent magnet. The XMCD was measured at the Fe L2, 3-shell
absorption edge of YIG by the total electron yield (TEY)
and total fluorescence yield (TFY) modes. In the TFY mode,
fluorescence from the sample was detected by a silicon drift
detector (SDD). XMCD spectra were derived from the difference between the two adsorption spectra obtained by circularly polarized light of opposite helicities, where the beam
direction was set parallel to the magnetic field orientation and
to the surface normal direction. Figures 3(b) and (c) show
the Fe 2p x-ray absorption spectra (b) and XMCD (c) by the
TEY mode. The spectral shapes are mostly in agreement with
those of the Cr-doped Bi2Se3/YIG sample reported by Liu
et al [24, 25]. Since the probing depth of the present XMCD
measurement using the TEY mode is about 5 ∼ 10 nm, not
much different from the thickness of 3 nm (3 QL) and 6 nm
(6 QL) Bi2Se3 [35, 36], the XMCD signals are thought to be
essentially resulting from the Fe atoms near the Bi2Se3/YIG
boundary. The positive XMCD peaks at hν = 708 and 710 eV
and the negative peak at hν = 709.5 eV suggest opposite spin
directions for the Fe atoms at two different sites in the YIG
crystal, O (2 per formula unit) and T sites (3 per formula unit),
as expected for the ferrimagnet. In the present measurement
configuration, the macroscopic magnetic direction of the ferrimagnetic YIG film shows a negative peak for the Fe (T) site
[24, 25]. Furthermore, we notice a slight structure at the L3
pre-edge as described below.
The upper curves of figure 4(a) are the enlarged XAS
spectra of the 6 QL Bi2Se3/YIG at RT obtained by the TEY
mode at hν = 705 ∼ 708 eV. One can notice a spectral feature at hν ∼ 706.5 eV in the σ+ spectrum. Compared with the
previous x-ray absorption study [37], the spectral feature is
likely assigned to the Feδ+ (δ < 3) state in the YIG crystal. On
the other hand, the lower curves in figure 4(a) and the spectra
in figure 4(b) are the XAS results obtained by the TFY mode

Figure 4. (a) Enlarged XAS spectra of 6 QL Bi2Se3/YIG at RT in
the absorption edge region obtained by the TEY mode (upper) and
the TFY mode (bottom). Intensity enhancement is observed at the
pre-edge in the σ+ TEY spectrum (indicated by arrow). The red and
blue lines represent the spectra taken with σ+ and σ−, respectively.
(b) XAS spectra of 6 QL Bi2Se3/YIG at RT obtained by the TFY
mode.

and they essentially have very similar spectral feature as those
taken by the TEY mode, except for the pre-edge structure at
hν = 706.5 eV. Since the probing depth in the TFY mode is
10 ∼ 100 nm [36], the spectra obtained by this mode mainly
give information from Fe in the internal bulk region of YIG.
These results indicate the possible existence of the Feδ+ state
at the Bi2Se3/YIG interface. It was reported that Feδ+ states
were produced by oxygen deficiency at the surface or interface of YIG [38, 39].
3.3. Spin interaction at the interface

From the experimental results shown above, magnetic order
of Bi2Se3 at the interface is most probably associated with the
4

Y Kubota et al

J. Phys.: Condens. Matter 29 (2017) 055002

that of YIG and the magnetic moment of Feδ+ is smaller than
that of Fe3+ , one expects that the change to Feδ+ at the O site
enhances the magnetic order at the Bi2Se3/YIG interface. On
the other hand, the Fe ions could also be reduced at the T site.
However, it is not possible to argue the formation of the Feδ+
state at the T site since the corresponding faint signal of this
impurity in the XAS spectra (figures 3(b) and 4(a)) will be
completely overlapping and covered with the large spectral
peak of the Fe3+ (O) state at hν ∼ 708 eV. Because decrease of
the spin magnetic moment at the Fe (T) site results in suppression of the interface magnetic order, one should conclude that
it is unnecessary to increase the number of the Feδ+ state at the
interface. Nevertheless, our result implies a possible improvement of the interface magnetic order by the selective reduction
of the Fe3+ state at the Fe (O) site.
It is notable that not only investigating the details of the
Feδ+ state but also an appropriate analysis to determine atomic
structure at the Bi2Se3/YIG heterojunction is needed in order
to conduct a first-principles calculation to properly understand
the scenario.

Figure 5. A schematic drawing of the proximity effect at the
Bi2Se3 and YIG interface. The origin is the antiferromagnetic (AF)
exchange interaction between the spin-polarized electrons of the
Bi2Se3 film and the localized 3d electrons of the Fe3+ sites. The
Bi2Se3 Dirac surface state band produces gap-opening at the Dirac
point. The macroscopic magnetic moment of Bi2Se3 (MTI) and YIG
(MYIG) have opposite orientations from each other.

4. Summary
In summary, we provide evidence of surface state of the
Bi2Se3 film on YIG by ARPES and the significance of the
Fe3+ state for magnetic order of the Bi2Se3 at the interface
by Fe L2, 3-edge XMCD. The origin of the proximity effect is
likely described in terms of the exchange interaction between
the localized Fe3+ 3d electrons in the YIG film and the delocalized electrons of the Dirac surface state and the bulk state
in the Bi2Se3 film. This study plays a part in understanding
the proximity effect between TI and YIG, contributing to the
realization of TI-based devices.

interface spin-polarized states of the Bi2Se3 film and localized spin states of the interface Fe3+ in the YIG film. Thus,
the proximity effect would be modeled as their interactions
at the boundary. Such interface interaction has been already
investigated theoretically for a similar system that is composed of a Bi2Se3 film and an EuS substrate [40]. When the
TI film has a Dirac surface state with a gap at the Dirac point
by breaking the TRS, these delocalized spins were found to
experience an exchange interaction with the localized spins of
the 4f electrons in the Eu2+ ions [40]. Moreover, it was found
that bulk (pz-orbital) states of the Bi2Se3 film also contribute
to the spin-coupling between the TI and the magnetic mat
erial when EF is located above the minimum of the bulk conduction band [40]. By analogy, the magnetic order of Bi2Se3
at the interface can be understood as an exchange interaction
between the spin-polarized electrons in the (gapped) Dirac
surface state of the Bi2Se3 film and the localized 3d electrons
of the Fe3+ in the YIG film [22, 26], as shown in figure 5.
Moreover, there is also a contribution from the bulk electrons
in the Bi2Se3 film since the bulk conduction band crosses EF
(figure 2(d)).
Judging from the sign of the XMCD signal, one can naturally assume that the Feδ+ state originates from the Fe atom at
the O site. At a surface, the Fe ions are likely reduced by oxygen
vacancies [38, 39] that are probably formed during the film
growth process. The Feδ+ ions seem to occupy a few percent
of the Fe sites, as estimated from the XAS intensity ratio. The
3d electrons at the Fe (O) and Fe (T) sites in YIG have opposite spin orientations from each other and they individually
have antiferromagnetic interactions with the Dirac electrons
of Bi2Se3. This results in macroscopic configuration of the
opposite magnetic moments between the Bi2Se3 film and the
YIG substrate [26], as schematically shown in figure 5. Since
the spin magnetic moment at the Fe3+ (O) site is opposite to
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