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Heterostructured ferromagnet—topological
insulator with dual-phase magnetic propertiest

Shu-Jui Chang,” Pei-Yu Chuang,” Cheong-Wei Chong,” Yu-Jung Chen,®
Jung-Chun Andrew Huang, {2°°¢ Po-Wen Chen® and Yuan-Chieh Tseng {*?

The introduction of ferromagnetism at the surface of a topological insulator (T1) produces fascinating spin-
charge phenomena. It has been assumed that these fascinating effects are associated with a homogeneous
ferromagnetic (FM) layer possessing a single type of magnetic phase. However, we obtained phase
separation within the FM layer of a NiggFe,o/Bi>Sez heterostructure. This phase separation was caused by
the diffusion of Ni into Bi,Ses, forming a ternary magnetic phase of Ni:Bi,Ses. The inward diffusion of Ni
led to the formation of an FeSe phase outward, transforming the original NiggFe,o/Bi,Ses into a sandwich
structure comprising FeSe/Ni:Bi,Ses/Bi,Ses with dual-phase magnetic characteristics similar to that
driven by the proximity effect. Such a phenomenon might have been overlooked in previous studies with
a strong focus on the proximity effect. X-ray magnetic spectroscopy revealed that FeSe and Ni:BiSes
possess horizontal and perpendicular magnetic anisotropy, respectively. The overall magnetic order of
the heterostructure can be easily tuned by adjusting the thickness of the Bi,Sez as it compromises the
magnetic orders of the two magnetic phases. This discovery is essential to the quantification of spin-
charge phenomena in similar material combinations where the FM layer is composed of multiple elements.

Introduction

Heterostructures provide a versatile playground in which to
manipulate the structural, electronic, optical and magnetic
properties of thin films. New phases commonly emerge at the
interface between dissimilar materials confined within a narrow
region, resulting in exotic characteristics that differ significantly
from those of bulk materials. The interior of a topological
insulator (TI) resembles that of a conventional insulator;
however, the surface state is conductive.*™* Confining electrons
to the surface state induces novel behaviour. For example, the
momentum and spin of electrons in TIs are constrained to be
perpendicular, due to strong spin-orbit interaction. Locking the
spin momentum may enable the development of devices that
would be impossible to produce using other semiconductor
materials. A heterostructure comprising a TI and ferromagnet
(FM) enables the conversion of charge-spin current with an
extremely high efficiency.'"* This opens many opportunities for
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spintronic applications, such as the development of devices
with low power consumption and enhanced compatibility
among devices controlled using integrated circuits. Optimizing
charge-spin current conversion requires a sophisticated
understanding of the structural, electronic and/or magnetic
states, particularly at the FM/TI interface.

NigoFe,, permalloy (Py) is renowned for its permeability,'**”
low coercivity,'**®'® near zero magnetostriction**** and ease of
fabrication using inexpensive methods. Mellnik et al.*® recently
demonstrated spin-transfer torque (STT) generated by a Py/
Bi,Se; heterostructure device. Tian et al.** reported current-
induced, persistent spin polarization in a Py/Bi,Te,Se material
combination. Spin-orbit torque (SOT) has also been demon-
strated in systems comprising CoFe and Bi,Se;.>*** It is gener-
ally believed that these fascinating physical effects are due to
the FM/TI heterostructure, based on the premise that the
interface is atomically abrupt in cases where the FM layer
comprises a pure single phase with one type of magnetic order.
However, in this study, high-resolution transmission electron
microscopy and synchrotron X-rays analysis revealed thermo-
dynamically stable chalcogen compounds (F-Se and Ni-Se
related phases) in the vicinity of a Py/Bi,Se; interface with
variable magnetic phase/order. These effects were observed
despite the fact that the characteristics of Bi,Se; TI remained
intact. Our results revealed that an intermediate phase may
unexpectedly emerge during the formation of the FM/TI;
however, this field remains in its infancy. With the emergence
of a new ground state, the striking effects associated with spin
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transfer/orbital torque and spin-momentum locking could be
altered in an unpredictable manner as a result of the re-oriented
magnetic order at the interface. This also raises concerns as to
whether the fascinating behaviour mentioned above (i.e. STT
and SOT) arises from a presumably perfect FM/TI interface or
whether a third phase plays a secondary role to the proximity
effect>®?® that has yet to be elucidated. This is a particularly
thorny issue from the perspective of quantifying spin-charge
phenomena, which is a crucial issue in spintronics. For
example, our results indicate that some intermediate phases are
highly sensitive to interfacial magnetic anisotropy. In this study,
we sought to elucidate the development and behaviour of novel
phases within FM/TI heterostructures to aid in the further
development of heterostructures with predictable interfacial
bonding.

Experimental
Method

Ag/Py/Bi,Se; was sequentially deposited as a series of layers on
a c-plane sapphire substrate. Bi,Se; thin films were grown using
a molecular beam epitaxy (MBE) system (AdNaNo Corp. mode,
model MBE-9) in an ultra-high vacuum chamber with a base
pressure of 2.75 x 10~% Pa. Bi (99.99%) and Se (99.999%)
precursors were evaporated using Knudsen cells to ensure
control over the content settling on the substrate, with flux
monitoring using a quartz crystal micro-balance. The growth
temperature and Bi/Se flux ratio were respectively maintained at
290 °C and 1:15 under 1.33 x 10 Pa, resulting in growth
rates of 0.2 to 0.3 QL per min.*”*® Prior to the deposition of the
Py and Ag capping molecules, the sputtering chamber was
evacuated to less than 6.66 x 10> Pa to avoid contamination.
Py (2 nm) and Ag (2 nm) were deposited using radio frequency
(RF) sputtering under 4.9 Pa at room temperature, resulting in
growth rates of 0.48 and 3.24 nm min~", respectively. MBE-
grown Bi,Se; was transferred directly into the sputter
chamber without breaking the ultra-high vacuum. The thick-
ness of the Bi,Se; was varied (5 nm, 20 nm and 40 nm), and the
samples were respectively denoted as Py/Bi,Se;-5 nm, Py/Bi,Se;-
20 nm and Py/Bi,Se;-40 nm.

Characterizations

Transmission electron microscopy was used to probe the
microstructure and high-resolution imaging was used to obtain
atomic-scale images. Spatially resolved energy dispersive X-ray
(EDX) attached to TEM was used to characterize the composi-
tional distribution across the interface. The epitaxial charac-
teristics and crystallographic properties of the films were
examined using synchrotron-based, high-resolution X-ray scat-
tering with a photon energy of 8 keV. Synchrotron radiation
photoelectron spectroscopy (SR-PES) was used to characterize
the chemical structure, particularly on the sample surfaces.
Angle-resolved photoemission spectroscopy (ARPES) was used
(incident energy of 22 eV) to probe the Dirac point of the surface
states of the Bi,Se; films. The angular resolution was approxi-
mately 0.2°, which resulted in an energy resolution exceeding 12
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meV. X-ray absorption spectra (XAS) and X-ray magnetic circular
dichroism spectra (XMCD) were collected over Ni/Fe L,/Ls-edges
to provide element-specific, spin-dependent electronic infor-
mation. All the XAS and XMCD data were respectively normal-
ized to the post-edge jump and XAS integration. This was done
to ensure reliable quantitative comparisons by regularizing the
data with respect to any variations in absorber concentration
and other aspects of the measurement. Magnetic-field and
temperature-dependent magnetization measurements were
conducted using a vibrating sample magnetometer (Quantum
Design Versalab). The low-temperature magnetic properties
(<50 K) were analyzed by a superconducting quantum interfer-
ence device (SQUID) magnetometer.

Results and discussion

Fig. 1(a) presents the ARPES band mapping of the Py/Bi,Se;-
40 nm sample after removal of the Py capping layer (full
disappearance of Ni and Fe signals in an element-resolved
analyzer attached to ARPES) using Ar' sputtering attached to
the ARPES chamber. Therefore, the presented ARPES corre-
spond to the pure bottom Bi,Se;. We observed two bands with
anearly linear dispersion at the I" point, which formed a conical
band representing the topological surface states (TSS) with the
Dirac point at a binding energy of 0.4 eV. The binding energies
exceeding 0.4 eV in the bulk valence band are characteristic of
a TI and an indication that the MBE-grown Bi,Se; possessed
high crystallinity. Fig. 1(b) presents the azimuthal scan patterns
at the {113} plane of the sapphire substrate (lower figure) and at
the {015} plane of the Bi,Se; film (upper figure) and it shows
sharp diffraction peaks exhibiting the expected six-fold
symmetry, where six-fold rotational peaks both for Bi,Se;
(015) and sapphire (113) with 60° can be identified, respectively.
This confirms the in-plane orientation relationship between
Bi,Se; and the c-sapphire substrate. From a crystallographic
perspective, this is an indication of epitaxial growth. Fig. 2(a)
and (b) present the SR-PES spectra of Bi 4f and Se 3d in the as-
grown Bi,Se; without Py capping, where the X-ray incident
energy was fixed at 380 and 250 eV, respectively. This approach
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Fig. 1 X-ray characterization of the electronic and structural prop-
erties. (a) ARPES spectra of Bi,Ses film taken along the I'-K direction,
identifying details of the band structure (Fermi-level, surface state
band, Dirac point and bulk valence band). X-ray azimuthal scans of the:
(b) BiySes film and (c) sapphire substrate.
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Fig. 2 SR-PES spectra of the Bi,Ses film. (a) Bi-4f and (b) Se-3d
doublet peaks with curve fittings. The incident energy was fixed at 380
and 250 eV for Bi-4f and Se-3d, respectively.

was intended to acquire photoelectrons at a constant kinetic
energy of 200 eV in order to optimize the surface sensitivity of
pure Bi,Se; by eliminating the influence from Py. The Bi/Se area
ratio was estimated by curve-fitting as 1.49, indicative of a stoi-
chiometric composition close to the ideal Bi,Se; formula.
Details of the curve-fitting are outlined in Fig. S-1.1 The above
results confirm the high quality of the Bi,Se; grown by MBE.*”*

Fig. 3(a) presents a cross-sectional TEM image of the Ag/Py/
Bi,Se; heterostructure with a Bi,Se; thickness of 40 nm. Fig. 3(b),
(), (d), (e) present spatial elemental-mapping of Fe, Ni, Bi and
Se, respectively. Discontinuities in the Ag capping layer were

Fig. 3 TEM characterization and EDX chemical mapping of the Py/
Bi,Ses heterostructure. (a) Cross-sectional TEM image of the hetero-
structure. EDX mapping of (b) Fe, (c) Se, (d) Bi and (e) Ni. The inset in (a)
is an HRTEM image of the selected region of the heterostructure, in
which the dashed lines identify the intermediate phases with crystal-
linity and lattice spacing different from those of amorphous Py (top)
and epitaxial Bi,Sesz (bottom).
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unavoidable, due to the use of a focused ion beam during the
TEM preparation process.>®*° An intermediate phase (thickness
of ~10 nm) was observed between the amorphous Py and
epitaxial Bi,Se;. Spatial elemental-mapping revealed a homoge-
neous phase of Bi,Se;, with Bi and Se uniformly populating the
Bi,Se; layer. However, we observed that the Ni and Fe were
phase-separated, with Fe preferentially remaining in the upper
region and Ni penetrating into the Bi,Se;. The relatively rapid
self-diffusion of Ni (exceeding that of Fe)***> enhanced diffusion
towards the inner layer, which resulted in a new phase with
Bi,Se;. This phase separation was responsible for the interme-
diate phase observed in the TEM images. We also obtained this
intermediate phase in the other two samples (Py/Bi,Se;-5 nm
and Py/Bi,Se;-20 nm), with detailed characterizations (TEM and
EDX) given in Fig. S-2.1 Note that the Py film was deposited using
a high-quality, single-phase NigoFe,, target at a low deposition
rate (0.48 nm min '). The resulting films were also free from
thermal-induced inter-diffusion, as annealing was not per-
formed. In Fig. 3(c), the overlapping region between Ni and
Bi,Se; in the Py/Bi,Se;-40 nm sample is approximately 10 nm,
which is far thicker than the Py layer (2 nm). The Ni:Bi,Se;
overlapping regions of the Py/Bi,Se;-5 nm and Py/Bi,Se;-20 nm
samples were also obtained. These findings help to rule out the
possibility that the phase separation was due to the extreme
thinness of the Py layer. Instead, phase separation appears to be
intrinsic to the Py when deposited on Bi,Ses. It should be noted
that in Fig. 3(d), Se reached the upper Fe layer by diffusing across
the Ni-Se overlapping region, whereas Bi remained within the
Bi,Se; layer. This implies that Se is more chemically active than
Bi, and therefore plays a more important role in phase separa-
tion. The formation of FeSe and Ni:Bi,Se; phases atop the Bi,Se;
layer was confirmed by the XANES results, as discussed later.
Bi,Se; is a layer-by-layer (LbL) structure with ionic-covalent
bonded quintuple (QL) slabs formed by a periodic arrange-
ment of layers aligned perpendicularly along the z-direction with
weak van der Waals forces. Thus, there is a van der Waals gap
(~0.41 nm) between each QL.*** Ni can either intercalate into
the van der Waals gaps between adjacent QLs, or occupy the
interstitial sites within QL. This is because Ni has an elemental
radius (125 pm) smaller than the van der Waals gap, which
enables it to occupy interstitial sites.>**® The Pauling electro-
negativity values of Ni and Fe are 1.91 and 1.83, respectively.
Both of these values are lower than that that of Bi (2.02).

The two above-mentioned effects are possibly responsible for
the formation of Ni:Bi,Se; (ref. 37-39) and FeSe compounds****
as considering the XANES results. The inset of Fig. 3(a) presents
a high-resolution image of the interface. The as-deposited Py
exhibits an amorphous microstructure. We probed the chem-
ical state and local coordination of the intermediate phase
using SR-PES and XANES, respectively. Fig. 4(a) presents the SR-
PES of Se 3d obtained from the Py/Bi,Se;-40 nm sample. This is
an indication of the extreme sensitivity in the uppermost region
of the film after the capping of Bi,Se; with Py. Compared to
Fig. 2(b), we can see an additional shoulder in the Se 3d spectra
at a binding energy of ~52.8 eV, which corresponds to Fe-Se
bonding. It appears that the capping of Bi,Se; with Py resulted
in a new phase of FeSe. Fig. 4(b) and (c) compare the K-edge
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Fig.4 SR-PES and XANES of the Py/Bi,Ses heterostructure. (a) SR-PES
Se 3d spectrum of Py/Bi,Sez-40 nm heterostructure after Ar ion
etching for 8 min at 2 keV, showing curve-fitting for Se—Bi, Se—Se, Se—
Fe, Se-O bonding; (b) Fe K-edge, (c) Ni K-edge, and (d) Se K-edge
XANES spectra with Bi,Sesz thickness-dependence.

XANES spectra of Fe and Ni for the thickness-dependent Py/
Bi,Se; and pure Py. The Fe XANES results for pure Py are
identical to those for metallic Fe,**** whereas the Fe XANES line-
shape from Py/Bi,Se; is similar to that of FeSe, with the p-like
symmetry indicating strong covalent bonding.**** The Se XPS
and Fe XANES results suggest that the phase-separated Fe
formed a FeSe phase in the uppermost region of the film. Ni was
also electronically modified by Bi,Se;; however, this resulted in
a XANES line-shape different from that of Py. The reformed Ni
XANES line-shape suggests the formation of Ni dichalcogenides
(NiSe,).***” We observed three major structures in the Ni XANES
results. The pre-edge feature at ~8333 eV (peak A) corresponds
to an electronic transition to empty e, states. The second
structure was observed at ~8339 eV (peak B), which can be
attributed to a transition to the Ni 4sp band. The third structure
at ~8349 eV (white-line peak, peak C) is related to a p-like
symmetry state, which is typically sensitive to Ni's d orbital
mixing with Se 4p bands.*”*® Fig. S-31 outlines the differential
Ni XANES results used to indicate such a delicate transition.
Fig. 4(d) presents the Se K-edge XANES results of all the
samples in this investigation, together with the Se K-edge
XANES of pure Bi,Se; without Py capping. The XANES line-
shape suggests that the compound features an Se*>~ electronic
state, as identified by peaks D, E and F.***! Peak D (~12 659 eV)
is associated with hybridized Se p-TM (TM = Ni and Fe) d states.
Peak E (~12 668 eV) is associated with the e, antibonding state
associated with the Se site. This state is related to the local
structure of the Se and is a dominant feature of FeSe
compounds.**** Peak F (~12 677 eV) refers to multiple scat-
tering from the symmetrical Se 4sp states in the coordination
surroundings. It is more evident in Bi,Se; than in TM sele-
nides.*>*® The oscillation patterns (except for peak D) of pure
Bi,Se; were more distinct than those of Py/Bi,Se;. This was ex-
pected, due to the fact that the absorption edge exhibits a strong
dependence on the peak position with respect to the changes in

7788 | RSC Adv., 2018, 8, 7785-7791

View Article Online

Paper

TM hybridization with Se. This also means that from the
perspective of Se, the electronic and atomic coupling was
altered by the introduction of Py. Given that FeSe is indepen-
dent of Bi,Se; thickness (Fig. 4(b)), an increase in the thickness
of Bi,Se; empties the Se p state, as reflected by the increase in
the intensity of peak D. This reflects an increase in the contri-
bution of Bi to bonding in these structures.**** The multiple
scattering of peak E presents a slight shift towards higher
energies, mainly due to changes in the local geometry around
the Se atoms.*>** This points to a stronger Bi-Se hybridization.
Peak E appeared prominent in the thinnest Bi,Se; sample (Py/
Bi,Se;-5 nm). The fact that this peak is a dominant feature of
FeSe***' means that FeSe is more dominant in the Py/Bi,Se;-
5 nm sample due to the thinnest (i.e. weakest) Bi,Se; layer.
Increasing the thickness of the Bi,Se; destabilized the Bi,Se;
phase (peak F) at the expense of FeSe (peak E).

Our TEM and XANES results confirm that all of the samples
presented a FeSe/Ni:Bi,Ses/Bi,Se; sandwiched structure. In all
of the samples, the thickness of the FeSe phase was ~2 nm. The
thickness of the Ni:Bi,Se; phase was as follows: Py/Bi,Se;-5 nm
(1.5 nm), Py/Bi,Se;-20 nm (8 nm) and Py/Bi,Se;-40 nm (10 nm).
When starting with the same Py thickness (2 nm), we found that
an increase in Bi,Se; made the Ni:Bi,Se; phase more robust,
indicating that Bi,Se; has a strong tendency to form the
Ni:Bi,Se; phase. In other words, Ni:Bi,Se; behaves like a second
ferromagnetic phase®* (after FeSe). The presence of two
intermediate phases can produce a magnetic order different
from that of pure Py; however, this minimizes the likelihood of
changes in the topological properties of Bi,Se;. This may
explain why the issue of phase separation in the FM layer was
disregarded in previous studies on Py/Bi,Se; and CoFe/
Bi,Te,Se.'»?224

In the following, we examine the magnetic hysteresis (M-H)
loops in order to shed light on the issue of the magnetic order.
All the M-H data were normalized to the volume of the corre-
sponding sample to ensure reasonable quantitative compari-
sons. Fig. 5(a) presents the in-plane and out-of-plane M-H of
pure Py at room temperature. The pure Py exhibits strong in-
plane anisotropy (IMA), as described in previous
studies.’®'**>%¢ Fig. 5(b), (c) and (d) present the in-plane and
out-of-plane M-H for the Py/Bi,Se;-5 nm, Py/Bi,Se;-20 nm and
Py/Bi,Se;-40 nm samples, respectively. Interestingly, in the
presence of Bi,Se;, Py loses IMA, and its saturation magneti-
zation (M) is heavily suppressed. This implies that the forma-
tion of FeSe and Ni:Bi,Se; weaken the magnetic order of the
original Py, and there exists a magnetic re-orientation as the
fraction of FeSe/Ni:Bi,Se; changes. This was supported by the
in-plane and out-of-plane remanence ratios My/Mg,, as shown
in Fig. S-4,7 wherein an increase in the thickness of Bi,Se;
caused a switch from IMA to PMA. This could be due to the
proximity effect or interface-induced changes in magnetization.
Previous studies found that by breaking the time-reversal
symmetry of TI using magnetic dopants® or FM capping,*
strong spin-orbit coupling could be used to modify magnetic
anisotropy, leading to an out-of-plane magnetic moment in TI.
Fig. 6(a), (b), (c) and (d) present the temperature-dependent (60
and 300 K) out-of-plane M-H for pure the Py, Py/Bi,Se;-5 nm, Py/

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Room temperature magnetic properties. M—H curves with
Bi,Ses thickness-dependence measured at 300 K, along the in-plane
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Bi,Se;-20 nm and Py/Bi,Se;-40 nm samples, respectively, where
the M-H data were collected by field-cooling the samples with
a magnetic field of 2 Tesla. H. enhancement and exchange bias
were not obtained at low temperature. This rules out the
possibility of an antiferromagnetic (AFM)* or interface
canting®® contribution to the IMA-PMA switch through the
proximity effect. Besides, from the temperature-dependent
magnetization data (Fig. S-51), we found that the out-of-plane
M, was significantly promoted over the in-plane M, with the
increase of Bi,Se; thickness over a broad temperature range.
This was somehow unexpected from the proximity effect,
because the proximity effect typically diminishes at high
temperature. All these facts suggest that there exists another
factor (i.e. a phase separation effect) additional to the proximity
effect that is likely responsible for the IMA-PMA switch.
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To understand the moment alighment with respect to the
dual magnetic phase from an atomic viewpoint, we used Fe/Ni
XMCD along the in-plane and out-of-plane directions to calcu-
late the spin-orbit energy (AEso) according to the sum rule.”®*
The obtained Fe/Ni XMCD signals confirmed that FeSe and
Ni:Bi,Se; have a ferromagnetic and ferromagnetic-insulator
phase, respectively. Details of these calculations are presented
in Fig. S-6.1 Magnetocrystalline anisotropy (MCA) in magnetic
thin films is based on symmetry breaking at the interface, where
the MCA energy corresponds to the energetic difference in spin
orientation. According to the Bruno model,*® AEsq is a physical
quantity correlating the MCA energy and the orbital moment of
the probed element, referring to the magnetic alignment along
the out-of-plane (negative AEso) or in-plane (positive AEgo)
direction, depending on the sign of AEso. Fig. 7(a) compares
AEgo and the effective MCA constant (Keg) in terms of Bi,Ses
thickness. K¢ is calculated from M-H. Interestingly, the AEgq of
Fe is weakened by an increase in Bi,Se; thickness, whereas the
AEgo of Ni is independent of Bi,Se; thickness. This provides
straightforward evidence that the FeSe phase determines the
changes in the magnetic anisotropy observed in thickness-
dependent M-H (Fig. 5). The fact that the AEgo of Fe is nega-
tive in all the samples means that the FeSe phase is of a weak
PMA in nature; however, this is increased by an increase in the
thickness of Bi,Se;. Conversely, the positive AEgo of Ni is
indicative of the IMA of Ni:Bi,Se;, which is independent of
Bi,Se; thickness. It is worth noting that the two magnetic
phases have opposite magnetic orders. We calculated the
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Fig. 6 Temperature-dependent magnetic properties. Out-of-plane
M-H curves with Bi,Ses thickness-dependence measured at 60 and
300 K, for: (a) pure Py, (b) Py/Bi,Ses-5 nm, (c) Py/Bi,Sesz-20 nm and (d)
Py/Bi,Ses-40 nm. All the M—H curves were normalized to the sample
area to ensure a reasonable quantitative comparison.
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Bi,Se; thickness

Fig. 7 Spin-orbit energy calculations. (a) Dependence of Fe-, Ni- and
composition-weighted-spin—orbit energy (AEso) (unit on left y-axis)
on Bi,Ses thickness. Ker (unit on right y-axis) versus Bi,Sesz thickness
superimposed for comparison. (b) Schematic illustration showing the
evolution of the interfacial magnetic orders of FeSe and Ni:Bi,Ses
phases in response to changes in the thickness of Bi,Ses. Green and
red arrows refer to Fe and Ni moments, respectively. The proximity
effect (golden arrows) is included.
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composition-weighted AEgo (80% Ni and 20% Fe) and super-
imposed this in Fig. 7(a). The composition-weighted AEs refers
to the overall anisotropy compromised by FeSe and Ni:Bi,Se;
with their quantities. The trend of weighted AEgq coincides with
that of K. in terms of Bi,Se; thickness. This presents a consis-
tent picture from the atomic (i.e. AEso) and macroscopic (i.e.
Kegr) perspectives. This, in turn, only strengthens the fact that
phase separation causes a re-orientation in the magnetic order
and helps to explain how FeSe and Ni:Bi,Se; interact. In
Fig. 7(b), we illustrate the evolution of the two types of magnetic
order with changes in the thickness of Bi,Se;. Given a Bi,Se;
layer 5 nm in thickness, FeSe exhibited a very weak PMA.
Increasing the thickness of Bi,Se; strengthens the PMA of FeSe
by lowering AEso, reaching the highest value when Bi,Se; was
40 nm thick. Nevertheless, the IMA nature of Ni:Bi,Se; persisted
throughout the entire range of thicknesses. It appears that the
magnetic coupling between the two magnetic phases deter-
mines the overall magnetic order of the heterostructure.
However, we believe that the proximity effect (golden arrows in
Fig. 7(b)) cannot be ignored in the anisotropy-switching mech-
anism in consideration of the enhanced perpendicular
magnetization at low temperature (Fig. 6 and S-51), but its
influence on the overall magnetic order is secondary to the
phase separation effect in this case.

Conclusions

TIs are known for their unique surface state, wherein electrons
are extremely mobile but the bulk material is not conductive.
The fact that electrons carry spin means that TIs might make
spintronic components feasible. Thus, the integration of TIs
with FM materials is attracting considerable attention in the
scientific community. Despite an awareness of the importance
of the FM/TT heterostructure, the homogeneity of the interface
still has much to be understood. This raises the question of
whether interface-driven phenomena are only associated with
the proximity effect based on a single, homogeneous FM phase
with one type of magnetic phase, or whether they arise from
a dual magnetic phase caused by inter-diffusion, in which the
macroscopically observed magnetic order is a compromised
phenomenon. This work demonstrates the existence of phase
separation in the Py/Bi,Se; heterostructure. It is possible that
this phenomenon exists in other similar material combinations
but has been disregarded due to its negligible influence on TI
properties. This work also revealed strong coupling between the
two magnetic phases. Refinement of the TI phase increases the
versatility of the heterostructure from the perspective of
magnetic order. We found that controlling the magnetic order
relies on manipulation of the separate FeSe and Ni:Bi,Se;
phases via magnetic coupling. Despite a global effort to eluci-
date the unique properties of TIs, this is the first work to
discover these unexpected behaviours beyond the proximity
effect at the FM/TI interface.

Conflicts of interest

There are no conflicts to declare.

7790 | RSC Adv., 2018, 8, 7785-7791

View Article Online

Paper

Acknowledgements

This work was supported by the Ministry of Science & Tech-
nology and Institute of Nuclear Energy Research, Taiwan, under
Grant Nos MOST 104-2633-M-009-001 & 107-2633-E-009-003 and
106-2001-INER-022, respectively.

Notes and references

1 Z. Chen, L. Zhao, K. Park, T. A. Garcia, M. C. Tamargo and
L. Krusin-Elbaum, Nano Lett., 2015, 15, 6365.

2 P. Lee, K. H. Jin, S. J. Sung, J. G. Kim, M. T. Ryu, H. M. Park,
S. H. Jhi, N. Kim, Y. Kim, S. U. Yu, K. S. Kim, D. Y. Noh and
J. Chung, ACS Nano, 2015, 9, 10861.

3 T. Shoman, A. Takayama, T. Sato, S. Souma, T. Takahashi,
T. Oguchi, K. Segawa and Y. Ando, Nat. Commun., 2015, 6,
6547.

4 W. Liu, L. He, Y. Xu, K. Murata, M. C. Onbasli, M. Lang,
N. J. Maltby, S. Li, X. Wang, C. A. Ross, P. Bencok, G. van
der Laan, R. Zhang and K. L. Wang, Nano Lett., 2015, 15, 764.

5 C. H. Li, O. M. J. van 't Erve, J. T. Robinson, Y. Liu, L. Li and
B. T. Jonker, Nat. Nanotechnol., 2014, 9, 218.

6 H. Zhang, C. X. Liu, X. L. Qi, X. Dai, Z. Fang and S. C. Zhang,
Nat. Phys., 2009, 5, 438.

7 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.,
2010, 6, 584.

8 L. Andrew Wray, S. Y. Xu, Y. Xia, D. Hsieh, A. V. Fedorov,
Y. S. Hor, R. J. Cava, A. Bansil, H. Lin and M. Zahid Hasan,
Nat. Phys., 2011, 7, 32.

9 J. G. Analytis, R. D. McDonald, S. C. Riggs, J. H. Chu,
G. S. Boebinger and I. R. Fisher, Nat. Phys., 2010, 6, 960.

10 A. A. Baker, A. 1. Figueroa, L. J. Collins-McIntyre, G. van der
Laan and T. Hesjedal, Sci. Rep., 2015, 5, 7907.

11 H. B. Zhang, H. Li, J. M. Shao, S. W. Li, D. H. Bao and
G. W. Yang, ACS Appl. Mater. Interfaces, 2013, 5, 11503.

12 H. Zhang, X. Zhang, C. Liu, S. T. Lee and J. Jie, ACS Nano,
2016, 10, 5113.

13 J. Tang, L. T. Chang, X. Kou, K. Murata, E. S. Choi, M. Lang,
Y. Fan, Y. Jiang, M. Montazeri, W. Jiang, Y. Wang, L. He and
K. L. Wang, Nano Lett., 2014, 14, 5423.

14 Y. Fan, P. Upadhyaya, X. Kou, M. Lang, S. Takei, Z. Wang,
J. Tang, L. He, L. T. Chang, M. Montazeri, G. Yu, W. Jiang,
T. Nie, R. N. Schwartz, Y. Tserkovnyak and K. L. Wang,
Nat. Mater., 2014, 13, 699.

15 A.R. Mellnik, J. S. Lee, A. Richardella, J. L. Grab, P. J. Mintun,
M. H. Fischer, A. Vaezi, A. Manchon, E.-A. Kim, N. Samarth
and D. C. Ralph, Nature, 2014, 511, 449.

16 H. L. Seet, X. P. Li, Z. J. Zhao, Y. K. Kong, H. M. Zheng and
W. C. Ng, J. Appl. Phys., 2005, 97, 10N304.

17 W. D. Doyle, X. He, P. Tang, T. Jagielinski and N. Smith, J.
Appl. Phys., 1993, 73, 5995.

18 R. L. Sommer, A. Glindel and C. L. Chien, J. Appl. Phys., 1999,
86, 1057.

19 R. Ranchal, C. Aroca and E. Lopez, J. Appl. Phys., 2006, 100,
103903.

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8ra00068a

Open Access Article. Published on 19 February 2018. Downloaded on 7/19/2025 4:55:50 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

20 Y. K. Kim and T. ]. Silva, Appl. Phys. Lett., 1996, 68, 2885.

21 R. H. Page, C. S. Gudeman and V. J. Novotny, J. Appl. Phys.,
1989, 65, 3586.

22 J. Tian, S. Hong, 1. Miotkowski, S. Datta and Y. P. Chen, Sci.
Adv., 2017, 3, e1602531.

23 M. Jamalj, J. S. Lee, J. S. Jeong, F. Mahfouzi, Y. Lv, Z. Zhao,
B. K. Nikoli¢, K. A. Mkhoyan, N. Samarth and J. P. Wang,
Nano Lett., 2015, 15, 7126.

24 B. Xia, P. Ren, A. Sulaev, Z. P. Li, P. Liu, Z. L. Dong and
L. Wang, AIP Adv., 2012, 2, 042171.

25 M. Li, C. Zu Chang, B. J. Kirby, M. E. Jamer, W. Cui, L. Wu,
P. Wei, Y. Zhu, D. Heiman, J. Li and J. S. Moodera, Phys. Rev.
Lett., 2015, 115, 087201.

26 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, 2016, 533, 513.

27 Y. H. Liuy, C. W. Chong, J. L. Jheng, S. Y. Huang,
J. C. A. Huang, Z. Li, H. Qiu, S. M. Huang and
V. V. Marchenkov, Appl. Phys. Lett., 2015, 107, 012106.

28 Y. Tung, Y. F. Chiang, C. W. Chong, Z. X. Deng, Y. C. Chen,
J. C. A. Huang, C. M. Cheng, T. W. Pi, K. D. Tsuei, Z. Li and
H. Qiu, J. Appl. Phys., 2016, 119, 055303.

29 M. Rycenga, C. M. Cobley, J. Zeng, W. Li, C. H. Moran,
Q. Zhang, D. Qin and Y. Xia, Chem. Rev., 2011, 111, 3669.

30 R. Gottesman, S. Shukla, N. Perkas, L. A. Solovyov, Y. Nitzan
and A. Gedanken, Langmuir, 2011, 27, 720.

31 G. Simon and E. ]J. Essene, Econ. Geol., 1996, 91, 1183.

32 J. R. Macewan, J. U. Macewan and L. Yaffe, Can. J. Chem.,
1959, 37, 1629-1639.

33 S. V. Eremeev, M. G. Vergniory, T. V. Menshchikova,
A. A. Shaposhnikov and E. V. Chulkov, New J. Phys., 2012,
14, 113030.

34 Y.L.Wang, Y. Xu, Y. P. Jiang, J. W. Liu, C. Z. Chang, M. Chen,
Z. Li, C. L. Song, L. L. Wang, K. He, X. Chen, W. H. Duan,
Q. K. Xue and X. C. Ma, Phys. Rev. B: Condens. Matter
Mater. Phys., 2011, 84, 075335.

35 J. Zhang, J. Sun, Y. Li, F. Shi and Y. Cui, Nano Lett., 2017, 17,
1741.

36 M. Bianchi, R. C. Hatch, Z. Li, P. Hofmann, F. Song, J. Mi,
B. B. Iversen, Z. M. Abd El-Fattah, P. Loptien, L. Zhou,
A. A. Khajetoorians, J. Wiebe, R. Wiesendanger and
J. W. Wells, ACS Nano, 2012, 6, 7009.

37 C. Gayner, R. Sharma, M. K. Das and K. K. Kar, J. Alloys
Compd., 2017, 699, 679.

38 S. Chen, T. Yang, C. Wu, H. Hsiao, H. Chu, J. Huang and
T. Liou, J. Alloys Compd., 2016, 686, 847.

39 W. Liu, H. Wang, L. Wang, X. Wang, G. Joshi, G. Chen and
Z. Ren, J. Mater. Chem. A, 2013, 1, 13093.

40 T. Schlenk, M. Bianchi, M. Koleini, A. Eich, O. Pietzsch,
T. O. Wehling, T. Frauenheim, A. Balatsky, J. L. Mi,
B. B. Iversen, J. Wiebe, A. A. Khajetoorians, Ph. Hofmann
and R. Wiesendanger, Phys. Rev. Lett., 2013, 110, 126804.

This journal is © The Royal Society of Chemistry 2018

View Article Online

RSC Advances

41 A. Polyakov, H. L. Meyerheim, E. Daryl Crozier, R. A. Gordon,
K. Mohseni, S. Roy, A. Ernst, M. G. Vergniory, X. Zubizarreta,
M. M. Otrokov, E. V. Chulkov and J. Kirschner, Phys. Rev. B:
Condens. Matter Mater. Phys., 2015, 92, 045423.

42 S. M. Kim, P. M. Abdala, T. Margossian, D. Hosseini,
L. Foppa, A. Armutlulu, W. van Beek, A. Comas-Vives,
C. Copéret and C. Miiller, J. Am. Chem. Soc., 2017, 139, 1937.

43 D. Carta, G. Mountjoy, R. Apps and A. Corrias, J. Phys. Chem.
C, 2012, 116, 12353.

44 C. L. Chen, S. M. Rao, C. L. Dong, J. L. Chen, T. W. Huang,
B. H. Mok, M. C. Ling, W. C. Wang, C. L. Chang,
T. S. Chan, ]. F. Lee, J. H. Guo and M. K. Wu, Europhys.
Lett., 2011, 93, 47003.

45 B.Joseph, A. Iadecola, L. Simonelli, Y. Mizuguchi, Y. Takano,
T. Mizokawa and N. L. Sain, J. Phys.: Condens. Matter, 2010,
22, 485702.

46 C. Marini, B. Joseph, S. Caramazza, F. Capitani, M. Bendele,
M. Mitrano, D. Chermisi, S. Mangialardo, B. Pal and
M. Goyal, J. Phys.: Condens. Matter, 2014, 26, 452201.

47 F. E. Huggins, K. C. Galbreath, K. E. Eylands, L. L. Van Loon,
J. A. Olson, E. . Zillioux, S. G. Ward, P. A. Lynch and P. Chu,
Environ. Sci. Technol., 2011, 45, 6188.

48 A. Kisiel, P. Zajdel, P. M. Lee, E. Burattini and W. Giriat, J.
Alloys Compd., 1999, 286, 61.

49 A. 1. Figueroa, G. van der Laan, L. J. Collins-McIntyre,
G. Cibin, A. J. Dent and T. Hesjedal, J. Phys. Chem. C, 2015,
119, 17344.

50 B.D. Gibson, D. W. Blowes, M. B. Lindsay and C. J. Ptacek, /.
Hazard. Mater., 2012, 241-242, 92.

51 A. A. Rahman, R. Huang and L. Whittaker-Brooks, Chem.
Mater., 2016, 28, 6544.

52 A. Wolska, R. Bacewicz, J. Filipowicz and K. Attenkofer, J.
Phys.: Condens. Matter, 2001, 13, 4457.

53 H. Yang, L. G. Liu, M. Zhang and X. S. Yang, Solid State
Commun., 2016, 24, 26.

54 J. Zhang, J. P. Velev, X. Dang and E. Y. Tsymbal, Phys. Rev. B,
2016, 94, 014435.

55 D. Stamopoulos, E. Manios and M. Pissas, Phys. Rev. B:
Condens. Matter Mater. Phys., 2007, 75, 184504.

56 X. M. Liu, H. T. Nguyen, J. Ding, M. G. Cottam and
A. O. Adeyeye, Phys. Rev. B: Condens. Matter Mater. Phys.,
2014, 80, 064428.

57 Q. L. He, X. Kou, A. J. Grutter, G. Yin, L. Pan, X. Che, Y. Liu,
T. Nie, B. Zhang, S. M. Disseler, B. J. Kirby, W. Ratcliff II,
Q. Shao, K. Murata, X. Zhu, G. Yu, Y. Fan, M. Montazeri,
X. Han, J. A. Borchers and K. L. Wang, Nat. Mater., 2017,
16, 94.

58 D. Weller, Y. Wu, J. Stohr, M. G. Samant, B. D. Hermsmeier
and C. Chappert, Phys. Rev. B: Condens. Matter Mater. Phys.,
1994, 49, 12888.

59 J. Stohr, J. Magn. Magn. Mater., 1999, 200, 470.

60 P. Bruno, Phys. Rev. B: Condens. Matter Mater. Phys., 1989, 39,
865.

RSC Adv., 2018, 8, 77857791 | 7791


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8ra00068a

	Heterostructured ferromagnettnqh_x2013topological insulator with dual-phase magnetic propertiesElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra00068a
	Heterostructured ferromagnettnqh_x2013topological insulator with dual-phase magnetic propertiesElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra00068a
	Heterostructured ferromagnettnqh_x2013topological insulator with dual-phase magnetic propertiesElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra00068a
	Heterostructured ferromagnettnqh_x2013topological insulator with dual-phase magnetic propertiesElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra00068a
	Heterostructured ferromagnettnqh_x2013topological insulator with dual-phase magnetic propertiesElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra00068a

	Heterostructured ferromagnettnqh_x2013topological insulator with dual-phase magnetic propertiesElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra00068a
	Heterostructured ferromagnettnqh_x2013topological insulator with dual-phase magnetic propertiesElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra00068a
	Heterostructured ferromagnettnqh_x2013topological insulator with dual-phase magnetic propertiesElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra00068a
	Heterostructured ferromagnettnqh_x2013topological insulator with dual-phase magnetic propertiesElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra00068a


