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We investigate the modulation of magnetic anisotropy of thulium iron garnet (TmIG) films by interfaced Bi,Sej thin
films. High quality epitaxial growth of Bi;Sej films has been achieved by molecular beam epitaxy on TmIG films. By the
method of ferromagnetic resonance, we find that the perpendicular magnetic anisotropy (PMA) of TmlIG can be greatly
strengthened by the adjacent BiySes layer. Moreover, the competition between topological surface states and thickness
dependent bulk states of BipSes gives rise to the modulation of PMA of the Bi;Se3/TmlG heterostructures. The interfacial
interaction can be attributed to the enhanced exchange coupling between Fe3t ions of TmIG mediated by topological

surface electrons of BiySes.
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1. Introduction

Topological insulators (TIs) are a class of quantum mate-
rials possessing nontrivial surface states, wherein the electron
spin is locked orthogonally to its momentum in the film plane,
leading to a robust spin—orbit coupling (SOC).I'! When TIs
are contacted with a ferromagnet (FM), magnetic ordering can
be introduced into the topological surface states (TSSs) via
magnetic proximity effect (MPE),!>3! which can lead to novel
phenomena such as quantum anomalous Hall effect,*! topo-
logical magnetoelectric effect,®! etc. On the other hand, TI
can also influence magnetic properties of FM through inter-
facial exchange coupling. It has been reported that the mag-
netic properties of in-plane magnetized films such as yttrium
iron garnet (YIG) can be greatly modulated by the adjacent
TI layer, in which TSSs play a crucial role.>%1 Specifically,
the spins of TI are assumed to lie in the plane due to the
strong spin—-momentum locking,!'% which even modifies the
spin direction of YIG through exchange coupling and induces
additional in-plane anisotropy.'®! For FMs with perpendicular
magnetic anisotropy (PMA), the interfacial exchange coupling
between FM and TI may be quite different, where the spins are
perpendicular to the spins of TSSs in TIs, leading to a weaker
Heisenberg-like interaction. Recently, Chen et al. observed
that the interfacial exchange interaction in Bip Ses/thulium iron
garnet (TmIG) induces a large interfacial in-plane magnetic
anisotropy (IMA).['!] Nevertheless, the influence of TI on the
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PMA of FMs has not been systematically studied yet, and it is
still unclear how the TSSs participate in the interfacial inter-
action.

In this study, we investigate the magnetic anisotropy of
We find that the PMA of
TmlIG can be greatly modulated by the adjacent BiySes layer

TmIG/Bi;Ses heterostructures.

using ferromagnetic resonance (FMR). Moreover, the compe-
tition between TSSs and thickness dependent bulk states of
Bi;Ses results in the modulation of PMA of Bi;Ses;/TmIG
heterostructures. The interfacial interaction can be attributed
to the strengthened exchange coupling between Fe’™ ions of
TmIG mediated by TSS electrons of BiySes.

2. Experimental details

High-quality single-crystal TmIG films were prepared by
rf magnetron sputtering at room temperature followed by a
post-annealing process. First, the stoichiometric TmIG target
was cleaned and pre-sputtered. TmlIG films were grown on
(111)-oriented Gd3Gas01> (GGG) substrates at the rf power
of 40 W and the Ar pressure of 3.5 mTorr. Then, the TmIG
films were annealed at 800 °C for 3 hours in oxygen atmo-
sphere. The crystalline structure and magnetic properties of
the TmIG films were investigated by x-ray diffraction (XRD)
and the vibrating sample magnetometer (VSM), respectively.
Figure 1(a) shows a 20—@ XRD spectrum of a TmIG film
(22 nm thickness) on GGG(111), exhibiting distinct Laue
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patterns and indicating excellent crystallinity of TmIG. Fig-
ure 1(b) shows the magnetic hysteresis loops with out-of-plane
and in-plane applied magnetic fields, respectively. The consid-
erably smaller coercivity and higher remanent magnetization
for the out-of-plane M—H loop indicate that the TmIG film ex-
hibits obvious PMA. To avoid discrepancy between the mag-
netic properties of TmlIG, a series of TmIG films with the same
thickness (12 nm) were prepared under the same condition in
one batch. After annealing, the TmIG/GGG films were imme-
diately transferred into an MBE chamber with a base pressure
of 3.0 x 10719 Torr, and degassed at 150 °C for 8 hours prior
to BiSes growth. The streaky reflection high-energy electron
diffraction (RHEED) pattern from the degassed TmIG sur-
face further demonstrates the good crystallinity and smooth-
ness of TmIG, as shown in Fig. 1(c). Thereafter, Bi,Ses films
(4-18 nm) were epitaxially grown on TmlIG at 250 °C. The
thickness of Bi;Se; was monitored by a quartz crystal mi-
crobalance. The sharp and streaky RHEED pattern of a typi-
cal BiySes film (8 nm) is displayed in Fig. 1(d), revealing the
high quality of the epitaxial growth. The good crystallinity of
Bi,Ses was further confirmed by Raman spectrum.
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Fig. 1. (a) The 26— XRD scan of a TmIG (22 nm) film. (b) Hysteresis
loop of a TmlIG film (35 nm) with out-of-plane applied field. Inset: the
in-plane hysteresis loop. (¢) RHEED patterns of TmIG (12 nm), and (d)
BizSes (8 nm)/TmIG (12 nm).

3. Results
3.1. Bi,Se; thickness dependence study

The FMR measurements were conducted on a JEOL JES-
FA200 ESR spectrometer with a 9.3-GHz microwave cav-
ity. Figure 2(a) shows the derivative FMR spectrum of TmIG
(12 nm)/Bi,Ses (6 nm) obtained in out-of-plane magnetic field
at room temperature. Compared with the bare TmIG film
(12 nm), the resonance field (Hres) of TmIG (12 nm)/BiySes
(6 nm) decreases from 3819 Oe to 3647 Oe.
studies on proximity interaction between TmIG (YIG) and

In previous

TI layers, there is no evidence that the saturated magnetiza-
tion of TmIG or YIG is changed after the deposition of TI

7=9.111 which can be ascribed to the following reasons:

layers, |
(1) TmIG films were prepared at 800 °C, while BipSes was
deposited at 250 °C. This remarkable temperature difference
guarantees the stability of the TmIG films and prevents se-
rious intermixing across the interface.!® (2) The interaction
between TmIG and BijSes is of the van der Waals type, in
which the mutual epitaxial condition is absent. Thus, the strain
and strain-induced anisotropy can be neglected.!”-8! (3) The
magnetic moments induced by magnetic proximity effect are
unlikely to emerge in BiySes in the temperature range 200-
300 K.["?I Therefore, in our experiment, the saturated mag-
netization of the TmlIG films is considered to be unchanged
after the growth of the BiySes layer as well. The significant
negative shift of H.s can be attributed to the interfacial ex-
change coupling between the spins of TmIG and the exotic
TSSs within Bi2$e3.[7‘9’“] In comparison, it is noted that the
H,es of TmIG with a Pt (6 nm) capping layer increases slightly
from 3819 Oe to 3879 Oe (Fig. 2(a)). The obviously different
change of Hy is consistent with previous report,'!! which re-
flects a particular influence of the TI surface states on the mag-
netic anisotropy of TmIG beyond the strong SOC exhibiting in
both BipSes and Pt.

To quantitatively determine the variation of magnetic
anisotropy of the TmIG/Bi,Se; films, the FMR measurements
were performed as a function of applied field angle (6y) with
respect to the surface normal direction. Figure 2(b) presents
the FMR spectra of TmIG (12 nm)/Bi;Ses (6 nm) measured
at different Oy, which shows that H,..s increases monotoni-
cally as H is rotated from the film normal (6 = 0°) to in-
plane (6y = 90°). Thereafter, the values of Hies can be ex-
tracted to plot as a function of 6y, as shown in Fig. 2(c). For
a magnetic film with uniaxial PMA, the angular dependent
H,es can be well fitted as typically done in literature.!!314) The
effective anisotropy field is defined as 4wMcg = 4nMs + H,,
where 4nM; and H, are the demagnetizing field and the uni-
axial PMA field, respectively. As a result, it is derived that
H, of the TmIG/Bi,>Se3 (6 nm) heterostructure increases from
1401 Oe to 1641 Oe by 17.1% relative to bare TmIG, demon-
strating the enhanced PMA by the adjacent BirSes layer. Nev-
ertheless, it has been reported recently that the IMA of a 15-
nm-thick TmIG film is strengthened after the growth of 7 nm
BiySes.!'!) We speculate that the different growth process of
TmIG/Bi;Se; heterostructures and naturally the different in-

IL15] and such dis-

[7.9]

terface conditions lead to the discrepancy,!
crepancy has been observed in YIG/BiySes systems, too.

To further understand the role of TSSs of Bi;Ses layer
in modulating the PMA of TmIG, we systematically inves-
tigated the Bi;Ses; thickness dependence of H, of TmlIG
(12 nm)/Bi,Se; (tgs) in which the surface-to-bulk ratio gradu-
ally varied. As shown in Fig. 2(d), it is seen that H, increases
with 7gg in the thickness region 0 < rgg < 6 nm, and reaches
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the maximum at tgs = 6 nm. Then, H, drops with further in-
creasing fgs, even becomes smaller than that of bare TmIG
when rgg > 12 nm. The enhancement of H, of TmIG should
arise from both the strong SOC and the TSSs of the adjacent
BiySes layer.[>%%161 While 155 < 6 nm, the upper and lower
surface states of Bi;Se; with opposite spin polarization direc-
tions are coupled by quantum tunneling.'%!7-18] With increas-
ing tgs, the quantum tunneling effect becomes weaker, the
spin polarization and SOC of BiySes increase gradually, which
gives rise to the enhancement of H, PO At tpg = 6 nm,
the opposite spin surface states of the Bi,Ses layer are decou-
pled, hence H, reaches the maximum. In the thickness region
tgs > 6 nm, the H, of TmIG/Bi,Se; (tgs) decreases with in-
creasing g, regardless that the top and bottom surface states
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of BisSes are decoupled and the spin polarization as well as
SOC of BiySej are saturated. As previously reported, the TSSs
thickness of BiySes has been estimated to be approximately
2-3 nm.['7191 Hence, the surface-to-bulk ratio of Bi,Ses de-
creases with tgg, which resembles the trend of H, vs. tgs in
the region of tgs > 6 nm. However, the decline of H, with fgg
cannot simply be ascribed to the decreased weight of TSSs,
considering the fact that the reduced H, of tgs > 12 nm is even
smaller than that of bare TmIG. We speculate that this behav-
ior is originated from the strengthened bulk states of BiySes,
which become comparable with the surface states of BirSes
with further increasing rs./*’! As a consequence, the PMA
of TmIG is modulated by the competition between TSSs and
thickness dependent bulk states of Bi,Ses at the interface.
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Fig. 2. (a) FMR derivative absorption spectra of TmIG (12 nm), TmIG (12 nm)/Bi;Ses (6 nm), and TmIG (12 nm)/Pt (6 nm) with out-of-plane
applied magnetic fields. (b) FMR spectra of TmIG (12 nm)/Bi>Ses (6 nm) as H is rotated from the film normal (6 = 0°) to in-plane (6 = 90°).
(c) 6y dependence of Hpes for TmIG (12 nm), TmIG (12 nm)/BizSe3 (6 nm), and TmIG (12 nm)/Pt (6 nm). The points are experimental data
and the solid lines represent the theoretical fit. (d) The rgs dependence of H, for TmIG (12 nm)/Bi,Se;(fgs) heterostructures. The upper and
lower dashed lines show the H, values of TmIG (12 nm) and TmIG (12 nm)/Pt (6 nm), respectively.

3.2. Temperature dependence study

Since the TSSs and bulk states of Bi;Se; may manifest
different temperature dependence,>!! we carried out the tem-
perature dependent FMR measurements of TmIG/Bi,Se3 het-
erostructures to further explore the role of TSSs and bulk states
of TI in modulating the magnetic anisotropies of TmIG. The
FMR spectra of TmIG/BiySe; were taken in the temperature
range 200-300 K, and the corresponding H, of TmIG/Bi,Se3
as a function of temperature is illustrated in Fig. 3(a). Be-
low 200 K, the FMR signal was too weak to measure due
to an insufficient signal-to-noise ratio. It is noted that H, of
TmlIG/Bi;Ses; (6 nm) rises monotonously as temperature de-

creases, and H, of bare TmIG, TmIG/Bi;Se; (12 nm), and
TmIG/Pt (6 nm) also shows the similar trend. These char-
acteristics reveal that the strain-induced magnetic anisotropy
in TmIG/GGG makes a dominant contribution to the tempera-
ture dependence of H, rather than that of interfacial coupling
from the adjacent Bi>Se; layer.[?”! Meanwhile, the similar
temperature dependence of H, of TmIG with different Bi;Ses
capping layer thickness suggests that the contribution of the
TSSs and bulk states of BiySe; to PMA of TmIG remains the
same within the temperature range of measurement, in consis-
tent with previous reports.?!?3! Furthermore, compared with
that of other heterostructures, H, of TmIG/Bi;Ses (6 nm) ex-
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hibits a pronounced enhancement in the measured temperature
range. This result confirms that the exchange coupling be-
tween BipSes (6 nm) and TmlG is stronger than that of other
Bi,Ses thickness, as depicted in Fig. 2(d).

I " e TulC (12Inm) I I
<+ TmlIG (12 nm)/BisSes (6 nm)
2800r TmIG (12 nm)/BisSe; (12 nm)]|
-0+ TmIG (12 nm)/Pt (6 nm)
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3 2000t b
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1600+ ]
1200 b

200 220 240 260 280 300
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Fig. 3. Temperature dependence of H, for TmIG (12 nm), TmIG
(12 nm)/BizSe3 (6 nm), TmIG (12 nm)/BirSe3 (12 nm), and TmIG
(12 nm)/Pt (6 nm), respectively.

4. Discussion

For the in-plane magnetized film, such as YIG, the influ-
ence of interfacial exchange interaction arising from the adja-
cent TI layer on its magnetic properties has been discussed
previously. Fanchiang et al. have observed the enhanced
IMA in YIG/Bi;Ses, which is attributed to the strengthened
exchange coupling between Fe’t ions of YIG mediated by
TSS electrons in BisSes.[”) In contrast, it is believed that a
direct exchange coupling between spins of YIG and TSSs
in (Bi,Sbj_),Tes contributes to the strengthened IMA of
YIG/(Bibel,X)zTe_g.[SJ In our experiments of TmIG/Bi;Ses
heterostructures, the modification of PMA can be attributed
to the strengthened exchange coupling between Fe3* ions of
TmIG mediated by TSS electrons based on the following dis-
cussion: (i) The Tm 4f orbitals of TmIG are strongly local-
ized relative to the Fe 3d orbital, hence the Fe3* ions of TmIG
are supposed to interact with TSS electrons of Bi,Sez.!!>%4]
Meanwhile, the perpendicular magnetic components of TSS
are unlikely to emerge in the TmIG/Bi;Ses heterostructures
in the temperature range of 200-300 K,['?! indicating that the
spins of TSS of BirSes remain orthogonal to those of Fe3*
ions of TmIG. Thus the Heisenberg-like interaction, which
may exist at the interface of the YIG/TI heterostructure, can
(>ii) It has been
reported that the interfacial Dzyaloshinskii—-Moriya interac-

be neglected in the case of TmIG/BiySes.

tion (DMI) can produce magnetic skyrmions in TmIG/Pt het-
erostructures at elevated temperatures, which generates the
topological Hall effect.>>! However, such effect has not been
observed in TmIG/Bi,Se3 system so far,l'?0] implying that
the interfacial DMI is not responsible for the TSSs modu-
lated PMA of TmIG films.
perimentally indicated that the EuS/BiySes system exhibits

(iii) Recently, it has been ex-

a largely enhanced Curie temperature and PMA.?! Kim et
al. has demonstrated theoretically that the proximity effect
of TSSs results in PMA of EuS, and the large exchange cou-
pling between Eu atoms is mediated by the highly coherent
TSSs through the Ruderman—Kittel-Kasuya—Yosida (RKKY)
type interactions.[®! Therefore, we ascribe the modification of
PMA in TmIG/Bi;Se;3 to the strengthened exchange coupling
between Fe3* ions mediated by TSS electrons via the RKKY
type interaction.

5. Conclusion and perspectives

In summary, the magnetic anisotropy of TmIG under the
influence of adjacent Bi;Ses layers has been investigated. The
PMA of TmIG can be greatly enhanced by the Bi;Ses layer
via interfacial coupling. Through the BiSe; thickness de-
pendence study, we reveal that the competition between TSSs
and thickness dependent bulk states of Bi;Se3 gives rise to
the modulation of PMA of the Bi»Se3/TmIG heterostructures.
The interfacial interaction can be attributed to the enhanced
exchange coupling between Fe* ions of TmIG mediated by
TSS electrons of BizSes. Our results provide useful references
for future work on the exploitation of FMI/TI based spintronic
devices.
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