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We report a study on the interfacial antiferromagnetic coupling between ferrimagnetic TbIG/YIG thin films. TbIG/YIG bilayer
films are grown on YAG (110) substrates. The crystal structure and magnetic properties of the films are characterized. The
temperature and directional dependences of the antiferromagnetic coupling effect are observed at low temperatures. This work
enriches the magnetic research of ferrimagnetic oxide films with complex structures, providing new ideas for the design of

antiferromagnetically coupled spintronics devices.
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I. INTRODUCTION

Antiferromagnetic coupling among magnetic layers has
long been investigated since its observation in Fe/Cr
multilayers [1], and plays a significant role in the development
of spintronic devices [2]. For example, Song ef al. fabricated
MgO/CoFeB/Ta/CoFeB/MgO  multilayers, which allow
magnetic memories with low stray fields due to the
antiferromagnetic coupling between the CoFeB layers [3].
While such coupling has been widely reported in metallic
multilayers, it is seldom reported in the more complex
magnetic oxide multilayer films [4-6].

Yttrium iron garnet (Y3FesOr2, YIG) is a ferrimagnetic
oxide with antiferromagnetic coupling between Y and Fe
sublattices [7], and has recently attracted interest due to the
possibility of converting magnon excitations into spin and
charge signals [8,9]. Iron garnets with Y substituted by other
rare-earth ions exist (such as TbsFesOi2, TbIG), and the
different temperature dependences of the rare-carth and Fe
ions leads to a compensation temperature (Tcomp) at which the
net magnetization momentarily vanishes [10]. The
phenomenon of magnetization compensation is of interest for
spintronics applications [11]. For example, with the absence of
internal dipole fields, it is conducive to the formation of multi-
stable antiferromagnetic domains, and this can be used in
magnetic tunnel junctions with logic functions [12].

Here we study the antiferromagnetic coupling at the
interface of epitaxial TbIG/YIG bilayers grown on Y3Als012
(YAG) substrates, being manifested in form of inverted
hysteresis loop at low temperatures. Such antiferromagnetic
coupling has been previously reported in bilayers of
YIG/GdsFesO12  (GdIG), as inferred from spin-Hall
magnetoresistance measurements [4]. The effect exhibits a
strong temperature dependence, and directional dependence of
such coupling is also observed. A simple model based on the
coupling between Tb- and Fe-ions across the bilayer interface
is used to explain the observations.

II. EXPERIMENTS

Epitaxial TbIG (30 nm), YIG (30 nm), and TbIG (7
nm)/YIG (23 nm) (from the bottom to the top) films were
deposited on YAG (110) single crystal substrates by pulsed
laser deposition (PLD), in a chamber with base pressure better
than 2 X 10° mTorr. Before film deposition, the substrates
were rinsed with acetone, alcohol, and deionized water, and
then annealed in air at 1000°C for 6 h. These steps promote
the surface reconstruction of the substrates, which is
conducive to smooth film growth [13]. The films were
deposited in 100 mTorr oxygen at 983 K, by a 248 nm KrF
excimer laser with a pulse energy of 220 mJ and a repetition
rate of 2 Hz. In situ post-annealing was performed at film
deposition temperature for 10 min in 10 Torr oxygen ambient
and subsequently cooled down naturally to room temperature.
A control sample with 5 nm Gd;GasO12 (GGG) spacer
between TbIG and YIG was also prepared under identical
conditions.

The microstructure of the samples was determined by high-
resolution X-ray diffractometer (XRD, Rigaku Smartlab).
Surface morphology of samples was characterized by atomic
force microscopy (AFM, Asylum 3D infinity). Magnetic
properties of the samples were measured by the vibrating
sample magnetometer (VSM) option of the physical property
measurement system (PPMS, Quantum Design), with the
magnetic field applied along two perpendicular in-plane
directions ([111] and [112]). Unless otherwise specified, the
magnetic field directions in the following VSM tests were
along with the [112] direction in the film plane.

III. RESULTS AND DISCUSSION

Fig. 1 (a) shows the /20 scans of YIG (30 nm), TbIG (30
nm), and TbIG (7 nm)/YIG (23 nm) bilayer films. Alongside
the sharp (220) peak from the YAG substrate, (220) peaks of
the films can be identified and no impurity peak is observed.
From the figure, the lattice spacing d22 for YIG (4.395 A) and
TbIG (4.439 A) is extracted, both of which are larger than the

0018-9464 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. (Inserted by IEEE.)

© 2021 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in any current or future media,
including reprinting/republishing this material for advertising or promotional purposes, creating new collective works, for resale or redistribution to
servers or lists, or reuse of any copyrighted component of this work in other works.



IR-06

corresponding bulk values (4.374 A and 4.396 A for YIG and
TbIG, respectively), which can be attributed to the
compressive in-plane stress from the YAG substrate (4.247 A).
Because of the similar lattice constants between YIG (12.376
A) and TbIG (12.460 A) and the small thickness of the TbIG
layer, only a single (220) peak emerges in the TbIG/YIG
bilayer [14], with the nominal d-x spacing (4.404 A) in
between that of YIG and TbIG single layers. Extensive
interdiffusion between the layers is unlikely, based on our
previous study of TbIG/GGG bilayers [15].

Fig. 1(b) presents the rocking curve of the (220) peak in the
TbIG/YIG bilayer, the full-width at half-maximum (FWHM)
of which is about 0.064° (as in contrast to 0.071° and 0.068°
for YIG and TbIG single layers, respectively), indicating
highly textured growth with low mosaic spread. AFM scan of
the bilayer surface (inset, Fig. 1(b)) shows terrace-featured
topography with a small root-mean-square roughness of 0.38
nm, signifying the good quality of the films.

Fig. 1(c) and (d) show the in-plane magnetic hysteresis (M-
H) loops of YIG (30 nm) and TbIG (30 nm) films at 10 K
(with the linear diamagnetic background of YAG substrate
subtracted). While YIG has a small coercivity (Hc-vic = 190 Oe,
inset of Fig. 1(c)), TbIG exhibits a higher coercivity (Hc-rvic =
5.5 kOe) due to the strong magnetocrystalline anisotropy [16].
The strong contribution from the Tb*" also leads to a higher
saturation magnetization (Ms) of TbIG (= 290 emu/cm?) than
YIG (= 90 emu/cm’) at low temperatures.

Fig. 2 demonstrates the M-H loops of the multilayered
samples at 10 K. An obvious double coercivity phenomenon
due to the drastically different H. of the two layers can also be
observed from the M-H loops. The switching at the low field
is attributed to YIG, while the reversal at the high field is due
to the reversal of TbIG: because of the high coercivity in TbIG,
it requires a larger field to complete magnetization reversal,
while the soft YIG layer can be reversed with a moderate field.

The most outstanding feature of the M-H loop in Fig. 2(a) is
the inversion of the forward and backward traces in the low
field region (inset, Fig. 2(a)): when the external field decreases
from positive saturation, the YIG magnetization first reverses
at a small positive field, while the magnetization of TbIG
remains  undisturbed.  This clearly indicates the
antiferromagnetic coupling between the TbIG/YIG at the
interface [17-19]. To verify the effect is due to the interfacial
coupling between the layers, a control sample with a 5 nm
GGG spacer between TblG and YIG was also measured (Fig.
2(b)). With the GGG spacer inserted, the interfacial coupling
between TbIG and YIG is clearly suppressed, and one only
observes a typical double-coercivity M-H loop while the
inverted loop at low field disappears. This indicates the
inverted loop at the low field is caused by the interfacial
coupling of two garnet layers.

Fig. 3 (a) shows the temperature dependence of in-plane M-
H loops for the TbIG (7 nm)/YIG (23 nm) sample. As
temperature decreases, the Ms gradually increases and the
double coercivity behavior becomes more pronounced. This is
due to the stronger temperature dependence of the TbIG
magnetization compared YIG [20] (see also Supplementary

Information). Fig. 3 (b) is the enlarged view of the low-field
region of Fig. 3 (a). Notice that the M-H loops change from
normal to inverted state when the temperature is below 40 K,
and such an effect becomes more pronounced at lower
temperatures. The inverted hysteresis loop can be considered
as a sign of antiferromagnetic coupling between two magnetic
materials [21,22]. The strength of the coupling should depend
on the interfacial magnetizations of the TbIG and YIG layers.
Given the strong temperature dependence of the TbIG
magnetization (dropping by half as temperature rises from 10
K to 50 K, see Supplementary Information), the effect is
quickly overcome by other energy terms (such as Zeeman
term of the YIG layer) and hence the invert loop behavior
disappears even at 40 K [10].

Both YIG and TbIG belong to the cubic centrosymmetric
space group [la3d [20,21], with the primitive unit cell
containing 80 atoms. Two 1/8 unit cells corresponding to YIG
and TbIG at the interface are shown in Fig. 4. (a). The
magnetic structure as determined by neutron diffraction
measurements [23] suggests that the spins of the A-site Fe3*
and D-site Fe*" are locked into an anti-parallel configuration,
and the magnetization ratio is 2:3 for the 4- and D-sites Fe*" in
the unit cell. Therefore, in YIG the net magnetic moment is
determined by D-site Fe3" as the C-site Y3* is not magnetic.
However, in TbIG, since the magnetic moment of C-site Tb3*
is weakly coupled with A4-sites Fe?', the net magnetic moment
of TbIG is determined by the coupling effect between the C-
and D-site ions, and this C-D coupling is strongly
temperature-dependent [24]. At high temperatures, the
magnetization of TbIG is determined by the D-site Fe3*. With
decreasing temperature, the magnetization of the Tb** strongly
increases, and together with the A-site Fe** magnetization
eventually overcomes the anti-paralleled D-site Fe’*
magnetization.

We argue that the interfacial antiferromagnetic coupling
arises from the interaction between Tb*" in TbIG and Fe** in
YIG. As shown in Fig. 4 (b), when a strong external magnetic
field (H) is applied in-plane, the net magnetic moment in YIG
and TbIG are aligned with HA. When H is gradually reduced to
0, the rotation of Fe*" moment in the YIG layer appears first,
while the magnetic moment of Tb*" remain unchanged due to
its larger coercivity. At this time, the antiferromagnetic
coupling between C-site Tb?* of TbIG and D-sites Fe3* of YIG
at the TbIG/YIG interface forces the reversal of the YIG
magnetization (Fig. 4 (c)), leading to the inverted M-H loop
(Fig. 2 (a)). When H increases to saturation state in the
opposite direction (Fig. 4(d)), the magnetic moment of Tb3*
completes its reversal, and the arrangement of the magnetic
moments is the same as in Fig. 4 (b) but in the opposite
direction.

We note with caution that the above explanation has not
taken in account the complicated magnetization structure in
TbIG bulk at various temperatures (e.g. the “double-umbrella”
structure of the Tb*" ions below around 160 K [25,26]), and
there is even less detailed investigation of magnetization in
ultrathin garnet thin films. However, the simple model
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apparently has captured the essence of the coupling behaviour
and is subjected to refinement with further experimentations.
For films grown on (110) substrates, magnetic anisotropy
variations are expected along with perpendicular in-plane
directions [27]. We, therefore, measured the M-H loops of the
TbIG (7 nm)/YIG (23 nm) bilayer at 10 K along with the two
perpendicular directions of [111] and [112]. It is worth noting
that while TbIG/YIG exhibit in-plane anisotropy, the
antiferromagnetic coupling effect between the two garnet
films depends on the direction: measurement along with
external [112] shows an obvious inverted hysteresis loop
(Inset A), but a normal M-H loop is obtained when it is
measured in the [111] direction (Inset B). Preliminary
magnetization measurements of TbIG (7 nm)/YIG (23 nm)
deposited on YAG(111) also demonstrated inverted loop

behaviour (Supplementary Information), which will be
subjected to further studies.
Many reports have demonstrated in-plane uniaxial

anisotropy in epitaxial YIG thin films grown on YAG or GGG
single crystal substrates [22,28], which will lead to angle-
dependent M-H loops when in-plane H is applied in different
directions. The results in Fig. 5 suggest that the
antiferromagnetic coupling between TbIG and YIG thin films
is also affected by the presence of uniaxial anisotropy [29-31].
The origin of such an effect needs further investigation.

IV. CONCLUSIONS

In summary, interfacial antiferromagnetic coupling effect
has been observed between two neighboring ferrimagnets
films YIG and TbIG grown on the (110)-oriented YAG
substrate, manifested in the form of an inverted hysteresis loop
at a small magnetic field in low temperature. This
phenomenon is postulated to be caused by the
antiferromagnetic coupling between the C-site Tb** of TbIG
and the D-site Fe** in YIG. The temperature-dependence of
such an antiferromagnetic coupling effect of samples has been
studied, which is due to the gradual dominance of Tb**
magnetism as the temperature decreases. Moreover, this
antiferromagnetic coupling effect shows preference in
orientation. The present work should be useful for the further
development of ferrimagnetic insulator-based spintronics.
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Fig. 1 (a) 620 of YIG (30 nm), TbIG (30 nm) single layers, and TbIG (7
nm)/YIG (23 nm) bilayer; schematic of the bilayer is shown in the inset. (b)
The rocking curve of the bilayer sample, with the corresponding AFM image
(scan height = 10 nm) shown in the inset. In-plane M-H loops of YIG (30 nm)
and TbIG (30 nm) at 10 K are shown in (c) and (d), respectively. The inset of
(c) is an enlarged view of the low-field region.
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Fig. 2 In-plane M-H loops of TbIG (7 nm)/YIG (23 nm) (a) and TbIG (7
nm)/GGG (5 nm)/YIG (23 nm) (b) at 10 K. Insets show the enlarged signals at
low fields. The relative magnetic orientation of TbIG and YIG is illustrated in
the inset diagrams of Fig. 2(a). Arrows indicate the sweeping directions of the
external magnetic field.
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(b) highlights the M-H loops at low fields. The arrows indicate the sweeping
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crystallographic positions. H represents the direction of the external magnetic
field. Fig. 4 (b) - (d) are schematic models of the evolution of the
antiferromagnetic coupling effect between YIG and TbIG layers. M., M., and
Mg represent the magnetic moment direction of C-site Tb**, A-site Fe**, and
D-site Fe3* ions, respectively
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magnetic field along [112] and [111] directions, respectively. The inset (C) is
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caused when cutting the YAG (110) substrate.
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