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Growth, structural, magnetic, and spin transport properties of epitaxial scandium-substituted terbium iron
garnet (TbSclIG) thin films on gadolinium gallium garnet [GGG, (111) orientation] substrates are reported
as a function of Sc content. The films are epitaxial on GGG without strain relaxation up to a thickness of
90 nm and exhibit perpendicular magnetic anisotropy. Sc, a nonmagnetic cation, occupies up to 40% of the
octahedral Fe sites. Increasing Sc lowers the compensation temperature and Curie temperature and increases the
room-temperature saturation magnetization from 37 kA/m for Tb, gFes,0, to 59 kA/m for Tb, gScosFes4015.
Anomalous Hall effect-like spin Hall magnetoresistance measurements were performed to determine the effect
of scandium content on spin mixing conductance of the TbScIG|Pt interface. The spin mixing conductance
increased significantly with an increase in Sc content, consistent with a dependence of spin transport on the net
Fe magnetization instead of the total magnetization of the garnet.

DOI: 10.1103/PhysRevMaterials.5.084408

I. INTRODUCTION

Ferrimagnetic insulators (FMIs) with perpendicular mag-
netic anisotropy (PMA) have attracted attention for spintronic
applications including racetrack memories [1] and magnonic
devices [2] and for studies of spin-orbit torque (SOT) [3] and
chiral magnetic textures [4]. Electrical switching of magneti-
zation of PMA FMI thin films via the dampinglike component
of SOT from a Pt overlayer has been demonstrated [3,5]. FMIs
offer a number of advantages over ferromagnets (FMs) for
memory applications including reduced ohmic losses due to
elimination of parasitic current shunting, fast magnetization
dynamics due to their low damping, and a more favorable
scaling behavior because the PMA originates from the bulk
and not the interface [5-8]. Transmission of electrical sig-
nals through Pt|FMI|Pt by spin-wave interconversion has been
demonstrated [9], and a spin current from an FMI has been
detected by the inverse spin Hall effect (ISHE) in a Pt over-
layer [10]. These developments indicate efficient transport of
spin angular momentum across the FMI|Pt interface.

Yttrium iron garnet (Y3FesOi,, YIG) is among the most
well-studied FMIs [11-13]. It shows ultralow Gilbert damping
and an extremely large magnon propagation length (sev-
eral tens of millimeters), making it a suitable candidate
for spin-wave logic devices and signal transmitters [9,14].
There have been some reports of epitaxial [15-17] and
polycrystalline [18] YIG thin films grown with PMA at
low thickness by exploiting magnetoelastic anisotropy due
to lattice mismatch and thermal mismatch with the sub-
strate, respectively. However, growth of high-quality YIG
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thin films with high out-of-plane remanence remains a chal-
lenge. A variety of other FMI thin films have been grown
with PMA, including CoFe;O4 on SrTiO; and MgO sub-
strates [19,20], barium hexaferrite (BaFe,019) on sapphire
substrates [5], Bi garnet (BizFesO;,) on GdzGas01, (GGG)
[21], BiYIG on substituted GGG [22], and rare-earth iron gar-
nets (REIGs) on GGG or other garnet substrates. PMA may
be obtained for appropriate combinations of magnetostriction
and elastic strain, e.g., negative magnetostriction and in-plane
tensile strain. Epitaxial REIG thin films grown with PMA
by exploiting the lattice mismatch between the film and the
substrate include Dy;FesO1, (DyIG) [23], EusFesO1, (EulG)
[24], Sm3FesO0;, (SmIG) [25], TbsFesO,, (TbIG) [24], and
TmsFes01, (TmIG) [3,26,27]. PMA has also been demon-
strated in polycrystalline DyIG thin films grown on Si [23],
EulG thin films grown on quartz (0001) [28], and YIG thin
films grown on amorphous quartz [29] by exploiting thermal
mismatch between the film and the substrate.

Integration of REIG|heavy metal (HM) heterostructures
into spin-based memory and logic devices requires efficient
transport of spin angular momentum through the REIG|HM
interface. Spin mixing conductance is the parameter that
characterizes the transparency of an interface to the flow of
spin angular momentum [3,24,27]. Several studies have been
performed to investigate the parameters that affect the spin
mixing conductance of an interface. In general, a sharp and
clean interface with good crystal perfection has been found
to yield a high spin mixing conductance. For YIG|Pt, the
procedure used to clean the YIG surface before Pt deposi-
tion has a significant influence on spin mixing conductance
of the interface [30]. In situ Pt deposition results in higher
spin mixing conductance for the CoFe,O4|Pt interface [19].
Substantial improvement in the spin mixing conductance of

©2021 American Physical Society
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the YIG|Pt interface has been reported on insertion of a thin
NiggFe,o layer and was attributed to enhanced magnetic mo-
ment density at the interface [31]. Spin mixing conductance
for the CoFe,O4|Pt interface depends on the crystallographic
orientation of CoFe,Qy, in contrast to the EulG|Pt interface
for which spin mixing conductance was independent of EulG
orientation [19,24]. Introduction of a nanoscale amorphous
layer prevents efficient spin transport through the YIGIPt
interface [32,33], and high temperature annealing causes a
deterioration of the spin mixing conductance of the TmIG|Pt
interface [34]. The anomalous Hall effect (AHE)-like spin
Hall magnetoresistance (SMR) in Co;_,Tb, and TbIG un-
dergoes a sign change on going through the compensation
temperature instead of going to zero [24,35]. This suggests
that the spin mixing conductance in these materials scales with
one of the magnetic sublattices and not the net magnetization.
In REIG|Pt, the spin mixing conductance is similar for Y and
various REs, suggesting that Fe** plays the major role [24].
However, studies to separate the contributions of the octahe-
dral and tetrahedral Fe** ions to the spin mixing conductance
of the REIG|Pt interface are lacking.

In this paper, we report the structural, magnetic, and spin-
tronic properties of Sc-substituted TbIG (TbScIG) thin films
grown epitaxially on GGG substrates. Sc occupies exclusively
octahedral sites in iron garnets [36-39] which are coupled
antiparallel to the majority tetrahedral iron sites, and thus,
this experiment enables us to relate the net Fe** moment
to the spin mixing conductance of the TbIG|Pt interface.
We grew TbScIG thin films with varying Sc content up to
Tby gScpsFes4015 on (111) GGG substrates by pulsed laser
deposition (PLD). Temperature-dependent vibrating sample
magnetometry (VSM) measurements characterized the effect
of Sc content on the magnetization and compensation temper-
ature of TbScIG thin films, and AHE-like SMR measurements
were performed on TbScIGI|Pt heterostructures to determine
the effect of Sc content on the spin mixing conductance of the
interface. The key result is our finding of a significant increase
in spin mixing conductance of the TbScIG|Pt interface with
increasing Sc content. This is attributed to Sc diluting the
ocgahedral Fe*, thereby raising the density of uncompensated
Fe’t.

II. STRUCTURAL AND MAGNETIC CHARACTERIZATION

Targets with compositions of TbsFesO;, (T1) and
TbsSc sFe; 501, (T2) were prepared by solid state sintering.
Thin film samples with composition S1 were deposited on
(111) GGG substrate using only T1, and a series of TbScIG
thin film samples were deposited on (111) GGG substrates

by codeposition with the ratio of number of shots T1:T2 of
5:1 (S2), 2:1 (S3), and 1:1 (S4). Films prepared with higher
Sc content than S4 were paramagnetic at room temperature.
All the films were deposited at an oxygen partial pressure of
150 mTorr and a backside substrate temperature of 900 °C. In
this deposition chamber, the frontside substrate temperature
is ~250°C lower than the backside substrate temperature,
according to an independent calibration. Further details of
the deposition procedure are mentioned in the experimental
Sec. VIA.

REIGs (RE;FesO;) belong to the la3d space group
[40]. They have lattice parameters ~1.2 nm, which is
close to the lattice parameter of GGG, enabling epi-
taxial growth of REIG thin films on GGG substrates.
Figure 1(a) shows symmetric high-resolution x-ray diffrac-
tion (HRXRD) scans around the GGG (444) peak for
GGG (111)|TbScIG thin films with varying Sc content.
Well-defined Laue fringes in the HRXRD scans indi-
cate high crystalline quality and thickness uniformity.
Table I shows the dys4 interplanar spacings calculated using
the positions of the film peaks obtained from the HRXRD
scans. The das4 spacing increased progressively from S1 to S4,
which is consistent with the larger ionic radius of Sc** than
that of Fe** and with past studies performed on Sc-substituted
bulk YIG and REIGs [36,37]. The spacing between the Laue
fringes is inversely related to the epitaxial film thickness [41]
(Table I).

Reciprocal space mapping (RSM) for the (642) reflection
was performed on an S4 film with thickness of 94 nm, as
shown in Fig. 1(b). The film peak is vertically aligned with
the substrate peak, indicating that the film is fully strained
in-plane to match the substrate lattice parameter, given by
dzsgo = dZGQ(SG =¢; ' =0.4375 nm. This gives the cubic lattice
parameter of GGG, aggg = 272 d%%c = 1.2376 nm, which
agrees very well with its literature value [27]. Rosenberg
et al. [24] performed similar RSM measurements on
GGG(111)|TbIG and found the films to be lattice matched to
the substrate up to thickness of 90 nm. Since the films used
here for magnetometry and spintronics characterization have
thickness <90 nm, we assume that they are lattice matched to
the substrate over the entire range of composition (S1 to S4).

Atomic force microscopy (AFM) was performed on film
S2 to characterize surface topography [Fig. 1(c)]. The root
mean square surface roughness was <0.3nm. We tried to
observe the domain structure of an alternating current demag-
netized film S2 using magnetic force microscopy. However,
the low coercivity and low magnetization of S2 at room
temperature yielded little magnetic contrast. In sifu observa-
tions were made on magnetization switching in S2 using a

TABLE 1. Results of structural and magnetic characterization of representative GGG|TbScIG thin films. Calc. = calculated, Lit. =

literature, NA = not available.

dasy Thickness Hg Ms (kA/m) )h111(10_6) }»111(10_6) Vcell(nm3) Vcell(nm3)
Material B (deg.) (nm) (nm) (kA/m) &7 (Calc.) (Lit.) (Calc.) (Lit.)
Tb, sFes,01, 89.42 0.1814 63 >120 37 >1.8 12 1.926 1.92
Tb, §Sco3Fes 901, 89.23 0.1823 67 >120 53 >2.3 NA 1.935 NA
Tb,9ScosFes 6012 89.24 0.1822 73 >120 54 >2.3 NA 1.934 NA
Tb, §ScosFes 4012 89.14 0.1827 66 >120 59 >2.3 NA 1.939 NA
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FIG. 1. (a) High-resolution x-ray diffraction (HRXRD) scans of GGG|TbScIG thin films with varying Sc content (vertically offset for
clarity with film and substrate peaks labeled F and S, respectively). (b) HRXRD reciprocal space map of GGG|Tb,ScqsFes 40, film with
thickness 94 nm. (c) Topographic image from an atomic force microscopy (AFM) scan on 67-nm-thick Tb, gScy3Fes 901, film (S2). The
root mean square surface roughness is <0.3nm. (d) Magneto-optical Kerr effect (MOKE) images showing domain wall motion during
magnetization switching in S2. (e) and (f) X-ray absorption spectroscopy (XAS) and x-ray magnetic circular dichroism (XMCD) intensity
signals for Fe L and Tb M edges for S2. Arrows in lower panel show magnetization directions at respective energy peaks pointing up (down)

for positive (negative) XMCD signal.

magneto-optical Kerr effect (MOKE) microscope. Figure 1(d)
shows domain wall motion and expansion of reversed domains
during magnetization switching in S2.

X-ray absorption spectra (XAS) were measured on S2 at
room temperature, and the resulting x-ray magnetic circular
dichroism (XMCD) revealed the magnetization of the differ-
ent sublattices [Figs. 1(e) and 1(f)] [42]. XAS for the two
helicities of x rays were obtained by normalizing the respec-
tive total fluorescence yields (TFYs) by the intensities of the
incident x rays for the Fe L, Tb M, and O K edges. The

XMCD signal was obtained as the difference between XAS
intensities for two helicities. Clearly, the XAS signals for the
Fe L and Tb M edges are dichroic at room temperature. The
alternating positive and negative peaks in the Fe L3 edge of
XMCD correspond to contributions of octahedral Fe** and
tetrahedral Fe’™, respectively, indicating antiferromagnetic
alignment of the octahedral (a) sublattice and tetrahedral (d)
sublattices, as is typical in iron garnets [27]. Further, the Tb M
edge of XMCD indicates antiferromagnetic alignment of the
dodecahedral (c) sublattice and d sublattice, as expected [27].
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FIG. 2. Tb 4d, Sc 2p, and Fe 2p x-ray photoelectron spectroscopy (XPS) spectra of representative TbScIG thin films with varying Sc

content. Oxidation states of Tb are marked in Tb 4d spectra.

The presence of a shoulder peak close to the d site peak in
the Fe L3 edge of XMCD indicates the presence of Fe**, like
observations of Vasili et al. [43] for Ce-YIG.

To facilitate accurate determination of composition for
our samples, TbIG and TbScIG films with much higher
thickness (>200 nm) but the same ratio of shots from
the two targets (T1:T2) were analyzed by wavelength dis-
persive spectroscopy (WDS). The raw intensity ratio data
were processed using the GMRFILM program [44], yield-
ing compositions of Tb, gFes,012 (S1), TbygSco3Fes 9012
(S2), TbyoScosFe4 6012 (S3), and TbygScosFes 4012 (S4).
X-ray photoelectron spectroscopy (XPS) measurements were
performed on thinner S1, S2, S3, and S4 films (<90 nm
thickness) to obtain qualitative information about their com-
positions. High-resolution XPS spectra of the Tb 4d, Sc 2p,
and Fe 2p peaks shown in Fig. 2 indicate that the Sc peaks
become progressively more prominent, while Fe peaks be-
come weaker as we move from S1 to S4, which agrees with
the WDS results. All films were Tb deficient [Tb:(Fe+Sc) =
0.54-0.57], in contrast to previous studies on TbIG and EulG
films which were rare earth rich [24]. The difference is at-
tributed to changes in the laser optics and fluence compared
with the earlier work.

Despite the Tb deficiency in our films, XRD did not indi-
cate the presence of any nongarnet phase. XPS scans for Tb
4d indicate the presence of Tb** (a more stable 4f7 ion than
Tb>*, 4%) in addition to Tb*>", like observations of Fakhrul
et al. [45] for TbIG. Charge neutrality is maintained by the
presence of Fe>* and likely cation vacancies, discussed below.
XPS was unable to resolve oxidation states of Fe.

The magnetic anisotropy of the films includes several
contributions of different origin—shape anisotropy, mag-
netocrystalline anisotropy, magnetoelastic anisotropy, and
growth-induced anisotropy. The anisotropy constant K, is
defined as the difference between magnetic energy for magne-
tization oriented in plane and out of plane. For epitaxial films
lattice-matched to the GGG (111) substrate, K, is given by
(23]

K1 wo
K, =FEp—E = — ——M
r — Eoop B 5 M;
9 b4
- A — — K. 1
+4C44 111(2 ﬂ)‘f‘ G- (D

A positive (negative) K, corresponds to an out-of-plane (in-
plane) easy axis. The first term on the right side of Eq. (1)

represents the magnetocrystalline anisotropy. Here, K is the
first-order cubic magnetocrystalline anisotropy constant and
has small negative values for REIGs, thus favoring PMA
[46]. However, its contribution is small compared with other
terms and will be neglected here. The second term represents
the shape anisotropy and favors in-plane magnetization. The
third term represents the magnetoelastic anisotropy K. and
is proportional to both magnetostriction A;;; and shear strain,
which is half the difference between 7/2 and the corner an-
gle of the rhombohedrally distorted unit cell 8. Here, c44
is the shear modulus of the film and lies between 74 and
90 GPa for REIGs [46]. For films with positive (negative) Aj1;
and compressive (tensile) strain, magnetoelastic anisotropy
favors PMA. Here, K¢ represents a uniaxial growth-induced
anisotropy, as has been reported in Fe-deficient YIG [47,48] or
in garnets with mixed dodecahedral/iron sublattice occupancy
such as (Tm, Y)3FesO; [49] or Y3_,Sm Fes_.Ga O, [50].
Here, K originates from preferential occupancy of cations
or vacancies in nonequivalent sites. Both magnetoelastic and
growth-induced anisotropies are approximated as uniaxial and
may be combined into a uniaxial term Ky, + Kg.

Symmetric HRXRD scans [Fig. 1(a)] show that all films
grow with in-plane compressive strain due to lattice mismatch
with GGG. The bulk magnetostriction value Ay of TbIG [46]
is 12x107°, favoring PMA for epitaxial films with sufficiently
large in-plane compressive strain. The out-of-plane VSM hys-
teresis loops in Fig. 3 indeed show PMA and high remanence
at room temperature except for S1, which has a sheared loop
without a clear saturation. This is a result of a near room-
temperature compensation temperature [24], to be discussed
below. The out-of-plane hysteresis loops for S1 at temper-
atures away from the compensation temperature (<—40°C
and >50°C) indicate PMA. The S4 films retain PMA up to
a thickness of 94 nm. None of the films (S1-S4) showed a
clear in-plane saturation for magnetic field up to 120 kA/m,
and the large nonlinear signal from the paramagnetic GGG
substrate prevented determination of the anisotropy fields of
these films. The value 120 kA/m was taken as a lower bound
for the anisotropy field Hk.

Room-temperature saturation magnetization (M,) obtained
from out-of-plane hysteresis loops are displayed in Table I
and increase with increasing Sc content. The magnetic mo-
ment of REIGs above the compensation temperature is given
by the magnetic moment of the tetrahedral sublattice minus
the sum of the magnetic moments of octahedral and do-
decahedral sublattices [37]. Sc®t has a larger ionic radius
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FIG. 3. Room-temperature out-of-plane vibrating sample mag-
netometry (VSM) hysteresis loops of representative GGG|TbScIG
thin films with varying Sc content.

than Fe** and is known to occupy exclusively the octahedral
sites [36-39], thus weakening the octahedral sublattice mo-
ment. Sc substitution lowers the compensation temperature
and Curie temperature, as reported for Sc-substituted GdIG
and (Gd,Y)IG [37], and raises the room-temperature magneti-
zation as the compensation temperature decreases below room
temperature.

We can use lower bounds for the anisotropy fields of films
along with strain calculated from HRXRD scans to obtain
lower bounds for magnetostriction values X;;; using Eq. (1).
Due to lattice mismatch with the substrate, the unit cell of the
film is distorted from cubic to rhombohedral. We have used
a rhombohedral-to-hexagonal transformation to simplify the
calculation of strain [51]. The transformation from rhombo-
hedral (hkl) to hexagonal (HK.L) Miller indices is given by

H=h—k K=k—1I, L=h+k+l. ()

The in-plane lattice parameter ay and the lattice parameter ¢
of the hexagonal unit cell are given by

ap =/12d% 5, ¢ =12 dua. 3)

Here d,;5 is the (112) interplanar spacing of the
rhombohedrally distorted unit cell of the film, which is
assumed to be equal to the (112) interplanar spacing of the
GGG substrate, and dyqq is the (444) interplanar spacing of
the film extracted from HRXRD scans [Fig. 1(a)]. Finally, the
lattice parameter ag and corner angle B of the rhombohedrally
distorted unit cell are given by

1 ——— . (B 3
aR=§ 36112[{4'02, Sln(i)zz\/TT)z- “)

Calculated B values for all films (S1-S4) are displayed in
Table I. Bulk TbIG has a K; value [46] ~ —820J/m?. Thus,
the contribution of magnetocrystalline anisotropy in Eq. (1)
is much smaller than other terms and can be ignored for our
calculations. Inserting the shear modulus for TbIG [46] and S,

M, and the lower bounds for overall anisotropy K, in Eq. (1),
we have obtained lower bounds for the magnetostriction Aj1;
displayed in Table I, on the basis of Kz = 0. A nonzero K,
favoring PMA, would have the result of reducing the lower
bound of A;; even further. The lower bound values are well
below the bulk magnetostriction [24].

The volume of the rhombohedral unit cell V; is calculated
as [51]

Ve = ay /1 — 3 cos?f + 2 cos3B. ©)

Calculated values of Vi displayed in Table I are close to the
literature value of the unit cell volume for bulk TbIG [24].
The unit cell volume in our films increases with increasing Sc
content, which is consistent with the larger ionic radius [36]
of Sc** than Fe**.

ITII. SPIN MIXING CONDUCTANCE OF TbScIG|Pt

We performed electrical measurements on Hall crosses
patterned from Pt/TbScIG/GGG to determine the effect of
Sc content on the spin mixing conductance of the TbScIG|Pt
interface and investigate the role of the iron sublattice in
interfacial spin mixing of REIG|HM interfaces. HMs such
as Pt and Ta exhibit a strong spin-orbit interaction which
enables efficient conversion of charge current to spin current
and vice versa [52]. Flow of charge current through the HM
layer produces a spin current perpendicular to the HM layer
due to the spin Hall effect (SHE). Reflection/absorption of this
spin current at the FMI|HM interface depends on the relative
orientation of polarization of the spin current and the magneti-
zation of the FMI (m). The reflected spin current can produce a
charge current by the ISHE which modulates the longitudinal
resistance of the HM layer. The resultant magnetoresistance
for the FMI|HM bilayer is the SMR [53].

Spin mixing conductance parameterizes the transparency
of the FMI|HM interface to the flow of spin current through
it [53], and it is crucial for a variety of spintronics phe-
nomenon including spin pumping [54], SOT [55], and SMR.
SMR measurements have been extensively used to obtain spin
mixing conductance of REIG|HM interfaces [23,27,28]. The
additional contribution to longitudinal resistance due to SMR
has the symmetry ARSMR mﬁ, assuming current flow in the
HM layer along the x direction and normal to the film plane
along the z direction. There is also a transverse component
of SMR with symmetry R}MR oc m,m,. In addition to this,
the imaginary component of spin mixing conductance gives
rise to an AHE-like SMR contribution (much smaller than
RSMR), with symmetry R5™ESMR o . Combining the above
contributions with the ordinary Hall effect (OHE) of the HM
layer, we can write the transverse Hall resistance Ry as

Ry = RJMRsin®0 sin(2¢) + Ry™=SMReos 6 + ROMEH,. (6)

Here, 6 and ¢ are the polar and azimuthal angles of m, respec-
tively, and ROME is the OHE of the HM layer due to magnetic
field H,.

TbScIG films (S1, S3, and S4) with thickness 60 nm
were coated with 4-nm-thick Pt overlayers by sputtering. The
TbScIG|Pt heterostructures were patterned into Hall cross
devices [optical micrograph is shown in Fig. 4(c)] by pho-
tolithography followed by ion milling. A standard lock-in
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FIG. 4. (a) and (b) Anomalous Hall effect (AHE)-like spin
Hall magnetoresistance (SMR) hysteresis loops for TbScIG(60 nm)|
Pt(4 nm) heterostructures. (c) Optical micrograph of a representative
Hall cross used for measurement. (d) Lower bound of imaginary
component of spin mixing conductance vs number of Sc** ions per
formula unit.

technique was used to obtain AHE-like SMR hysteresis loops.
These loops are shown in Figs. 4(a) and 4(b) after subtraction
of sample-dependent offsets and a linear contribution from
OHE of Pt. The coercivities obtained from these loops are
shown in Table II . Differences in coercivities obtained from
AHE-like SMR hysteresis loops and VSM hysteresis loops
may be attributed to geometrical effects associated with pat-
terning and differences in the thickness of the films [3,24]. The
AHE-like SMR hysteresis loop for S1 is sheared like its room-
temperature VSM hysteresis loop, which is attributed to the
near-room-temperature compensation temperature (discussed
later). AHE-like SMR hysteresis loops for S3 and S4 show
100% remanence and sharp switching. We were not able to
saturate the films in-plane up to a magnetic field of 600 kA/m.

The model of Chen et al. [53] for spin mixing conductance
gives the following relations:

SMR 2 d
Py '9521{ Ape 2ApGrtanh ﬁ o
Js dv ol + 2)»ptG,coth% '
AHE,SMR Ptes. 2 _dy_
pr _ 26521'1)\'%[ GXXIGltanh Z)LZI\’]x (8)

Pix dn (o)f;t + ZAP[G,cotth"V)z.

Here, ¥y is the spin Hall angle of Pt, Ap, is the spin diffusion
length of Pt, dy is the thickness of the Pt overlayer, p!
is the resistivity of Pt obtained from longitudinal resistance
measurement on the Hall bar device, pSMR and pAHE-SMR are
Hall resistivities corresponding to SMR and AHE-like SMR,
respectively, and G, and G; are real and imaginary compo-
nents of spin mixing conductance, respectively. Without being
able to saturate the films in plane, we could not determine

pSMR and G,. However, dropping G, in the denominator in

Eq. (8) and inserting p""®SMR amplitudes from Figs. 4(a) and
4(b), dy = 4nm, ¥sy = 0.08, and Ap; = 1.4nm [27], we have
obtained lower bounds of G;, shown in Fig. 4(d) and Table II.
The lower bound of G; obtained for the S1(TbIG)|Pt in-
terface is of the same order of magnitude as those obtained
for REIG|Pt interfaces in past studies [24]. However, nonmag-
netic Sc** substitution on octahedral sites is accompanied by
a significant enhancement in the lower bound of G;, as shown
in Fig. 4(d), and the lower bound of G; obtained for S4|Pt is
higher than those reported for TmIG|Pt, EulG|Pt, and TbIG|Pt
in past studies [24,27]. The net magnetic moment of the iron
sublattice in iron garnets is given by the difference between
the magnetic moment of the tetrahedral and octahedral sub-
lattices [37] and therefore increases with Sc* substitution
on octahedral sites. These observations indicate a correlation
between the spin mixing conductance of substituted REIG|Pt
interfaces and the magnetic moment of the iron sublattice.

IV. TEMPERATURE-DEPENDENT MAGNETIZATION
OF TbScIG FILMS

Temperature-dependent VSM measurements on all films
(S1-S4) show the effect of Sc content on the Curie temper-
ature (Tcyrie) and compensation temperature (ZTeomp) (Fig. 5).
Here, Tcurie;s Teomp, and room-temperature M, and coercivity
for all films are displayed in Table II. Also, Tcyie decreases
with increasing Sc content, which is attributed to a decrease
in the number of Fe’*(a)—0>—Fe’*(d) antiferromagnetic
exchange interactions per formula unit due to Sc substitution
on the octahedral (a) sites. Furthermore, Tcomp decreases with
increasing Sc content, a result of the lower moment of the
octahedral and dodecahedral sublattices relative to the mag-
netic moment of the tetrahedral sublattice. These observations
are consistent with past studies on nonmagnetic substitution
in bulk YIG and REIGs [36,37]. The room-temperature co-
ercivity decreases with increasing Sc content (see Table II).
The film with the lowest Sc content (S1:TbIG) is close to its
Teomp at room temperature and has a high coercivity, while
the film with the highest Sc content (S4) is furthest away

TABLE II. Comparison of magnetic and spintronic properties of TbScIG thin films. Exp. = experimental, Calc. = calculated, NA =

not available.
300 K Mg 300 KMs  Teomp (K) Tewie (K) Coercivity Coercivity Lower bound

(£7) kA/m)  (kA/m) (£10) Teomp (K) (£10) Teusie (K)  (KA/m) (£1) (kA/m) of G;
Material (Exp.) (Calc.) (Exp.) (Calc.) (Exp.) (Calc.)  (from VSM) (from SMR) (102 Q'm™)
Tb, 3Fes,01, 37 30.7 263 236 503 537 35 259+ 4 2.4
Tb, §Sco3Fes 901, 53 51.0 193 206 423 497 9 NA NA
Tby.9ScysFes 6012 54 58.7 173 195 403 460 8 3.0+02 6.2
Tb, gScosFes 4012 59 73.7 <173 171 333 435 4 2.1+£02 9.6
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FIG. 5. Magnetic moment vs temperature for GGG|TbScIG thin
films with varying Sc content. A typical error bar is attached.

from Teomp at room temperature and has lowest coercivity,
consistent with the results of Rosenberg er al. [24] for the
temperature-dependent coercivity of TbIG.

A model based on the molecular field coefficient the-
ory of Dionne [56,57] was developed to compare with the
experimental data. This model accounts for nonmagnetic sub-
stitution on the iron sublattices by reduction of the values
of molecular field coefficient according to empirically de-
termined relationships. The off-stoichiometry [Tb:(Fe+Sc)
<0.6] is incorporated into the model by assuming that the
excess Fe*™ occupies the dodecahedral sublattice and couples
ferromagnetically to the dodecahedral rare-earth ions. It is
assumed that the molecular field coefficients do not change in
the composition range studied here, and we neglect the pres-
ence of cation vacancies. Figure 6(a) shows magnetization vs
temperature plots produced by the model for the compositions
determined by WDS. There is a clear decrease in compen-
sation temperature with increasing Sc content, as shown in
Table II, corresponding qualitatively to the experimental val-
ues.

The Curie temperature was estimated as the temperature at
which magnetization reaches a value of <0.1 ug per formula
unit (displayed in Table II). The magnetization approaches
zero asymptotically in the model, in contrast to experimental
observations, but the threshold selected gives a reasonable

3 J— Tb2_8F95_2012
215 — Thy gScq 3Feq.9012
£ — Tby 9Scq 5Feq.6012
E 10 — Tby gScq gFeq. 4012
=

o

@

, =

(@)

[0

= 0 :

0 200 400 600
Temperature (K)

value of the Curie temperature when the model is applied
to YIG. Both model and experiment show a fall in Tcygie
with increasing Sc, with the model values higher than the
experiment.

The model was modified to account for the presence of
Tb** by assuming that there are equal amounts of Fe?* and
Tb** to ensure charge balance and that the Fe>* preferen-
tially occupies the dodecahedral sites due to its larger ionic
radius. The results are shown in Fig. 6(b). This indicates
that including equal amounts of Fe?* and Tb*" lowers the
calculated T¢omp, Which is already lower than the experimental
value for S1, suggesting a more complex defect distribution
than that encompassed by the model. The small Fe?>* peak
in XMCD [Fig. 1(e)] and the large Tb** peak [Fig. 2(a)]
suggest that the amount of Fe>™ does not balance the Tb**,
and therefore, additional defects are required to balance the
charge. Fe vacancies, which could be present on either octahe-
dral or tetrahedral sites, or Tb vacancies on the dodecahedral
sites may be present, although first-principles calculations
in YIG indicate that cation vacancies have higher formation
energies than antisite defects [58]. The nonideality of the site
occupancy accounts for the higher than bulk compensation
temperature of the S1 composition and will be described in
detail elsewhere [59].

V. CONCLUSIONS

The effect of Sc substitution on the magnetic properties
of TbIG films is investigated as well as the effect on the
spin mixing conductance of the Pt|garnet interface. The films
have (111) orientations with high epitaxial quality and PMA,
originating from magnetoelastic anisotropy with possible
growth-induced contribution. Up to 40% of the octahedral Fe
is replaced by Sc. There is a Tb deficiency with Tb:(Fe+Sc) =
0.54-0.57. Tb is present as both Tb* and Tb**, and there is
some Fe?* present.

Sc substitutes onto the octahedral Fe sites, raising the net
magnetic moment of the (octahedral+tetrahedral) sublattices
and lowering the compensation temperature. The dilution of
octahedral Fe also lowers the number of antiferromagnetic
Fe’*—0? —Fe* interactions per formula unit and reduces
the Curie temperature. These results agree qualitatively with
the temperature dependence of the magnetic moment obtained

’ ® —=—Tbp gFes 2012
250+ s —e—Tbp gScp 3Feq.9012

4 ——Tbp 9Scq 5Feq 012

—v—Tbp gScp gFeq 4012

200 :\\\‘\i

e
00 02 04 06 08
Fez*'l’Tbﬁ'+ (per formula unit)

150

Compensation Temperature (K)

FIG. 6. (a) Magnetic moment per formula unit vs temperature for TbScIG obtained from molecular field coefficient (MFC) model. (b)
Compensation temperature vs number of Fe?* and Tb*" ions per formula unit in MFC model.
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from molecular field coefficient modeling of TbScIG with
varying Sc content.

The most significant finding is the substantial increase
(by a factor of ~4) of the imaginary part of the spin mixing
conductance on increasing the Sc content. The increase in
G; is correlated to the increase in the net Fe magnetization,
suggesting that the spin transport across the interface and the
consequent SMR is strongly dependent on the Fe sublattice
magnetization. This is consistent with prior results showing
that SMR changes sign at the compensation temperature in-
stead of going to zero. This result provides a path to enhance
spin mixing conductance and SMR through stoichiometry
control of garnets.

VI. METHODS

A. Thin film deposition and characterization

PLD was used for deposition of thin films on (111) GGG
substrates. Mixed oxide sintering of Tb,O3 and Fe,O3 pow-
ders was used to prepare the TbsFesO;, target. Similarly,
mixed oxide sintering of Tb4O7, Fe,03, and Sc,O3 powders
was used to prepare a Tb3Sc sFe; 501, target. Conditions dur-
ing the deposition were a laser fluence of 2.0 J/cm?, backside
substrate heater setpoint temperature of 900 °C, laser repeti-
tion rate of 10 Hz, and oxygen partial pressure of 150 mTorr.
Afterward, the deposition films were cooled down to room
temperature at a rate of 20 °C/min in oxygen partial pressure
of 150 mTorr. HRXRD measurements were performed using
a Bruker D8 Discover HRXRD. AFM model Cypher S was
used to obtain topographical images of the film surface. An
Olympus microscope equipped with a polarizer and an ana-
lyzer was used to carry out the MOKE microscopy imaging.
The original MOKE images were recorded by one AmScope
camera, and the final images were obtained by subtracting
the initial image from images obtained at different fields to
enhance the contrast. A small electromagnet was installed
under the microscope to apply perpendicular magnetic field

to the films. The element-specific magnetic structure of Tb-
SclG film was investigated using XMCD at Argonne National
Laboratory, USA. XAS data were collected for Tb M and
Fe L absorption edges using TFY measurements. Magnetic
measurements were performed using an ADE 1660 VSM.

B. Compositional characterization

High-resolution XPS spectra were taken using a Physical
Electronics VersaProbe II for films with thickness <90 nm
used for magnetometry. Adventitious carbon on the sample
surface was removed by a cleaning procedure using an argon
ion beam before acquiring data. A pass energy of 23.5 eV was
used to acquire data. WDS measurements were performed on
garnet films with thickness >200 nm using a JEOL JXA-8200
electron probe microanalyzer with an accelerating voltage of
15 kV and a beam current of 10 nA, and the data were reduced
with the GMRFILM software package for thin film analysis.

C. Hall cross fabrication and spintronic measurements

Hall crosses of dimensions 200x20 wm were fabricated
by photolithography. Negative images were created on gar-
net films with sputtered platinum overlayers, and ion milling
was used to form mesa structures. Residual photoresist was
removed by dissolution in acetone. Spintronic measurements
were performed on Hall crosses using a homemade four-point
probe.
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