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Understanding and tailoring static and dynamic properties of magnetic insulator thin films is important for
spintronic device applications. Here, we grow atomically flat epitaxial europium iron garnet (EulG) thin films
by pulsed laser deposition on (111)-oriented garnet substrates with a range of lattice parameters. By controlling
the lattice mismatch between EulG and the substrates, we tune the strain in EulG films from the compressive
to the tensile regime, which is characterized by x-ray diffraction. Using ferromagnetic resonance (FMR), we
find that, in addition to the first-order perpendicular magnetic anisotropy which depends linearly on the strain,
there is a significant second-order one that has a quadratic strain dependence. Inhomogeneous linewidth of the
FMR increases notably with increasing strain, while the Gilbert damping parameter remains nearly constant
(A2x1072). These results provide valuable insight into the spin dynamics in ferrimagnetic insulators and useful
guidance for material synthesis and engineering of next-generation spintronics applications.
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I. INTRODUCTION

Ferrimagnetic insulators (FMIs) have played an important
role in uncovering a series of spintronic effects such as spin
Seebeck effect and spin Hall magnetoresistance. In addition,
FMI thin films have proved to be an excellent source of
proximity-induced ferromagnetism in adjacent layers (e.g.,
heavy metals [1], graphene [1], and topological insulators
[2]) and of pure spin currents [3—6]. FMIs have also been
shown to be a superb medium for magnon spin currents with a
long decay length [7,8]. Among FMIs, rare earth iron garnets
(REIGs) have a plethora of desirable properties for practi-
cal applications: high Curie temperature (7, > 550 K), strong
chemical stability, and relatively large band gaps (~2.8 eV).

Compared with other magnetic materials, REIGs are
distinct owing to their magnetoelastic effect with the magne-
tostriction coefficient ranging from —8.5x10° to +21x10°
at room temperature [9] and up to two orders of magnitude
increases at low temperatures [10]. This unique feature al-
lows for tailoring magnetic anisotropy in REIG thin films via
growth, for example, by means of controlling lattice mismatch
with substrates, film thickness, oxygen pressure, and chemical
substitution. In thin films, the magnetization usually prefers
to be in the film plane due to magnetic shape anisotropy;
however, the competing perpendicular magnetic anisotropy
(PMA) can be introduced by utilizing magnetocrystalline
anisotropy or interfacial strain, both of which have been
demonstrated through epitaxial growth [11-14]. In the study
of Tb3FesO (TbIG) and EuzFes;O (EulG) thin films, the PMA
field H,; was found to be as high as 7 T under interfacial
strain [11], much stronger than the demagnetizing field. While
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using strain is proven to be an effective way of manipulating
magnetic anisotropy, it often comes at a cost of increasing
magnetic inhomogeneity and damping of thin films [15,16].

In this paper, we investigate the effect of strain on magnetic
properties of (111)-oriented EulG thin films for the follow-
ing reasons: (1) The spin dynamics in EulG bulk crystals is
particularly interesting but has not been studied thoroughly
in the thin film form. Compared with other REIGs, the Eut
ions occupying the dodecahedral sites (c site) should have
the J =0 ground state according to Hund’s rules, which
do not contribute to the total magnetic moment; therefore,
EulG thin films can potentially have a ferromagnetic reso-
nance (FMR) linewidth as narrow as that of Y3FesO (YIG)
[17,18] or LusFesO (LulG) [19]. In EulG crystals, a very
narrow linewidth (<10e) [20] was indeed observed at low
temperatures, but it showed a nearly two orders of magni-
tude increase at high temperatures, which raises fundamental
questions regarding the damping mechanism responsible for
this precipitous change. (2) Although it has been shown that
the uniaxial anisotropy can be controlled by moderate strain
for different substrate orientations and even in polycrystalline
form [21], the emergence of the higher-order anisotropy at
larger strain, despite its technological significance, has re-
mained elusive.

II. SAMPLES AND EXPERIMENTAL RESULTS

We grew EulG films by pulsed laser deposition (PLD)
from a target densified by powders synthesized us-
ing the method described previously [22]. The films
were deposited on (111)-oriented Gds;Sc,GazO, (GSGG),
Nd;GasO (NGG), Gd, 6Cag.4Gag1Mgy 5571065012 (SGGG),
Y3Sc,Gaz04; (YSGG), Gd3GasO (GGG), TbzGasO (TGG),
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FIG. 1. Structural and magnetic property characterization of EulG 50 nm film grown on TGG(111) substrate. (a) Reflection high-energy
electron diffraction (RHEED) pattern along the (112) direction, displaying single-crystal structure after rapid thermal annealing process.
(b) 5x5 mm atomic force microscope (AFM) surface morphology scan, demonstrating a root-mean-square (RMS) roughness of 1.8 A (©
Intensity semilog plot of 6-260 x-ray diffraction (XRD) scan. The dashed line corresponds to the XRD peak for bulk EulG. (d) Magnetization

hysteresis loops for field out-of-plane and in-plane directions.

and Y3Als0 (YAG) single-crystal substrates, with the lat-
tice mismatch ) = “ume9iid (where a represents the lattice
parameter of the referred material) ranging from +0.45%
(GSGG) to —3.95% (YAG) in decreasing order (see Table I).
After the standard solvent cleaning process, the substrates
were annealed at 220 °C inside the PLD chamber with the
base pressure <107 Torr for 5 h before deposition. Then the
temperature was increased to ~600 °C in the atmosphere of
1.5 mTorr oxygen mixed with 12% (wt.) ozone for 30 min.
A 248 nm KrF excimer pulsed laser was used to ablate the
target with a power of 156 mJ and a repetition rate of 1 Hz. We
crystalized the films by ex situ annealing at 800 °C for 200 s in
a steady flow of oxygen using rapid thermal annealing (RTA).

Reflection high-energy electron diffraction (RHEED) was
used to evaluate the crystalline structural properties of the
EulG films grown on various substrates [Fig. 1(a)]. Immedi-
ately after the deposition, RHEED displayed the absence of
any crystalline order. After ex situ RTA, all EulG films turned
into single crystals. We carried out atomic force microscopy
(AFM) on all samples and found that they showed atomic
flatness and good uniformity with root-mean-square (RMS)
roughness <2A [Fig. 1(b)]. In addition, we performed x-ray
diffraction (XRD) on all samples using a Rigaku SmartLab
with Cu Ko radiation with a Ni filter and Ge(220) mirror as
monochromators, at room temperature in 0.002° steps over
the 26 range from 10° to 90° [23]. In a representative XRD
spectrum [Fig. 1(c)], two (444) Bragg peaks are present, one
from the 50-nm-thick EulG film and the other from the YSGG
substrate, which confirms the epitaxial growth and single-

crystal structure of the film without evidence of any secondary
phases. Other REIG films grown under similar conditions, i.e.,
by PLD in oxygen mixed with ozone at ~600°C followed
by RTA, have shown no observable interdiffusion across
the interface from high-resolution transmission electron
microscopy and energy-dispersive x-ray spectroscopy (see
Fig. S1 in the Supplemental Material [24]). The EulG Bragg
peak (ap = 12.497 A) was shifted with respect to the expected
peak position of unstrained bulk crystal, indicating a change in
the EulG lattice parameter perpendicular to the surface (a, ).
For the example shown in Fig. 1(c), the EulG (444) peak
shifted to left with respect to its bulk value, indicating an out-
of-plane tensile strain and therefore an in-plane compressive
strain in the EulG lattice.

A common approach for inferring the in-plane strain g,
of thin films from the standard #-260 XRD measurements
involves the following equation [23]:

a) —a,

ci1 + 2ci2 +4cys . with &
- 1 1 = b
2cy +4cip — 4eys o

&) =

ey

where a is the lattice parameter of the bulk material, and
a, can be calculated using a; = dj~/h? + k% + [% from the
interplanar distance dp; obtained from the XRD data (see
Fig. S2 in the Supplemental Material [24]), and c;; are the
elastic stiffness constants of the crystal which in most cases
can be found in the literature [9]. However, due to the wide
range of strain values studied in this paper and the possibility
that the films may contain different amounts of crystalline
defects, we performed reciprocal space mapping (RSM)
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measurements on a subset of our EulG samples (see Fig. S3 in
the Supplemental Material [24]) and compared the measured
in-plane lattice parameters with the calculated ones using
Eq. (1). We observed that the average in-plane strains mea-
sured by RSM had a systematic difference of 40% from the
calculated values based on the elastic properties (see Fig. S4
in the Supplemental Material [24]). Given this nearly constant
factor for all measured films, we found that the elastic stiffness
constants of our EulG films may deviate from the literature
reported bulk values, possibly due to stochiometric deviations
or slight unit cell distortion in thin films. Here, we adopt
the reported lattice parameter value (ap = 12.497 A) as the
reference due to the difficulty of growing sufficiently thick,
unstrained EulG films using PLD.

In the thickness-tuned magnetic anisotropy study [11], the
anisotropy field in REIG films was found to be proportional
to n/(t +1t,), which was attributed to the relaxation of strain
as the film thickness ¢ increases. Here, in EulG samples
with small lattice mismatch n (e.g., NGG/EulG), the strain
is mostly preserved in 50-nm-thick films (pseudomorphic
regime), whereas for larger n (e.g., YAG/EulG), the lattice
parameter of EulG films shows nearly complete structural
relaxation to the bulk value. For this reason, in the sam-
ples with larger n (YAG = —3.95%, GSGG = 0.45%), we
grow thinner EulG films (20 nm) to retain a larger in-plane
strain (compressive for YAG, tensile for GSGG). For EulG
films grown on TGG and GGG substrates, the paramagnetic
background of the substrates is too large to obtain a reliable
magnetic moment measurement of the EulG films; therefore,
the results of thinner films on these two substrates are not
included in this paper.

Room-temperature magnetic hysteresis curves for
YSGG/EulG sample are shown in Fig. 1(d) with the magnetic
field applied parallel and perpendicular to the film [26].
The saturation field for the out-of-plane loop (~1100 Oe)
is clearly larger than that for the in-plane loop, indicating
that the magnetization prefers to lie in the film plane.
Moreover, since the demagnetizing field 47 M; (920 Oe)
is less than the saturation field in the out-of-plane loop
(see Fig. S5 in the Supplemental Material [24]), it suggests
the presence of additional easy-plane anisotropy resulting
from the magnetoelastic effect due to interfacial strain.
As shown in this example, we can qualitatively track the
evolution of the magnetic anisotropy in samples with different
strains. However, this approach cannot provide a quantitative
description when high-order anisotropy contributions are
involved.

To quantitatively determine magnetic anisotropy in all
EulG films, we perform polar angle (0y)-dependent FMR
measurements using an X-band microwave cavity with fre-
quency f = 9.32GHz and field modulation. The samples
are rotated from 0y = 0° to 8y = 180° in 10° steps, where
0 = 90° corresponds to the field parallel to the sample plane
[Fig. 2(a)]. The spectra at 8y = 0° for all samples are dis-
played in Fig. 2(b) and show a single resonance peak which
can be well fitted by a Lorentzian derivative. Despite different
strains in all samples, the resonance field H,.s is lower for
the in-plane direction (fg = 90°) than for the out-of-plane
direction (fg = 0°). A quick inspection reveals that the out-of-
plane H, shifts to larger values as 1 increases in the positive
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FIG. 2. Polar angle-dependent ferromagnetic resonance (FMR).
(a) Coordinate system used for the FMR measurement. (b) Room-
temperature FMR derivative absorption spectra for 6y = 0° (out-of-
plane configuration) for EulG on different (111) substrates. (c) FMR
derivative absorption spectra for 50 nm EulG grown on NGG(111)
(¢y ~ 0) and 20 nm EulG on YAG(111) (¢; < 0) with polar angle 6y
ranging from 0° (out-of-plane) to 90° (in-plane) at 300 K, where ¢
is in-plane strain between the EulG film and substrate.

direction (e.g., from YAG/EulG to GSGG/EulG), correspond-
ing to stronger easy-plane anisotropy. Furthermore, the Hie
values at 6y = 0° show a large spread among the samples.
Figure 2(c) shows a comparison of FMR spectra at different
polar angles between two representative samples: NGG/EulG
(small n) and YAG/EuIG (large n).

III. DATA ANALYSIS AND DISCUSSION

Figures 3(a)-3(c) show H,s vs 6y for three represen-
tative EulG films. To evaluate magnetic anisotropy, we fit
the data using the Smit-Beljers formalism by considering
the first-order —Kjcos’0 and the second-order —3jK;cos*¢
uniaxial anisotropy energy terms [26]. From this fitting, we
extract the parameters 4w M = 47 M, — % =4nM,—H> |

and Hy, = ZMﬁ (see Table I), here, H,, and Hs, being the
first- and second-order anisotropy fields, respectively, and
favoring out-of-plane (in-plane) orientation of magnetization
when they are positive (negative). The spectroscopic g factor
is treated as a fitted parameter which is found as a nearly
constant, g = 1.40 (see Fig. S6 in the Supplemental Mate-
rial [24]), in accordance with the previous results obtained
by Miyadai [27]. In Figs. 3(d) and 3(e), we present Hj;
and H,, as functions of the measured out-of-plane strain
¢ and in-plane strain g|. Clearly, the magnitude of 4w M
is greater than the demagnetizing field for EulG 47 M, =
920 Qe; therefore, H,, is negative for all samples, i.e., fa-
voring the in-plane orientation. As shown in Fig. 3(d), |H |
increases linearly with increasing in-plane strain n. This is
consistent with the magnetoelastic effect in (111)-oriented
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TABLE L. Structural and magnetic parameters for the EulG thin films grown on different substrates.

Substrate  dgbsmate (A) n (%) tmm) g (%) &1 (%) g H,, (Oe) Hy, (Oe) a(x1072) AH, (Oe) I, (Oe)
GSGG 12.554 045 50 0.34 —0.16 1.40 —1394.2 + 449 339.79 + 6.59 246 + 0.03 214 £ 1.3 2.61
25 046 —021 1.41 —1543.6 £ 39.7 70947 £ 275 158 £ 0.06 102 + 1.7 6.05
NGG 12.508 0.06 50 0.12 —-0.06 1.38 —12244 + 5.7 18.34 £ 0.05 2.41 +0.01 89 +£ 0.7 0.20
SGGG 12480 —-0.14 50 —0.13 0.06 140 —909.6 £ 152 164.8 &£ 1.36 2.13 £ 0.01 56 £ 04 0.50
YSGG 12426  —-0.57 50 —0.27 0.12 137 -7094 + 220 3773 +5.09 247 £+ 0.03 99 £ 1.8 2.47
GGG 12383 —0.92 50 —045 0.21 1.38 —1015.0 £ 81.3 887.2 £ 37.27 2.20 £+ 0.14 412.2 + 84 3.35
TGG 12355 —-1.14 50 —-0.38 0.18 1.38 —3934 £ 53.6 2450 £ 10.00 2.29 £ 0.20 2534 + 11.8 0.20
YAG 12.004 —-395 20 —-042 0.20 1.37 —36.8 + 47.1 424.8 + 2091 1.86 £ 0.20 217.0 &£ 22.6  0.20

EulG films [9]. As briefly discussed earlier, due to the con-
stant scaling factor between the calculated and measured ¢,
we rewrite the magnetoelastic contribution to the first-order
perpendicular anisotropy as —39738 1, with the parameter &
containing the information related to the magnetoelastic con-
stant Aj;; and elastic stiffness c;. We fit the magnetoelastic
equation in Ref. [11] using the parameter E and obtain
E = —(7.06 £ 0.95) x 10* dyne/cm? from the slope. On the
other hand, based on the reported literature values (ij;; =
+1.8 x 107°, ¢y = 25.10 x 10'! dyne/cmz, c1p = 10.70 x
10" dyne/cm?, cyy = 7.62 x 10" dyne/cm?) [10], we obtain
Ejit = —6.12 x 10* dyne/cm?. This result suggests that, even
though the actual elastic properties of our EulG films may
be different from the ones reported for EulG crystals due
to the thin film unit cell distortion, the pertaining parameter
E appears to be relatively insensitive to variations of stoi-
chiometry. The intercept of the straight-line fit should give
the magnetocrystalline anisotropy coefficient of EulG K.. We
find K. = (+62.76 & 0.18) x 103 erg/cm?, which is different
from the previously reported values for EulG bulk crystals
in both the magnitude and sign (K, = —38 x 103 erg/cm?)
[28]. Similar growth-modified magnetocrystalline anisotropy
was observed in EulG films grown with relatively low tem-
peratures (requiring postdeposition annealing to crystalize)
[10]. In the absence of interfacial interdiffusion, the anoma-
lous anisotropy may be related to partial deviation from the
chemical ordering of the garnet structure [28].

By comparing the first- and second-order anisotropy fields
H,, and Hy, vs g plotted in Figs. 3(d) and 3(e), we find that
the former dominates over the entire range of g (except for
YAG/EuIG). In contrast to the linear dependence for H,, , Hy|
can be fitted well with a quadratic ¢ dependence, which is not
surprising for materials with large magnetostriction constants
(such as EulG) under large strains. For relatively small ¢, the
linear strain term in the magnetic anisotropy energy dictates.
For large ¢, higher-order strain terms may not be neglected.
By including the (gjcos’0)* term, we obtain excellent fitting
to the FMR data, indicating that the second-order expansion in
€| is adequate. In contrast to H, , Hy, is always positive, thus
favoring out-of-plane magnetization orientation. It is worth
pointing out that, for YAG and TGG, the magnitude of the H,
becomes comparable with that of the Hy, , but the sign differs.
Comparison of Hy, with 47 Mg reveals that a coexistent
(bistable) magnetic state can be realized when Hy| > 4w Mg
[28,29-31]. The results are summarized in Table I.

The above magnetic anisotropy energy analysis only deals
with the polar angle dependence, but in principle, it can also

vary in the film plane and therefore depend on the azimuthal
angle. To understand the latter, we performed azimuthal
angle-dependent FMR measurements on all samples. We in-
deed observed a sixfold in-plane anisotropy in H,es due to the
crystalline symmetry of EulG (111). However, the amplitude
of the sixfold H, variation was <15 Oe, about two orders
of magnitude smaller than the average value of H,. for most
samples; thus, we omit the in-plane anisotropy in our analysis.

In addition to the H,.s information, the FMR spectra in
Fig. 2(c) reveals significant variations in FMR linewidth,
which contains information of magnetic inhomogeneity and
Gilbert damping. To investigate these properties system-
atically, we performed broadband (up to 15 GHz) FMR
measurements with magnetic field applied in the film plane,
using a coplanar waveguide setup. From the frequency depen-
dence of H,.s, we obtained 4w M. and g independently via
fitting the data with the Kittel equation. These values agree
very well with those previously found from the polar angle
dependence. We plot the half width at half maximum AH
as a function of frequency f in Fig. 4(a). While AH varies
significantly across the samples, the data for each sample fall
approximately on a straight line, and the slopes of AH vs f
appear to be visibly close to each other. For a quantitative eval-
uation of AH, we consider the following contributions: the
Gilbert damping AHgiert, tWo-magnon scattering AHrys,
and the inhomogeneous linewidth AH, [32]:

AH = AHgijpert + AHryms + AHj. (2)

The Gilbert term AHgipert = % depends linearly on f,
where « is the Gilbert damping parameter; the two-magnon

Ve
[33], where I'y denotes the magnitude of the two-magnon
scattering, fo = 2yM., and AH, the inhomogeneous
linewidth which is frequency independent.

By fitting Eq. (2) to the linewidth data, we obtain quanti-
tative information on magnetic damping through the Gilbert
parameter and two-magnon scattering magnitude as well as
the magnetic inhomogeneity [34-36]. In Fig. 4(a), the over-
all linear behavior for all samples is an indication of a
relatively small two-magnon scattering contribution AHrtys
which therefore may be disregarded in the fitting process.
Figures 4(b) and 4(c) show both AHj and « vs ¢. Four of the
samples with the smallest AH (~10 Oe) are those with rel-
atively low in-plane strain (Jej| < 0.30%). In the meantime,
the XRD spectra of these samples show fringes characteristic

term is described through AHrmvs = [Nparcsin
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FIG. 3. Polar angle-dependent ferromagnetic resonance field H,es
for (a) tensile in-plane strain (g > 0), (b) in-plane strain close to
zero (g, ~ 0), and (c) compressive in-plane strain (g, < 0). Solid
curves represent the best fitting results. In-plane strain dependence
of the anisotropy fields (d) H,, and (e) Hy, .

of well-conformed crystal planes (see Fig. S2 in the
Supplemental Material [24]), and moreover, the RSM plots
(see Fig. S3 in the Supplemental Material [24]) reveal a uni-
form strain distribution in the films [37]. On the compressive
strain side, AH, increases steeply to 400 Oe at & ~ —0.40%,
and their XRD spectra show no fringes, and the RSM graphs

FIG. 4. Ferromagnetic resonance (FMR) linewidth and magnetic
damping of EulG films as a function of in-plane strain. (a) Half
width at half maximum AH vs frequency f for EulG films grown
on different substrates, with the corresponding fitting according to
Eq. (2). In-plane strain dependence of (b) inhomogeneous linewidth
AH, and (c) Gilbert parameter «.

indicate nonuniform strain relaxation in the samples [25,26].
In sharp contrast to the AH, trend, the Gilbert damping o
remains ~2 x 107 over the entire range of &, suggesting
that the intrinsic magnetic damping of EulG films is nearly
unaffected by the inhomogeneity. In fact, the magnitude of
« is significantly larger than that of YIG [17,18] or LulG
films [19], which is somewhat unexpected for Eu*" in EulG
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with J = 0. A possible reason for this enhanced damping is
that other valence states of Eu such as Eu** (J = %) may
be present, which leads to nonzero magnetic moments of Eu
ions in the EulG lattice and thus results in a larger damping
constant, common to other REIG with nonzero 4f moments
[38]. The x-ray photoelectron spectroscopy data taken on
YSGG(111)/EulG(50 nm) (see Fig. S7 in the Supplemental
Material [24]) indicate such a possibility. While the FMR
linewidth presents large variations across the sample set, we
have identified that the nonuniform strain relaxation process
caused by large lattice mismatch with the substrate is a main
source of the inhomogeneity linewidth AH), but it does not
affect the Gilbert damping «. The results raise interesting
questions on the mechanisms of intrinsic damping and the
origin of magnetic inhomogeneity in EulG thin films, both of
which warrant further investigation.

In summary, we find that uniaxial magnetic anisotropy in
PLD-grown EulG(111) thin films can be tuned over a wide
range via magnetostriction and lattice-mismatch-induced
strain. The first-order anisotropy field depends linearly on the

strain, and the second-order anisotropy field has a quadratic
dependence. While nonuniform strain relaxation significantly
increases the magnetic inhomogeneity, the Gilbert damping
remains nearly constant over a wide range of in-plane strain.
The results demonstrate broad tunability of magnetic proper-
ties in REIG films and provide guidance for implementation of
EulG for spintronic applications. Further studies to elucidate
the role of Eu’* sites in magnetic damping are called upon.
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