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ABSTRACT

Ferrimagnetic insulators with perpendicular magnetic anisotropy are of particular interest for spintronics due to their ability to mitigate
current shunting in spin-orbit torque heterostructures and enable low switching energy, high-density storage magnetic devices. Rare earth
iron garnet Tm;FesO;, (TmIG) is one such material where prior studies have shown that the negative magnetostriction coefficient and
isotropic in-plane tensile strain enable the magnetoelastic anisotropy to overcome the demagnetization energy and stabilize perpendicular
magnetic anisotropy. However, the investigation of the tunability of the magnetoelastic anisotropy between thin films that possess perpen-
dicular magnetization and quantification of the magnetoelastic constants has not been reported. Here, we quantify the evolution of magnetic
anisotropy in (111)-oriented, epitaxial, 17 nm thick thin films of TmIG using a systematic variation of in-plane epitaxial strain (ranging
0.49%-1.83%) imposed by a suite of commercially available garnet substrates. Within the confines of the imposed strain range and deposi-
tion condition, the distortion from cubic symmetry is found to be approximately linear within the in-plane strain. The magnetic anisotropy
field can be tuned by a factor of 14 in this strain range. The magnetoelastic anisotropy constant, B,, is found to be approximately constant
(~2500k) m™®) and more than 2x larger than the reported bulk value (~1200Xk]J m™>) for a cubic distortion between 90.17° and 90.71°.
B, is found to decrease at cubic distortions of 90.74° and larger. Our results highlight strain engineering, and its limitations, for control of
perpendicular magnetic anisotropy.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5142856

1. INTRODUCTION which both charge and spin current can propagate, only spin
current can pump through the surface of FIs to generate spin
torque for modulating the magnetization,'® which significantly

reduces heat dissipation as well as writing current. Furthermore,

The projected end of Moore’s law has spurred a tremendous
effort into the discovery of new magnetic materials and hetero-
structures to advance logic and logic-in-memory devices.'™ Such

magnetic technologies require reliable switching and low switching
energy to replace high-power consumption transistors in modern
electronic devices. New material systems, for instance, multiferroic
and magnetoelectric heterostructures or spin-orbit torques from
heavy metal/topological insulators, have been studied intensively,
and yet still display major drawbacks such as low endurance,
low detection signal, or high current shunting.”® Recently, ferri-
magnetic insulators (FIs)’ have generated interest due to the reali-
zation of high quality thin films with perpendicular magnetization
using a variety of fabrication techniques.'’™"” This development has
led to the demonstration of efficient current-induced control of
magnetization,”’16 current-driven domain wall motion,'” and high
temperature quantum anomalous Hall effect in FI/topological insu-
lator heterostructures.'® Unlike conducting ferromagnets through

overcoming the demagnetizing field in FIs that exhibit perpendicu-
lar magnetic anisotropy drives the switching current threshold
lower when compared to a magnet with in-plane anisotropy.'’™'
For a magnetic with perpendicular magnetic anisotropy in a spin-
orbit torque heterostructure, the critical current expression
.= 2% tHx M, emphasizes the need to reduce the anisotropy
field Hx for switching efficiency. When approaching nanoscale
dimensions and the mono-domain limit for device miniaturiza-
tion, however, thermal fluctuation can cause instability, which can
only be overcome by increasing the anisotropy field. Thus, there
is a need to understand and quantify the evolution of Hk in FIs
with perpendicular magnetic anisotropy so that optimized condi-
tions can be engineered for future devices at scale. Previous studies
have demonstrated the change in thin film anisotropy from
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in-plane to out-of-plane using strain'** or tuning of perpendicular
anisotropy field by changing film composition and therefore chang-
ing tensile strain.'” The use of strain independently for anisotropy
field tuning between thin films that possess perpendicular magneti-
zation has not been reported nor thin film magnetoelastic coeffi-
cients been quantified.

Bulk ferrimagnetic TmIG crystallizes in a cubic crystal structure
with a lattice constant of approximately 12.32 A. Prior work'’™'"" has
shown that TmIG can be grown epitaxially on (111)-oriented GGG
substrates and have a strain-induced perpendicular magnetic anisot-
ropy described by Eq. (1) (see the supplementary material),

K; 1 2 9 /4
AKy = — L Sy M2 (f— ) 1
u B 2/10 5 +4 111C44 2 B (1)
or
Kl 1 ) 3 T
AK, = -2~y M2-°B (—— ) 2
u 12 2#0 s 4 2 P ﬁ ()

where K; is the cubic anisotropy constant, B, is the magnetoelastic
coefficient, M; is saturation magnetization, and f is the shear distor-
tion angle from cubic symmetry (Fig. 1). Here, B, = —3A;11¢44
where 41; is the magnetostriction coefficient and cy4 is the shear
stiffness constant. In bulk, K;=-0.58kJm™>, A;;;=-52%1075,
€44=76.6GPa, and M, =110 emucm™—.""" K; and A;;; being nega-
tive reveals that the distortion angle in a film must be larger than 5
(e.g., from an isotropic in-plane tensile strain) to overcome shape
anisotropy and achieve an out-of-plane easy axis.

In this work, we report the systematic tuning of magnetic
anisotropy of (111)-oriented TmIG thin films using epitaxial strain
imposed from a suite of commercially available rare earth garnet
substrates that includes Gd;Gas0,, (GGG), Y3Sc,Gaz05 (YSGG),
Gd,; 6Cag.4Gay 1Mgo25Zr065012 (SGGG), Nd3Gas0;, (NGG), and
Gd;Sc,Ga;01, (GSGG). The strain tuning of the magnetic anisot-
ropy field by a factor of 14 in the considered strain range is shown.
The magnetoelastic anisotropy constant, B,, is found to be approxi-
mately 2500 k] m™>, more than 2x larger than the reported bulk

FIG. 1. Schematic showing the lattice distortion of (111)-oriented TmIG thin
films on (111)-oriented gamet substrates. 3 is the distortion angle and black
arrows represent the directions of resultant in-plane strain that increases . The
undistorted [111]-oriented cubic structure is shown with the solid orange lines for
reference.
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value, for moderate cubic distortions and found to decrease sharply
at cubic distortions of 90.74° and larger. The results demonstrate
strain tuning as a pathway to design magnetic anisotropy in insu-
lating ferrimagnets for device scaling purposes and future inte-
grated heterostructures.

Il. MATERIALS AND METHODS

(111)-oriented single crystal TmIG films were fabricated using
pulsed laser deposition by ablating a stoichiometric Tm;FesO,
target from PVD products with a 248 nm KrF excimer laser with a
pulse duration of ~25ns. Commercially available (111)-oriented
single crystal 0.5 mm thick GGG, YSGG, SGGG, NGG, and GSGG
from MTTI Corporation were used to systematically tune the epitax-
ial strain. The substrates provide an ideal in-plane tensile strain
spanning 0.485%-1.83% with distortion angle nominal values
ranging from 90.22° to 90.93°, which were determined based on
the database from the manufacturer and Poisson’s ratio of TmIG
1v=0.3." (Table SI in the supplementary material). Film growth
was carried out at a temperature of 850 °C, a fluence of 1.2] cm™2,
a laser repetition frequency of 6 Hz, and an O, background pres-
sure of 180 mTorr. These conditions were found to maintain rela-
tively uniform crystallinity and out-of-plane magnetic anisotropy
among all films. All substrates (~2.5 % 2.5 mm? in size) were depos-
ited on simultaneously to keep process conditions constant between
samples. Thereby the nominal difference between films is the
imposed strain from each individual substrate. Structural characteri-
zation of TmIG thin films in the form of 260 — w x-ray diffraction,
x-ray reflectivity, and reciprocal space mapping was performed using
a Rigaku Smartlab diffractometer with CuK, radiation. The film
thicknesses were determined from x-ray reflectivity and were nomi-
nally 17 nm (Table S2 and Fig. S1 in the supplementary material).
Magnetic characterization was performed at room temperature using
a Lakeshore vibrating sample magnetometer in order to assess the
evolution of magnetization and magnetic anisotropy. The paramag-
netic signal from the underlying substrate was removed from the
reported loops by subtraction of the high field slope in moment vs
magnetic field scans. Hysteresis loops were fit to the Stoner-
Wohlfarth macrospin model using the native curve_fit function in
Python3. Anisotropy energy values extracted from the fits them-
selves agree with the empirically measured anisotropy fields
within the covariance of the fits.

I1l. RESULTS AND DISCUSSION
A. Structural characterization

X-ray diffraction was used to assess the epitaxy, crystallinity,
and strain state of the TmlIG films. X-ray symmetric scans around
the 444 diffraction peaks of the 17 nm TmlIG films are shown in
Fig. 2(a). Intensity oscillations around film peaks indicate excellent
crystallinity and smooth interfaces. The evolution of the film peak
position with respect to the substrate peak position reveals an
increasing out-of-plane compressive strain in agreement with the
expected increasing in-plane tensile strain from the substrate.
To confirm the epitaxial growth of TmIG on each substrate, recip-
rocal space maps (RSMs) around the 624 peaks were performed
[Fig. 2(b)]. RSMs of TmIG films on GGG, YSGG, SGGG, and NGG
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FIG. 2. Structural characterization and coherent strain tuning of 17 nm thick TmiG thin films on garnet substrates. (a) Symmetric 26 — @ scan around the 444 diffraction
peaks of the film and substrate. Data have been vertically offset for clarity. The out-of-plane lattice parameter of the TmIG films systematically decreases with increasing
substrate lattice parameter and is pseudomorphic to the substrate. (b) Reciprocal space map of asymmetric scan around 624 peaks of TmlG films (upper peaks) on GGG,

YSGG, SGGG, NGG, and GSGG substrates, respectively.

show that the films are fully strained with the same in-plane lattice
constants as their associated substrates. TmIG grown on GSGG experi-
ences a small relaxation through a slight shift of the film peak with
respect to the substrate (AQ, = 1.6 x 1044 - Aa=9 x 10-3A,
Q. step size is 6.56 X 105A ). The evolution of out-of-plane
lattice parameters of TmIG films observed in RSM scans also rela-
tively agree with that observed in symmetric x-ray scans (Table I).
In order to determine anisotropy energy [Eq. (1)], the distortion
angle, 3, is then evaluated.

The distortion angle can be calculated from RSM scans using
the assumption that in-plane strain will result in a change in the
d;; spacing and distorting cubic edges (BA, BC, and BD in Fig. 1).

TABLE |. Lattice constants of substrates and films correspondingly from x-ray
diffraction (units in Angstroms).

Asub Asub Asub Afilm Afilm
Substrate  (Q)'  (Q)7  (26-0)° (Q)° (26-0)° B
GGG 12.37 12.39 12.38 12.32 12.31 90.17
YSGG 12.40 12.48 12.46 12.25 12.24 90.47
SGGG 12.47 12.49 12.48 12.22 12.22 90.74
NGG 12.45 12.52 12.49 12.22 12.20 90.71
GSGG 12.54 12.57 12.56 12.16 12.15 91.17

*asu (Qy) (in-plane lattice parameter of the substrate) determined from the
RSM Q, value of each substrate.

Pagun (Q2) (out-of-plane lattice parameter of the substrate) determined from
the RSM Q, value of each substrate.

‘b (20—w) (out-of-plane lattice parameter of the substrate) determined
from dy44 spacing of substrate peak from 26—w scan.

YAt (Q,) (out-of-plane lattice parameter of the thin film) determined
from the RSM Q, value of each film.

“agim (26—w) (out-of-plane lattice parameter of the thin film) determined
from d,44 spacing of film peak from 26— scan.

The distortion angle 3 is then determined by

2BC?* — AC?

2BC? 3)

cosff =

3
constant of substrate and d;;; is out-of-plane spacing (diagonal of
the cube), which are both obtained from RSM data [ag,, (Q,) and
agim (Qy)]. Table T shows lattice constants of substrates and films
calculated from x-ray diffraction measurements. The distortion
angles are found to be greater than 90° revealing the in-plane
(out-of-plane) tensile (compressive) strain that generally increases
with increasing in-plane strain and demonstrates the control of the
biaxial strain state in TmlIG thin films. With the distortion angle
calculated, magnetic measurements allow us to then quantify the
evolution of the magnetic anisotropy.

1
where AC = a+v/2 and BC = [(m)z + %}2, a is the cubic lattice

B. Tuning of magnetic anisotropy

Room temperature magnetic hysteresis measurements were run
on all samples with the magnetic field in-the-plane and out-of-the-
plane of the film surface to determine the saturation magnetization,
magnetic anisotropy direction, and anisotropy field. All films possess
an out-of-plane easy axis with comparable saturation magnetization
excepting the film grown on GSGG. Figure 3(b) shows out-of-plane
hysteresis loops for all TmIG films. The saturation magnetization vs
distortion angle is shown in Fig. 3(c). The saturation magnetization
is approximately constant (~90 emucm™) for distortion angles at
and below 90.74° with a sudden drop in magnetization for the film
on GSGG (=91.17°). While unclear, this drop in magnetization
may be correlated with the slight relaxation observed from RSM
results as well as topographic features that are unique to this film
(Fig. S2 in the supplementary material).

For a sample with perpendicular magnetic anisotropy, the
anisotropy field is the field needed for the magnetization to
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FIG. 3. Magnetic characterization. (a) Distortion angle of the TmlG films on the different garnet substrates, as a function of cubic lattice parameter that was obtained from
RSM Qq scans shown in Fig. 2. The distortion angle from cubic symmetry increases approximately linearly with the increasing in-plane substrate lattice parameter. (b)
Room temperature out-of-plane magnetization vs magnetic field loops of 17 nm thick TmIG thin films on different substrates. The TmIG thin films show clear perpendicular
magnetic anisotropy. (c) Saturation magnetization vs distortion angle 5. The saturation magnetization is approximately constant (~90 emucm™2) for distortion angles at
and below 90.74° but drops significantly for the film on GSGG (8= 91.17°).
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FIG. 4. Measurement of anisotropy energies. Top row: Room temperature, in-plane magnetization vs magnetic field loops of 17 nm thick TmiG thin films on different substrates.
Data are shown as open circles, and fits to the Stoner-Wohlfarth macrospin model are shown as a black line. The curvature of the hysteresis loops is from an ~5° offset from
the in-plane hard axis due to experimental setup. Middle row: First derivative of normalized in-plane loops (points), shown with the first derivative of the calculated fits in black.
Bottom row: Second derivative of magnetometry fits. Anisotropy fields are extracted using the peaks of the second derivative with a field resolution of 1 Oe.
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FIG. 5. Tuning of magnetic anisotropy with epitaxial strain. (a) Anisotropy field, (b) magnetoelastic anisotropy energy, and (c) magnetoelastic coupling constant (B,) as a func-
tion of film distortion angle 3. The magnitude of the anisotropy field and magnetoelastic anisotropy energy generally increases with increasing strain up to a distortion angle of
~90.71°, after which a decrease with increasing distortion angle is observed. The anisotropy field can be tuned up to a factor of ~14 in the distortion angle range of 90.17°-
90.71°. The magnetoelastic anisotropy constant is ~2 times larger than the bulk value for some strains. The dashed horizontal line in (c) indicates the bulk value.
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FIG. 6. X-ray photoelectron spectroscopy data from TmlG target and films on various substrates. The XPS data show that the composition of the films and the target are
the same within the error of the analysis. Error bars were calculated from the standard deviation of the composition based on the energy analysis window. The uniform Fe
deficiency among all films supports our conclusion that the differences between magnetoelastic constants are coming from the strain from substrates.

overcome the energy barrier between in-plane and out-of-plane
states.”** In this work, anisotropy fields are determined by
measuring in-plane magnetic field strength that saturates the mag-
netization and quantitatively extracted from the second derivative
of the in-plane loops™ (Fig. 4). Figure 5(a) shows the magnetic
anisotropy field vs distortion angle, 8. This tuning window is
defined by strain independently at our specific deposition condition
and does not consider tuning from different growth parameters
such as oxygen background pressure. The anisotropy tends to
increase with increasing distortion angle with the exception of
GSGG and SGGG. To further access this trend in the anisotropy
field, magnetoelastic contributions are calculated next. Since the
values of shear stiffness for thin films are unknown (and thusly
for magnetostriction), we report here the value of magnetoelastic
constants B, = —3A411¢44 for our TmIG thin films in each sub-
strate reflecting the relationship between lattice deformation and
its magnetization.”® We see that B, stays relatively constant for
the thin film at low strains (but is ~2 times larger than bulk)
until B reaches ~90.74° [Fig. 5(c)]. The small B, values in these
thin films justify their small anisotropy fields despite the contri-
bution from large lattice distortion. The thin film magnetoelastic
coefficient may differ from bulk for several reasons: unlike bulk,
the film is clamped to a substrate so it is not free to deform
in-plane but free to deform out-of-plane, surface magnetostric-
tion, and other surface effects (structural and chemical defects)
may become significant at these film thicknesses, and composi-
tional variance. The enhanced B, in films may be a result of one
or more of the above factors. To shed some light on the evolu-
tion of the magnetic properties, x-ray photoelectron spectro-
scopy was performed on the TmlIG target and films on various
substrates. The XPS data show that the composition of the films
and the target are the same within the error of the analysis, yet
there is a uniform Fe deficiency among all (Fig. 6). Thus, the
evolution of anisotropy field, anisotropy energy, and magnetoe-
lastic constant between films is a result of the strain from
substrates.

IV. CONCLUSION

In summary, we have investigated the modulation of magnetic
anisotropy of rare earth garnet TmIG (111)-oriented single crystal
thin films subjected to different isotropic in-plane tensile strains.
Overall, the magnitude of the magnetoelastic anisotropy energy
increases with increasing strain, with the exception of the thin film
grown on GSGG where a significant decrease in saturation magne-
tization, anisotropy field, and magnetoelastic anisotropy constant is
observed. The magnitude of the anisotropy field can be increased
up to a factor of 14, with a maximal anisotropy field of ~3900 Oe,
within our studied strain range and deposition condition. Such tun-
ability provides a knob to engineer the performance and scalability
of magnetic devices that employ TmIG. Finally, we find that the
magnetoelastic anisotropy constant B, is approximately more than
2x larger than in bulk at low strains.

SUPPLEMENTARY MATERIAL

See supplementary material for the derivation of the magnetoe-
lastic anisotropy, x-ray reflectometry, and atomic force microscopy.
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