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Moderate Gilbert damping and perpendicular magnetic anisotropy in Yb3;Fes;O,, films
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The realization of perpendicular magnetic anisotropy (PMA) in a rare-earth iron garnet composition has the
potential to open up the field of spintronics and magnonics. In this study, we introduce YbsFesO;, (YbIG)
as an iron garnet thin film candidate exhibiting PMA. We have grown highly epitaxial YbIG films on (111)
oriented Gd;Gas0,, (GGG) substrates. Detailed growth, structural, magnetic, and dynamical properties of the
YbIG/GGG(111) thin films are reported. We reveal a transition from the in-plane (IP) to out-of-plane (OOP)
magnetic easy-axis as the film thickness decreases. The gradual increase in the OOP anisotropy field from 18 Oe
to 1100 Oe with decreasing film thickness is consistent with the observed variation of the OOP lattice parameter
due to epitaxial strain. Further, sixfold symmetry in the IP angular variation of resonance field H, reveals the
presence of a significant contribution of the second-order magnetocrystalline anisotropy (Kj). The damping
factor o ~ 1072 is comparable to TmIG, which has been proposed as a promising material for application due
to PMA. These findings present YbIG as a potential contender for spintronic and magnonic applications because

of its PMA with moderate «.
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I. INTRODUCTION

Ferrimagnetic insulators offer a wealth of opportunities for
uncovering spintronics-related effects, such as the spin See-
beck effect [1], spin Hall magnetoresistance [2], spin pumping
[3], anomalous Hall effect [4], and the inverse spin Hall effect
[5] etc. Additionally, it has been demonstrated to be a fas-
cinating medium for pure spin current lasting over extended
distances due to its insulating characteristics [6]. Among ferri-
magnetic insulators, rare earth iron garnets (REIGs) stand out
for their unique properties and potential for practical applica-
tions. Since the past decade, researchers have shown a great
deal of interest in REIG films with perpendicular magnetic
anisotropy (PMA). The presence of PMA in REIG films open
up exciting possibilities for the development of novel applica-
tions and mechanisms, including spin-orbit torques [7], the
Rashba-Edelstein effect [8], as well as logic and racetrack
memory devices [9]. Furthermore, devices utilizing PMA
films offer the advantages of compact size, enhanced speed,
higher thermal stability, and improved efficiency.

REIG thin films with PMA have been explored by
various groups for different phenomena and properties,
ie., Dy;Fes0,,(DyIG) [10], BisFesO»(BIG) [11],
EusFesOp2(EulG) [12], Sm3Fes052(SmIG) [13], and
TmsFes01,(TmIG) [14,15] etc. TmIG and EulG are
the garnets with robust PMA and explored vastly for
spin-related phenomena and applications [16-20]. Zanjani
et al. theoretically identified Yb3;FesO,(YbIG) as a potential
PMA candidate [21]. Yb** ion is one electron less for having
a closed 4f electron shell (4f'%) with ground state *F .
Tm?* ion has configuration 4f'2, which lead to stronger
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spin-orbit coupling and magnetic interactions in TmlIG.
Achieving PMA with appropriate spin-wave damping can
be crucial for novel device applications. It is worth noting
that YbIG may serve as a viable alternative material to
TmlIG, EulG, and other PMA garnets for studying spintronic
and spincaloritronic phenomena due to its high spin-orbit
coupling and comparable spin-wave damping [17,22]. YbIG
has been explored in the single crystal or bulk form for its
various properties [23-25], but there is no study yet reported
for the same in the thin film form. This is despite the fact that
it has the potential to be a promising material for spintronic
and magnonic devices.

In this paper, we have comprehensively investigated struc-
tural, magnetic, and dynamical properties of YbIG films
for different thicknesses. Moreover, our findings illustrate a
general approach to tailor the PMA in REIG films by the
controlled application of strain. We have been able to achieve
PMA in YbIG thin film due to the strain-induced anisotropy.
Results presented in this paper will be helpful for the devel-
opment of novel spintronic and magnonic devices.

II. EXPERIMENTAL DETAILS

The thin films of YbIG on GGG(111) substrates were
grown using pulsed laser deposition equipped with COMPex
Pro 201, LAMBDA PHYSIK (A =248 nm) KrF excimer
laser source. The target used for deposition was prepared
using solid-state reaction with final heating at 1400 °C. To
ensure the phase purity after final heating, the YbIG powder
x-ray diffraction (XRD) data is fitted using FullProf software
(Fig. 1). The space group la-3d was used to model the struc-
ture, and the refinement yielded a cubic structure with lattice
parameters: a =b = ¢ = 12.302 A. All the films were grown at
optimized deposition parameters. The laser energy was fixed

©2024 American Physical Society
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FIG. 1. Rietveld refined x-ray diffraction pattern for YbIG pow-
der annealed at 1400 °C. Inset shows the SEM image of compact
YbIG pellet annealed at 1400 °C.

at 200 mJ with a frequency of 2 Hz. The substrate temper-
ature and chamber pressure were maintained at 750 °C and
4.0x 1072 mbar, respectively. Prior to deposition, the chamber
was evacuated to a base pressure of 3.0x 10~® mbar. Films of
different thickness were grown by varying the deposition time,
while keeping all other parameters fixed. After deposition, the
films were annealed in situ at the deposition temperature and
pressure for 10 minutes. The samples were then cooled from
growth temperature to 200 °C at arate of 10 °C/min., and then
allowed to cool naturally. The grown samples were character-
ized by XRD to determine their crystal structure and phase
formation. Reciprocal space mapping (RSM) was performed
to assess the epitaxial nature and strain state of the grown

films. Room-temperature (RT) magnetization measurements
were performed using vibrating sample magnetometer (VSM)
in a Quantum Design Physical Properties Measurement Sys-
tem (PPMS). We used the magneto-optical Kerr (MOKE)
microscope of M/s Evico Magnetics, Germany, to perform RT
MOKE measurements in longitudinal and polar geometries
for the IP and out-of-plane (OOP) magnetization (1\7) compo-
nents. Ferromagnetic resonance (FMR) measurements were
carried out using a custom-made broadband FMR spectrome-
ter with a 300-um wide coplanar waveguide (CPW). The FMR
spectrometer was equipped with a microwave signal genera-
tor (ROHDE and SCHWARZ make SMB100A) of frequency
range 1-20 GHz, lock-in amplifier, electromagnet, crystal
diode detector, and an ac current source to drive the Helmholtz
coil. The thin film is mounted on CPW by flip chip technique,
which is housed in between pole gaps of electromagnet. The
field modulation lock-in detection technique is used to record
the first derivative of the FMR absorption spectra, where a DC
magnetic field was swept at a fixed frequency.

II1I. RESULTS AND DISCUSSION
A. Structural analysis

In Fig. 2(a), XRD 26 — w scans for all the films are pre-
sented. The dotted line within the figure shows the position of
YbIG thin film peak for different thicknesses, which is used to
extract the OOP lattice parameter. The presence of Laue oscil-
lations in Fig. 2(a) is indicative of their high crystalline quality
and uniform thickness. The coinciding ¢ scan peaks for film
and substrate along asymmetric (642) plane in Fig. 2(b) infers
about the epitaxial growth of YbIG film on GGG substrate.
Figure 2(c) presents the x-ray reflectivity data for films of
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FIG. 2. (a) XRD 26 —w scans for different grown thicknesses of YbIG films and for the GGG substrate. (b) ¢ scans along 642 plane for
25-nm-thick YbIG film and for the GGG substrate. (c) X-ray reflectivity (XRR) for epitaxial YbIG films grown on top of the GGG(111)
substrates, (d) plot of lattice parameter “a;, and a,,” vs thickness (t) variation of YbIG films. (e)-(h) Reciprocal space maps (RSM) along
asymmetric (642) plane for different thicknesses of the YbIG/GGG(111) films.
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FIG. 3. M-H loops of YbIG/GGG(111) thin films measured for (a) in-plane (IP) and (b) out-of-plane (OOP) configuration at room
temperature. (¢) MOKE hysteresis loops for longitudinal and (d) polar geometry.

the indicated thickness. We performed a fitting analysis using
the X’pert Pro reflectivity software to determine the thick-
ness and roughness of the films. The surface and interface
roughness is found to be <0.8 nm for all the thicknesses
of YbIG/GGG(111) thin films. The observed variation in the
OOP lattice parameter [Fig. 2(d)] with film thickness suggests
the presence of IP tensile strain. This observation is consistent
with expectations, given that the bulk lattice parameter of
YbIG is smaller than that of the GGG substrate. Notably, the
YbIG peak in Fig. 2(a) shift gradually towards lower 26 values
with increasing YbIG film thickness, indicating an increase in
the OOP lattice parameter (a,y). This suggests that strain in
the film is getting relaxed with increasing thickness, possibly
through creation of interfacial distortions. The observed value
of strain ranges from ~0 to —0.40% as the thickness of YbIG
film decreases. To further investigate the strain state of the
films, we conducted RSM for asymmetric (642) crystallo-
graphic planes. Asymmetric RSM scans allow us to probe the
strain state of the YbIG films along the [011] IP direction.
Figures 2(e)-2(h) display the RSM data around the (642)
plane for all the films, revealing a coherent lattice match be-
tween the film and the substrate in the IP direction. The lattice
parameters have been calculated for the grown YbIG films us-
ing the formula for the IP lattice parameter, ain = (2+/2)/¢x,
and for the OOP lattice parameter, doy = (4+/3)/q.. The pa-
rameters aj, and aq,, are plotted as a function of thickness (t) in
Fig. 2(d).

B. Magnetization and MOKE analysis

To investigate the magnetization behavior of YbIG thin
films and the influence of film thickness on IP and OOP
magnetization, we conducted RT VSM measurements using
a Quantum Design PPMS system. Figure 3(a) illustrates IP
hysteresis loops for 25, 55, and 82-nm-thick films whereas
Fig. 3(b) shows OOP hysteresis for 5.8-nm-thick film. The
linear paramagnetic contribution arising from substrate was
subtracted from the raw data of magnetization hysteresis
loops. We have not shown the hard-axis loops in the fig-
ure due to significant error associated with subtracting the
paramagnetic contribution from the substrate, especially at
higher magnetic fields needed for hard-axis magnetization
saturation. The coercivity H, values are found in the range
2-8 Oe, and the calculated saturation magnetization values
using M-H loops are listed in Table 1. Furthermore, we have
also conducted MOKE measurements at room temperature in
both longitudinal (L-MOKE) and perpendicular (P-MOKE)
geometries. Notably, the MOKE data reveals square-like hys-
teresis in the P-MOKE geometry for the thickness of 5.8 nm
[Fig. 3(d)], whereas for higher thicknesses, square hysteresis
loops are observed in the L-MOKE geometry [Fig. 3(c)].
Therefore, the data obtained from both VSM and MOKE
measurements unambiguously indicate a transition from an
IP to an OOP easy-axis magnetization as the film thickness
decreases. This transition of easy-axis magnetization can pri-
marily be attributed to the epitaxial strain induced anisotropy,
which is enhanced with decreasing film thickness. To gain
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TABLE I. The list of various parameters extracted from numerical fitting of FMR measurements for YbIG films with thickness variation.
Knape is calculated using the M value from magnetization data, while K, is calculated using the XRD data.

1 47 M Ko Kshape K, K, K, Kesr Hy Hegt o
(nm) (Oe) (x10*erg/cc) (x10*erg/cc) (x103erg/cc) (x10%erg/cc) (x10*erg/cc) (x10*erg/cc) Oe  Oe (x1072)
82 1206 -0.04 5.78 -1.2 1.50 0.04 5.8 18 1188 3.501
55 1005 -0.92 4.01 -1.1 2.80 0.5 3.3 130 877 2.775
25 980 -2.1 3.82 -0.8 3.10 1.8 2.0 460 517 3.181
5.8 816 4.2 2.65 -0.64 3.30 3.7 -1.3 1100 -309 3.346

further insights into the contributions of different magnetic magnetization direction cosines with respect to the primary
anisotropy factors in achieving PMA, FMR measurements cubic axes.
were conducted, which is discussed in the following section. The direction cosines are represented as

1 2
——=cos Oy + —= sin Gy cos @y,

C. FMR analysis M, = /3 NG
The FMR technique provides a pathway to explore all 1 1 1
the magnetic coefficients that define the energy density of a M, = T cosbOy — 7 sin Gy cos @ + 7 sin Gy sin @y,
magnetic thin film. The frequency and angular (IP and OOP) 3 6 2

variation of FMR spectra allow to determine key parame- M — 1 s B — 1 S0 Grr COS Orr — 1 <in Gur sin

ters such as the gyromagnetic ratio, effective magnetization, i V3 M J6 M COS Pm V2 M S Pp-
magnetic anisotropy, and damping constant very precisely. 2)
Figure 4(a) shows a schematic illustration of the polar co-

ordinate system to represent the direction of magnetization, The explicit form of Eq. (1) can be expressed as follows:
applied magnetic field, and anisotropy in our (111) oriented ) )

epitaxial YbIG films. The IP angle between the ﬁ(ﬁ) and F = —MH |:Sm O sin Oprcos(pn — om )i|

the [21 1] direction is denoted by ¢y (¢ ). The polar angle ~+ cos Oy cos Oy

between ﬁ (ﬁ) and the [111] direction is denoted by 0 (6y).

The free energy density that characterizes the magnetiza-
tion of a ferrimagnetic film with a cubic structure can be
expressed as follows [26,27]:

+ 271M§(10529M — KLC0529M
Kl .4 )
+ E(7sm Oy — 8sin“Oy + 4
— N K, — — 44/25in°0y; cos Oy cos 3om)
F=—H.M+2n(M.Zé) - W(M.é})z ©
o S = (—24sin®6y + 45sin*0y — 24sin’Oy
+ K (MxMy +M,M; +MZMX) + KoM MM, (1) 108

4 — 2+/2sin’0) cos Oy (Ssin*Oy — 2) cos 3
The first term stands for the Zeeman energy, second term + /250’6y cos By (Ssin’ 6y ) €08 3¢

for dipolar demagnetization energy, third term for uniaxial + sin®y, cos 6¢u). 3)
perpendicular magnetic anisotropy energy. The last two terms ) '
stand for the first and second-order cubic magnetocrystalline The coefficients K., K, and K5 are denoted as the uni-

anisotropy (MCA) energies. The MCA energy expression for  axial perpendicular magnetic anisotropy constant, first- and
[111] oriented cubic crystal can be deduced using the polar second-order cubic MCA constants,_r)espectlvely. The reso-
coordinate system, as depicted in Fig. 4(a), based on the nance frequency f, of the uniform M precession given by

Z 111 ! i
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FIG. 4. (a) Schematic of FMR measurement configurations, H and M represent the direction of applied magnetic field and magnetization.
(b) In-plane frequency variation of resonance field H,. (c) In-plane and out-of-plane frequency variation of resonance field H, for the lowest
thickness with PMA. (d) In-plane frequency variation of FMR linewidth AH. The solid spherical dots are the experimental data points while
black solid lines represent fit to the experimental data.
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FIG. 5. FMR azimuthal angle ¢y variation of H,. The data were acquired at a frequency of 5.5 GHz for YbIG film with lowest thickness
of 5.8 nm and at 9.5 GHz for higher thicknesses. Solid spherical dots represents the experimental data points while black solid line represents

the model fit.

Smit and Beljers [28],

f2—-< y )2 1 9°F 8°F < OF )2 @
" \2n ) MZsin®6y | 907 9, \00uden) |
Here, y = 222, where g denotes the Landé g factor, and

wp is the Bohr magneton. The equilibrium angles of magne-
tization, ¢y and 6y, were determined numerically by solving
the coupled and indirectly defined functional equations after

energy minimization (2 = 2E — () using Mathematica.
oy

~ 9
The values of ¢y and 6y obtail‘;led for respective values of
¢ and 6y were utilized to model the angular variations of
resonance field (H, vs ¢y and H, vs 0y).

We performed IP (¢pg) and OOP (6y) angular variations
at frequencies 9.5 GHz for the higher thicknesses, and at
5.5 GHz for lowest thickness. The ¢y rotation is performed
intentionally from the [21 1] direction to simplify the exper-
imental procedure and the numerical model fitting. The ¢y
variation of H, as shown in Fig. 5 unveil a subtle IP magnetic
anisotropy with a pronounced distinct sixfold symmetry. This
cordially matches the crystal symmetry of YbIG. We simulate
the H, vs ¢y from the numerical model fitting using Eqs. (3)
and (4). The K, term in Eq. (3) with sixfold symmetry plays a
significant role to fit the experimental data for the lower thick-
ness films of 5.8 and 25 nm. A weak unidirectional feature in
magnetic anisotropy is observed in higher thickness films of
56 and 85 nm. For higher thicknesses, we introduced an ad-
ditional exchange anisotropy (Kg4) term, —Kg4sinfycos@uy,
to the total free energy density in Eq. (3) to fit the unidirec-
tional feature. The experimental data yielded a good fit and

the values of anisotropies are listed in Table I. We recorded
FMR spectra over a frequency spectrum along the IP easy-
and hard-axis for each film. However, the IP anisotropy of
10-30 Oe did not cause any substantial variation in trends of
frequency variation of H,. The H, vs f along the IP easy-axis
for all the thicknesses is displayed in Fig. 4(b). The presence
of various anisotropies and interactions leads to the preces-
sion of magnetic moments within an effective magnetic field
Hegr, differs from the externally applied field H. This effective
field can be estimated directly using Kittel’s equation [29].
Kittel’s equation has been used to fit the f vs H, at reso-
nance condition and can be written as f = (y/2n7)[H,(H, +
A Mei))'/? for 6y = 90° and f = (y /27 )(H, — 4w M) for
0y = 0°. The curve fitting gives the values of y and effec-
tive magnetization (4w Mcg), listed in Table I. The 47w Mg
has a relation with saturation magnetization (M) and the

effective anisotropy field (Hy): 47 My = 4m Mg — Hy, where
4K| 4K2

~ = A is the total anisotropy field along the
[111] direction. The 4w Mg values exhibit a decline with
decreasing thickness, eventually becoming negative for the
lowest thickness. The negative value of 47 M, indicates the
IP to OOP switching of the magnetic easy-axis. In Fig. 4(c),
we also performed frequency variation in OOP orientation for
the 5.8-nm-thick film, as it depicts OOP magnetic easy-axis.
The OOP angular variation of H, gives direct evidence of
PMA in the magnetic thin films, and the plots are displayed
in Fig. 6. The higher thicknesses shows magnetic easy-axis
lies along the film plane with H, minima at 8y = 90°, while
the lowest thickness shows magnetic easy-axis along direction
perpendicular to film plane with H, minima at 6y = 0°. The
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FIG. 6. FMR Polar angle 6y variation of H,. The data were
recorded at a frequency of 5.5 GHz for 5.8-nm-thick YbIG film and
at 9.5 GHz for higher thicknesses. Solid spherical dots represents the
measured data points while black solid line represents the model fit.
Inset shows the 6y, vs Oy plots for all the films.

OOP angular variation shows a trend of transition from IP to
OOP for magnetic easy-axis with decreasing film thickness.
This trend is also observed for the magnetization and MOKE
data in Fig. 3. The reorientation of easy-axis from IP to OOP
is a result of the PMA field exerting a dominant influence over
the demagnetization field. The numerical model fitting to the
experimental data yielded the parameters listed in Table I. The
K, values for lower film thickness are found to be large with
positive magnitude of the order of ~10* erg/cc.

The effective magnetic anisotropy K.g can be written as the
sum of the various contributions [30],

Kerr = chsta][lll] + Kshape + K5 + KGrowth - ©)

Kerystair1117 comprises K; and Kj, and has been found to
have the lowest contributions to the total anisotropy. These
are intrinsic anisotropies and originate as a result of interplay
between crystal symmetry, electronic structure, and atomic
interactions, i.e., spin-orbit interactions [31]. Kgpape represents
the shape anisotropy arises from the geometry of the crys-
tal. It is calculated by using the formula Kpape = 2w Ms?,
where My is saturation magnetization of the sample. The
shape anisotropy has a demagnetization effect on the total

anisotropy, which favors the IP orientation of M. The mag-
netoelastic anisotropy (MEA) originate as a result of epitaxial
strain in the system due to lattice mismatch between the film
and the substrate. The MEA is calculated as K, = —%Amau s
where o is the IP induced strain, depend on the relative mis-
match between the lattice parameters of the substrate (apyk)
and film(ag,) along [111] direction, o = 1%% Here
E and v denotes Young’s modulus and Poisson ratio, respec-
tively. For our calculations, we adopted the reported values
E =200 GPa and v = 0.29 for Y3Fes01, [32]. It is worth not-
ing that, for YbIG, these material constants have not yet been
reported in literature. Kgrowmn represents the growth-induced
anisotropy, which may arise during the growth of iron garnet
thin films with two or more rare-earth ions of distinct sizes.
The kinetics of preferential rare-earth cation incorporation at
dodecahedral sites lead to crystal symmetry breaking which

generates another uniaxial anisotropy in the system, known as
growth-induced anisotropy. Kgrown 1S excluded here, as Yb3t
is the only rare-earth ion in the YbIG system [33,34]. MCA
and MEA together tries to overcome the shape anisotropy, and
make the magnetic easy-axis perpendicular or away from the
film plane.

The magnetic damping is a very important parameter for
the understanding of the dynamical behavior of magnetic
materials and their stability for various device applications.
The FMR linewidth is a measure of magnetic damping,
which is associated with the magnetic relaxation process
and, consequently, energy dissipation in the system. Gilbert-
and non-Gilbert-type relaxation are the two main mecha-
nisms that contribute to the damping in the system. Gilbert
type is most common and intrinsic relaxation, occurs due
to interaction between magnetization and the lattice. Non-
Gilbert-type relaxation occurs due to defects, impurities or
inhomogeneity in the system, and is generally weaker than
Gilbert-type relaxation. Landau-Lifshitz-Gilbert equation es-
timates the damping by the expression [35,36]

2 2na
AH = AHy+ ——f. 6
o+ N f (6)

AH, represents the magnetic inhomogeneity in the system,
while the second term represents the intrinsic Gilbert damp-
ing. The fitting of linewidth data in Fig. 4(d) using Eq. (6)
directly yields the values of « and AHy. The values of « for
the respective thicknesses are listed in Table I. The o values
are of the order of 1072, which is comparable to the most
explored garnet (TmIG ~1072) with PMA [8,37]. The com-
parable damping parameter and higher spin-orbit coupling in
YbIG [38] hold significant promise for advancing research on
spin-related phenomena and facilitating potential applications
in spintronic devices.

The ever-growing field of spintronics and magnonics con-
tinuously seeks new iron garnet thin films that can manifest
diverse magnetization behaviors, anisotropies, compensation
points, spin-wave damping characteristics, and a host of other
distinctive properties. For the same purpose, we have grown
YbIG thin films on the GGG(111) substrates, which are not
yet explored to best of our knowledge. YbIG on top of
GGG(111) experiences tensile strain due to lattice mismatch
between film and substrate. YbIG possess negative value
of magnetostriction coefficient, A;j; = —4.5%107% [39]. It
is well established that PMA in garnet thin films can be
achieved with clever balancing of magnetostriction (1) and
elastic strain. There are reports in literature that IP tensile
strain with negative magnetostriction [40—-42] and IP compres-
sive strain with positive magnetostriction [17,43] produces
PMA in the garnets. Fu et al. [30] explored PMA in nm-
thick YIG films. The relaxation of strain before inducing a
sufficiently large anisotropy leads to IP magnetic anisotropy
in YIG. They employed Sm3;FesO;, layer as a buffer to al-
leviate the relaxation of the strain at the interface. The PMA
in another YIG has been explored by growing the nm-thick
films on top of Gd3Sc,Ga3;0,(GSGG) substrates, which has
larger lattice mismatch producing sustainable IP tensile strain.
The IP tensile strain in combination with negative A pro-
duces PMA. They reported PMA field H; = 2800 Oe and
a ~ 1073-10* [14]. PMA in a material along different
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orientation of GGG substrate has been explored in EulG for
(001) and (111) orientations with « in the order of ~1072
[17]. For TmIG, there are several reports on realization of
strong PMA due to strain-induced MEA with tensile strain and
damping in order of ~1072. There is a report on strong tuning
of H, and tensile strain with increasing Fe concentration for
TmlIG [8]. In another report, they revealed robust PMA in
sub-10-nm TmIG/GGG(111) with saturation magnetization
close to bulk reported for TmIG [41]. Ortiz et al. [43] showed
the general approach for tuning magnetic anisotropy using
modulation of strain with epitaxial growth.

We observed PMA in YbIG thin film for sub-10-nm thick-
ness (5.8 nm) and a trend of transition from IP to OOP with
the decreasing thickness. This is because, as the thickness
decreases, strain state of YbIG/GGG(111) changes, can be
seen clearly in Figs. 2(e)-2(h). The induced strain results in
enhanced MEA. The MEA along with MCA compete with
shape anisotropy, and at a certain value of strain, it over-
comes the shape anisotropy and produces PMA in the system.
For PMA to occur, the required condition is |Kerystal + Ko | >
| Kshape |; which leads to a negative value of effective anisotropy
(Ketr < 0). The lowest thickness of YbIG film exhibits
Kt < 0, which confirms the PMA. The M; value of YbIG
films increases with increasing thickness due to improved
crystallinity, which is confirmed by the presence of Laue
oscillations. Notably, the lowest thickness (5.8 nm) displays
strain-induced anisotropy K, = —4.2x10* erg/cc, which ex-
ceeds the shape anisotropy Kpape = 2.65x 10* erg/cc. This is
a strong proof that strain can induce large enough PMA to
overcome shape anisotropy of a thin film. Moreover, the «
value for YbIG is comparable to other PMA garnets EulG
[44] and TmIG [8]. Although there is a possibility of Gd
and/or Ga interdiffusion at the film/substrate interface, which
can influence the properties of the REIG thin films [45—47].
The thickness of the interdiffusion layer may vary from 0
to even 6 nm depending on the growth conditions of the
film, mostly affected by high-temperature growth or anneal-
ing processes. Such an interdiffusion layer, for example, the
formation of Gd-doped YIG in the case of YIG film growth
on GGG, may affect the low-temperature evolution of magne-
tization [45] and Gilbert damping in FMR measurements [47].
Additionally, there may be inversion symmetry breaking at
the interface diffusion, leading to interfacial Dzyaloshinskii-
Moriya interaction (iDMI) responsible for the formation of
chiral domain walls and skyrmion spin textures [46]. In our
YbIG films on GGG, a dead layer approximately 1.2-nm
thick was detected at the interface by analyzing the thickness
variation of magnetization per unit area. However, no specific
impact of interdiffusion on magnetization and damping pa-
rameter o was observed for the 5.8-nm-thick YbIG film.

The quest for iron garnet with a low value of @ and PMA
has been a long standing goal for researchers since the past
decade. For the matter of fact that there has been a lot of
studies on TmIG and other PMA garnets for harnessing
various properties and phenomena. In this context, our results
on YbIG with PMA and moderate « has strong potential in
the field of spintronics and magnonics. Researchers may find
thin films of YbIG with PMA particularly intriguing for the
following potential research perspective: (1) YbIG can prove
itself an alternative of PMA iron garnets. (2) Tuning the film
composition results in sustainable strain, and hence PMA in
thicker YbIG films can be achieved with better parameters.
(3) Optimization of growth process can leads to PMA with
better ¢, and that can be crucial for spin-transport studies and
for manipulation of domain wall motion via spin-orbit torque
effects.

IV. CONCLUSIONS

To summarize, we have successfully deposited high quality
epitaxial YbIG films on GGG(111) substrates, a critical step
towards utilizing YbIG thin films in spintronic and magnonic
devices. FMR IP angular variation shows sixfold symmetry,
which emphasizes the significant contribution from second-
order magnetocrystalline anisotropy. The M-H and MOKE
data infers about OOP easy-axis for lowest thickness (5.8 nm)
of YbIG film, which is further confirmed with FMR measure-
ments. Polar angle variation in FMR shows transition from IP
to OOP magnetization easy-axis with thickness variation, and
shows PMA for the lowest thickness. The K| values for low-
est thicknesses are found to be large, with positive value of the

order of ~10* erg/cc, which leads to switching of M towards
out-of-plane. The finding of PMA in sub-10-nm-thick film is
significant for memory device applications. The damping fac-
tor a~1072 is comparable to that of TmIG and EulG, which
are the most explored PMA garnets for novel spin-transport
phenomena. The damping factor is an important parameter
that influences device performance in terms of speed, stability,
energy efficiency, and signal quality. The PMA in YbIG with
moderate o can be a promising alternative to TmIG and EulG.
The results present in this paper are expected to stimulate
further research in the context of its viability as a promising
materials for spintronics and magnonics applications.
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