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Oblique magnetic anisotropy and domain texture in BizFesO;, films
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Magnetic iron garnet films with perpendicular magnetic anisotropy (PMA) are highly desirable for spin-
tronics and magnonics applications. In this study, we have grown single-phase epitaxial BizFesO,, films on
a Gd;Gas0j, substrate with (111) orientation. The nondestructive sin? Y technique of the x-ray diffraction
measurement demonstrates the negative value of residual stress, suggesting the compressive nature of stress
in the system. Ferromagnetic resonance and magnetic force microscopy (MFM) have been used to probe the
magnetic anisotropies and magnetic domain texture, respectively. In-plane (IP) angular variation of the resonance
field H, reveals a weak IP magnetic anisotropy with pronounced sixfold and fourfold symmetries in 15 and
10 nm thick films, respectively. For the 15 nm thick film, the out-of-plane angular variation of H, shows oblique
magnetic anisotropy with the magnetic easy axis making an angle of 25° with respect to the film plane. The
oblique magnetic easy axis is further confirmed with 6 mapping of the MFM image. However, for the 10 nm
thick film there is complete reorientation of the magnetic easy axis perpendicular to the film plane. The cubic
magnetocrystalline anisotropy along with the magnetoelastic anisotropy overcomes the shape anisotropy and
leads to negative effective magnetic anisotropy K. and PMA. MFM images show a labyrinthine mazelike
domain texture, typical of iron garnet films with PMA.

DOI: 10.1103/PhysRevB.108.014401

I. INTRODUCTION

Among the magnetic iron garnets, yttrium iron garnet
(YIG) possesses low Gilbert damping (~107>) [1], a narrow
linewidth in ferromagnetic resonance (FMR) spectra [2], in-
terfacial phenomena [3,4], and substantial Faraday rotation
[5]. These properties make YIG an ideal material for appli-
cation in microwave and magneto-optical devices. Iron garnet
films with perpendicular magnetic anisotropy (PMA) are de-
sirable because they provide a platform to investigate various
interesting phenomena such as spin-orbit torque [6], chiral
magnetic texture [7-9], and spin pumping [10,11]. Along with
this, they offer higher thermal stability, higher storage density,
and lower power consumption, which eventually makes them
suitable for data storage devices. However, YIG thin films,
the most common among rare earth iron garnets (REIGs)
show an in-plane (IP) magnetic easy axis due to the large
shape anisotropy and low magnetocrystalline anisotropy [12].
In order to surpass the shape anisotropy and increase PMA
in garnet films, one can introduce growth and stress-induced
anisotropy. Since developing PMA in high-quality YIG films
on Gd3GasOj, (GGG) substrates is challenging, the yttrium
site in YIG has been substituted by various rare earth ions,
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including Tm, Tb, Dy, Ho, Sm, Eu [13], Ce [14], and Bi [15],
to explore the possibility of achieving PMA and tuning its
magnetic properties.

It is well established that partial or complete substitution of
the Y site with Bi and Ce ions enhances the magneto-optical
activity, magnetocrystalline anisotropy, and magnetoelastic
coupling in YIG [16,17]. Ce-doped YIG films have been stud-
ied for their magnetic texture (stripe domains) using magnetic
force microscopy (MFM) [18] and Bi-doped YIG to tune
magnetocrystalline anisotropy [17]. The magnetic texture and
magnetization dynamics of Bi-doped YIG still require further
investigation of their application in heterostructures, magnetic
memory, and magneto-optical and thermomagnetic recording
devices. Previous reports on Bi-doped YIG (BIG) films grown
on GGG(001) investigated their magnetic, magneto-optical,
and magnetoelectric properties [19-21]. However, in all of
these studies, the magnetic easy axis lies in the film plane
down to a film thickness of 5 nm. We have been able to achieve
an out-of-plane (OOP) magnetic easy axis by fabricating BIG
thin films on a GGG(111) substrate. Our results show per-
pendicular magnetic anisotropy, which can play a crucial role
in spintronics and magnonics applications. In this work, we
investigate the static and dynamic magnetic properties of BIG
films (such as magnetic anisotropies and magnetic damping)
and magnetic domain textures using frequency and angular
variation of FMR and MFM measurements.

II. EXPERIMENTAL DETAILS

A BIG ceramic target was prepared using a solid-state reac-
tion by mixing the constituent oxides, bismuth oxide (Bi,Os;
purity > 99.9%, Aldrich Chemical Company) and iron ox-
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FIG. 1. XRD measurements on BIG/GGG(111) films. (a) 0-26 scans of epitaxial films 10 nm (red) and 15 nm (black) thick. (b) ¢ scans
for BIG(640) and GGG(640) for the 15 nm thick film. (c) w scan for the BIG(444) film plane for the 15 nm thick film. RSM along (d) the
symmetric (444) and (e) asymmetric (642) planes for the 15 nm thick film. (f) RSM along the asymmetric (642) plane for the 10 nm thick film.

ide (Fe,Os; purity ~ 99.9%, Strem Chemicals), in a proper
stoichiometry (3:5). The reactant mixture was ground and
annealed at 400 °C and 500 °C for 24 h each. The mixture was
pressed into a 2.2 cm diameter pellet by applying a pressure
of 50-60 atm and sintered at 600 °C for 24 h. The pellet
was crushed and thoroughly ground before final pelletization,
which was sintered at 700 °C and 800 °C for 24 h each. We
achieved a compact hard ceramic pellet which is mounted
inside the pulsed laser deposition (PLD) chamber for BIG thin
film deposition on a GGG(111) substrate. The PLD system is
equipped with a KrF excimer laser (Lambda Physik COMPex
Pro, . =248 nm). Thin films with thicknesses of 15 and
10 nm were grown at a temperature of 500 °C in the presence
of 4.0x1072 mbar O, gas pressure. The laser was fired at
a repetition rate of 2 Hz with energy and spot size of 70
mJ and 8.0 mm?, respectively, leading to an energy density
of 0.87J/cm? on the target surface, which was placed 4 cm
away from the substrate. The as-grown films were examined
with the help of the x-ray diffraction (XRD) technique using
a PANalytical X’Pert PRO setup provided with a Cu Ko,
source (A = 1.5405 A). We performed 0-20, ¢, and w scans
to probe the crystallinity of the grown films. In addition, we
performed a sin? 1/ measurement in the XRD setup to quantify
the residual stress in the films. The magnetic domain imaging
was carried out in ultrahigh vacuum (1.33x 10~ mbar) at
300 K, using a scanning probe microscope (UHV 3500, RHK
Technology) which is equipped with an electromagnet to ap-
ply IP magnetic field. All measurements were performed in
the noncontact mode using a cobalt-chromium-coated mag-
netic tip. The static magnetic measurements were carried out
using a Quantum Design magnetic property measurement sys-
tem (MPMS) at room temperature. For the dynamic magnetic

measurements, we used a commercial electron paramagnetic
resonance (EPR) spectrometer (Bruker EMX) operating at a
fixed cavity frequency of 9.6 GHz and a custom-made broad-
band FMR spectrometer. A custom-made broadband FMR
spectrometer with a 300 um wide coplanar waveguide (CPW)
was designed to record FMR spectra at different frequencies.
The thin films were mounted on the top of the CPW using
the flip-chip technique. The CPW assembly was housed be-
tween the pole pieces of an electromagnet. The FMR spectra
were recorded by employing field modulation and the lock-
in detection technique to enhance the signal-to-noise ratio.
The modulation frequency of 1000 Hz and modulation field
amplitude of 5 Oe were fixed during the measurement [17,22].

III. RESULTS AND DISCUSSION

A. Structural analysis

In Fig. 1(a), XRD 6-26 scans for 10 nm (in red) and 15 nm
(in black) films show peaks corresponding to BIG(444) and
GGG(444). These peaks indicate epitaxial growth of BIG
films on GGG(111) substrates, with lattice mismatch Aa =
(afim — asup = 12.609 — 12.380) A =0.229 A for 15 nm
thick film and Aa = (12.621 — 12.380) A =0.241 A for
10 nm thick film. XRD ¢ scans for the 15 nm thick BIG film
and the substrate in Fig. 1(b) show sixfold symmetry in the
(640) plane; the coinciding peaks of the BIG film and GGG
substrate further confirm the epitaxial growth. The XRD w
scan in Fig. 1(c) was performed on the (444) plane of the
15 nm thick film. The FWHMs of the w scan for both films are
almost identical, ~0.43°. The reciprocal space map (RSM)
for the 15 nm BIG film is shown in Fig. 1(d) for the sym-
metric (444) plane and in Fig. 1(e) for the asymmetric (642)

014401-2



OBLIQUE MAGNETIC ANISOTROPY AND DOMAIN ...

PHYSICAL REVIEW B 108, 014401 (2023)

0.0030 (a) ™ Strain -
(422) Fit
= =~ (640)
0.0015F @49 () w20 1
=
— 0.0000 + 1
(=)
2
~~  -0.0015f foom (400) |
o -
1 L I L L
'Ug 0.0 0.2 L 0.4 0.6
NS Sin” y
v T T T
= 0.0030-(b) w2 4 Strain
< = Fit
B
N

0.0015+r&

(444) (642)

(640)
0.0000 r

-0.0015} NG

0.0 0.2 0.4 0.6
Sin2y

FIG. 2. The sin® ¢ plot for the calculation of the residual stress
(a) for 10 and (b) 15 nm thick BIG/GGG(111) films; green and red
lines are fits to the experimental data for the 10 nm and 15 nm thick
films, respectively.

plane. The RSM shows the single-phase epitaxial growth and
exact strain state of the film. Lattice parameters were calcu-
lated from the RSM using the formula for IP ai, = (2+/2)/gx
and for OOP aoy = (4+/3)/q.. The lattice parameters for the
15 nm BIG film are a;,(BIG) = 12.598 A and aou(BIG) =
12.609 A. Similarly, for the 10 nm thick film, RSM along
the (642) plane is shown in Fig. 1(f). The lattice parameters
calculated for the 10 nm thick film are a;,(BIG) = 12.592 A
and ao, (BIG) = 12.621 A, and they match literature values
well [16,23]. The asymmetric plane (642) RSM shows the
film and substrate have different g, values, indicating the re-
laxation of the BIG film on the GGG substrate. This might be
due to larger lattice mismatch induced strain getting released
through misfit dislocations. Residual stress was calculated us-
ing the nondestructive sin® v XRD technique by performing
0-26 scans in different film planes using v tilt. The strain
calculated from the lattice spacing is plotted against sin” v/
in Fig. 2(a) for the 10 nm thick film and in Fig. 2(b) for the
15 nm thick film, and the fitting was done using the following
equation [24]:

_d¢,/,—do 1+v

€pyr do =

. )
opsin®y — E(Ull +oxn), (1)

oy = allcosz¢ + o1, sin2¢ + ozzsin2¢. 2)

Here, €4y is the strain calculated using the value of dj repre-
senting the relaxed lattice spacing parameter, and dg,y is the
interplanar spacing for the thin film; v and E are the Poisson
ratio and Young’s modulus, respectively. o4 represents the
surface stress along the ¢ direction. The linear fitting in the
strain €gy Vs sin? ¢ plot (shown in Fig. 2) provides residual

stress values of —0.77 and —0.93 GPa for the 15 and 10 nm
thick films, respectively. The negative sign of o4 for both
films confirms the presence of in-plane compressive stress. We
used the reported Poisson’s ratio (0.29) and Young’s modulus
(206 GPa) of the BIG crystal [25,26] for the calculations.

B. MFM analysis

MFM is a powerful technique to study magnetic domains
and offers insight into the magnetization distribution in the
sample in terms of high-resolution micro- and nanosized do-
mains. Figure 3 shows MFM images with different values
of magnetic field applied in a direction parallel to the film
plane. MFM images show magnetic domains with bright and
dark contrast. The bright and dark contrast represent domains

whose M lies out of and into the film plane, respectively.
As the value of the IP magnetic field increases, the domain
size with distinct bright and dark contrast starts to decrease,
as shown in Figs. 3(a)-3(e). At an applied field of 2265 G,
the domains almost disappear. Furthermore, on retracing the
applied field in Figs. 3(f)-3(i), the domains with dark and
bright contrast reappear. This confirms that the contrast in
the MFM images indeed comes from magnetic domains and
not from topographic features of the film. The decrease of
the domain size followed by the near disappearance of the
MFM contrast at higher fields can be explained in terms

of the applied IP field aligning M along the film plane.

With M in the film plane, it exerts no force on the mag-
netic tip (magnetized perpendicular to the film plane), and
hence, the MFM contrast disappears. This in turn implies

ﬁ in the BIG/GGG(111) thin film is in a canted state,
oriented at some angle with respect to the film plane. We
have extracted the canting angle 6 from the MFM images,
0= Sin_l(N[FN[Imesity/NIFNIImensityMax )a where MFMIntensity is
the intensity of the MFM signal and MFMipensity,,, s the
MFM signal with the maximum intensity [18,27]. The 6 map
corresponding to the MFM image for the BIG/GGG(111) film
with B = 0 is displayed in Fig. 4. It can be clearly observed

that the majority of the domains exhibit M in a canted state,
where the canting angle ranges from —30° < 6 < +30°.

C. Magnetization and FMR analysis

The magnetization measurements were performed at room
temperature using a Quantum Design MPMS. We trace hys-
teresis loops for both IP and OOP geometry after subtracting
the paramagnetic contribution of the GGG(111) substrate, as
shown in Fig. 5. For the 15 nm BIG film, 47 M; for both IP
and OOP loops look identical. Therefore, we can infer from
the hysteresis measurements that the magnetic easy axis is
canted at some angle to the film plane. However, the relatively
thinner film of thickness 10 nm shows an OOP easy axis.
This is further confirmed with FMR analysis. The coercive
field H. and 47 M, are estimated to be ~15 and ~1068 Oe,
respectively, from the in-plane M-H loop for the 15 nm thick
film. Similarly, for the 10 nm thick film, H, and 47 M, are
found to be ~39 Oe and ~942 Oe, respectively.

In order to study static and dynamic magnetic properties,
FMR measurements with frequency and angular (IP and OOP)
variations were performed. The polar coordinate system used
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FIG. 3. MFM images of the 15 nm BIG/GGG(111) epitaxial thin film. Images show domain evolution with (a)-(e) increasing and
(f)—(i) decreasing IP applied magnetic fields.

in the subsequent discussion of the BIG(111) epitaxial film is illustrated in Fig. 6(a). ¢y (¢u) is the IP angle between H (M)
and the x axis, and 6y (6)y) is the polar angle between H (M) and the z axis. ¢¢ denotes the IP sixfold symmetry in the azimuthal
direction with respect to the x axis. The total free energy density F' for (111) oriented cubic garnet magnetic systems can be
written as [28,29]

sin Oy sin Oycos(@y — @)

F=-MsH |:+ cos Oy cos Oy

] + 271M§c0s20M + K sinGOM cos 6(ppy — @s) — KucoszeM
4 6 K, 4 22 3
— K> ¢co8 0y — Kg | €08 Oy + E(7sm Oy — 8sin“6y; + 4 — 4+/2sin Oy cos By cos 3py)

K
+ ﬁ[—24sin69M + 45sin*0y — 24sin’Gy + 4 — 2«/§sin39M cos QM(SSiIIZGM —2)cos3¢py + sin®0y cos 6pml, (3

where the first two energy terms are contributed by Zeeman the resonance frequency f, of the uniform precession mode
and dipolar demagnetizations (shape anisotropy). The third, can be obtained from the total free energy density by using
fourth, fifth, and sixth energy terms correspond to the in-plane  the following expression [30,31]:

sixfold and first-, second-, and sixth-order PMA energies,

respectively. The last two terms are the first- and second-order

cubic magnetocrystalline anisotropy energies. The respective ¥ \2 1 92F 9°F 2F \?
magnetic anisotropy constants written in a similar fashion are = (2—) LI |:—2 > — ( 593 ) j|, “4)
Koy K11, K21, Ko K1, and K». Under equilibrium conditions, 7/ Mgsin“Oy | 96} 9%y 2y
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FIG. 4. Map of the canting angle 6 extracted from the MFM
image for B = 0. Canting of M can be clearly observed, where 6 lies
in the range —30° to 30°. x and y axes represent the pixels number,
while the color bar represents the value of 6.

where y denotes the gyromagnetic ratio, which is related to
the Landé g factor as follows: y /2w = gx1.39x10° Hz/Oe.
The equilibrium angles of magnetization ¢y and 6y, can be
obtained by solving the coupled equations after the energy
minimization (3F/d¢y = 0F /06y = 0) and incorporating
the H, solution in the resonance frequency expression. The
numerical solutions of these coupled and indirectly defined
functional equations were determined using Mathematica.
The @), and 6y, values for each value of ¢y and 6y were used
to fit the IP and OOP angular variations of the resonance field
(H, vs ¢y and H, vs 6g).

To determine the IP anisotropy constant, in-plane angular
variations of FMR spectra were recorded at 9.6 and 10.5 GHz
frequencies for the 15 and 10 nm thick BIG films, respectively.
The film is rotated about the [111] axis, which is perpendic-
ular to the film plane. Figure 7 shows the ¢y dependence
of H, of the uniform FMR mode at 9.6 and 10.5 GHz for
the 15 and 10 nm thick BIG films, respectively. The 15 nm
thick film shows sixfold symmetry and matches the crys-
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FIG. 5. M-H loops of BIG/GGG(111) (a) 15 and (b) 10 nm
thick films, measured for the in-plane (IP) and out-of-plane (OOP)
configurations at room temperature.

talline symmetry of BIG. This is in agreement with reported
(111) oriented YIG crystals [32-36]. The experimental data
points are fitted by solving the coupled equations presented
in Eqgs. (3) and (4). The sixfold symmetry is introduced in
the total free energy density to fit the ¢y dependence of H,
for the 15 nm thick film. The value of Kg is found to be
1.2x10% erg/cm?® for the 15 nm thick film. However, the
10 nm thick film shows fourfold symmetry with a unidirec-
tional feature. The increase in lattice strain in the 10 nm thick
film leads to the evolution of fourfold magnetic anisotropy.
The experimental data points are modeled numerically by
incorporating the fourfold (K4) and unidirectional (K;) mag-
netic anisotropies in Eq. (3). K4 and K, are estimated as
7.5x10% and —5.5x10% erg/cm?’, respectively. The change
in IP symmetry from sixfold to fourfold by means of the
reduction of the film thickness might be due to the interfacial
symmetry breaking and the change in the electronic structure
[21]. The typical frequency variation of H, along the IP easy
axis (¢g = 30°) and hard axis (¢¢ = 0°) for the 15 nm thick
film is shown in Fig. 6(b) as solid circles. The experimental
data points are fitted by using Kittel’s equation [17]. The ef-
fective magnetization (47t M.g) can be expressed as 4w Meg =
4n Mg — Hy, where Hy is the effective anisotropy field. From
curve fitting, we estimate a value of 47 M. = —250 Oe. The
small and negative value of 4 M. indicates that the magnetic
easy axis has switched from IP to OOP. Figure 6(c) shows
the frequency dependence of H, for the 10 nm thick film
at 6y = 90° and 0°. We use Kittel’s equation [4] to fit the
experimental data points. y /27 and 47 M are estimated as
2.80x10° Hz/Oe and —216 Oe, respectively. The g factors are
estimated to be 1.96 and 2.00 for the 15 and 10 nm thick films,
respectively. The g factors are close to the spin-only value of
the electron.

The polar angle 6y variations of FMR spectra were
recorded at frequencies of 9.6 and 10.5 GHz for the 15 and
10 nm thick films, respectively. The plots of H, vs 6y are
shown in Fig. 8. For the 15 nm thick film the value of H,
is found to be the minimum at 6y = 65°. This shows that
the magnetic easy axis lies OOP and makes an angle of
0 = 90° — 65° = 25° with respect to the film plane. This
value of 25° corroborates our earlier MFM result, which
indicated canting angle in the range of —30° to 30°. A
similar variation of H, was observed in the CoFeB/MgO
structure with an oblique magnetic easy axis [37,38]. The
difference in H, values at 6y = 0° and 6y = 90° was
observed to be 50 Oe. Such a low difference value for H,
suggests that the shape-induced demagnetization field is
suppressed by the induced PMA. The parameters obtained
from the numerical fitting are K;, = 3.80x10* erg/cm?,
K, =1.5x10° erg/cm3, Ks, = 4.50x 10?2 erg/cm3,
K, =7.0x10° erg/cm3, K, = -59x10° erg/cm3, and
Hy =1054 Oe. The estimated parameters provide the
value of the net anisotropy field, which has a magnitude
comparable to that of the demagnetizing field. The relatively
smaller thickness of the 10 nm thick film clearly shows
the magnetic easy axis perpendicular to the film plane.
The reorientation of the easy axis is due to the dominant
PMA over the shape anisotropy. The parameters obtained
from the numerical fitting are K;; = 4.20x10* erg/cm?,
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(b) and (c) In-plane f vs H, for 15 and 10 nm thick films, respectively. (d) In-plane frequency variation of the FMR linewidth for the 15 and
10 nm thick films. The solid lines represent the fit to the experimental data.

Ky =1.00x10*>  erg/cm?®, K; =3.0x10° erg/cm?’,
K, = —1.5x10° erg/cm?, and Hy = 1211 Oe. The positive
sign of K signifies that M is out of plane, which is in good
agreement with other reported BIG films exhibiting PMA
[39].

The effective magnetic anisotropy K. is composed of
cubic magnetocrystalline anisotropies (K; and K5), magnetoe-
lastic anisotropy (K, ), and shape anisotropy (Kspape) and can
be written as [12]

Kt =K +K + K, + Kshapev ©)
3 E Asyb — Afilm

K, = —— , 6
Rl — (6)
I(shape = 27TM§~ @)

The formulation of all the anisotropies is defined relative to
the z axis (normal to the film plane). K, is the magnetoelastic
anisotropy, which arises due to the induced strain in epitaxial
films. E, v, and A11; denote Young’s modulus, Poisson’s ra-
tio, and the magnetostriction constant in the [111] direction,
respectively. agm and ag,, are defined as lattice parameters
for the film and substrate, respectively. (dsup — @fiim)/Afiim 18
the induced strain € along the [111] direction. K, tries to

reorient M along the perpendicular direction depending on
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FIG. 7. In-plane angular ¢y variation of H,. Solid red (15 nm)
and blue (10 nm) dots are the experimental data points, while the
black solid line represents the model fit.

0144

the sign of Ay and €. In order to estimate K, in our BIG
film, we have used the values £ = 206 GPa, v = 0.29, and
Ay = —4.61x107° reported earlier for BIG [25,26]. The
negative sign of K, is consistent with the out-of-plane mag-
netic easy axis and is in good agreement with other reported
REIGs [12,13,40,41]). Knape is well known in magnetic thin
films which depend on the geometry and M. K. value for the
15 nm thick film was estimated to be —1.51x10° erg/cm?.
Similarly, K¢ for the 10 nm thick film is estimated to be
—1.71x10% erg/cm?®. The higher negative K. value for the
10 nm thick film is due to the larger exerted strain compared
to that of the 15 nm thick film. It has been reported that REIG
films with a negative value of K. exhibit PMA [12,13]. The
variation of the magnetic easy axis can be visualized through
the energy surface plot shown in Fig. 9, where K|, varies
from —1.0 x 10° to 1.0 x 10° in the H, vs 8y plot. A higher
magnitude of K;; with a negative sign and a positive sign

indicates that the easy axis of M is oriented along the film
plane and perpendicular to the film plane, respectively.
Magnetic relaxation was investigated by measuring the
frequency dependence of the linewidth AH for the IP con-
figuration of the 15 and 10 nm thick films, as shown in
Fig. 6(d). The magnetic damping has two different origins: (i)
Gilbert-type relaxation and (ii) non-Gilbert-type relaxation.
The former arises due to direct transfer of energy from the

4200+ @ 10 nm i 3850
Q@ 15nm 3§§
4000 Model Fit 22 {0.5 Gz 3800
,Q_)\ 1020 30 40 50 60 70 80 90 i 3750
O 3800
;; 3700
3600
3650
3400 3600
3200 3550

10 20 30 40 50 60 70 80 90
0, (deg)

FIG. 8. Out-of-plane angular 6y variation of H,. Solid red

(15 nm) and blue (10 nm) dots are the experimental data points, while

the black solid line represents the model fit. The inset shows the plot
of 0y vs 6y for the 15 nm thick BIG film.
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FIG. 9. Energy surface plot: the variation of the magnetic easy
axis with different perpendicular magnetic anisotropy constants at
9.6 GHz frequency.

excited spin wave states to the lattice and is considered to
be intrinsic damping, whereas the latter is extrinsic damping
that arises due to inhomogeneities. As a result, the local FMR
signals for different regions of the film have slightly different
magnetic properties and result in linewidth broadening. The
intrinsic Gilbert damping coefficient can be estimated using
the Landau-Lifshitz-Gilbert equation expressed as [17,42]

AH = AHy + =% ¢ @®)
0 By

where the first term is due to magnetic inhomogeneities and
the second term corresponds to Gilbert damping. The parame-
ters AHy = 230 Oe and o = 2.3 & 0.5x 10~2 were estimated
from the linear fitting for the 15 nm thick film. Similarly,
for the 10 nm thick film, the parameters obtained are AH, =
183 Oe and @ = 1.4 +0.4x 1072, « is comparable to that of
bismuth substituted thulium iron garnet (TmBiIG) [40] and
Y;3_,Bi,FesOp; (BiYIG) with x = 0.25 [17] and relatively
lower than that of BiYIG with x = 0.92 [43]. There is large
uncertainty in the evaluation of « values due to the broad-
ening in the linewidth and relatively smaller 4w M. The o
value is found to be two orders of magnitude higher than that
of a YIG film [1,44]. This might be because of the larger
lattice mismatch [45] in BIG/GGG(111) in comparison to
YIG/GGG(111) and the presence of Bi ions with strong spin-
orbit coupling [17,46,47]. REIGs with nonzero 4f moments
can possess oxidation states other than Re3t, ie., Re?T and/or
Re**, which can enhance the damping due to the nonzero
magnetic moment of rare earth ions [48]. Bi*t is not asso-
ciated with such a case because it has a completely filled 4f
(4f") orbital in its electronic configuration.

REIGs have a wide range of magnetostriction coefficients
[36] at room temperature, which enables the tuning of mag-
netic anisotropy in thin films with variable growth parameters,
lattice mismatch, and partial or complete substitutions at the
rare earth ion sites. The PLD grown unstrained REIG thin
films show that the magnetization direction mostly lies in
the film plane due to the dominance of shape anisotropy
over magnetocrystalline anisotropy. However, with proper

engineering of strain by means of lattice mismatch using suit-
able substrate and growth parameters, PMA can be achieved
in REIG films. The strain may induce PMA at the cost of
increased magnetic inhomogeneity and damping factors. We
observed the OOP magnetic easy axis in PLD grown epitaxial
BIG thin films. For the 15 nm BIG film, the M-H loops in
the IP and OOP orientation have nearly the same saturation
field. Such features arise due to the partial compensation
of the demagnetizing field (or shape anisotropy) with cubic
magnetocrystalline anisotropy and magnetoelastic anisotropy.
We observed cubic magnetocrystalline anisotropies (K
and K,) and magnetoelastic anisotropy (K, < 0) overcome
shape anisotropy, |K| + K3 + K5 | > Khape, Which results in
K.t < 0 and leads to the OOP magnetic easy axis. Interest-
ingly, the complete IP to OOP reorientation took place in
the 10 nm thick BIG film. This reorientation is a result of
the increase in lattice strain with decreasing thickness and a
subsequent increase in the negative value of Kg. A similar
observation was reported by Ortiz ef al., in which a europium
iron garnet (EulG) film showed IP to OOP reorientation below
56 nm [49]. Systematic variation of strain from a compressive
(—0.42%) to tensile (0.34%) regime in EulG films leads to
linear and quadratic dependence of first- and second-order
perpendicular magnetic anisotropies, respectively [36]. Tun-
ing of a magnetocrystalline anisotropy field of 1000 Oe using
a wide range of strain was reported by Wang et al. [50].
The stress-induced anisotropy field of 25 kOe leads to the
development of PMA in epitaxial Tm3FesOy; thin films due
to the large negative value of A which overcomes the shape
anisotropy [51]. Strain-induced PMA has been demonstrated
in various REIGs [48,52-54]. The negative A;{; with the neg-
ative strain state enables the film to possess an OOP magnetic
easy axis [41]. Since all REIGs except Tb3FesO, (TbIG)
exhibit negative A at room temperature, the tensile or com-
pressive strain determines the sign of the induced anisotropy
to be negative or positive and hence the sign of K. The
ionic radii of Bi** and Y>* are 1.03 and 0.9 A, respectively.
The complete replacement of Y** ion by Bi** ion leads to
expansion of the lattice parameter in BIG films (12.609 A)
compared to YIG films (12.376 A). The deposition of BIG
with larger lattice parameters on top of a GGG(111) substrate
induces IP compressive strain in the BIG film. It was reported
that IP compressive strain with negative Aj;; leads to the
evolution of PMA in HolG, SmIG, and YIG [13,55]. An
in-plane magnetic easy axis was reported for BIG/GGG(001)
[19-21], whereas we observed an OOP magnetic easy axis in
both the 15 and 10 nm thick films of BIG/GGG(111). The
BIG(444) film reflection in Fig. 1(c) shows a broadened XRD
peak with a FWHM of 0.43°, indicating a larger strain in
BIG/GGG(111) compared to that reported for BIG/GGG(001)
with a FWHM of 0.03° [20]. There are reports of EulG
showing PMA [49,51,56-58] with larger lattice mismatch
and compressive strain. The nonuniform strain relaxation and
magnetic inhomogeneity lead to higher values of AH, [36].
This might also be the reason for a higher value of AH,, along
with the high spin-orbit coupling caused by Bi ions in BIG
films. The realization of PMA in BIG films can be attributed to
the decreasing shape anisotropy and the increase in magnetoe-
lastic and magnetocrystalline anisotropy. BIG films with PMA
and other features like higher Faraday rotation and electrical
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control of magnetization may draw significant interest in the
fields of spintronics and photomagnonics.

IV. CONCLUSIONS

We deposited single-phase epitaxial BIG/GGG(111) films
to explore the possibility of PMA with angle-dependent FMR
measurements and magnetic domain texture. XRD confirmed
epitaxial growth of the films. For the 15 nm thick sample,
BIG/GGG(111) contains OOP magnetic anisotropy, inferred
from the M-H loop measurements. The 6-mapping plot ex-
tracted using the MFM images for B = 0 further support the
oblique magnetic easy axis, with the canting angle lying in
the range —30° to 4+-30° with respect to the film plane. For the
10 nm thick film, the magnetic easy axis lies perpendicular

to the film plane. The presence of a Bi ion and IP com-
pressive strain leads to PMA in the BIG films. There is an
increase in the damping factor, but still, the Gilbert damp-
ing parameters for our BIG film are comparable to reported
garnets with PMA. BIG films are known for their microwave
application due to higher Faraday rotation. The observed
PMA and Gilbert damping in BIG films are promising for
spintronic and photomagnonic devices.
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