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Perpendicular magnetic anisotropy in Bi-substituted yttrium iron garnet films
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Magnetic garnet thin films exhibiting perpendicular magnetic anisotropy (PMA) and ultra-low damping have
recently been explored for applications in magnonics and spintronics. Here we present a systematic study
of PMA and magnetic damping in bismuth-substitued yttrium iron garnet (Bi-YIG) films grown on sGGG
(111) substrates by pulsed laser deposition (PLD). Films with thicknesses ranging from 5 nm to 160 nm are
investigated. Structural characterization using X-ray diffraction and reciprocal space mapping demonstrates
the pseudomorphic growth of the films. The films exhibit perpendicular magnetic anisotropy up to 160 nm
thickness, with the zero-magnetic field state changing from fully saturated for low thicknesses to a dense
magnetic stripe pattern for thicker films. The films show a ferromagnetic resonance (FMR) linewidth of 100
- 200 MHz with a Gilbert damping constant of the order of 4 x 1073. The broad FMR linewidth is caused

by inhomogeneities of magnetic properties on micrometer length scales.

I. INTRODUCTION

Magnetic thin films with strong perpendicular mag-
netic anisotropy (PMA) are desirable for magnetic mem-
ory and logic devices. The recent development of perpen-
dicularly magnetized spin-orbit torque based magnetic
random access memory (SOT-MRAM)!? is a prime ex-
ample of the significance of PMA materials for spintronic
applications. They offer low switching currents and fast
switching responses due to strong PMA and high spin-
orbit torque efficiency. Effective control of PMA is also
attractive in racetrack memory designs and logic devices
based on chiral spin textures®”. However, the perfor-
mance of these devices is often limited by slow magnetiza-
tion dynamics and resistive losses. In this context, insu-
lating magnetic garnets combining low Gilbert damping
() and PMA have attracted interest as a replacement for
ferromagnetic metals used in conventional spintronic de-
vices. For example, PMA garnets can be integrated into
domain wall racetracks where the domain wall motion is
manipulated by magnon induced spin-transfer torque®?
or in spin-wave logic devices utilizing the isotropic exci-
tation of magnetostatic forward volume mode (MSFVM)
spin waves'®11,

Yttrium ion garnet (YIG) is a versatile magnetic gar-
net with ultralow damping which has been widely studied
due to its long spin wave propagation length'®!3. YIG
grown on lattice matched substrates exhibits an in-plane
magnetic easy axis dominated by shape anisotropy. To
achieve PMA, YIG films can be grown on garnet sub-
strates with a larger lattice constant such as sGGG*15,
YSGG!, and GSGG'7. A relatively large strain is re-
quired to achieve PMA in YIG films and the observation
of PMA is limited to thicknesses below 50 nm'®. One so-
lution to this issue is doping YIG with strong spin-orbit
coupling elements such as Bi'® 2!, Mn?2, Ce?32* and
Ga?5. This results in tunable magnetic anisotropy and
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in some cases, enhanced magneto-optical properties2426.

PMA is also reported in rare-earth iron garnet films in-
cluding thulium iron garnet (TmlIG), europium iron gar-
net (EulG), and terbium iron garnet (TbIG)?730. Such
thin films can also possess the Dzyaloshinskii-Moriya in-
teraction (DMI) which gives rise to chiral magnetic tex-
tures that are of significant current interest for device
applications3' 33, However, the damping of rare-earth
iron garnets is relatively high, comparable to that of fer-
romagnetic metals.

In this work, we investigate PMA and magnetic
damping in Bi-YIG films with different thicknesses on
sGGG(111) substrates. Fully-strained pseudomorphic
growth is demonstrated up to a thickness of 160 nm,
resulting in fully out-of-plane magnetized films up to a
thickness of ~ 140 nm with a Gilbert damping parame-
ter of ~ 4 x 1073, The films show broad FMR linewidth
(100 - 200 MHz) due to local inhomogeneities of magnetic
properties.

1. EXPERIMENTAL METHODS

Bi-YIG films were grown on (Mg, Zr)-substituted
GGG(111) substrates by pulsed laser deposition (PLD)
using a KrF laser (A = 248 nm) from a stoichiometric
target of composition Bi;YoFe;Oq15. Growth conditions
were systematically optimized to ensure crystallinity of
the films. Before deposition, the substrates were an-
nealed at 700 °C in 10 mbar oxygen. The films were
grown at 600 °C in 0.05 mbar oxygen. After deposition,
the films were annealed at 700 °C in 100 mbar oxygen for
30 minutes to enhance their crystallinity and stoichiom-
etry. In-situ reflection high energy electron diffraction
(RHEED) was used to monitor the growth of the films.
RHEED intensity oscillations were not observed during
growth, however, a clear diffraction pattern was observed
after post-deposition annealing. Bi-YIG films with thick-
nesses ranging from 5 nm to 160 nm were investigated.

The crystalline structure of the Bi-YIG films was char-
acterized using high resolution X-ray diffraction (XRD)
measurements and the strain distribution of the films was
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analyzed by X-ray reciprocal space mapping (RSM). Film
thicknesses were determined by X-ray reflectivity (XRR)
measurements. Atomic force microscopy (AFM) mea-
surements were carried out to study the homogeneity and
roughness of the films.

The static magnetic properties of the Bi-YIG films
were characterized using magneto-optical Kerr effect
(MOKE) microscopy, magnetic force microscopy (MFM),
and vibrating sample magnetometry (VSM). The dy-
namic magnetic properties of the films were determined
through ferromagnetic resonance (FMR) measurements
using a broadband vector network analyzer (VNA) in
a flip-chip geometry. Super-Nyquist sampling magneto-
optical Kerr effect (SNS-MOKE) microscopy was used to
study the spatial variation of the magnetization dynam-
ics.

Additionally, elemental mappings of the films were per-
formed by energy dispersive X-ray spectroscopy (EDX)
in longitudinal and cross-sectional geometry. Microstruc-
ture and morphology of the Bi-YIG films were inspected
by high resolution scanning transmission electron mi-
croscopy (STEM, JEOL 2200FS) with double Cs- cor-
rectors. For that, the cross-sectional lamellas were pre-
pared by focused ion beam (FIB) cutting on a multibeam
system (JEOL JIB 4700F).

I1l. RESULTS AND DISCUSSION
A. Structural characterization

XRD 6-20 scans of Bi-YIG films on sGGG with thick-
nesses ranging from 5 nm to 160 nm are shown in Fig.
1. In each scan, the sSGGG(444) substrate peak is seen
around 50.5° with the Bi-YIG film peak showing up
as a shoulder for thinner films and as a distinct peak
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FIG. 1: XRD 6-20 scans of Bi-YIG films on sGGG for
film thicknesses ranging from 5 nm to 160 nm. The
scans are vertically offset for clarity.

for thicker films. The vertical dashed line marks the
expected position of the bulk Bi;Y2IG(444) diffraction
peak!®34 The diffraction peak of the Bi-YIG films is
located at a higher angle than the expected bulk posi-
tion, indicating that the films are grown under compres-
sive out-of-plane strain (i.e., tensile in-plane strain). This
is consistent with the lattice mismatch between Bi-YIG
(12.45 A)1834 and sGGG (12.49 A) which is expected to
induce tensile strain in the plane of the Bi-YIG films,
as seen in previous investigations of the system!S2!,
The films are crystalline and their surface is reasonably
smooth as demonstrated by clear Laue fringes in the
XRD scans of films with thicknesses ranging from 20 nm
to 80 nm.

Figures 2(a) and 2(b) show the reciprocal space maps
along the (642) oblique plane for Bi-YIG films with a
thickness of 20 nm and 160 nm, respectively. In these
two cases, as for all the films, the film peak is verti-
cally aligned with the substrate peak, confirming that
the films are coherently grown onto the sGGG substrate.
The position of the film peak at higher (), compared to
the substrate peak in the RSMs shows the out-of-plane
lattice compression consistent with the 0-20 scans in Fig.
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FIG. 2: Reciprocal space maps of films with a thickness
of (a) 20 nm and (b) 160 nm. (c) In-plane (a)) and
out-of-plane (a_ ) lattice parameters of the Bi-YIG films
as a function of thickness extracted from RSM and 0-260
measurements, respectively. The lattice constant of
bulk Bi; Y5IG (ag = 12.45 A) is indicated by the
horizontal dashed line.

The out-of-plane lattice parameter a extracted from
the 0-20 scans and the in-plane lattice parameter a) ex-
tracted from the RSMs are plotted as a function of film
thickness in Fig. 2(c). ) is greater than ag for all thick-
nesses, confirming the tensile in-plane strain. An increase



in a, is observed with film thickness, however, it does not
approach the bulk lattice constant ag even for the thick-
est film. This demonstrates that even for thicknesses over
100 nm the film strain does not relax fully.

Since all the films show pseudomorphic growth char-
acteristics, the lattice parameter of the relaxed structure
(ap) can be derived from a) and a of the strained films
using the following formula®®,

~1
T+p

ap = a| — (aL —ay), (1)
where 4 = 0.29 is the Poisson coefficient of the
material®®. The lattice parameter of the relaxed struc-
ture (ag) thus calculated for different film thicknesses
varies from 12.42 A to 12.44 A. The calculated aq is
smaller than the expected value of 12.45 A. According
to Vegard’s law, this suggests around 20 % to 50 % lower
Bi concentration in the films®” than the nominal value.
The relative abundance of Bi and Y in a 160 nm thick
Bi-YIG film estimated by EDX also indicates a lower Bi
to Y ratio in the films (See supplementary note 1).

The surface roughness of the films, measured by atomic
force microscopy (AFM) and X-ray reflectivity (XRR)
measurements, is low and only gradually increases with
film thickness from 0.3 nm for the 5 nm thick film to
2.2 nm for the 160 nm thick film (See supplementary
note 2). The low surface roughness is consistent with the
observation of Laue oscillations in the XRD scans shown
in Fig. 1.
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FIG. 3: Polar MOKE hysteresis loops under
out-of-plane applied magnetic fields of Bi-YIG films
with a thickness of (a) 5 nm, (b) 20 nm, (¢) 60 nm, and
(d) 160 nm. Note the different magnetic field scales in
each plot.

FIG. 4: Magnetic stripe domain pattern at zero
magnetic field after demagnetization for Bi-YIG films
with a thickness of (a) 40 nm, (b) 60 nm, and (c) 80 nm
obtained by MOKE microscopy. (d) MFM image of the
stripe domain pattern at zero magnetic field for a 160
nm thick film.

B. Magnetic characterization

Polar MOKE hysteresis loops shown in Fig. 3 confirm
the PMA of the Bi-YIG films. The combination of in-
plane tensile strain and the negative magnetostriction co-
efficient of Bi-YIG in the (111) direction promotes PMA
in the films by inducing a magnetoelastic anisotropy.
Preferential Bi occupation of Y sites may also lead to
an additional growth-induced perpendicular anisotropy
term'®2°.  Films with thicknesses up to 20 nm show
square hysteresis loops, with the 5 nm film, shown in Fig.
3(a) having a coercivity of around 0.2 mT. The hysteresis
of thicker films is more rounded because of the forma-
tion of magnetic stripe domains at low magnetic fields.
The thicker films also show considerably increased out-of-
plane saturation fields. The magnetic domain structure
of Bi-YIG films with thicknesses 40 nm, 60 nm, 80 nm,
and 160 nm imaged at zero applied magnetic field after
demagnetization are shown in Fig. 4 (note the different
scale bars). Figures 4(a)-(c) were recorded using MOKE
microscopy and Fig. 4(d) was recorded using MFM. A
decrease in the width of the stripe domains is observed
with increasing film thickness.

The dynamic magnetic properties of the Bi-YIG films
were studied with broadband FMR spectroscopy using a
vector network analyzer (VNA). The samples are placed
face-down onto a coplanar waveguide (CPW), and a
static magnetic field is applied perpendicular to the film
plane. The transmission coefficient (S21) of the CPW /Bi-



Thickness (nm) |uoMeg (mT)|a (x1073)|Afo (MHz) | poMs (mT) |poHry (mT)| K, (kJ/m?)|Keg (kJ/m?)
20 -91 5.4 110 75 166 5.0 2.7
40 -60 5.5 150 99 159 6.3 2.4
60 -52 3.9 120 78 130 4.0 1.6
80 -30 5.0 180 81 111 3.6 1.0
160 9 4.3 220 76 67 2.0 -0.3

TABLE I: poMeg, o and A fy derived from FMR measurements, joM; derived from VSM measurements, and the
extracted values of ugHyky, Ky and Keg for Bi-YIG films with different thicknesses.

YIG structure is measured as a function of frequency at
a fixed external magnetic field. Fig. 5(a) shows represen-
tative FMR spectra at different magnetic fields for a Bi-
YIG film with a thickness of 20 nm. The FMR frequency
(fres) and inhomogeneous linewidth (A f) are determined
by fitting the S3; data with a Lorentzian curve, where A f
refers to the full width at half maximum of the Lorentzian
peak (See supplementary note 3). The effective magneti-
zation, Mg, is then extracted by numerically fitting the
field dependence of fies using the Kittel equation for a
perpendicular measurement geometry:

fres = %(H - Meff)y (2)
where pg is the vacuum permeability and v is the gy-
romagnetic ratio. The Gilbert damping parameter, «,
is estimated by numerically fitting the frequency depen-
dence of Af using the equation,
Af =2af + Afp. (3)
Here, Afy denotes the linewidth broadening due to the
spatial inhomogeneity of the film. Figures 4(b) and 4(c)
show representative fits to fres vs H and Af vs f data,
respectively, for a Bi-YIG film with a thickness of 20 nm.
Table I summarizes Mg, o, and Afy extracted from
FMR measurements for Bi-YIG films with thicknesses
ranging from 20 nm to 160 nm. The Gilbert damping
parameter « is similar for all the films at around 4x1073.
To quantify the anisotropy strength, we deduced the
anisotropy field Hk,, uniaxial anisotropy K, and the ef-
fective anisotropy Keg from the effective magnetization
(Megr) using the following formulas:

HKu = Ms - Meff

o Hicu M
K,=—F
b 2 (4)
M 2
Keff — Ku _ .UO2 s

where the saturation magnetization Mj is estimated from
vibrating sample magnetometry (VSM) measurements
with out-of-plane magnetic field. By the definition of
Kg in equation (4), the sign of K. determines the spin
orientation. When K.g changes sign, a spin reorientation

between out-of-plane and in-plane magnetized states oc-
curs. Hgy, Mg, K, and K.g extracted for different film
thicknesses are summarized in Table I.

K, is positive for all the films confirming strong PMA
up to 160 nm thickness. This is consistent with the
XRD and RSM results and demonstrates the robustness
of the growth-induced strain and strain-induced PMA
in our Bi-YIG films. Because of a gradual relaxation
of strain with film thickness (Fig. 2(c)), K, decreases
in the thicker films. Mj of the Bi-YIG films is notably
smaller than that of YIG (uoMs = 180 mT)3® and pre-
vious measurements of Bi-YIG!8. The relatively low M,
likely explains why the easy axis of magnetization is ori-
ented out-of-plane up to large film thicknesses since the
demagnetization energy favoring in-plane magnetization
is relatively small. For the 160 nm thick film, Mg is
positive and K.g is negative, implying that the preferred
orientation of magnetization is in-plane. However, be-
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FIG. 5: (a) FMR spectra recorded with different
external magnetic fields on a 20 nm thick Bi-YIG film.
The black curves are Lorentz fits to the FMR resonance.

For clarity, a vertical offset is applied to the spectra.
(b) Fit of fres(H) and (c) fit of Af(f) of the same film.
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FIG. 6: (a) Spatial mapping of the dynamic magnetic response for a Bi-YIG film with a thickness of 80 nm at
different RF frequencies recorded using SNS-MOKE microscopy. The intensity is proportional to the local maximum
deviation of the out-of-plane component of the magnetization. (b), (c) Cross-sectional HAADF-STEM images for
the same film.

cause the effective anisotropy is small, a perpendicular
magnetic stripe domain still forms when the film is de-
magnetized by a perpendicular magnetic field (Fig. 4(d)).
The decrease in stripe domain width at zero magnetic
field (Fig. 4) for thicker films, is also consistent with a
reducing effective magnetic anisotropy. The sign change
of Keg with increasing film thickness suggests that the
spin reorientation transition occurs at around 140 nm in
our Bi-YIG films.

The excitation and detection of MSFVM spin waves in
low-damping Bi-YIG films with large PMA is desirable
for potential device applications. However, despite hav-
ing low magnetic damping, spin wave propagation is not
observed in our Bi-YIG films (See supplementary note 4
for experimental details), which is likely due to the rel-
atively high inhomogeneous linewidth broadening of the
films. The Gilbert damping parameter « estimated from
the frequency dependence of the FMR linewidth does not
solely affect the propagation of spin waves. To investigate
this further, we used a home-built SNS-MOKE?® micro-
scope to probe the spatial variation of the FMR for a
film with a thickness of 80 nm. In the measurements, an
external magnetic field of 50 mT is applied parallel to the
film plane, and the magnetization dynamics is excited by
a spatially homogeneous RF field generated by an omega
antenna placed above the film. For different excitation
frequencies, the film was scanned over an area of 15x15
um? in steps of 0.3 um and the magnitude of the av-
erage dynamic magnetization was recorded. Figure 6(a)

shows spatial maps of the dynamic magnetic response
of the film at different RF frequencies. The intensity
variation across different regions in Fig. 6(a) is due to
local changes in the FMR frequency, suggesting inhomo-
geneities of the magnetic properties. The FMR frequency
is sensitive to local changes in both the saturation mag-
netization and the uniaxial anisotropy which can lead to
particularly large inhomogeneous broadening in perpen-
dicularly magnetized films. Here, local shifts in the spin
wave dispersion caused by magnetic inhomogeneities are
large enough to prevent spin wave propagation even with
relatively low magnetic damping.

We performed cross-sectional high-angle annular dark
field (HAADF) STEM imaging to examine the origin of
the magnetic inhomogeneities. Figures 6(b) and 6(c)
show HAADF-STEM images from a film with a thick-
ness of 80 nm. The interface between sGGG and Bi-YIG,
shown in Fig. 6(c), is sharp and nearly perfect, indicat-
ing that interfacial defects and dislocations are absent.
However, in Fig. 6(b), a variation in dark-field imag-
ing contrast is observed in some parts of the film away
from the substrate interface. The areas with dark con-
trast exhibit a different composition. The changes in
the distribution of oxygen (O) and iron (Fe) within the
regions with dark contrast, as revealed by STEM-EDX
analysis, align with this observation (See supplementary
note 3). The observed compositional changes do not lead
to visible changes in the lattice as verified by the high-
resolution HAADF-STEM imaging (See supplementary



note 4). Film areas that are iron deficient are likely re-
sponsible for the low saturation magnetization found in
these films. While the scale of the STEM images is too
small to study property changes on the scales relevant to
the inhomogeneities seen in Fig. 6(a), the structural im-
perfections on sub-micrometer length scales do likely con-
tribute to the inhomogeneous magnetic properties that
result in broad FMR linewidths.

IV. CONCLUSION

In this study, structural and magnetic characterization
of PLD-grown Bi-YIG films on sGGG was carried out for
film thicknesses ranging from 5 nm to 160 nm. All the
Bi-YIG films are strained coherently by the sGGG sub-
strate and exhibit strong PMA. Polar MOKE measure-
ments indicate full remanence for small film thickness
and dense stripe domains with perpendicular magnetiza-
tion for the thicker films. The PMA gradually decreases
with film thickness, leading to a spin reorientation tran-
sition around 140 nm. The magnetic damping parame-
ter for films with perpendicular magnetization is around
4 x 1073 irrespective of film thickness. Finally, the ab-
sence of spin wave propagation despite low damping is
attributed to the spatial inhomogeneities of the magnetic
properties leading to variations in the dispersion of spin
waves.

SUPPLEMENTARY MATERIAL

The supplementary material contains further details
of sample characterization by EDX, AFM and STEM,
as well as discussion of the FMR fitting and spin wave
propagation experiments.
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