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Y3Fe5;01; (YIG) and BiY,Fes;01, (Bi:YIG) films were epitaxially grown on a series of (111)-oriented garnet sub-
strates using pulsed laser deposition. Structural and ferromagnetic resonance characterizations demonstrated the high epi-
taxial quality, extremely low magnetic loss and coherent strain state in these films. Using these epitaxial films as model
systems, we systematically investigated the evolution of magnetic anisotropy (MA) with epitaxial strain and chemical dop-
ing. For both the YIG and Bi:YIG films, the compressive strain tends to align the magnetic moment in the film plane
while the tensile strain can compete with the demagnetization effect and stabilize perpendicular MA. We found that the
strain-induced lattice elongation/compression along the out-of-plane [111] axis is the key parameter that determines the
MA. More importantly, the strain-induced tunability of MA can be enhanced significantly by Bi doping; meanwhile, the
ultralow damping feature persists. We clarified that the cooperation between strain and chemical doping could realize an
effective control of MA in garnet-type ferrites, which is essential for spintronic applications.
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1. Introduction

The garnet-type ferrite yttrium iron garnet (Y3FesOj»,
YIG), a ferrimagnetic insulator, has attracted extensive re-
search interest for decades due to its ultralow Gilbert damping
constant.!!? Such a low damping constant allows a long spin-
wave propagation length up to a millimeter scale.!®! More-
over, its insulating feature eliminates charge flow and thus
facilitates the generation of pure spin current.[*>! Thanks to
these superior properties, YIG films are considered an ideal
platform for spintronic research and spintronic devices with

[2:6.7] Numerous works have demon-

low energy consumption.
strated the important role of YIG in various spintronic phe-
nomena, including spin-transfer torque, the (inverse) spin Hall
effect, spin Hall magnetoresistance (SMR), spin pumping and
the spin Seebeck effect.[8-141

The spin transport properties of YIG-based functional de-
vices strongly rely on the controllability of the orientation of
the magnetic moment. For example, the SMR can reach the
lowest value as the magnetic moments align in the YIG film
plane and perpendicular to the charge current in the Pt cap-

(111 Perpendicular magnetic anisotropy (PMA) is

ping layer.
believed to provide better thermal stability and lower power
consumption for spintronic devices.!!>! Therefore, similar to

other spintronic systems, harnessing the magnetic anisotropy
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(MA) of YIG films is one of the central challenges for this

[16-18] Note that the magnetoelastic coefficient of the

19,20]

system.
(111)-oriented rare earth iron garnet film is negative.!
This feature makes the epitaxial strain imposed from the sin-
gle crystal substrate an effective route for controlling the MA
of the YIG films."”! For example, PMA can be realized by
growing the YIG films on garnet substrates with a larger
lattice constant, such as Gd2.6C21()_4Ga4.1Mg().252r0,65012,121J
Gd3Scha3012[22] or Gd0_63Y2A37Scha3O]2.[23] Recently, it
has been reported that chemical doping can also effectively
modulate the MA of YIG films: dopants include Bi,?*+2!
Mn, 26271 and Ce.!?8! However, both experimental routes have
shortcomings. On one hand, large lattice mismatches between
the films and substrates usually cause considerable strain re-
laxation, which degrades the tunability of MA. On the other
hand, chemical doping inevitably causes disorder and defects
in the films, which may increase magnetic loss. Moreover, the
cooperative effects of doping and epitaxial strain on MA have
rarely been investigated.

In this work, we chose (111)-oriented high-quality YIG
and Bi-doped YIG (BiY;FesO,, Bi:YIG) epitaxial films as
model systems and performed a comparative study on the ef-
fects of strain and doping on MA. The YIG and Bi:YIG films
were grown on a variety of garnet substrates with different lat-
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tice constants. Thanks to the high epitaxial quality, all the YIG
and Bi:YIG films with different thicknesses were coherently
strained to the substrates. Accordingly, we could systemati-
cally characterize the evolution of MA with epitaxial strain.
We found that the rhombohedral distortion of the film lattice
along the out-of-plane (111) axis is the key parameter that de-
termines the MA of both YIG and Bi:YIG films. More impor-
tantly, we found that the strain-induced tunability of MA can
be enhanced significantly by Bi doping, while the ultra-low
magnetic loss feature persists. Our work provides important
guidelines for achieving effective control of MA in garnet-type
ferrite-based thin films and heterostructures, which may pro-
mote these material systems for practical spintronic applica-
tions.

2. Method and materials

The YIG and Bi:YIG ceramic targets were prepared by
traditional solid-state reactions. The original compounds, i.e.,
Y,03, Fe;O3 and Bi; O3 powder, were mixed according to the
stoichiometry and then calcined sequentially at 750 °C and
920 °C for 12 h. After being pressed into a YIG (Bi:YIG)
pellet with a diameter of 1 inch at 30 MPa, the targets were
sintered at 1300 °C (1100 °C) for 12 h (5 h).

We grew all the YIG and Bi:YIG (BiY;Fes501,) epitaxial
films of thickness 10 nm, 30 nm, and 60 nm via pulsed laser
deposition (PLD) on a variety of (111)-oriented garnet sub-
strates. During deposition, we kept the substrate temperature
at 730 °C. For YIG film growth we set the oxygen partial pres-
sure and laser fluence as 4 Pa and 3.40 J.cm~2. For growth of
the Bi:YIG films we increased the oxygen partial pressure to
12 Pa and decreased the laser fluence to 1.63 J-cm™2 with the
aim of suppressing the volatility of Bi. After deposition, the
films were annealed in situ for 15 min to prevent the forma-
tion of oxygen vacancies. The film thickness was controlled
by counting the number of laser pulses.

The epitaxial quality of the YIG and Bi:YIG films was
analyzed by high-resolution x-ray diffraction (XRD; PANalyt-
ical, Empyrean). The film surface morphologies were charac-
terized by atomic force microscopy (AFM; Asylum Research,
MFP-3D) in contact mode. To characterize the magnetic prop-
erties we utilized a custom-built electromagnet to perform
ferromagnetic resonance (FMR) measurements and a vibrat-
ing sample magnetometer (SQUID-VSM, Quantum Design)
to measure the static magnetization at 300 K.

3. Results and discussion

To impose different epitaxial strain states on

the YIG and Bi:YIG films,
films on a

we chose to grow the
variety of (111)-oriented garnet sub-

strates, including Gd3GasOj» (GGG), Y3ScyGazOq;

(YSGQG), Gdy.6Cap.4Gag 1Mgo.25710.65012 (SGGQG),
Gd0,63Y2_37SC2Ga30|2 (GYSGG), and Gd3SC2Ga30|2
(GSGQG). Bulk YIG, Bi: YIG, GGG, and other garnet substrates
share a similar cubic unit cell. Figure 1(a) schematically dis-
plays the detailed crystal structure of YIG and GGG. In the
cubic unit cell of YIG, 40% of Fe** ions occupy the A-site
and form octahedra with six adjacent oxygen ions while 60%
of Fe3* ions occupy the D-site and form tetrahedra with four
adjacent oxygen ions. The Y3* ions occupy the C-site and
form dodecahedra with eight adjacent oxygen ions.?°! The
similar atomic structures of GGG, other garnet substrates and
YIG enables a coherent heteroepitaxy. The lattice constants of
bulk YIG, bulk Bi:YIG and various garnet substrates (agyp) are
summarized in Table 1. We also include the lattice mismatches
between films and substrates (€) in Table 1. Positive (negative)
€ values represent in-plane tensile (compressive) strain states
imposed by the substrates. For these (111)-oriented films, such
a tensile (compressive) strain is expected to shorten (elongate)
the film lattice along the out-of-plane [111] axis.

Table 1. Lattice mismatch (¢) of YIG and Bi:YIG with GGG, YSGG,
SGGG, GYSGG, and GSGG(111) substrates.

Lattice constant ~ Lattice mismatch ~ Lattice mismatch

Substrate . . .
A) with YIG (%) with Bi:YIG (%)

YIG 12.376 - -
Bi:YIG 12.406 - -

GGG 12.376 0 —0.238
YSGG 12.426 0.404 0.165
SGGG 12.48 0.840 0.600

GYSGG 12.507 1.059 0.818
GSGG 12.554 1.438 1.197

We first check the epitaxial structure of YIG and Bi:YIG
films via XRD. Figures 1(b) and 1(d) show the 260—® XRD
linear scans of the YIG and Bi:YIG epitaxial films near (444)
diffraction. All the curves exhibit well-defined (444) diffrac-
tion peaks and Laue fringes, demonstrating the high epitaxial
quality and sharp film—substrate interfaces. The 20—¢ curve is
summarized in Fig. S1 in the supplementary materials. As ag
increases, the (444) diffraction peak of both YIG and Bi:YIG
gradually shifts to a higher angle (indicated by the dashed
lines in Figs. 1(b) and 1(d)), which signifies a gradually de-
creased (111) plane distance d(111). Note that the cation radius
of Bi** is larger than that of Y*,[2!] which makes the lat-
tice constant of Bi:YIG slightly larger than that of YIG. As a
result, given the same substrate, the (444) peak of Bi:YIG al-
ways appears at a lower angle than that of YIG. Figures 1(c)
and 1(e) show the normalized rocking curves of the YIG and
Bi:YIG (444) peaks. All the curves show narrow and sym-
metrical peaks without any broad backgrounds. The full width
at half maximum (FWHM) of these rocking curves is sum-
marized in Table S1. All the values are below 0.02°, mani-
festing a superior high crystallinity. The surface morphology
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of 30 nm thick YIG and Bi:YIG films was checked using the
AFM images (Fig. S2 in the supplementary materials). The
root-mean-square roughness of both YIG and Bi:YIG films is
below 0.1 nm, consistent with the XRD results.

We further analyzed the strain states of YIG and Bi:YIG
films via reciprocal space mappings (RSMs) around the (486)
diffraction. The representative results obtained from the YIG
and Bi:YIG films on GGG(111) and GSGG(111) substrates
are shown in Figs. 2(a)-2(d) (the other results are shown in
Figs. S3 and S4 in the supplementary materials). In all of
the RSMs, the (486) diffractions of the YIG and Bi:YIG films
share the same in-plane reciprocal vectors with those of the
substrates, demonstrating a coherent strain state. In contrast
with the Q, values, the out-of-plane Q. values of the YIG or
Bi:YIG (486) diffractions are quite different from those of the
substrates. For the films grown on GSGG(111), the Q. val-
ues of YIG and Bi:YIG are much larger than for films grown

on GGG(111), signifying shortened out-of-plane [111] axes.
Moreover, because of the doping-induced lattice expansion,
the Q, values for all the Bi:YIG(486) diffractions are smaller
than those of the YIG(486) ones. This is also consistent with
20— XRD linear scans shown in Fig. 1. In Fig. 2(e), the
d(111) values for the 30 nm films are plotted as a function of
film—substrate lattice mismatch. As the lattice mismatch in-
creases, the d(111) values of both YIG and Bi:YIG films de-
crease linearly. The d(yyy) values for 10 nm and 60 nm films
are included in Fig. S5 in the supplementary materials. Al-
though these films are also coherently strained, the d(111) val-
ues become slightly larger. The reason for such an unex-
pected lattice expansion is still an open question. We spec-
ulate that these lattice expansions may originate from the oft-
stoichiometry defects accumulated during long-duration depo-

sition or interdiffusion at the film—substrate interface. 3%
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Fig. 1. (a) Schematic crystal structure of YIG (top) and GGG (bottom). The (111) atomic planes are marked in green and cyan. (b), (¢) XRD 20— linear
scans (b) and rocking curves (c) near the YIG(444) diffraction from a series of 30 nm thick YIG films on GGG, YSGG, SGGG, GYSGG and GSGG(111)
substrates. XRD 26— linear scans (d) and rocking curves (e) near the Bi:YIG(444) diffraction from a series of 30 nm thick Bi:YIG films on GGG, YSGG,

SGGG, GYSGG, and GSGG(111) substrates.

YIG/GGG  Bi:YIG/GGG YIG/GSGG Bi:YIG/GSGG -
el el T T T T T T T T T T
a d L | i
B vie 1@ N (e)
. | > 180} .
& - & ) § BiVIG < R ]
. . (186 9 L 30 nm
= vig § = y (486) 5 179F '\ .
SOy (486) o ~ . Ty
N Bi:YIG Z = 178k - i
5 ooy | S . R
; Focaa | W BRYIG - ]
82 2 1 " 1 " 1 " 1 " 1 "
226 228 230 226 228 230 224 226 228 224 226 228 —04 0 04 08 12 16

Q, (1073 A™Y) Q, (107* A1)

Q, (1073 A~ Q, (107% A7)

Lattice mismatch, ¢ (%)

Fig. 2. (a)—(d) High-resolution RSMs around the (486) diffraction of 30 nm YIG and Bi:YIG films grown on GGG(111) and GSGG(111) substrates. (e) The
out-of-plane d(;1) of 30 nm YIG and Bi:YIG films plotted as a function of lattice mismatch between the film and garnet substrates.
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Fig. 3. FMR absorption spectra of 30 nm thick YIG/GGG(111) (a) and
Bi:YIG/GGG(111) (c) films under 10 GHz. The absorption line width
is marked by dashed lines. Frequency dependent FMR linewidth of
YIG/GGG(111) (b) and Bi:YIG/GGG(111) (d). The linear fits are plot-
ted with black lines. The calculated damping constant ¢ is also inserted in
(b) and (d).

Low magnetic loss is not only the key advantage of
YIG but is also an important fingerprint of film quality.
Based on this consideration, we selected the 30 nm thick
YIG/GGG(111) and Bi:YIG/GGG(111) films to characterize
the Gilbert damping constant by FMR measurements. We
scanned the static magnetic field (H) and measured the ab-
sorption spectrum of microwaves at a specific frequency (f).
The line width (AH) of the FMR absorption spectrum can
be obtained by Lorentz fitting. Figures 3(a) and 3(c) show
the representative FMR absorption spectra of 30 nm thick
YIG/GGG(111) and Bi:YIG/GGG(111) films at f = 10 GHz.
Figures 3(b) and 3(d) show a set of AH values obtained by
measuring the FMR absorption spectra at different f ranging
from 4 GHz to 11 GHz. The AH-f curve can be linearly fitted

by
20
AH:AH0+7f,

where AH is the intercept, o is the damping constant and 7 is
the gyromagnetic ratio. The 7 value can be obtained from the
Kittel formula

f = vV Hemr (Hevgr +47Megr),

where Hppmr is the ferromagnetic resonance magnetic field and
M. is the effective magnetization. As inserted in Figs. 3(b)
and 3(d), the calculated o values for YIG and Bi:YIG films
are 2.6799 x 10~* and 2.1714 x 10~*, which are comparable
to or lower than most of the YIG films grown by PLD.3!! The
fitting results of the Kittel formula are given in Fig. S6 in the

supplementary materials. The low magnetic damping once

again manifests the high quality of our films.*?! Our results
therefore further confirm that Bi doping does not cause a de-
tectable increment in the magnetic loss.

After confirming the high quality of YIG and Bi:YIG
films with both structural and FMR characterization, we
turned to investigate their static magnetic properties. Fig-
ure 4 shows the H-dependent magnetization (M—H) hystere-
sis loops of the 30 nm thick YIG and Bi:YIG films grown on
various garnet substrates. The zoomed-in M—H loops near
the zero-field ranges are included in Fig. S9 in the supple-
mentary materials, which clearly presents the detailed coer-
cive field and remnant magnetization. The M—H hysteresis
loops of 10 nm and 60 nm thick YIG and Bi:YIG films are in-
cluded in Figs. S7 and S8 in the supplementary materials. The
diamagnetic or paramagnetic backgrounds from the substrates
had already been subtracted by linear fitting of the saturated
regions in the loops. The M—H curves were measured with
H parallel or perpendicular to the film surface, denoted as H|
and H,, respectively, and the M values were normalized by
the saturated magnetization (Ms) for clarity.

The M-H curves exhibit strong dependence on the epi-
For the 30 nm thick YIG/GGG(111) films
(Fig. 4(a)), the saturation field (Hs) in the H| case (about
3 Oe) is much smaller than that in the H, case (~ 2200 Oe).
Namely, the YIG/GGG(111) film shows a magnetic easy plane
(MEP) behavior. For the YIG films grown on YSGG(111),
SGGG(111), and GYSGG(111) substrates (Figs. 4(b)-4(d)),
the MEP behavior persists, and Hs in the H, case decreases
gradually as agyp, increases. For the YIG/GSGG(111) film, by
contrast, Hs in the H| case turns out to be larger than that in the

taxial strain.

H, case, which strongly suggests a uniaxial PMA. As marked
in Fig. 4, the anisotropic field Hy is Hg along the magnetic
hard axis, and we define the Hp value to be positive (negative)
in the MEP (PMA) case. Such an evolution from MEP to PMA
was also observed in the Bi: YIG films (Figs. 4(f)—4(j)). Com-
pared with the YIG films, H of the Bi:YIG films in the MEP
case show a clear reduction, and the transition from MEP to
PMA appears in the Bi:YIG/SGGG(111) films. Namely, Bi-
doping can assist the tensile strain and facilitate PMA.

Now we turn to discuss the origin of MA in the YIG and
Bi:YIG films. Given a YIG film, MA is contributed to by
intrinsic magnetocrystalline MA in the cubic symmetry, the
strain-related magnetoelastic effect and shape-related demag-
netization effects. Hence the effective MA energy (Kf) can
be represented by the following equation:

Kefr = Kshap + Kitrain + Kcrysta

where  Keryst,  Ksrain, and  Kghap are the MA  energy

terms of intrinsic magnetocrystalline anisotropy, strain-

induced magnetocrystalline anisotropy and shape anisotropy,
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respectively. 3334 K ¢ can be determined experimentally by

Hy-M,
KeHZTS7

and Kp,p for thin films can be determined experimentally by
Kshap = ZnMécosze,

where 0 is the angle between the magnetic moment and the
film plane. As H aligns along the film normal, the above equa-
tion becomes Khap = 27TM3.

According to previous literature, the intrinsic magne-
tocrystalline anisotropy Kerys; of bulk YIG is at least one order
of magnitude smaller than Kg,p and Kyirain- 2131 Namely, the
main contribution to the magnetocrystalline anisotropy of YIG
films comes from the epitaxial strain-mediated magnetoelastic
effect. On this basis, we rewrite Kerys + Kgirain @S Kiagice, de-
noting the MA related to the film lattice. By subtracting Ksnap
from K¢, we can determine the Kjugice term from all the YIG
and Bi:YIG samples.

To explore the relationship between epitaxial strain and
magnetocrystalline anisotropy, we calculated the Kjaice val-
ues of YIG and Bi:YIG films. Based on the definition of Ha,
a positive Kjyice tends to align the magnetic moment in-plane
while a negative Kjsice tends to align the magnetic moment
along the film normal. According to the structural charac-
terizations, the lattice distortions of these films are not only

YIG (30 nm)

dependent on the lattice mismatch € but also on the film thick-
ness. Based on this consideration, in Fig. 5 we plot Kijagice as
a function of the out-of-plane lattice constant d(111). Both the
YIG and the Bi:YIG films show a linear relationship between
Kiattice and d(m). The slopes of the Klattice_d(lll) curves ex-
hibit a weak dependence on film thickness. For the 10 nm and
60 nm films with a slightly larger d(;y), the slope is consistent
with the thinner films. Therefore, the key control parameter for
the strain-induced MA should not be the nominal substrate—
film lattice mismatch € but the rhombohedral lattice distortion
along the out-of-plane (111) axis. For the films grown on a
GGG(111) substrate with a relatively small ag,, the compres-
sive strain tends to elongate d(111) and induce a positive Kiatice.
which works cooperatively with Kghap and results in clear MEP
behavior. For those films grown on other garnet substrates
with larger agyp, the strain states evolve from compressive to
tensile, and the resultant negative Kj,ice can compete with and
eventually overwhelm Kgap, leading to PMA. More interest-
ingly, the strain-induced magnetocrystalline anisotropies for
YIG and Bi:YIG films are very different. As d(;1y) decreases,
the negative Kj,yice of Bi:YIG films increases much faster than
that of the YIG films. In other words, the epitaxial strain-
induced lattice distortion can be more effective in enhancing
the PMA.

(o)

- (b)
YSGG

| (a)

2 —0.8
poH (kOe)

Bi:YIG (30 nm)

poH (kOe)

0 0.8 —0.8 0 0.8 —0.8 0 0.8
poH (kOe)

() !

—

>

—0.8 0 0.8 —0.8
poH (kOe)

poH (kOe)

0 0.8 —0.8 0
poH (kOe)

poH (kOe)

poH (kOe)

Fig. 4. (a)-(e) M—H hysteresis loops measured at 300 K for the 30 nm thick YIG films on various garnet substrates with H parallel to the in-plane (HH) and
out-of-plane (H ) directions. (f)—(j) M—H hysteresis loops measured at 300 K for the 30 nm thick Bi:YIG films on various garnet substrates with H parallel
to the in-plane (HH) and out-of-plane (H ) directions. The magnetic anisotropic field H is marked by solid arrows.
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Fig. 5. The out-of-plane lattice constant d[) dependent magnetocrys-

talline anisotropy Kjagice Of YIG and Bi:YIG epitaxial films for various
film thicknesses.

Now we turn to discuss the origin of the strain and dop-
ing modulations of MA in YIG films. The epitaxial strain
and chemical doping usually affect MA through charge trans-
fer or structural modulations.**-38! Note that the YIG films
and garnet substrates are highly insulating, and Bi is an isova-
lent dopant in Bi:YIG. Based on these facts, we suggest that
charge transfer should not occur either inside the YIG films
or at the YIG—GGG interfaces. Thus, strain-induced structural
modulation should be the main cause of MA modulation. Al-
though the (111)-oriented garnet substrates share the same cu-
bic symmetry with the YIG and Bi:YIG films, the three-fold
constraints in the (111) plane can impose rhombohedral dis-
tortions in the YIG and Bi: YIG films. The cubic lattice will be
elongated along the out-of-plane [111] axis, and considerable
ionic displacement could occur inside YIG unit cells. Such
ionic displacements can change interatomic distances and al-
ter MA through spin—orbit coupling.**! According to previous
works, the magnetoelastic coefficient along the [111] axis for
YIG is negative.[?!=23 Hence, it is expected that the in-plane
tensile strain-induced compression of d(;1y) facilitates PMA,
while the compressive strain-induced elongation of d(yy) fa-
cilitates MEP. This is consistent with our observations. The Bi
doping can further modulate this strain-induced MA. On one
hand, the Y>* and heavy Bi** doping may lead to cation or-
dering and provide additional local symmetry breaking of the
FeOy tetrahedron,*®! which may further magnify the magne-
toelastic effect. On the other hand, the Bi** cations with larger
spin—orbit coupling can alter the superexchange interactions
and single-ion anisotropy of local spins in Fe3* cations.[*(]
Thanks to these two effects, although the lattice mismatches
between Bi:YIG and substrates are smaller than those of the
YIG films, the strain-induced magnetocrystalline anisotropy
of Bi: YIG films is much stronger. Namely, Bi doping can mag-
nify the strain-mediated MA of epitaxial YIG films.

4. Summary

In conclusion, we utilized high-quality YIG and Bi:YIG
epitaxial films as model systems to investigate the collective
effects of epitaxial strain and chemical doping on MA. We
found that the tensile (compressive) strain imposed by the sub-
strate facilitates PMA (MEP). The key parameter that deter-
mines strain-mediated MA is the rhombohedral-like out-of-
plane lattice distortion. Bi doping plays an important role in
enhancing the tunability of strain-mediated MA. Namely, it
is much easier to induce prominent PMA by epitaxial tensile
strain in Bi: YIG films. Moreover, ultra-low magnetic damping
persists in these heavily Bi-doped YIG films. Our work pro-
vides guidelines for effectively harnessing MA in garnet-type
ferrite films, which is essential for practically applying these
systems in spintronic devices.
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