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A B S T R A C T

Rare-earth iron garnet thin films with perpendicular magnetic anisotropy (PMA) have recently attracted a great
deal of attention for spintronic applications. In this study, magnetic anisotropy of epitaxial garnet films was
analyzed theoretically, and (YBiLuCa)3(FeGe)5O12 mono-crystalline films with PMA have been successfully
grown with liquid phase epitaxial (LPE) method on Gd3Ga5O12 (GGG) substrates. Microstructural properties,
chemical composition and magnetic properties of the epitaxial films were discussed in detail. We found that
growth temperatures played a significant role in the uniaxial anisotropy of the epitaxial (YBiLuCa)3(FeGe)5O12
mono-crystalline films. Ferromagnetic resonance linewidth of (YBiLuCa)3(FeGe)5O12 films with thickness of
170 nm was 8.06 Oe@12 GHz, which indicated that the epitaxial (YBiLuCa)3(FeGe)5O12 mono-crystalline films
had a great potential application in spintronic devices.

1. Introduction

With the development of electronic information technology, the size
of electronic devices has been greatly minimized, which makes the
quantum effects on devices more and more significant. In 2010,
Japanese scientist Y. Kajiwara and others successfully achieved the
long-distance transmission of spin current by using yttrium iron garnet
(YIG), which opened the door of magnetic insulating materials in the
field of spintronics and made spintronics devices become a research
hotspot [1]. Low damping constant of YIG thin films makes it possible
to meet the requirements of low loss, high transmission speed and high-
density storage of electronic devices in the future, therefore, it has at-
tracted extensive attention from researchers [2–4]. In order to effec-
tively manipulate and drive spin waves in garnet films, thin films
should be used. Moreover, the critical value of the driving current
needed to drive the magnetization reversal for out-of-plane magnetized
film is much smaller than that of in-plane magnetized film, which is
very essential to realize the smaller and more energy-saving spintronic
devices [5,6]. Therefore, it is very important to prepare ultra-thin
garnet films with perpendicular magnetic anisotropy (PMA).

Liquid phase epitaxy (LPE) method is one of the best techniques for
preparing mono-crystalline garnet films. Garnet films with growth an-
isotropy can be induced during LPE process [7,8]. In YIG films grown

by LPE, the easy-to-magnetize axis is generally parallel to the film
surface. However, in doped YIG, Bi3+ and some rare earth ions can
induce large growth-induced anisotropy, which makes it possible to
prepare doped YIG films with easy magnetization axis perpendicular to
the film surface by LPE [7–10]. Although mono-crystalline garnet films
prepared by LPE method have very high crystal quality, it is difficult to
prepare ultra-thin garnet films by LPE method because of its fast growth
rates. Therefore, the preparation of ultra-thin garnet films with out-of-
plane anisotropy by LPE method is a difficult problem in the field
spintronics. In this study, based on these requirements, we designed a
low growth rate melt formulation to prepare mono-crystalline garnet
film with out-of-plane anisotropy by LPE method, and mono-crystalline
garnet films with composition of (YBiLuCa)3(FeGe)5O12 and ultra-thin
thickness of submicron have been successfully prepared. The effect of
growth conditions on specific composition, magnetic anisotropy and
ferromagnetic resonance linewidth of the films were studied in detail.

2. Theoretical analysis

The magnetic anisotropy of garnet films prepared by LPE method
includes cubic magnetocrystalline anisotropy, shape anisotropy and
uniaxial anisotropy. These parameters are shown in Eq. (1). The uni-
axial anisotropy mainly comes from lattice mismatch and growth
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conditions [8,11]. The first cubic magnetocrystalline anisotropy coef-
ficient K1 of (1 1 1) – oriented garnet films is negative (~10−4 deg/
cm3), which makes (1 1 1) orientation easy to be magnetized [12,13].
Therefore, gadolinium gallium garnet (GGG) substrate with (1 1 1)
orientation was chosen as the substrate in our experiment. For a fixed
composition, the cubic magnetocrystalline anisotropy coefficient of the
film is a constant [14]. In the coordinate system shown in Fig. 1, based
on the principle of minimum energy, the energy density formula of
(1 1 1) crystal-oriented garnet films prepared by LPE method can be
expressed by the Eq. (2) [11,14]. When θ approaches zero, the film
presents PMA. In order to get the minimum of Eq. (2), θ and at
equilibrium must satisfy: = 0Etotal , = 0Etotal and 0E2 total

2 . = 0Etotal

always holds when = 0, which means that Ms always lies in the (112̄)
plane. = 0Etotal and 0E2 total

2 are given by Eqs. (3) and (4).
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When θ approaches zero, the films obtain PMA, and we can get the
result from the Eqs. (3) and (4):

K M K2( 2 ) 4
3

0u s
2

1 (5)

where uniaxial anisotropy coefficient Ku is composed of stress-induced
part Ku and growth-induced part K g

u [8,15]:

= +K K K g
u u u (6)

Assuming that the garnet is an isotropic (1 1 1) film, the stress-
induced Ku is given by [16]:

=K E
v

a
a

3
2 1u 111 (7)

where E is Young’s modulus (E ~ 2.0 × 1012dyne/cm2), ν is Poisson’s
ration (ν ~ 0.29), λ111 is magnetostriction constant (for this film, λ111 is
about −2.76 × 10−6.) and Δa/a is the ratio of Δa = asubstrate-afilm to
a= asubstrate. When λ111< 0 and Δa＞0, the film is under tensile stress,
the easy magnetic axis prefer to be vertical to the plane of the films
[14,17].

The growth-induced anisotropy K g
u has not been explained sa-

tisfactorily. K g
u＞0, the growth-induced uniaxial anisotropy perpendi-

cular to the film surface. For the Bi-substituted garnet films, K g
u in-

creased with the Bi concentration and it is primarily controlled by the
supercooling of the melt [8,15], the K g

u increases linearly with the su-
percooling.

In summary, in order to fabricate an ultra-thin mono-crystalline film
with PMA with LPE method, we need to adjust the parameters of K1, K g

u
andKu to overcome the shape anisotropy. For (1 1 1)-oriented garnet
films, <K 01 , which is beneficial for PMA. It is necessary to make Ku
positive and as large as possible. As a result, the film needs to be in the
state of tensile stress to get a larger growth anisotropy.

3. Experimental

Based on the above analysis, the film should be in tensile stress state
and have a larger growth anisotropy. However, tensile stress state and
larger growth anisotropy are contradictory. Because higher Bi content
will make the lattice expand, which is harmful to the tensile stress of
film. Therefore, it is necessary to select small radius ions to replace the
dodecahedral position in order to balance this change.

We chose GGG (1 1 1) as the substrate, and the lattice constant of
GGG is 12.383 Å, while the lattice constant of YIG is 12.376 Å. For the
garnet crystal, its dodecahedron can be substituted with a variety of
ions [18]. Bi3+ with large ionic radius can both expand the lattice
constant and induce large growth-induced anisotropy, which con-
tributes to turn the easy magnetic axis perpendicular to the film surface
[7,8]. To neutralize the lattice expansion caused by the doping of Bi3+,

Fig. 1. Schematic diagram of total spontaneous magnetizationM orientation in
(1 1 1) films.

Fig. 2. Growth rate of (YBiLuCa)3(FeGe)5O12 films.

Table 1
Detailed growth parameters of (YBiLuCa)3(FeGe)5O12 films.

Number Thickness (μm) Growth temperature(℃) Growth rate (μm/min) Rotation rate(r/min) Interval of rotation reversion(s) Growth time(min)

1 1.07 880 0.21 60 5 5
2 1.11 858 0.37 60 5 3
3 0.99 835 0.45 60 5 2
4 1.09 810 0.54 60 5 2
5 1.1 801 0.55 60 5 2
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we doped Lu3+ with a small ionic radius. Furthermore, we chose non-
magnetic ion Ge4+ with strong position selectivity to substitute the
tetrahedral sites, which could dilute the Fe3+ in the crystal so as to
effectively reduce the saturation magnetization of the films [19]. And
this can also decrease the shape anisotropy. In order to maintain the
balance of chemical, an equal amount of Ca2+ must be doped, and Ca2+

with large ion radius will occupy the dodecahedron sites. Finally, we
got the (YBiLuCa)3(FeGe)5O12 garnet films in the PbO-Bi2O3-MoO3 flux
system. The detailed growth procedures were described in our previous
studies [20–22].

A series of (YBiLuCa)3(FeGe)5O12 films at different growth tem-
perature were prepared, the growth rate as a function of temperature
was shown in Fig. 2. The range of the growth temperature is
800–881 ℃, which is much wider than other garnet films. The growth
rate is from 0.19 to 0.55 μm/min, which present a gentle slope with
temperature comparing other melts [18,23]. These facts ensure that we
can prepare thin garnet films by LPE method, the smallest thickness of
the films grown was 100 nm.

We chose a series of (YBiLuCa)3(FeGe)5O12 films grown at different
growth temperatures with a similar thickness of about 1 μm, and the
detailed growth parameters are listed in Table.1. The morphological
and structural properties of the (YBiLuCa)3(FeGe)5O12 films were ana-
lyzed by using atomic force microscopy (AFM, SEIKO SPA-300HV,
Japan) and high-resolution x-ray diffraction (HRXRD, D1 Evolution,
JVS, Germany). FMR properties were measured by VNA-FMR system at
room temperature, magnetic properties were analyzed through vibra-
tion sample magnetometer (VSM, BHV525, IWATSH, Japan). Chemical
composition was measured by Time-of-flight secondary ion mass spec-
trometry instrument (TOF. SIMS 5-100, ION-TOF GmbH, Münster,
Germany).

4. Results and discussion

The XRD spectra of the films grown at different temperatures was
shown in Fig. 3(a), with the decreasing of the growth temperature, the
mismatch first became smaller and then turned to bigger. The mismatch
is as small as 0.05% at 835 ℃. The mismatch between films and sub-
strates has a directly influence on the stress-induced anisotropy, and
chemical concentration changes the lattice parameter of the films. The
lattice parameter of garnet films decreased nonlinearly with the con-
centration of Ca2+ and Ge4+ ions, and other lattice changes of sub-
stitution for Y are listed as follows: Lu = −0.031 Å/per atom,
Bi = +0.0828 Å/per atom [14]. Although the lattice parameter of
(YBiLuCa)3(FeGe)5O12 films increased with the growth temperature, it
was always smaller than that of the GGG substrates (12.383 Å), which is
conducive to the out-of-plane anisotropy. Fig. 3(b) shows the surfaces
roughness RMS changing with the growth temperature. The values of
RMS are small, but as the growth temperature dropped to 801 ℃, the
roughness of the surfaces had a sharp increase and the films showed
island structure.

Time-of-flight secondary ion mass spectrometry (ToF-SIMS) depth
profiling was used to obtain the depth-dependence ration c(R3+)/c
(Bi3+) (R is Y, Lu, Ca, respectively.) in the prepared
(YBiLuCa)3(FeGe)5O12 films. In ions-substituted yttrium iron garnet
structure, Y3+, Bi3+, Lu3+ and Ca2+ ions occupy 24 (c) position to-
gether. Therefore, it is known that the sum of the concentrations of
Y3+, Bi3+, Lu3+ and Ca2+ is basically constant in the stoichiometric
(YBiLuCa)3(FeGe)5O12 films. Combining with the quantitative element
analysis method of ToF-SIMS [24–26], we can calculate the relative
atomic concentration in (YBiLuCa)3(FeGe)5O12 films.

Fig. 4 shows the relative atomic concentration in

Fig.3. The XRD spectra and AFM images of (YBiLuCa)3(FeGe)5O12 films, (a) XRD spectra of the films; (b) RMS values and AFM images of the films.

Fig. 4. Chemical concentration of Y3+, Bi3+, Lu3+, Ca2+ in (YBiLuCa)3(FeGe)5O12 films.
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(YBiLuCa)3(FeGe)5O12 films with different growth temperatures. As
growth temperature dropping, the concentration of Bi3+, Ca2+ and
Ge4+ increased and the concentration of Y3+ and Lu3+ decreased
correspondingly. The increasing of supercooling and Bi3+

concentration is beneficial to increase the growth-induced anisotropy,
which is beneficial to turn the magnetic easy axis to be out-of-plane.

Magnetic hysteresis loops of the (YBiLuCa)3(FeGe)5O12 films grown
at 880 ℃ and 810 ℃ were shown in Fig. 5(b) and (c). The results

Fig. 5. (a–e) Magnetic hysteresis loops of (YBiLuCa)3(FeGe)5O12 garnet films growth at different temperatures, (f) Hk changes as a function of growth temperature.

Fig. 6. FMR properties of 170-nm-thick (YBiLuCa)3(FeGe)5O12 garnet film grown at 859℃, where the points showing experimental data and the red curves showing
fits, the applied field is parallel to the film surface. (a) FMR field vs frequency; (b) FMR linewidth vs frequency; (c) FMR profile at 12 GHz.

Y. Wu, et al. Journal of Magnetism and Magnetic Materials 506 (2020) 166689

4



indicated the saturation magnetization ( M4 )S of the films is about 750
Oe, which is much smaller than that of YIG. We assumed the field was
Hs-o as the films were magnetized by out-of-plane filed to saturation,
and Hs-i as the films were magnetized by in-plane filed to saturation.
Fig. 5(a) shows the difference between Hs-i and Hs-o, Hk = Hs-i − Hs-o,
as a function of the growth temperature. The perpendicular anisotropy
of the films was increased with the decreasing of the growth tempera-
ture, which was agreed with our analysis. We found that the out-of-
plane orientation anisotropy of the films became very weak with the
increase of growth temperature, although the films were still in a large
tensile stress state, which means that growth-induced anisotropy played
a dominant role in the growth of (YBiLuCa)3(FeGe)5O12 films

The ferromagnetic resonance (FMR) properties were extracted from
FMR measurements. The FMR spectrum was measured in a coplanar
waveguide, the applied magnetic fields can be parallel or perpendicular
to the film surface. The FMR linewidth ΔH as a function of microwave
frequency was fitted using Eq. (8), and the resonance field was fitted
using the Kittle equation, Eq. (9), where 4πMeff is the effective sa-
turation magnetization.

= +H f H f( ) (2 / )/20 (8)

= +f H H M
2

( 4 )r r eff (9)

Fig. 6 presents FMR properties of (YBiLuCa)3(FeGe)5O12 film with
thickness of 170 nm (in-plane field). The frequency of the microwaves
was ranging from 7 GHz to 15 GHz. As shown in this figure, gyro-
magnetic ratio |γ| is 2.94 MHz/Oe, FMR linewidth ΔH is 8.06 Oe@
12 GHz and the damping constant α is 4.33 × 10−4 of these films. The
gyromagnetic ratio |γ| and damping constant α are slightly higher than
that of pure YIG (~2.8, ~10−5) [27]. In Fig. 7, the results of the cor-
responding out-of-plane field configuration are given. In Fig. 7(a), ad-
ditional resonance peaks appear at the FMR shoulder because of the
additional spin-wave resonance modes are activated. According to the
fitting, gyromagnetic ratio |γ| of the film is 2.96 MHz/Oe, which is
approximately equal to that tested under in-plane field. These facts
clearly demonstrated that the epitaxial (YBiLuCa)3(FeGe)5O12 films
prepared in this paper are suitable for spintronics.

5. Conclusion

In conclusion, (YBiLuCa)3(FeGe)5O12 mono-crystalline garnet films
with PMA were prepared with LPE method in this study. Cubic mag-
netocrystalline anisotropy, growth-induced anisotropy and stress-in-
duced anisotropy are the key factors during preparing mono-crystalline
garnet films with PMA. The out-of-plane magnetic anisotropy of the
epitaxial (YBiLuCa)3(FeGe)5O12 mono-crystalling films increases with

the decreases of growth temperatures. The growth-induced anisotropy
controlled by supercooling play a significant role in manipulating
magnetic anisotropy of LPE growth films. The small damping constant
(α = 4.33 × 10−4) makes the epitaxial films have a broad application
prospect in spintronics.
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