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Films with perpendicular magnetic anisotropy have obvious storage performance advantages, so being able
to easily change the direction of magnetization of a YzFesOq, (YIG) film is an important aim in the field of
photo-magnetic storage. A series of Bi,Mn co-doped YsFesO;, films with good crystallinity and great
magneto-optical properties, were prepared via the liquid phase epitaxial method. These films are
pseudomorphic structures in the substrate and have high perpendicular magnetic anisotropy. By
comparing the change in the calculated magnetic anisotropy and the actual magnetic anisotropy, with
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Mn®* content, we see that: the stress-induced magnetic anisotropy increases with the increase of lattice
mismatch; on the other hand, with increasing Mn®" content, the magnetostriction effect decreases first
and then increases, which reflects the regulation effect of Mn®* and lattice mismatch on the perpendicular
magnetic anisotropy. Finally, the magnetic anisotropy field (>3000 Oe) is higher than that of Mn:YIG
(<1000 Oe) as previously reported.
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1 Introduction

Recently, ferrimagnetic garnet crystals shown potential in
studies of magnetization dynamics induced by external stimuli
from laser and electrical current/field pulses. Due to their room
temperature magnetic ordering, high transmittance in the near-
infrared band and good magneto-optical properties, Y;FesO;,
(YIG) films have aroused extensive research interest for optical
and magneto-optical device applications. In spin polarizer,!
spin-torque oscillator,> magnonics devices,® non-volatile photo-
magnetic' and optical-magnetic storage,” a perpendicular
magnetic anisotropic YIG film with an easily accessible out-of-
plane (OP) magnetization axis is advantageous. Therefore,
changing the direction of the magnetization axis of YIG films is
one of the most important research directions to realize YIG
functional materials in storage research.°'® The magnetic
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anisotropy of the film is mainly composed of magnetocrystalline
anisotropy, shape anisotropy, stress-induced anisotropy, etc.
Utilizing the lattice distortion and magnetoelastic effect, the
film can acquire perpendicular magnetic anisotropy (PMA),"**?
while Mn*" ion has a strong magnetoelastic effect.'* At present,
the research into Mn:YIG (MYG) has mostly concentrated on
microwave fields and ceramic fields in which the Mn®" ion is
used to improve magnetic properties and reduce loss. There is
only a small amount of research on changing anisotropy. For
example, by growing YIG films on Y;Al;0,, (ref. 13) or quartz"
substrates with different thicknesses, it is found that the OP
magnetocrystalline anisotropy reflects the tetragonal symmetry
of the garnet lattice, which requires a large lattice strain. It has
been suggested that doping with strong spin-orbit coupling
ions such as Dy*", Bi**, Tm*" induces controllable magnetic
anisotropy,'® and Bi*",Dy*" co-doped YIG '” and Tm;Fe;O;, (ref.
18) have been reported that possess PMA properties; Jahn-Teller
ions such as Mn** have also been used as dopants, and improve
the magnetoelasticity of YIG'*' (magnetostriction coefficient
of pure YIG is —2.22 x 107° (ref. 20)). Although the PMA can be
regulated by Mn®",*" the concentration of Mn*" required is large
(x = 1.12) and the obtained magnetic anisotropy field is small.
Therefore, combined with the above two methods to improve
the PMA, Bi** can reduce the concentration of Mn*" required
for PMA. At the same time, it can raise magneto-optical
properties, which is favorable for utilizing the Kerr effect to read
storage information. Using such methods, YIG films with PMA
can play a role in many fields, such as spintronic devices,
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photo-magnetic storage, magneto-optical or microwave devices,
and so on.**?**

Growth methods of YIG single crystal films include pulsed
laser deposition (PLD), radio frequency magnetron sputtering
(RFMS), chemical vapor deposition (CVD) and liquid phase
epitaxy (LPE). Using LPE method,* the melt creates a
supersaturation state, which preferentially nucleates and
grows on the single crystal substrate to directionally form the
single crystal. According to the contact between the melt and
the substrate, the LPE method can be divided into the
tipping method,* the rotating method®® and the dipping
method,”” and the last includes the horizontal dipping
method and the vertical dipping method. Compared with
other methods, the LPE method has the advantages of high
growth rate, easy and diverse ion doping, high crystalline
quality, and the ability to prepare a thick film, which is the
main choice for large area preparation and industrial
production of YIG. However, the LPE method also has some
problems such as: poor uniformity, rough surface, and lattice
mismatch, etc.

The key questions are how Mn*' ions and the lattice
mismatch brought by Bi**, affect the perpendicular magnetic
anisotropy and how to maximize the perpendicular magnetic
anisotropy of the YIG films. Therefore, we studied the change
in perpendicular magnetic anisotropy with different Mn*"
content, and finally obtained film samples with good
magneto-optical properties and a larger perpendicular
magnetic anisotropy than reported in ref. 21.

2 Experimental

Y,0;, Fe,03, BiO;, Mn,0; powders with 4 N purity were
selected as the raw materials, B,O; and PbO were used as
fluxes, in which Bi,O; is both a flux and a dopant. After
weighing the raw materials, they were milled, put into a
crucible and sintered at 1350 °C for 12 h. The (111) oriented
(GdCa);(GaMgZr)s0;, (SGGG) substrate was used and is more
suitable for epitaxial growth of high Bi doped YIG (BYG) than
that of gadolinium gallium garnet (GGG) substrate. In this
experiment, the horizontal dipping method was mainly used.
We put the synthetic polycrystalline raw materials into a
platinum crucible and placed in a furnace. The platinum
triangle fixture was moved to the center of the crucible, so
that the substrate located in the center of the melt to ensure
uniform growth. The raw materials were melted and
insulated for 2 h, above the saturation temperature (1200 °C),
so that they fully melted and mixed. When they were cooled,
the step-cooling method rather than the ultra-cooling method
was adopted, resulting in higher crystalline quality, and they
were dropped to below the saturation temperature to
supersaturate the high temperature melt. The substrate
needs to be pre-pickled and cleaned with the absolute ethyl
alcohol in order to slightly erode the surface of the substrate,
open the molecular bond and activate the surface, and then
we placed it above the melt to preheat. The YIG films were
obtained at a growth temperature (73) of about 1125-1175 °C,
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growth rotation rate (wg) of 35-75 rpm and growth time (z,)
of 2 h. After the growth, high-speed revolutions () were used
to remove the residual melt, and the films were treated with
hydrochloric acid to further remove the residual melt.
Maintaining a small angle tilt when the substrate rotates,
was beneficial to remove the residual melt, and maintaining
the periodic positive and negative rotation was also
conducive to the uniform growth of the films. Because YIG
would undergo a peritectic reaction at high temperature and
is an incongruent melting compound, flux was needed to
reduce the melting point in order to easily grow the single
crystal. The PbO was generally used in the growth of the YIG,
but in the growth of BYG, the Bi,O; can play the role of the
flux, however its viscosity is large. The combination of the
two fluxes is better and can results in more Bi** ion doping.
In addition, due to the consumption of raw material and the
volatilization of PbO when growing, periodic supplements
were needed to ensure the element composition consistency
of the epitaxial films.

The crystal structure of the films was measured using an
X-ray diffractometer. The microstructure observation was
performed using scanning electron microscopy. We used a
physical property measurement system (SQUID) to measure
the magnetization. The magneto-optical properties were
studied using the Malus law.

3 Results and discussion
3.1. Growth process and process parameters

A series of (Y;,Bi,)(Fe;,Mn,)O,, film samples were
successfully prepared using the LPE process. Table 1 shows
the process parameters of epitaxial growth and composition
of samples. Through trying to grow samples BYG01, BYG02a,
BYGO02b, BYG03, we finally found an optimal process route
for preparing YIG films. By growing at 1125 °C for 1 h,
stirring at 60 rpm, removing the residual melt at 120 rpm
after raising the substrate, and then undergoing corrosion
and polishing, we obtain samples BYG03, BMYG04, BMYGO5,
BMYGO06 and BMYG09 with good crystalline quality (ESIt Fig.
S1). Samples (BYG03, BMYG04, BMYG06, BMYG09) have
different Mn*" content (y = 0, 0.08, 0.16, 0.28, respectively) to
regulate their magnetic properties. Because Bi,O; also acts as
a flux, it is difficult to precisely control the Bi*" content.
Holmquist®® has studied the YIG phase first formed at 600
°C, and the single-phase YIG was formed completely at 1200
°C (melting temperature (Ty,) was 1200 °C), while Nazlan and
Fang®®?° found that YIG could be fully crystallized at 1100
°C. Ali*! has studied the formation process of YIG at high
temperatures, as shown in Fig. 1. From the outside to the
inside, yttrium iron perovskite (YFeOs, YIP) is formed first on
the surface, and then YIG is generated. Only when the
temperature is higher than 1150 °C, does Fe*" have enough
energy to diffuse into the Y,0; phase to continue the
reaction. When YIP is converted to YIG, it needs to react with
Fe, 03, so the iron-rich melt is easier and quicker to generate
YIG. This is also confirmed in Fig. 2, which compares the
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Table 1 Growth process parameters and composition of (Y3 Bi,)(Fes,Mn,)O;, samples created using horizontal dipping unless otherwise stated.
Detailed results of the compositional analysis are provided in the ESIt (Table S1)

Samples Tg/°C tz/min wg/rpm w/rpm Thickness/um Xgi(Xp;i%) Ynvn
BYGO0O1 1000 120 100 400 — — —
BYGO02a 1150 10 75 120 — — —
BYG02b* 1175 10 15 30 — — —
BYGO03 1125 60 60 120 60.2 0.34(11.33) 0
BMYG04 1125 60 60 120 35.2 0.19(6.33) 0.08
BMYG05* 1125 90 45 75 19.1 0.25(8.33) 0.07
BMYG06“ 1125 60 45 75 20.1 0.11 0.16
BMYGO09 1125 60 60 120 55.0 0.10 0.28

“ Vertical dipping.

XRD patterns of the raw material after solid-phase reaction,
with the standard result of YIG (JCPDS: 43-0507) and YIP
(JCPDS: 39-1489) and marks the peaks corresponding to the
plane. We performed reactions multiple times at 1350 °C for
1 h, to completely convert the raw materials to the pure YIG
phase.

We compared the growth rates of the vertical dipping and
the horizontal dipping and their effects on defects. With the
increase of growth rate, the Bi*" content increased, the lattice
tensile stress decreased, and the morphology of defects
changed from cracks to pits.*** The pits slightly increase
the optical absorption, but have little impact on the magnetic
properties, horizontal dipping can be used to improve the
crystalline quality of the YIG films.

3.2. Lattice mismatch and perpendicular magnetic anisotropy

Fig. 3 shows the XRD patterns of the films. It shows that the
samples have only one peak (444) (Fig. 3(a)), indicating that
the epitaxial growth is good, and the growth direction of
samples is along the direction of the substrate (by
calculation, the left peak is K,q, and the right peak is K,s).
Through locally enlarged patterns of 50-52°, it can be found
that with the increase of Bi*' content, the diffraction peaks
shift to the left and the Ilattice constant increase, see
Fig. 3(b). This indicates that large-size ions (Bi*") basically
enter the lattice to replace Y**. The lattice mismatch between
the epitaxial film and the substrate is less than 1% (generally,
the lattice mismatch of heteroepitaxy is less than 5-10%,
and high-quality YIG films require GGG substrates with
similar structures and a very small lattice mismatch
(<0.06%)*®).

‘Fc ,

'l'e‘ |

'Fc‘ 3 @

Y,0, +TFe,0, - 2YFeO,

3YFeO, +Fe,0, - Yil“e{Oll

Fig. 1 Schematic diagram of the formation process of YIG.
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The reciprocal space mapping shows that the films have a
pseudomorphic structure (see Fig. 4). The in-plane lattice
constant of the films is equal to that of the substrate. On the
one hand, the formation of this pseudomorphic structure is
caused by the lattice mismatch between the films and the
substrate, on the other hand the magnetostriction effect also
plays a role.

For epitaxial films, the YIG is paramagnetic above the
Curie temperature. When the temperature is lower than the
Curie temperature, spontaneous magnetization is generated
due to the exchange interaction, thus generating spontaneous
magnetostriction. Since the magnetostriction coefficient of
pure YIG is negative, the lattice will be compressed along the
direction of magnetization. Since all the prepared samples
have PMA except BMYG04 (see Fig. 6), the direction of
magnetization is in the perpendicular direction, which
facilitates the horizontal stretching and the formation of
pseudomorphic structures, see Fig. 5. For sample BMYG04,
the effect is the opposite, so we have a negative value when
calculating the contribution of its magnetostriction to the
magnetic anisotropy. We first consider the surface effect on
the magnetic anisotropy of the sample. According to the

10000
o at 1350°C
9000 — at 1150°C
< YIG
8000 } + YFeO,
7000
wo | @2
. (642)
6000 | :
2 It (842)
g 5000 @ @ @n o
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O 4000 F |- i [ lLL
;1 (“20)| (112)
e +
g 3000 |
3
£ 2000 2
1000 i 04 oy P
@) aw | G @ @ ¢ wo . @40 669
1 1 1 3 1 1 1 1

10 20 30 40 50 60 70 80
20/deg

Fig. 2 XRD patterns of raw material after solid-phase reaction at high
temperature (1350 °C) and low temperature (1150 °C).
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Fig. 3 (@) XRD patterns of the samples (BYGO3, BMYG04, BMYGO5,
BMYGO06), (b) locally enlarged XRD patterns of the samples from 50° to 52°.
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Fig. 4 The reciprocal space mapping of the samples.

formula®® E = (s + 7/ + Mpue® (where h is the

thickness of the sample), the surface effect is inversely
proportional to the thickness of the sample, which means
that the surface effect in YIG is only about one thousandth
that of the literature values and is negligible.

According to the theory of pseudomorphic structures,* we
can calculate parameters such as lattice mismatch and lattice
strain. The calculation procedure is shown in the ESIf (eqn
(S1)-(S7)), and the results are shown in Table 2. The
calculated in-plane lattice constants of the films are basically
consistent with those of the substrate, which verifies the
correctness of the theory and parameter values. Since the in-
plane lattice strain of the YIG films is within 0-0.5%,*
stress-induced perpendicular magnetic anisotropy is more
easily generated. Later we use these data to further calculate
the value of the stress-induced magnetic anisotropy.

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Schematic diagram of the lattice mismatch and lattice strain in
the pseudomorphic structure.

Fig. 6 shows the hysteresis loops of the YIG epitaxial films.
It can be seen from Fig. 6(a) that all samples exhibit strong
saturation magnetization and low coercivity, indicating the
soft magnetic properties of the YIG materials. The saturation
magnetization increases first and then decreases with
increasing  Mn*' content, indicating that Mn*' ions
preferentially occupy the octahedral sites, because the
magnetic moment of Mn®" is smaller than that of Fe**. We
measured the hysteresis loops of the samples in the IP and
OP directions at room temperature, as shown in Fig. 6(b-e).
Except for BMYG04, the samples show a large PMA. With the
increase of Mn*" content, the magnetic anisotropy field of
the samples changes. On the one hand, the Bi*" content
decreases and the lattice strain increases. And the positive in-
plane lattice tensile strain (0 < &, < 0.5%)*° makes the OP
magnetic anisotropy stronger. On the other hand, the Mn**
ion makes the magnetoelastic coefficient of the samples
change from negative to positive and its absolute value
becomes smaller, which makes the OP magnetic anisotropy
lower. So both lead to the phenomenon of BMYGO04 not
having PMA. In contrast to the contribution of large-size ions
(Bi*") to PMA, the magnetoelastic ions (Mn>") do not directly
change the lattice constant and do not reduce the
crystallinity.

From the above theoretical model, we calculate the
magnetic anisotropy caused by the lattice mismatch and
magnetostriction and compare it with the actual magnetic
anisotropy. The calculation procedure of the magnetic
anisotropy is shown in the ESI{ (eqn (S8)-(S10), Table S2, Fig.
S2). The actual magnetic anisotropy and calculated magnetic
anisotropy first decrease and then increase with the increase
of Mn®" content, reflecting the regulatory effect of Mn®" and
lattice mismatch on PMA. On the one hand, with the increase
of lattice mismatch, the stress-induced magnetic anisotropy
increases; on the other hand, with the increase of Mn®"
content, the magnetoelastic constant changes from negative
to positive, and the magnetostriction effect decreases first
and then increases. From the comparison of the magnetic
anisotropy constant and the magnetic anisotropy field (see
Fig. S1tf), we can see that the decrease of the magnetic

CrystEngComm, 2024, 26, 32-39 | 35
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Fig. 6 (a) Hysteresis loops of the epitaxial films, (b-e) hysteresis loops of the epitaxial films in the IP and OP directions, (f) actual magnetic

anisotropy (red line) and the calculated magnetic anisotropy (blue line) against the Mn®* content. The contribution of paramagnetic substrate has
been removed from the hysteresis loops of the films.

Table 2 The calculated values of lattice constant, lattice strain, lattice stress and lattice mismatch of (Y3_,Bi,)(Fes_,Mn,)O1, samples (a ¢,: out-of-plane
lattice constant of the strained film; as = 12.463 A: lattice constant of the substrate; aro: lattice constant of the relaxed film; ¢/, in-plane lattice strain; o,/

in-plane lattice stress)

Samples 20/deg as, /A as/A 10%, 0,/GPa Lattice mismatch/% ag,/A

BYGO03 50.96831 12.400 12.428 +26.674 +0.754 -0.281 12.461
BMYGO05 50.98877 12.398 12.427 +27.628 +0.781 —-0.289 12.461
BMYG04 51.07062 12.3815 12.418 +34.799 +0.983 —-0.361 12.461
BMYGO06 51.07062 12.379 12.416 +35.281 +0.997 -0.377 12.460
BMYGO09 51.05016 12.3865 12.4205 +0.32409 +0.916 —-0.341 12.461
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spectrum of the epitaxial film at the wavelength 1000-2200 nm. The
fluctuation at 1400 nm in the calculated absorption spectrum is
caused by replacing the light source when measuring the substrate,
there is no peak above 1200 nm in the transmittance spectrum.

anisotropy of sample BMYG09 is mainly caused by the
decrease of its saturation magnetization. Because its
magnetic anisotropy field is basically unchanged. Finally, the
magnetic anisotropy field (>3000 Oe) is higher than that of
Mn:YIG (<1000 Oe) as reported in the ref. 21.

(@
-100 °

>e

=200

-300 |-

-400 -

0/deg-cm™

-500 -
= BYGO3 x=0.34
] ® BMYG04 x=0.19
A BMYGO5 x=0.25

L L L L L

1000 1100 1200 1300 1400 1500 1600
wavelength/nm
0
© = 1064nm
A A ® 1310nm
=500 A 1550nm
°
e
= -1000 - A
g
:-ISGO - -
s 633 °
£ 2000 | =
g 833
22500 |-
3
]
< -3000 -
=
S
35001 1133
n
-4000 -
1 1 1 1 1 1
6 7 8 XBi/“/og 10 11 12

Fig. 8
The H direction is oriented perpendicular to the surface of the sample.
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3.3. Transmittance spectrum and magneto-optical hysteresis
loops

Fig. 7 shows the transmittance spectrum of the epitaxial films
at wavelength 1000-2200 nm. The transmittance of the samples
is 73.608% at 1550 nm, and the optical absorption coefficient at
1550 nm calculated without considering the reflection is 8.838
em™. The film has no obvious absorption peak at wavelength
1200-2200 nm and has a low absorption coefficient,*' which is
favorable for magneto-optical applications.

Fig. 8 shows the Faraday effect of the samples BYGO03,
BMYG04 and BMYGO5. It can be described by the Verdet
constant and the specific Faraday rotation angle as

6 = VHL 1)

Or = 6/L (2)
where 0 is the Faraday rotation angle, H is the intensity of
the applied magnetic field, and L is the thickness of the
samples. As can be seen in Fig. 8(b), the samples mainly
show soft magnetic properties with low coercivity, which is
consistent with the hysteresis loops (see Fig. 6). Fig. 8(c)
shows the Verdet constants of the BYGO3 (x = 0.34, xp; =
11.33%), BMYG04 (x = 0.19, x; = 6.33%) and BMYGO5 (x =
0.25, xp; = 8.33%) samples, at the different wavelengths. The
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(a—d) Magneto-optical loops of the samples and the Verdet constant and Faraday rotation angles of BYG and BMYG against ion content.
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Verdet constant of the sample is calculated at the saturation
field (about 0.25 T). The Faraday rotation angle of pure YIG is
positive, and the Verdet constant becomes larger and
negative with the increase of Bi*" content. Its Verdet constant
is 10° orders of magnitude, much higher than commercial
materials such as TGG. Since the Bi*" content of the BMY06
is only 4%, its Faraday rotation angle is around the 0 value,
and so its Faraday rotation angle was not detected. Fig. 8(d)
shows that the specific Faraday rotation angle changes
linearly with the increase of Bi*' content. While the Bi*"
content increases to ~1.0 at%, the 6y value increases to about
-69.7 deg cm™, -33.7 deg cm™" and -20.2 deg cm™" at 1064
nm, 1310 nm and 1550 nm, respectively. The specific
mechanism of the higher Faraday rotation angle can be
interpreted as: 6p energy level of Bi*" (1.6 eV) is very close to
the 3d energy level of Fe*" (1.52 eV) and the 2p energy level
of O*". Orbital hybridization increases the split of the excited
state and the oscillator strength of the charge transfer
transition.*” Therefore, the magneto-optical effect will be
enhanced, which will facilitate the application of YIG
materials in the magneto-optical field.*>**

4 Conclusions

In summary, a series of Bi and Mn co-doped Y;zFesO;,
epitaxial films with good magneto-optical properties and
good perpendicular magnetic anisotropy, were successfully
prepared using the liquid phase epitaxy method. The results
obtained are as follows:

1. To improve the crystalline quality, Bi,Mn co-doped YIG
films were obtained using methods such as reacting multiple
times at 1350 °C for 1 h to completely convert the raw
materials to a pure YIG phase, horizontal dipping.

2. The prepared films have greater perpendicular magnetic
anisotropy than those found in the literature. By comparing
the changes of the calculated value and the actual value with
Mn®" content: on the one hand, the stress-induced magnetic
anisotropy increases with the increase of lattice mismatch;
on the other hand, with the increase of Mn*' content, the
magnetostriction effect decreases first and then increases,
which reflects the regulation effect of Mn®*' and lattice
mismatch on the perpendicular magnetic anisotropy. So we
believe that the perpendicular magnetic anisotropy will be
stronger with the increase of the Mn*" content, which will
facilitate the application of YIG materials in spintronic
devices or magneto-optical storage.

3. Bi*' can improve the magneto-optical properties of the
YIG materials. The specific Faraday rotation angle and the
Verdet constant of Bi,Mn:YIG are -574.75 deg cm ' and
-3858.18 rad/(T x m) at 1064 nm, and the specific Faraday
rotation angle is proportional to the Bi** content.
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