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1. Introduction

Amorphous Sm-Co thin films with uniaxial in-plane anisotropy have
great potential for application in information storage [1] and spintron-
ics [2]. To be specific, the high coercivity of such thin films ensures
high density storage, the lesser grain boundaries in the amorphous state
ensure a high signal-to-noise ratio, and the smoothness of the film sur-
face makes contact magnetic recording possible. Furthermore, the uni-
axial in-plane anisotropy allows a good recording performance [1].
To date, the magnetic properties [1,3-6]—especially the anisotropy
[2,7-11]—of amorphous Sm—-Co thin films have been studied exten-
sively. It has been found that various factors can affect the in-plane
anisotropy, such as composition [9], film thickness [1], growth temper-
ature [3,7], and pressure [10]; nevertheless, the most effective method
to produce uniaxial in-plane anisotropy is to apply an in-plane magnetic
field during deposition [2]. Nanoscale amorphous Sm-Co thin films are
usually prepared through magnetron sputtering deposition [2,5,6,11]
due to the advantages of this method, which include a high rate of film
formation, easy control over conditions, and idealized film composition.
During sputtering, the role of the magnetic field provided by the mag-
nets behind the target is to control the moving path of the electrons; this
magnetic field is approximately 400-800 Oe around the erosion track
and decays to zero at a distance less than 60 mm. The magnetic field
has no influence on the deposition of film, given that the distance from
the substrate to the target (130 mm in this paper) is much greater than
the scope of 60 mm. Thus, it is usually necessary to install an additional
magnet next to the substrate [2] in order to realize uniaxial in-plane
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magnetic anisotropy in amorphous Sm—Co thin films. This method in-
evitably requires a more complex setup. Hence, finding a new way to
obtain uniaxial in-plane anisotropy without an applied magnetic field
remains as an important challenge.

It is notable that the amorphous Sm-Co thin films reported in the
literature were mainly grown on amorphous [7] or polycrystal [8-10]
substrates. There have also been a few cases involving the use of sin-
gle-crystal substrates [2,5,6], but a buffer of amorphous layer was usu-
ally introduced to allow the amorphous growth of Sm—Co thin films. Ac-
cordingly, the growth environment provided by the substrate or buffer
layer in previous studies was mainly isotropic. Here, we report the
growth of amorphous Sm-Co thin films with uniaxial in-plane
anisotropy on (0 1 1)-oriented single-crystal substrates. The anisotropic
strain, which comes from the difference in lattice constants (a) along the
two in-plane directions, leads to the possibly preferential seeding and
growth of ferromagnetic (FM) domains and hence to in-plane magnetic
anisotropy of the amorphous Sm—Co thin films. The anisotropy constant
can be tunable with variation of the lattice parameters of the substrates
due to the possibly directional pair ordering caused by the local envi-
ronment.

2. Material and methods

Amorphous Sm—Co thin films with a thickness of 50 nm were de-
posited by means of magnetron sputtering onto anisotropic (0 1 1)-ori-
ented LaA103 (LAO), SrTi03 (STO), and Pb(Mgl/ngZ/g)o:;fO.3PbTiOg
(PMN-PT) substrates, and onto isotropic (0 0 1)-oriented LAO and STO
substrates (ajao = 3.792 1°X, asto = 3.905 1°\, apvn-pr = 4.017 A) in an
argon (Ar) atmosphere. The base pressure was less than 10~® Pa, and
the dimensions of the commercial substrate were 5 mm X 5 mm. A
Sm-Co target with a samarium (Sm) concentration of 18 at% was
used to obtain the film. In this context, the term anisotropic means
that for (01 1)-oriented substrates, the lattice parameters along the
two in-plane directions are different—that is, ajo1 1] = \/Za[loo];
hence, an anisotropic growth environment can be provided. The term
isotropic in this context indicates that the lattice parameters along the in-
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plane [1 0 0] and [0 1 0] directions are equivalent for (0 O 1)-oriented
substrates. A 50 nm thick capping layer of chromium (Cr) was de-
posited to protect the amorphous Sm-Co layer from oxidation. The
exact thickness of each layer was determined by the deposition rate
and the growth time. The thickness of different materials at differ-
ent sputtering powers and different sputtering pressures was measured
by the step meter, and the deposition rate was calculated. The de-
position times of the Sm-Co layer and Cr layer were 4 min 34 s and
9 min, respectively. During sputtering, the operated Ar pressures of
the Sm—Co layer and Cr layer were 0.45 and 0.35 Pa, respectively.

A direct current (DC) sputtering power of 100 and 70 W

Cr

Amorphous Sm-Co

. Substrate
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was used for the Sm-Co layer and the Cr layer, respectively. The sub-
strate-to-target distance was fixed at about 130 mm. A commercial Cr
target with a thickness of 6 mm and a SmCos target made in-house with
a thickness of 5 mm were used in our experiment. Both targets were
60 mm in diameter. All of the films were fabricated at room tempera-
ture, and no magnetic field was applied during deposition. The structure
of the films was identified by X-ray diffraction (XRD) and gracing-in-
cidence X-ray diffraction (GIXRD) using Cu-Ka radiation, and the mag-
netic properties were determined by the Quantum Design superconduct-
ing quantum interference devices (SQUID-VSM). The initial magnetiza-
tion curves were measured after alternating current (AC) demagnetiza-
tion. The composition of the films was analyzed by energy dispersive
X-ray spectrometric microanalysis (EDX). The obtained Sm and cobalt
(Co) concentrations in the Sm—Co film were about 23 at% and 77 at%,
respectively. The small deviation of the compositions from the target
was probably due to the different deposition rates of the Sm and Co ele-
ments.

3. Results and discussion
3.1. Analysis of structure

Fig. 1 shows a sketch of the heterostructure and the represen-
tative directions of the x, y, and z axes in differently oriented sub-
strates. As shown in the figure, there is no buffer layer between the
substrate and the Sm—Co layer, which guarantees the direct transfer-
ence of the strain from the substrate to the films. As a representa-
tive display, the XRD patterns of the films grown on STO(0 1 1) and
LAO(0 1 1) are shown in Fig. 2(a) and (b), respectively. There are
no stray peaks aside from the peaks from the substrates, which im-

(100)-cut [100] [010] [001] §
plies that the films are in an amorphous state with no impurity phases.
(011)-cut [100] [01-1] [oL1] GIXRD was also collected in order to confirm the amorphicity of the
Sm-Co films; the results for the corresponding films
Fig. 1. Sketch of the Cr/amorphous Sm-Co/substrate heterostructure.
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Fig. 2. XRD patterns of the films grown on (a) STO(0 1 1) and (b) LAO(0 1 1), and GIXRD patterns of the films grown on (c) STO(0 1 1) and (d) LAO(0 1 1), where a logarithmic scale was

adopted for the y axis. a.u.: arbitrary units.
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are shown in Fig. 2(c) and (d), respectively. No peak is visible in the
samples grown on the STO(0 1 1) and LAO(O 1 1) substrates. The ab-
sence of the crystal peak indicates the amorphicity of the Sm—Co films,
and the lack of the typical broad peak is related to the Sm content. Pre-
vious research [2] has demonstrated that the broad peak increases in
width with an increase of the Sm content, and will be invisible when
the Sm content is high enough. It should be noted that the XRD patterns
shown here were selected arbitrarily; all of the films demonstrated the
amorphous nature to a similar degree.

3.2. Analysis of composition

The sample has two layers, a Sm—Co layer and a Cr layer, each with a
thickness of 50 nm. Cross-sectional scanning electron microscopy (SEM)
images are shown in Fig. 3. The images in Fig. 3(a) and (b) were taken
from different areas of the same sample. Since the sample was not placed
completely vertically, the surface can be seen in addition to the inter-
face and the substrate. It is clear that the film surface is quite smooth,
while the cross-section of the substrate is corrugated. The latter is due to
the “breaking off” action during the preparation process. The thickness
of the film is about 100 nm in total. The boundary between the two lay-
ers (i.e., the Sm—Co layer and Cr layer) cannot be clearly seen, probably
due to the amorphous nature of both layers, given that they were both
deposited at room temperature.

The exact chemical composition of the multilayer film was measured
by EDX. Several points were randomly selected at positions close to the
substrate in the cross-section of the film. The Sm and Co contents cor-
responding to different measuring points are listed in Table 1. It was
found that the ratios of the Sm and Co elements did not change much
among different points. The average Sm and Co concentrations in the
film were about 23 at% and 77 at%, respectively, which roughly align
with the nominal composition of the target SmCos. The small deviation
of the compositions from the target was probably due to the different
deposition rate of Sm and Co elements.

3.3. Analysis of anisotropy

Fig. 4(a)-(c) illustrate the hysteresis loops of the Cr(50 nm)/amor-
phous Sm—-Co(50 nm) films grown on (0 1 1)-oriented PMN-PT, STO,
and LAO, respectively, measured with a magnetic field along the
in-plane [1 0 0] and [0 1 -1] directions (H//[1 0 0] and H//[0 1 -1]).
It is notable that the squareness ratio of the hysteresis loops along
the in-plane [0 1 -1] direction is much better and the corresponding
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coercive field is relatively lower than those along the in-plane [1 0 0]
direction. Furthermore, the remanent magnetization along the [0 1 -1]
direction is obviously higher than that along the [1 0 0] direction. In
other words, the amorphous Sm-Co films grown on the (01 1)-cut
substrates are obviously magnetic anisotropic. The easy axis of mag-
netization is along the [01-1] direction, and the hard axis lies in
the [1 0 0] direction. A similar phenomenon has also been observed
in amorphous CoggFe4oBoo grown on PMN-PT(01 1) [12]. As men-
tioned above, for the (0 1 1)-oriented single-crystal substrates, the lat-
tice constants along the two in-plane directions were different—namely,
api1-1] = \/Za[l 0 0} For example, ajp;_1] was approximately equal
to 5.363 A, while ary o o] was approximately equal to 3.792 A for the
LAO(011) substrate. Thus, for the (01 1)-oriented substrates,
anisotropic strain would be brought about by the difference in lattice
constants along the two in-plane directions. It is reasonable to expect the
anisotropic residual strain to lead to preferential seeding and growth of
FM domains; hence, in-plane magnetic anisotropy appears in the amor-
phous Sm—Co films.

Previous studies have indicated that the strain environment pro-
vided by substrates can significantly affect the growth of FM domains
[13-15]. Ward et al. [13] demonstrated that the ferromagnetic-metal
(FMM) domains in Las,g Pr,Cas,sMnO3 (x = 0.3) film grown on a
NdGaO3(1 0 1) substrate tend to elongate along the direction with
greater tensile strain. Hence, the easy magnetization axis lies in the rel-
atively longer in-plane [0 1 —1] direction due to the static anisotropy
strain field provided by the NdGaOs(1 0 1) substrate. Later on, Zhao
et al. [14] found that the in-plane anisotropy strain field dynami-
cally promoted by the electric field can enhance the in-plane mag-
netic anisotropy in (0 1 1)-Pr( 7Srg 3sMnO3/PMN-PT. For the (0 1 1)-cut
PMN-PT substrate, the in-plane long axis [0 1 -1] is further elongated,
while the short axis [1 0 0] is compressed as an electric field is ap-
plied along the out-plane [0 1 1] direction. As a result, the in-plane
magnetic anisotropy of Pry;Srg3MnOs is promoted due to the fur-
ther preferential growth of FM domains along the [0 1 -1] direction
with tensile strain. Using magnetic force microscopy, Zhou et al. [15]
directly observed the strip-shape preferential growth of the domains
in Lagg7Cag.33Mn03/NdGaO3(0 0 1), where the high orthorhombicity
of the substrate supplies in-plane anisotropic strain, and strongly fa-
vors the growth of FMM domains along the longer axis. Specifically,
in our case, the lattice parameter along the [0 1 -1] direction of the
(0 1 1)-oriented LAO, STO, and PMN-PT substrates is just the longer
one. Hence, the FM domains preferentially seed and elongate along the
[0 1 -1] direction, and the easy axis lies in this direction. This vital

Thin film

Film surface

(b)

Fig. 3. Cross-sectional SEM images of (a) one arbitrary point and (b) another arbitrary point of the same sample.
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Table 1
Chemical composition of Sm-Co film measured at randomly selected points near the sub-
strate by means of EDX.

Selected point Sm content (at%) Co content (at%)

Point 1 19.44 80.56
Point 2 29.74 70.26
Point 3 22.63 77.37
Point 4 20.52 79.48

fact indicates that the effect of the anisotropic strain provided by the
(0 1 1)-oriented single-crystal substrates is essential for the occurrence
of uniaxial in-plane anisotropy in amorphous Sm-Co films.

On the basis of the initial M-H curves (i.e., magnetization M as a
function of magnetic field H) illustrated in Fig. 4(d-f), we obtained the
anisotropy constants (ka) of the amorphous Sm-Co films deposited onto
different substrates according to the following formula:

kAzAm(M,H—M‘F)dH (1)

where Miy/Mig represents the initial magnetization along the
in-plane hard/easy axis, and H represents the in-plane magnetic field.
This formula is normally used to calculate the k of films [9]. The results
are listed in Table 1. Every initial M-H curve was successfully measured
after AC demagnetization to zero. As the lattice parameter of the sub-
strate decreased, the ka of the corresponding films increased. In particu-
lar, the anisotropy constant of the amorphous Sm-Co film grown on the
(0 1 1)-oriented LAO reached a value as high as ky ~ 3.3 x 10* Jm~3.
Here, it should be noted that there are several routes to approach ku be-
sides Eq. (1), such as the following [8,9]

kn = MgH /2 )

3

Hy
kA=/ (Mg — M) dH
o

where Mg represents the saturation magnetization and Hp is the
in-plane anisotropy field. In Egs. (2) and (3), the acquisition of Hp is
necessary for the computation of ky. However, the Hy value is deter-
mined by extrapolating from the origin to the saturation along the mid-
dle of the hard axis. This is applicable for cases in which the M-H curve
has a fully square hysteresis loop along the easy axis, which is not the
case in the present work. In Eq. (1), kp is determined from the area en-
closed between the initial M-H curves of the easy and hard axes, which
is appropriate for our case. Table 2 provides the k, results of the Sm—Co
films, which vary on different substrates.

The different ka can be understood by considering the Sm—Co, Co-Co
directional pair ordering, which can also be the physical origin of
the in-plane anisotropy of amorphous films, according to the litera-
ture [10,16,17]. Corb et al. [17] demonstrated that the structural
short-range order in CogoNb;4Bg amorphous alloys can build clusters
with different symmetries and anisotropies, such as near-trigonal sym-
metry with high local magnetic anisotropy, and near-octahedral sym-
metry with low local magnetic anisotropy, crucially depending on the
growth environments and temperature. These factors affect atomic dif-
fusion and nucleation. Moreover, Suran et al. [16] reported that the
probability of the occurrence of specific clusters also depends on the
growth pressures, and the ks value varies with the sputtering pres-
sure. Specific to our samples, local anisotropy may be produced due to
the formation of various clusters, where the structural short-range or-
dering—that is, the Sm—Co, Co-Co directional pair ordering—depends
the environments provided by different
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1of gaResdaaay

:.. gEaa eI

# - 1o
/|

:2“"."&“-

MM

z @ i) ]

L ]
5
3 @ M 100 i L @ Hi100)
A )| @m0l

@ -]
L] *
1.0 hessasaasadd Laa n.-l-!ﬂﬂﬂ: wntl!ﬂ"‘
SNH] il SNH) SN il SN SN0 i S0
0] i) I {0
(E}] b [151]
Lok
a4 @ & a3 o a e
o gttt P S B = &
- = f P
L ]
ngk L s ™
! ¢
oGk * Ms = 159307104 eenu L 2 M = 4 OF600= [0 epnu L M = 46573195004 = 10+ ema
& " L
= ' ; .
0.4 o F . L
i @ s Loa) @ 100 ’ @ o)
azle @ HU[01-1] | .' @ Hioi-1] Lst @ HI01-1]
[i] FELHN SR} TEHE b VRN SN0 TS0 0 R 1] S TE{H)
Hibe) HiDe) i)
iy 1] (Ey

Fig. 4. Hysteresis loops of the amorphous Sm-Co films grown on (a) PMN-PT(0 1 1), (b) STO(0 1 1), and (c) LAO(0 1 1), and initial M-H curves of the amorphous Sm-Co films grown on
(d) PMN-PT(0 1 1), (e) STO(0 1 1), and (f) LAO(0 1 1). Emu: electromagnetic unit; M: magnetization; Mg: saturation magnetization.
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Table 2
Lattice parameters of the substrates and the corresponding anisotropic constant of amor-
phous Sm-Co films grown on (0 1 1)-cut substrates.

Substrate a (A) ka (x104Jm 3)
PMN-PT 4.017 2.0
STO 3.905 2.3
LAO 3.792 3.3

substrates. Clusters with trigonal-like/octahedral-like symmetry (high/
low local magnetic anisotropy) may be easy to form when the lattice pa-
rameter of the slab is relatively small/large, such as LAO/PMN-PT. Fur-
thermore, the strain field provided by the substrate may also play a role
in the orientation of clusters, thus ensuring that the total energy acting
on the film reaches a minimum. It is also possible that the trigonal-like
clusters in all the films are the main part, and the probability of the oc-
currence of trigonal-like clusters increases with the decrement of the lat-
tice parameter of the substrate, given the different local environments
provided by the slabs. Thus, this reasoning explains why the kj was en-
hanced as the lattice parameter of the substrate decreased. Here, the two
theories of “the directional pair ordering” and “the preferential growth
of FM domains™ are not contradictory, but are instead complementary to
each other. The preferential growth of FM domains can lead to in-plane
anisotropy of the amorphous Sm-Co films, while the tunability of k, is
closely related to the formation of specific clusters caused by directional
pair ordering of the structure due to the different local environments
provided by the slabs.

3.4. Analysis of isotropy

Fig. 5(a) and (b) illustrate the hysteresis loops of the Cr(50 nm)/
amorphous Sm—Co(50 nm) films grown on STO(0 0 1) and LAO(0 0 1),
respectively, measured with the magnetic field along the in-plane
[100] and [010] directions. As shown in the figures, for the
(0 0 1)-oriented substrates, there is no difference between the lattice pa-
rameters along the two in-plane directions. Hence, the growth environ-
ment provided by the (0 0 1)-cut substrate is isotropic, and the prefer-
ential growth of domains will not occur. It can be observed that the
hysteresis loops along the two in-plane directions almost coincide with
each other. The appearance of the small anomaly in the loops for the
film on STO (Fig. 5(a)) might be caused by oxidation during film de-
position [18]. This result proves that uniaxial in-plane anisotropy in

amorphous Sm—Co films cannot be induced by an isotropic substrate.
The flagrant contrast between Fig. 4(b)/Fig. 4(c) and Fig. 5(a)/Fig.
5(b) validates our point. The small difference in the hysteresis loops
between the [100] and [01 0] directions for the film on either
STO(0 0 1) or LAO(0 0 1) (Fig. 5(a) and (b)) may be relative to the
shape anisotropy of the film, given that the film dimensions are
2.5mm X 3.0 mm.

4, Conclusions

In summary, the structural properties associated with the magnetic
anisotropy of amorphous Sm-Co films have been investigated. Tunable
uniaxial in-plane magnetic anisotropy was produced by growing amor-
phous Sm—Co films onto (0 1 1)-cut single-crystal substrates in the ab-
sence of an external magnetic field. The in-plane anisotropic strain pro-
vided by the substrates strongly favors the growth of FM domains along
the longer axis; hence, uniaxial in-plane anisotropy is produced. Varia-
tion of the lattice parameters of the substrates may affect the directional
pair ordering, resulting in tunability of the anisotropy constant. The
evaluated anisotropy constant, ka, was as high as about 3.3 x 10* Jm—3
in the amorphous Sm-Co film grown on LAO(O 1 1). The present work
provides a new way to obtain in-plane anisotropy in amorphous Sm-Co
films. A more remarkable uniaxial anisotropy could be anticipated if a
more significant anisotropy stress field was constructed by introducing
a buffer or choosing a substrate with a lower in-plane structural symme-

try.
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