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The structural and magnetic properties are the most important parameters for practical applications of
Co-based Heusler alloys. The correlations between the crystallization degree, chemical order, magnetic
coercivity, saturation magnetization (My), and in-plane magnetic anisotropies are systematically inves-
tigated for Co,FeSi (CES) films fabricated at different temperatures (7'g). XRD shows that the CFS layer
changes progressively from a disordered crystal structure into a chemically disordered A2 structure and
further into a chemically ordered B2 and even L2, structures when increasing 7's up to 480 °C. Meanwhile,
the static angular remanence magnetization curves show a clear transition of magnetic anisotropy from
twofold to fourfold symmetry, due to the competition effect between the uniaxial anisotropy field H;; and
biaxial anisotropy field Hy. The H; value is found to be weakly dependent on 7'y, while Hy shows a
continuous enhancement at 7 > 300 °C, implying that the enhancement of the L2, ordering degree would
not weaken the biaxial anisotropy. The varying trend of Hy is similar to Mg, which can be respectively
attributed to the improved crystal structure and chemical order. The anisotropic fields and their variation
behaviors determined by a vibrating sample magnetometer are highly consistent with the results by a time-
resolved magneto-optical Kerr effect study. Our findings provide a better understanding of the structural
ordering and magnetic anisotropy, which will be helpful for designing advanced spintronic devices.

DOI: 10.1103/PhysRevApplied.8.034012

I. INTRODUCTION

Full-Heusler alloys (FHAs) are attracting considerable
attention due to their great advantages including lattice
match with the III-V semiconductors, half-metallic band
structure with high spin polarization P, and reduced
magnetic damping constant a [1-4]. The compounds are
usually described by the formula X,YZ, where X and Y are
transition metals and Z is a main group element. Among the
various types of FHAs, it has been predicted that the
Co-based FHAs, such as Co,FeSi (CES) alloy, owns a very
high Curie temperature 7.~ 1100 K and a quite large
magnetic moment up to 6up [5,6]. With these merits, the
FHAs as spin source materials are highly appropriate for
practical applications in spintronic devices [7]. The FHA-
based magnetic tunnel junctions (MTJs) are very successful
and are of great technological interest for developing spin-
transfer-torque magnetic random access memory (STT
MRAM) devices. Very large tunneling magnetoresistance
(TMR) signals up to 429% at room temperature (RT) are
reported in MTJs by using the FHA layer as the free
and reference magnetic electrodes [8—10]. Moreover,
the current—perpendicular-to-plane (CPP) spin-valve devi-
ces with a highly spin-polarized electrode of FHAs have
also attracted great attention [I11,12]. A rather high
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giant MR ratio of 58% at RT is demonstrated in
Co,Fe,Mn,_,Si/Ag/Co,Fe,Mn,_,Si CPP devices [13],
and the MR ratio and associated resistance-area product
satisfy the requirements for a Tbit/in> hard-disk-drive read
head. In addition, the half-metallic FHAs allow the injec-
tion of highly spin-polarized current into a semiconductor
through its spin-up channel [14-16], and the injected
current is fully spin polarized, which makes them ideal
candidates for spin contacts on semiconductors and for
developing devices with new functions as well.

It is known that developing STT MRAM with high
performance requires the ferromagnetic electrode material
with improved parameters of high spin polarization and low
magnetic damping for efficient STT switching at a reduced
current density and large TMR signal [17,18]. Although
high P and low a have been theoretically predicted for
FHAs due to the lack of minority spin density of states at
the Fermi level, the experimentally measured results are not
as good as expected. For the successful implementation of
FHA films into next-generation magnetic storage, it is of
key importance to optimize the crystal structure and
material properties. As we know, the advanced magnetic
properties of CFS films are closely related to the chemical
order [19,20], which are sensitive to the deposition con-
dition, atomic composition, and adjacent layers. The CFS
film fabricated at low temperatures usually has a disordered
A2 phase, with atoms randomly placed in a body-centered
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cubic lattice. The formation of chemically ordered B2 and
L2, structures usually requires a high growth temperature
and/or postannealing treatment [19,21-23]. In most cases,
multiple structure types may coexist. The existence of
disordered phases may worsen the magnetic properties. It is
found that the damping parameter decreases with the
increase of atomic ordering [24]. And among these three
structure types categorized by occupation of the available
atomic sites, only the chemically ordered structures showed
half-metallic behavior [24,25]. Although there are quite a
few works performed on the structural and magnetic
properties of the FHA films, the exact relationship and
underlying mechanism still remain unclear. The saturation
magnetization (Mg) and spin polarization of Co-based
FHAs increase simultaneously with the increase of the
chemical ordering degree [26,27], while some other
researchers observed a reduction of Mg which may be
related to the diffusion of impurity atoms from the buffer
layer [28-30]. Apart from the spin polarization and
saturation magnetization, other magnetic properties such
as magnetic anisotropy are also very important and should
be carefully characterized and controlled. It is expected that
the cubic-crystal structure should present an in-plane
biaxial anisotropy for the (001) epitaxial films. However,
an additional in-plane uniaxial magnetic anisotropy has
often been reported for the FHA films grown on various
single-crystalline substrates [29,31-36]. Moreover, quite
different and even opposite varying behaviors are observed
for the uniaxial and biaxial magnetic anisotropies as the
annealing temperature increases [21,22,37-39]. A strong
reduction of biaxial anisotropy is found and attributed to
the increasing fraction of the L2; phase [21,22,38,39].
However, the authors do not exclude the origin from an
annealing-induced atomic diffusion effect. The magnetic
anisotropy not only determines the magnetization-switch-
ing behaviors but affects the magnetic damping constant
and device thermal stability as well. Moreover, the coex-
istence of uniaxial and biaxial magnetic anisotropies can
complicate the magnetization-switching process, which
should be clarified for practical applications. As we can
see, the performances of spintronic devices rely signifi-
cantly on the structural and magnetic properties of the full-
Heusler-alloy films.

In order to achieve effective control of the material
properties for designing appropriate spintronic devices, it is
of key importance to acquire a general picture on the
correlations between the sample structure and magnetic
properties. Considering the chemical order is directly
correlated to the atom arrangement, tailoring the lattice
site occupation of the CFS alloy provides an efficient way
to control the material properties. Therefore, in this work
we perform a detailed study on the CFS thin films grown on
MgO(001) single-crystalline substrates. In order to exclude
the influence of atomic diffusion on magnetic properties,
only the CFS layer is in situ heated at various substrate
temperatures (7T'g), while the Ta top layer is deposited

at RT. The crystal structure and chemical order of CFS
layers are characterized by XRD, and the Tg-dependent
magnetic properties are deduced according to the static and
dynamic magnetization measurements.

II. EXPERIMENT

All the samples, in a structure of CFS (15 nm)/Ta(7 nm),
are fabricated on MgO(001) single-crystalline substrates by
dc magnetron sputtering under a base pressure better than
3.0 x 10~® Torr. The deposition rate is fixed as 0.10 A /s for
the CFS layer and 0.52 A/ s for the Ta cap layer, respec-
tively. The CFS layer is sputtered from an alloy target with a
stoichiometric composition of CosyFe,sSi,5 under an Ar
pressure of 4 mTorr. The top Ta layer is used to protect the
CFS layer against oxidation. In order to form differently
ordered phases, the CFS layers are deposited at various
substrate temperatures of T = 200, 300, 350, 400, and
480°C, and they are further in situ annealed at the same
temperature for 10 min prior to the Ta-layer deposition.
Then, the Ta cap layer is sputtered after the CFES layer is
naturally cooled to RT.

The film crystallographic texture is examined by a
high-resolution four-circle x-ray diffractometer with Cu
Ka radiation. A vibrating sample magnetometer (VSM)
is utilized to measure the magnetic hysteresis loops and
angular remanence magnetization (ARM) curves. The
dynamic magnetic properties are acquired by a pump-
probe system based on the time-resolved magneto-optical
Kerr effect (TRMOKE). The TRMOKE measurements are
achieved using a pulsed Ti:sapphire laser with a central
wavelength of 800 nm, a pulse duration of 150 fs, and a
repetition rate of 1000 Hz [40]. An intense pump pulse
beam with a fluence of approximately 7.0 mJ/cm? is used
to excite the magnetization precession behavior, and the
transient MOKE signal is detected by a weak probe pulse of
approximately 0.6 mJ/cm? which is time delayed with
respect to the pump beam. The pump and probe laser beams
are at almost perpendicular incidence, with spot diameters
of about 4.0 and 0.2 mm, respectively. During the
TRMOKE measurement, an external magnetic field H is
applied at an angle of 5 = 71° in order to drive the
magnetization orientation away from the in-plane easy axis.
Note that all the measurements are conducted at RT.

III. STRUCTURAL CHARACTERIZATION

As we know, the Co,FeSi Heusler-alloy crystal usually
includes three kinds of atomic structure, i.e., L2, B2, and
A2 with different chemical ordering degrees. Figure 1(a)
presents the highly ordered L2 structure (space group no.
216: F-43m), the two Co atoms occupy the (0, 0, 0) and
(0.5, 0.5, 0.5) positions, the Fe atom occupies the (0.25,
0.25, 0.25) position, and the Si atom occupies the (0.75,
0.75, 0.75) position. The cubic L2, structure cell consists of
four interpenetrating face-centered cubic (fcc) sublattices,
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two of which are equally occupied by Co, and the rest two
are occupied by Fe and Si. The two Co-site fcc sublattices
form a simple cubic sublattice structure, in which the
Fe and Si atoms are alternatingly located in the center sites.
If the Fe and Si atomic sites are randomly occupied, the
ordering degree decreases and the L2; structure changes to
the B2 structure (space group no. 225: Fm-3m), as shown in
Fig. 1(b). Figure 1(c) displays the completely disordered
A2 structure, in which all the atomic sites are occupied
randomly. Nearly all the magnetic properties of the CFS
films are related to the crystalline quality and atomic site
occupation [41], which can be characterized by the XRD
measurements. The (111) superlattice diffraction peak
indicates the presence of ordered L2; structure, while
the (002) superlattice peak is a main characteristic of B2
structure.

Figure 2(a) shows the 0 — 26 patterns for CFS films
grown at various substrate temperatures. For the samples of
Ts =300°C or lower, apart from the strong (002) peak
arising from the MgO substrate, no other diffraction peaks
can be detected, which suggests that the samples deposited
at low temperatures have a disordered crystal structure,
probably due to the presence of defects created in the lattice
by energetic atom bombardment during sputtering. A weak
(004) peak appears at T = 350 °C, implying that the CFS
film with structure disorder starts to crystallize in the
chemically disordered A2 phase. As Ty is further increased
up to 400 °C and above, the diffraction peaks of both CFS
(002) and CFS (004) can be observed, indicating the CFS
films are (001) oriented in the out-of-plane direction and
have at least a B2 structure. The CFS peak intensity
increases considerably with the increase of T, as the
result of reduced lattice defects and hence improved crystal
structure. From the diffraction patterns, we can estimate the
CFS grain size D by using the Scherrer equation [42],
D = [(kA)/pcos 6], where k of approximately 0.89 is a
dimensionless shape factor, A is the x-ray wavelength of
0.154 nm, g is the full width at half maximum of the
diffraction peaks, and @ here is the diffraction angle of the
CFS (004) peak (in units of degree). As expected, increas-
ing the substrate temperature can lead to obvious crystal-
lization and grain growth; the calculated grain sizes are

FIG. 1. The ordered
L2, structure (a) and the
disorder B2 structure (b)
and A2 structure (c).

approximately 7.4, 12.5, and 13.8 nm for T = 350, 400,
and 480 °C, respectively.

In order to clarify the epitaxial relationship and chemical
order of CFS films in the atomic level, @ scan measure-
ments are performed for the CFS films of T = 350, 400,
and 480 °C. Figures 2(b) and 2(c) show the patterns of CFS
(220) obtained at 20 = 45.48°, y = 45.20° and CFS (111)
at 20 = 27.36°, w = 54.71°, respectively. Here @ corre-
sponds to the in-plane rotation angle and y the tilt angle [43],
and ® = 0 is defined as the direction of the MgO [110].
Apparently, the four (220) diffraction peaks shown in
Fig. 2(b) are separated periodically with an angle dif-
ference of 90°, indicating that the CFS film has a
fourfold symmetry. From the relative peak positions
of CFS (220) in the ® scan patterns, we can determine
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FIG. 2. XRD patterns of the (a) 8 — 20 scan, (b) ® scan for the
CFS (220) diffraction peaks, and (c) @ scan for CFS (111)
diffraction peaks.
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TABLE I. The values of part samples for Sz, and S;,;.

Ts (°C) Spy (%) Sr21 (%)
350 0 0
400 73.6 46.7
480 82.7 56.9

that the CFS films of Tg > 350°C are epitaxially grown
on the MgO substrates, with an epitaxial relation of
MgO(001)[100]||CFS(001)[110]. The peak intensity of
all the diffraction lines is decreasing with T'g, due to the
increased disorder and poor epitaxial growth of the CFS
crystal at lower substrate temperatures. Figure 2(c) shows
the evolution of CFS (111) superlattice diffraction peaks,
verifying the presence of an atomically ordered L2, phase
at Tg > 350°C. Note that the corresponding (220) and
(111) diffraction peaks are separated by 45°, coinciding
well with the crystal structure of CFS.

The parameters of chemical ordering degree, S, for the
L2, phase and S, for the B2 phase, can be evaluated by the
relative peak intensities according to the extended Webster
model [19,44],

full-order
Inoo o Tono
Lioo B2 szll%)l(l)—order ’
2 full-order
1111_ S .3—532 Illl (3 1)
Ji - L2 2 Ifull—order ’ :
220 220

where 1;;; and IfuForer are the experimentally obtained
diffraction intensity of the CFS hkl plane and the theoreti-
cally calculated diffraction intensity of the fully L2,
ordered CFS alloys, respectively. According to Ref. [19],
the parameter Sp, for the full-Heusler X,YZ alloy of
Co,FeSi represents the random occupation between X
and Y (or Z) sites. In contrast, the fraction of Y atoms on
the Z sites is generally used to evaluate the L2 ordering
degree S;,;. As a result, for the completely disordered A2
crystal structure, both order parameters of Sg, and S;,; are
zero. The Sp, value is 100% as long as the X sites are orderly
occupied by Co atoms, no matter whether the Y and Z sites
are random or not. It has been pointed out that the S; ,; value
depends on the ordering degree of B2, which increases with
Spo [19]. The calculated ordering parameters are listed in
Table I. Clearly, S;,; and Sp, increase with the substrate
temperature, and a higher substrate temperature is advanta-
geous for the transformation of B2 into L2, structure. From
these results, it can be concluded that the samples of 7'y =
300°C and below have a disordered crystal structure. As Ty
is 350°C, the chemically disordered A2 crystal structure
forms, which gradually evolves towards a partially chemi-
cally ordered B2 and completely ordered L2 structure when
further increasing the substrate temperature. As shown in the
next sections, the evolutions of the sample crystal structure
and chemical ordering degree are well correlated with the
variation of magnetic properties.

IV. INVESTIGATIONS OF
MAGNETIC PROPERTIES

A. Static magnetic measurements by VSM

The magnetic hysteresis loops and ARM curves are
measured by VSM for all the samples, with an in-plane
magnetic field applied along various orientations. For the
convenience of data analyses, we build up a polar coordinate
system. As shown in Fig. 3(a), the z axis is perpendicular to
the sample plane, and the x and y axes are, respectively,
parallel to the [110] and [110] crystallographic directions of
the CFS layer. The ¢, (or ¢p) is defined as the in-plane
angle of magnetization M (or applied magnetic field H) with
respect to the x axis, while 8,, (or 0y) is the corresponding
out-of-plane angle between M (or H) and the z axis. From
the VSM measurements, we know that there are two kinds
of in-plane magnetic anisotropies for our CFS films: a
biaxial magnetic anisotropy with two easy axes along the
[110] (x axis) and [110] (y axis) directions and a uniaxial
anisotropy with an easy axis along the [110] direction.

Based on the polar coordinate system, the total free
energy density E of our CFS films, which includes the
Zeeman energy, demagnetizing energy, and anisotropy
energy, can be given as [23,45]

E= EZeeman + Edemagn + Eaniso

= —MH|[sin 0, sin Oy cos(py — @y) + cos Oy, cos O]
1
— 2zM3%sin0,, + 1 K gsin®(2¢,,)sin*6,,

+ Kysin’gysin®0,, + K | sin*0,,, (4.1)
where Kjp represents the in-plane biaxial magnetic
anisotropy constant, K;; the in-plane uniaxial magnetic
anisotropy constant, and K, the out-of-plane uniaxial
magnetic anisotropy constant. Here, we define H; =
2Ky /Mg and Hg = 4K /My as the in-plane uniaxial and
biaxial magnetic anisotropy fields, respectively, and H | =
2K | /My as the out-of-plane uniaxial magnetic anisotropy
field. According to the Stoner-Wohlfarth coherent rotation
model [46], the equilibrium position of magnetization can be
determined from the minimum free energy density:

(a) z (b)
- (b)
Easy[110] |V

H
M

Oum) PH
Hp Easy[110] x

Hy Easy[110]

FIG. 3. The polar coordinate system (a) and its in-plane
geometry (b) for magnetic measurement and data analyses.
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OE
—— = —MH|[cos 0y sin Oy cos(@y — @yr) — sin@y; cos O]
00y,
K
—2aM%sin(260),) + 73 sin2(2¢,,)sin26,, sin(26,,)
+ Kysin?gy sin(20),) + K | sin(20,,) =0,  (4.2)
OE
—— = —MH|[sin 0y, sin Oy sin(@py — @ur)]
Opm

K
+ 73 sin*@); sin(4¢,,) + Ksin?0,, sin(2¢,,) = 0.
(4.3)

As the CFS samples have in-plane magnetic anisotropy
and the external magnetic field is applied in plane during
the VSM measurement, the magnetization should also stay
in the film plane [see the corresponding in-plane geometry
depicted in Fig. 3(b)]. In this case, both 6,, and 8y are equal
to /2, and the equilibrium position equation of in-plane
magnetization can be simplified as

Kp . . .
—Esin(4gy) + Kysin(2py) = MsHsin(py —py).  (4.4)

2
According to this equation, the magnetic anisotropy
constants can be deduced by fitting the field dependence
of hard-axis magnetization curves. Meanwhile, if we set the
applied field H in Eq. (4.4) as zero, we can get the angular
dependence relation of remanent magnetization:

K
TBsin(4(pM) + Ky sin(2¢y,) = 0.

As aresult, if the fitted magnetic anisotropy constants are
input into Eq. (4.5), the corresponding ARM curves can be
simulated. In the following, we show the static magnetic
properties and related data analyses based on the above
equations of (4.4) and (4.5).

Figure 4(a) shows the normalized in-plane magnetic
hysteresis loops for CFS films grown at different temper-
atures. The external field is applied along the main
crystallographic directions of [110], [100], or [110], i.e.,
@y =0, 45°, and 90°, respectively. Clearly, the loop shape
varies considerably with the substrate temperature and field
orientation. For the sample deposited at 200 °C, from the
weak difference in remanent magnetization, we are able to
recognize that the [110] and [110] directions are slightly
inequivalent. The sample has a weak in-plane uniaxial
anisotropy, with the easy axis along the [110] direction and
a hard axis along the [110] direction. As T’y increases, the
remanences of the [110] and [110] directions both increase;
they eventually go to the same value of 1 at T's > 350°C.
According to the structural analyses, it infers that a biaxial
magnetic anisotropy develops with the improved CFS
crystal structure at higher T, giving rise to the two
equivalent easy axes and the transformation of the hard-
axis direction from [110] to [100].

(4.5)

17 T T " T T T T
(a) = 10y () ~— L1100
OF 7,=200°c { 4 ——[110] ] —
1 = ; ! L F1000 S
§
or F900 =
~ s
(?J: [ — [1:]0] +800
= or 1 p+————tio —— ,,
T, (©) ——1[100]
e - I |
S 1f F 20
L L °
0 16 S
-1 = 12 IQ
o 3
1 4

200 300 400 500
T, (°C)

FIG. 4. Magnetic properties obtained by VSM measurements.
(a) Magnetic hysteresis loops of CFS films grown at different 7',
with magnetic field H applied parallel to the main crystallo-
graphic axes of [110], [110], and [100]. (b) The saturation
magnetization Mg and (c) magnetic coercivity H. as a function
of T for the three kinds of field orientation.

The saturation magnetization My and magnetic coerciv-
ity H. are derived from the hysteresis loops and summa-
rized in Figs. 4(b) and 4(c), respectively, as a function of
Ts. Interestingly, My and H - display a very similar varying
trend. Both of them keep nearly unchanged at T's < 300 °C;
afterwards, they start to rise considerably. The maximum of
Mg is 1120 emu/cm?, which is slightly lower than the ideal
bulk value due to the incompletely chemical ordering of B2
or L2 structure [47]. The increasing trend of M is in good
agreement with other studies and is believed to result from
the improved chemical ordering between Co and Fe sites
[37,48]. Note that, at T < 350 °C, the H values are rather
small and nearly equal for the three different field direc-
tions. However, with increasing the substrate temperature,
the H of the [110] and [110] directions exhibits a similar
faster rising rate than that of the [100] direction. The
observed increase in H is mainly due to the enhanced
biaxial magnetic anisotropy [49]. In addition, the improved
crystalline quality may also play some role. As we know
from the XRD results, with increasing 7T the crystal
structure is improved due to the reduction of lattice defects
or imperfections. In this case, the antimagnetized nuclei
would not be easy to form, which will lead to the increase
of H as well. Note that in Ref. [20] the authors reported a
decreasing behavior of H - with annealing temperature for
their Co,FeAl film; we consider the opposite variation
tendency arises largely from the large film thickness of
55 nm.

In order to clearly understand the evolution of magnetic
anisotropy and clarify the effect of substrate heating, we
measure the angular remanence magnetization curves. The
remanence ratio M, /M is shown in Fig. 5 as a function of
angle ¢y with respect to the [110] direction. Clearly, the
ARM curves of Tg¢ =200 and 300°C show uniaxial
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FIG. 5. The ARM curves for CFS films grown at different
temperatures. The black points represent the experimental data,
while the red lines are from the numerical calculation.

magnetic anisotropy with twofold symmetry. The maxi-
mum remanence ratio at ¢y = 0 and 180° denotes that the
uniaxial easy axis is parallel to the [110] direction, and the
minimum ratio at @y = 90° implies that the hard-axis
direction is along the [110] direction. With the increase
of T, the curves gradually evolve from a twofold to
fourfold rotational symmetry, implying the emergence of a
biaxial anisotropy. In addition, the minimum remanence
ratio (hard axis) moves towards smaller ¢y, i.e., the
direction of [100]. The additional remanence peak occurs
not at ¢ = 90° (i.e., the [110] direction) for 7'y = 350°C,
which suggests the easy axes of biaxial anisotropy are not
yet strictly along the [110] and [110] directions. This is
understandable, since the structural order of the CFS crystal
is rather weak at such a low substrate temperature. When
T is over 400 °C, the shape of the ARM curves is governed
by the enhanced biaxial anisotropy, showing excellent
fourfold symmetry with two equivalent easy axes along
the [110] and [110] directions. Meanwhile, the minimum
remanence occurs at @y = 45°, indicating that the hard
magnetic axis shifts to the [100] direction.

The quantitative values of uniaxial and biaxial magnetic
anisotropy fields, H;; and H g, respectively, can be numeri-
cally obtained by fitting the reversible part (from saturation
field to zero) of the hard-axis magnetization loops, where
the magnetization reversal can be treated as coherent
rotation. Figure 6(a) shows the corresponding experimental
data points and fitted reversible curves according to
Eq. (4.4). The data points are taken from the magnetic
loops of the [110] direction for Ty < 300°C and of the
[100] direction for Tg > 300 °C. Apparently, all the exper-
imental data are well fitted by the solid lines, indicating that
the hard-axis magnetization curve is basically a coherent

Tg 200 °c [110] B

ors| *‘).-*'"
f’“
r

1.00 W
0.75 480 °C [100] T

0 20 40 60 80 100

1.00 -
0.75 - 300 °c [110] 1
§°’1.oo L
S 0.75 - . 350 °c [100] 1
1.00 [ '
075f m

H(Oe)
7000 1
9;]40- .
T 20
20—
= O — _
200 300 400 500
Ts (°c)

FIG. 6. (a) The experimental data points and fitted lines for the
magnetic curves measured along the corresponding hard-axis
orientation. (b) The in-plane uniaxial magnetic anisotropy field
H,; and biaxial magnetic anisotropy field Hjy versus Ty,
calculated according to the Stoner-Wohlfarth model.

rotation process. Figure 6(b) shows the H;; and Hp values
obtained from the numerical fitting. By using the fitted
anisotropy fields and Eq. (4.5), the corresponding ARM
curves can be calculated (the solid red lines in Fig. 5). It is
found that, except for the case of 350°C, the calculated
ARM curves agree satisfactorily with the experimental
data, revealing that the fitted H; and Hp values are
appropriate. As for the poor simulation of 350 °C, it should
come from the fact that the used Hy and Hp values are
obtained by fitting the magnetization curve of the [100]
direction. However, from Fig. 5, we can see that the actual
hard axis apparently deviates away from this orientation,
which inevitably gives rise to improper anisotropic fields
and hence the observed inconsistent simulation curve.
The fitted uniaxial magnetic anisotropy field H;; shown
in Fig. 6(b) is rather small, showing a weak nonmonotonic
dependence on the substrate temperature. The varying
behavior is consistent with those of Fe;;Cog grown on
(001) Ga [50] and Co,FeAl on (001) MgO [21]. Up to now,
no clear explanation has been given for the uniaxial
anisotropy. It is reported that uniaxial magnetic anisotropy
in some soft magnetic thin films may arise, because the
process of atoms reaching the substrate is not isotropic
during deposition at an oblique angle [51-53]. However,
for our CFS films, the uniaxial anisotropy happens not due
to this cause. For our sputtering machine, the substrate
holder is rotated at a speed of 20 rpm during film deposition
to ensure film uniformity, and no external magnetic field is
applied in plane. As a result, we consider that the presence
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of such weak uniaxial anisotropy in this study is most likely
related to the symmetry breaking at the MgO/CFS inter-
face due to the surface reconstruction or interface bonding
effect [33,54]. Anisotropic relaxation of strains induced by
the lattice mismatch may also play a role [32].

The different magnetization-switching behaviors and the
transition from twofold to fourfold symmetry in ARM
curves are a result of the competition effect between the
uniaxial and biaxial magnetic anisotropies. In contrast to
Hy, the biaxial magnetocrystalline anisotropy field Hp,
which arises from the bulk crystal structure, displays a
strong dependence on the substrate temperature. It is
negligible at low Tg but increases rapidly and reaches
nearly 60 Oe at Ty = 480 °C. The increasing tendency of
our Hp data is in accord with the result reported by Gabor
et al. for MgO(001)/Co,FeAl samples [37], which is
ascribed to the improved crystal structure and enhanced
in-plane biaxial strain. Interestingly, the 7'y dependence of
Hp is very similar to H- shown in Fig. 4, from which
we can get the information that the enhanced biaxial
magnetocrystalline anisotropy governs the change of H.
Accompanying the enhanced biaxial magnetic anisotropy,
the ordering parameter S;,; increases as well when the
substrate temperature is increasing, which suggests that the
increasing amount of the L2, phase would not give rise to a
reduction of Hg. As a result, we think that the observed
decreasing trend of biaxial anisotropy with T'¢ by others [39]
may not be associated with the ordering degree change of
L2, phase. It is more likely caused by the interfacial
diffusion of Cr atoms into the magnetic layer, since their
full-Heusler films are ex sifu annealed simultaneously with
the adjacent nonmagnetic Cr buffer layer. One possible
proofis that they observe a continuous reduction in M g when
increasing the annealing temperature, which is contrary to
the increasing behavior of Mg of our CFS samples.

B. Dynamic magnetic measurements by TRMOKE

Ultrafast magnetization dynamics is measured by
TRMOKE to verify the influence of 7' on the magnetic
properties of CFS films. During the dynamic measurement,
amagnetic field H is applied with a polar angle of 6, = 71°
and an azimuth angle ¢y corresponding to the magnetic
hard-axis direction mentioned above, i.e., ¢y = 90° for
T <300°Cand 45°for T's > 300 °C. The typical TRMOKE
data points are displayed in Fig. 7(a) for the case of
H =2 kOe. Similar to many other magnetic thin films,
the dynamic Kerr signal 6, displays an ultrafast demagneti-
zation and a subsequent magnetization precession process.
The magnetization precession and damping part can be fitted
by using the following sinusoidal equation [22,55]:
Or=a+bexp(t/ty) +csin(2zft+@)exp(—t/7), (4.6)
where the first term is the background signal, the second
term corresponds to the slow magnetization recovery
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FIG. 7. (a) The laser-induced magnetization dynamic Kerr
signals (symbols) measured at H = 2 kOe and the corresponding
fitting curves (solid lines) for CFS films grown at different 7.
(b) The relationship between precession frequency f and the
applied field H at various T'. (c) The T¢ dependences of Hy; and
Hp values obtained by fitting the curves shown in (b).

process, and the third term describes the uniform magneti-
zation precession dynamics. The parameters of ¢, f, ¢, and 7
represent the precession amplitude, frequency, initial phase,
and decay time of magnetization, respectively. The fitted
frequency is plotted in Fig. 7(b) as a function of external
magnetic field H for samples grown at different 7'y, which is
seen to increase almost linearly with the magnetic field H.
It is known that the varying trend of such a field-dependent
precession frequency is determined by the coaction of an
external field and effective magnetic anisotropy fields.
The field-dependent frequency curves in Fig. 7(b) are fitted
by the following Kittel formula of the uniform precession
mode [22]:

f :Z—J;{U'ICOS((PH —ou) + Hi)

X [H cos(py — u) + Ho] }'72. (4.7)
where y = y,g/2 is the gyromagnetic ratio of the electron
withy, = 1.76 x 10’ Hz/Oe and g = 2.06. H, and H, are,
respectively, defined as

2K Kp . 2Ky .
Hl = 47ZMS —F: —Vislﬂz(Z(ﬂM> — M—:SIHZ(pM,
2K 2Ky
Hy =— 4 —_— 2 . 4.8
2= cos(4py) + My cos(2¢u) (4.8)

Note that the experimental data are well fitted by the lines,
implying that the magnetization precession behaves in a
uniform precession mode. Figure 7(c) shows the in-plane
uniaxial and biaxial anisotropy fields obtained from the
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curve fitting in Fig. 7(b). Apparently, the values of H; and
Hgp, as well as their varying trends, are very consistent with
the results obtained by VSM measurements [Fig. 6(b)],
further verifying the existence of a nearly invariable in-plane
uniaxial anisotropy and a biaxial magnetic anisotropy which
grows rapidly with the increase of 7.

From the above structural and magnetic results, the
evolutions of sample structure and magnetic anisotropies
upon thermal heating, as well as their correlations, can be
identified. As T’ is lower than 300 °C, the CFS films show
a disordered crystal structure, where the biaxial anisotropy
is negligible and the uniaxial magnetic anisotropy domi-
nates. As T is increased to 350 °C, accompanying with the
onset of the A2 phase, the biaxial anisotropy occurs. With a
further increase of Ty, both the biaxial anisotropy and
saturation magnetization increase significantly, which are,
respectively, due to the improved crystal structure and
chemical order. The increased biaxial anisotropy plays a
dominant role in the magnetization-switching behaviors for
CFS samples deposited at T's > 350 °C.

V. CONCLUSIONS

In this paper, we present correlated analyses on the
structure, magnetic coercivity, saturation magnetization,
and in-plane magnetic anisotropies for CFS films grown
atdifferent 7's. XRD reveals that, with the increase of T'g, the
CFS layer develops first from disordered crystal structure to
disordered A2 structure and then to chemically ordered B2
and L2, structures. Accompanying the increased chemical
order and saturation magnetization, a gradual transition from
twofold to fourfold symmetry occurs in the ARM curves,
which is ascribed to the competition effect between the in-
plane uniaxial and biaxial magnetic anisotropies. The weak
uniaxial anisotropy changes slightly with 7'y increasing. In
contrast, the biaxial cubic anisotropy that arises from the
improved crystal structure and increased biaxial stress upon
thermal heating is negligibly small at 7¢ <300°C but
increases considerably at T'g > 300°C. Most importantly,
we find that the increased L2, ordering degree would not
reduce the biaxial cubic anisotropy. Our results facilitate the
practical design of spintronic devices based on full-Heusler
CFS thin films with controllable magnetic anisotropy.
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