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Anisotropy of magnetoelastic properties in epitaxial Co,Fe,Mn,;_,Si Heusler alloy thin films
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A strain modulated ferromagnetic resonance technique was applied to determine two cubic magnetoelastic
constants of the epitaxially grown 30-nm-thick Co,Fe,Mn;_,Si magnetic layers with different Fe and Mn
contents, which were deposited on a MgO substrate with a 20-nm-thick Cr buffer layer—MgO (001) || Cr(001) ||
Co,Fe,Mn,_,Si (001). It was found that, for the samples with the Fe content x = 0.4 or higher, the magnitudes
of the two cubic magnetoelastic constants are clearly different, showing that the magnetoelastic properties of
these samples are different than in the case of isotropic samples for which these two constants are expected to
be equal. The magnitude of the cubic magnetocrystalline anisotropy constant reveals an evident maximum at
the composition of x = 0.4, which corresponds to the minimum of the minor spin density of states, and thus
the correlation between the cubic magnetocrystalline anisotropy and the electronic band structure. For all the
investigated samples, a large perpendicular component of the magnetocrystalline anisotropy was observed as
well as inhomogeneous broadening of the ferromagnetic resonance linewidth.
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I. INTRODUCTION

Thanks to the low density of states at the Fermi level
for the minority-spin channel, the half-metallic Co,-based
Heusler alloys reveal high spin polarization, and thus they
are promising materials for applications in spintronics [1].
In the case of Co,Fe,Mn;_,Si compounds, the Fermi energy
falls close to the middle of the gap in the minority states for
intermediate Fe concentration. The magnetic and electronic
properties of such compounds are very stable against exter-
nal influences, which will not be able to change the number
of minority electrons [2]. In particular, the Co,Fey4Mng¢Si
(CFMS) composition was intensively studied for practical ap-
plications, among others in vortex spin-torque oscillators [3].
In such applications, low magnetic attenuation at microwave
frequencies is also desirable. The ultrafast demagnetization
and the intrinsic Gilbert damping in the Co,-based Heusler
alloys were investigated by several researchers [4—6]. For-
tunately, among the Co,Fe,Mn;_,Si series, the composition
with x = 0.4 reveals also the lowest magnetic damping, with
a Gilbert damping factor of about 3.5 x 1073, for the sam-
ples with magnetic layer thickness of 30 nm [6]. In previous
work [6] the ultrafast demagnetization mechanism in a series
of Co,Fe,Mn,;_,Si films was shown to be correlated with the
band structure of the investigated alloys, i.e., with the spin
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density of states at the Fermi level. In the present study the
same series of the samples were used to determine the mag-
netoelastic (ME) properties as well as the magnetocrystalline
(MC) anisotropy.

ME properties of the Heusler alloys remain poorly
researched. In particular, to the best knowledge of the au-
thors, experimental investigations of the ME properties of
Co,Fe,Mn;_,Si series with changing Fe content have not
been performed so far. In our previous papers [7,8] ME
properties of the CFMS thin films only for the composition
with x = 0.4 were investigated as a function of thickness. In
all series of the samples, an increase of the ME constants
magnitudes with increasing thickness of magnetic layer (in
the range 15-50 nm) was observed. In Ref. [8] the Gilbert
damping factor was also investigated. It was found that, for
the films for which the spin pumping phenomenon can be
neglected, the Gilbert damping factor also increases with in-
creasing thickness of the magnetic layer. Such changes of ME
constants and Gilbert damping factor may suggest a correla-
tion between both parameters. However, an increase of Gilbert
damping with increasing thickness of the magnetic layer can
be also correlated with the eddy currents induced in conduct-
ing magnetic layers [9]. Generally it is expected that stronger
ME effect should result in stronger damping. However, the
quantitative correlation between these two phenomena is com-
plicated. The up-to-date developed models assume correlation
of the magnetic damping with the strain fluctuations in-
duced by the ME effect [10]. On the other hand, materials
characterized by strong ME coupling and low damping are
also available [11].

©2022 American Physical Society
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To determine the ME properties one can either measure the
magnetostriction, i.e., the changes of the sample dimensions
in external magnetic field, which can be done using different
kinds of dilatometers or diffraction (x-ray, neutron) methods,
or apply one of the indirect methods based, e.g., on Villari
or Wiedemann effects [12]. Strain modulated ferromagnetic
resonance (SMFMR) is one of an indirect method, which
enables determination of the ME properties of the magnetic
thin films [13,14]. To determine ME properties of thin films,
only a few method can be applied. Among other methods of
testing the ME properties of thin films, one can also mention
the strain gauge [15], or small-angle-magnetization-rotation
method [16]. In the SMFMR method, a periodic strain in
a magnetic sample is induced. Application of the phase-
sensitive detection enables the determination of the shift of
the FMR line even for very small strain amplitudes. In other
methods to modify the magnetic properties, a large static
strain can be also applied [17,18]. In our previous works [7,8],
we used the SMFMR method to determine only one isotropic
ME constant for each sample. However, the recent electronic
structure study based on the first-principles calculation for the
ME properties in Co,-based Co,X Al (X =V, Ti, Cr, Mn, Fe)
full Heusler compounds shows that both cubic ME constants
for these compounds may differ significantly [19]. (Note that,
for samples whose magnetoelastic properties isotropic both
cubic ME constants b; and b, are expected to be equal. For
the definition of the two magnetoelastic constants see Eq. (4)
in Sec. IV description and their applications.) Additionally,
a huge change of the ME constants is expected when Mn is
replaced by Fe [19].

By using an appropriate experimental arrangement, the
SMFMR technique enables determination of both ME con-
stants for the magnetic epitaxial layers with cubic symme-
try [14]. For this reason, we used this method in order to
determine both cubic magnetoelastic constants for the series
of the Co,Fe,Mn,;_,Si Heusler alloy thin films with different
Fe and Mn contents. The aim of the present work is also to find
out experimentally the correlation between the ME properties,
MC anisotropy, magnetic damping and the band structure of
the investigated samples.

II. EXPERIMENTAL DETAILS

The films with the 30-nm-thick Co,Fe,Mn;_,Si magnetic
layer, in which x was set to be 0.0, 0.25, 0.4, 0.5, 0.6, 0.75,
and 1.0, were deposited using ultrahigh-vacuum-compatible
magnetron sputtering system. Details on the sample prepa-
ration as well as their structural characterization using in
situ reflection high-energy electron-diffraction images, and ex
situ x-ray diffraction (XRD) have already been reported in
previous works [6,20]. The samples were grown on a MgO
substrate with the 20-nm-thick Cr buffer layer to reduce the
mismatch between lattice constants of MgO and of magnetic
layer. The streak patterns of RHEED images for all the sam-
ples suggested that the relatively flat surfaces were formed.
The mismatch between the MgO and Cr was estimated to
be about 2.4% and between Cr and the magnetic layer about
1.7%—this mismatch did not change significantly with the
magnetic layer composition. The magnetic layers were also
covered by a 3-nm-thick Al capping layer. The XRD studies
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FIG. 1. The scheme of fixing the sample to the quartz rod in
SMFMR experiments for the external magnetic field in-plane of
the film and parallel to the [100] or [110] axis of the CFMS layer,
respectively.

showed that the samples were epitaxially grown and have the
cubic structure. They reveal a high (about 80%) degree of B2
ordering and moderate (about 20%) degree of L21 ordering.
For all the investigated samples in this study, one of the cubic
axes of the epitaxial magnetic layer was perpendicular to the
surface of the film, and the other two parallel to the surface of
the film. The epitaxial relationship for all the samples was as
follows: the [100] axis of Co,Fe,Mn;_,Si was parallel to the
[110] axis to the MgO substrate. References [6,20] have re-
ported also the results of studies on the in-plane magnetization
hysteresis loop, as well as on the ultrafast magnetization-
dynamics using the time-resolved magneto-optical Kerr effect
(TRMOKE) magnetometer.

The SMFMR system used in the present experiments
slightly differs from that presented in Ref. [14]. This system
can be used only at room temperature, but it offers higher
accuracy of the ME constants determination. The investigated
samples were cut in the form of the square-shaped pieces
(approximately 2 x 2 mm?), and the thickness of the MgO
substrate was about 0.5 mm. The surface of samples was
glued to the polycrystalline quartz rod with 50 mm length
and square (3 x 3 mm?) cross section, in which ultrasound
(about 48 kHz) standing waves were excited using a crys-
talline quartz transducer attached to the one of the ends of
the rod. The scheme of fixing the samples to the quartz rod is
shown in Fig. 1.

The crystalline quartz detector, attached to the other end of
the polycrystalline quartz rode, was used in a feedback loop
to stabilize the amplitude of the excited periodic strains. The
amplitude of the excited periodic strains was determined by
using the calibration procedure, in which the SMFMR of the
polycrystalline nickel tape was measured. The ME constant
of the polycrystalline nickel is known (b; = b, = 8.16 x 107
erg/cm®). Hence, performing two SMFMR experiments (in
the external magnetic field parallel and perpendicular to the
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TABLE I. The shifts of the FMR lines measured using the SMFMR technique for the Co,Fe,Mn,_,Si (x = 0, 0.25, 0.4, 0.5, 0.6, 0.75,
and 1.0) epitaxial magnetic layers, measured in-plane for the external magnetic field applied parallel to the [100] axis (AH,q) or [110] axis
(AH\yp), caused by the periodic strains &1, and &,, of the polycrystalline quartz rod, to which the thin films were glued.

X AH;g (Oe) e (107%) €2 (1079) AH;0(Oe) e (1076) &2 (107%)

0.0 0.36 £+ 0.02 -3.0 £ 0.2 1.61 £ 0.05 0.45 £+ 0.02 —-2.8 £ 0.2 1.50 £ 0.05
0.25 0.48 £+ 0.02 —2.6 +£ 0.2 1.43 £+ 0.05 0.45 £+ 0.02 —24 + 0.2 1.50 + 0.05
0.4 0.37 £+ 0.02 —2.8 £ 0.2 1.52 £+ 0.05 0.83 £+ 0.02 —3.0 £ 0.2 1.52 £+ 0.05
0.5 0.45 £+ 0.02 -3.1 4+ 02 1.58 £+ 0.05 1.14 £ 0.02 -3.0+ 0.2 1.72 £ 0.05
0.6 0.48 £+ 0.02 —-2.8 +£ 0.2 1.70 £+ 0.05 1.01 £+ 0.02 -25 + 02 1.50 £+ 0.05
0.75 0.58 £+ 0.02 -3.0 £ 0.2 1.65 & 0.05 1.22 £+ 0.02 —2.6 £ 0.2 1.56 & 0.05
1.0 0.45 £ 0.02 —2.7 £ 0.2 1.57 + 0.05 1.53 + 0.02 28 +£0.2 1.60 + 0.05

nickel tape surface) enables determination of the amplitudes
of the two periodic strain components 1, and &5, i.€., in the
direction perpendicular and parallel to the rod, respectively.
Typical amplitudes of the periodic strain were about &} =
2.8 x 107% and €55 = 1.6 x 1073 (the shear strain ;5 in such
experimental configuration is negligible). The calibration pro-
cedure was repeated for each experiment in order to increase
the accuracy of the ME constants determination (see Table I).

In the SMFMR experiments, we determined the periodic
shift of the FMR resonance line caused by the periodic
strain. Figure 2 shows that the periodic shift of the reso-
nance curve leads to periodic modulation of the absorbed
power of the microwaves, and thus it is equivalent to the
modulation of the external magnetic field. Hence, by com-
parison of the amplitudes of two FMR signals, one of which
is modulated by the periodic strain and the second one by
the magnetic field with known amplitude, the periodic shift
of the FMR can be determined. If we denote the ampli-
tude of the FMR line modulated by the strain as /5 and the
amplitude of the FMR line modulated by magnetic field as
I1,. The shift of the resonance line caused by the strain can
then be calculated as AH = (I;/I,)mg, where my is the am-
plitude of the magnetic-field modulation [14]. The shift of
the FMR resonance line is related to the ME effect. Thus
using an appropriate model enables calculation of the ME
constants.
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FIG. 2. The periodic shift of the resonance curve results in the
modulation of an absorbed power AP, giving an effect equivalent
to the modulation of the external magnetic field with the amplitude
AH,.

We have performed SMFMR experiments for two sample
orientations, both with the external magnetic field parallel to
the surface of the film, but parallel to the [100] or [110] crys-
tallographic axes of the epitaxially grown Co,Fe,Mn;_,Si
magnetic layer, respectively. The external magnetic field was
perpendicular to the quartz rod, to which the investigated sam-
ples were glued (see Fig. 1). Such experimental arrangement
enables determination of two cubic ME constants (see Sec. IV
for a description and their application).

The maximal magnetic field induction attainable in our
SMFMR system is about 1 tesla. To study the perpendic-
ular MC anisotropy, additional FMR experiments using the
X-band Bruker EMX spectrometer, with a maximal magnetic-
field induction attainable of about 1.8 tesla, were performed.
This spectrometer was also used to obtain the whole angular
dependence of the resonance field.

To estimate the influence of the inhomogeneous broaden-
ing on the widths of the FMR lines, broadband FMR studies
were performed, in the range of frequencies from 4 to 18 GHz.
The investigated sample was put on the surface of the mi-
crostrip line, connected to a vector network analyzer (VNA).

III. EXPERIMENTAL RESULTS

The FMR and SMFMR spectra of all investigated samples,
for the external magnetic field applied in-plane of the sample
and parallel to the [100] or [110] crystallographic axis of the
epitaxial magnetic layer are shown in Figs. 3(a) and 3(b),
respectively. The corresponding curves presented in Figs. 3(a)
and 3(b) were registered in the same spectrometer and at the
same conditions (sample orientation, microwave power, etc.)
with the only difference that the magnetic modulation was
changed by the strain modulation. For most samples (except
that with x = 1.0) resonance fields measured in the [110]
direction are lower than those in the [100] direction, which
means that the [110] direction is an easy axis of magneti-
zation. Some of the FMR lines have the complex structure,
which is probably connected with the mosaic structure of
the epitaxial magnetic layers. The mosaic structure of the
CoyFep4Mng¢Si layer was detected by the x-ray studies in
our previous investigations [8]. Heterogeneous structure of
the magnetic layer may cause that the resonance conditions
in different areas of the sample are different leading to a split
of the FMR line. However, it is only one possible reason
for splitting the FMR line, and to explain the nature of the
complex structure of the FMR lines further investigations are
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FIG. 3. The in-plane (a) FMR and (b) SMFMR spectra for the
Co,Fe,Mn,_,Si (x =0, 0.25, 0.4, 0.5, 0.6, 0.75, and 1.0) epitaxial
magnetic layers measured at the same conditions at the frequency of
9.2 GHz with the external magnetic field oriented along the [100]
and [110] crystallographic axes, respectively.

necessary. Another reason of splitting the FMR line may be
the excitation of different magnetostatic modes, the spin-wave
resonance or angular properties of domain structure [21]. Both
FMR and SMFMR spectra had the same shapes and differed
only with amplitudes. In Fig. 3 the FMR and SMFMR spec-
tra with normalized amplitudes are presented. The difference
between the resonance field in the [110] and [100] applied
magnetic-field directions is the largest for the sample with
x = 0.4. For the sample with x = 1.0 (no Mn) the resonance
field measured in the [100] direction is slightly lower than that
in [110] direction, which means that, for this composition,
the easy magnetization axis changes from [110] to [100].
Figure 4 shows the angular dependence of the in-plane res-
onance field for the samples studied in the experiments. It
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FIG. 4. The angular dependence of the in-plane FMR (9.38 GHz)
resonance field for the Co,Fe,Mn,_,Si (x =0, 0.25, 0.4, 0.5, 0.6,
0.75, and 1.0) epitaxial magnetic layers. The directions correspond-
ing the [100] and [110] axes of the epitaxial magnetic layer are also
shown.

is clearly seen that, for all samples, the fourfold in-plane
anisotropy is dominating. The out-of-plane, i.e., with the ex-
ternal magnetic field applied perpendicularly to the film, FMR
spectra (with normalized amplitudes) are shown in Fig. 5. Ex-
cept of the slightly lower value of the perpendicular resonance

] x=1.0

] x=0.75
’;? .
o ] x=0.5
b B
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c ]
S
£ |

] x=0.25 m
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FIG. 5. The out-of-plane (with the external magnetic field ap-
plied perpendicularly to the film) FMR (9.38 GHz) spectra for the
Co,Fe,Mn;_,Si (x =0, 0.25, 0.4, 0.5, 0.6, 0.75, and 1.0) epitaxial
films.
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FIG. 6. The frequency dependence of the half width of the FMR
lines taken for all studied Co,Fe,Mn,_,Si magnetic layers, obtained
using the VNA technique. The external magnetic field was applied
in the film plane along the direction parallel to the [100] axis of the
magnetic layer. Dotted lines show the extrapolation of the linear fit
of the experimental data in the range of 10-18 GHz.

field for the sample with x = 0 (no Fe), no systematic changes
of the perpendicular resonance field with sample composition
were observed. The complex structure of the lines is most
probably connected with the mosaic structure of the magnetic
layer.

The results of the SMFMR experiments are presented in
Table 1. This table presents the shifts of the FMR lines, caused
by the periodic strains &7 and &, which were induced in
a polycrystalline quartz rod and transferred to the thin film
glued to its surface. The magnitudes of ¢;; and &,, for each
experiment are also given in Table I. The opposite signs of &}
and &y, reflect the fact that stretching of the rod corresponds
to a decrease of its diameter and vice versa. AH oo and AHy g
denote the shifts of the resonance lines in the SMFMR exper-
iments in which the [100] or [110] axes of the epitaxial layer
were parallel to the external magnetic field and perpendicular
to the rod, respectively. One can see that, with increasing Fe
content, the changes of AH|q are rather moderate. On the
other hand, the AH|o increases with increasing x. For the
samples with x = 0.0 and x = 0.25 the magnitudes of AHjy
are very close to that of AHj9, which is expected for the
samples whose ME properties are isotropic. In the case of
the sample with x = 1.0, AH|j( is approximately three times
larger than AH\qp, which is evidence of the anisotropy of the
ME properties.

Figure 6 shows the frequency dependence of the half width
of the FMR lines of all the samples studied in our experiments,
in the frequency range from about 4 GHz to about 18 GHz,
using the VNA technique. The external magnetic field was
applied in the plane of the film and parallel to the [100] axis
of the magnetic layer. Despite the large scattering of exper-
imental data, it can be seen that, for all samples, the linear
extrapolation of the high frequency (10-18 GHz) dependence
of the half width to zero frequency does not cross the Y axis

at 0 Oe. Moreover, for most of the samples, the slope of the
experimental curve for the frequency range below 10 GHz is
greater than for the frequency range above 10 GHz.

IV. THEORETICAL MODEL DESCRIPTION
AND THEIR APPLICATION

In the obtained data analysis, we assumed that the density
of the free energy of the thin magnetic layer in external mag-
netic field is described by the following formula:

3
F == MH +27M2s + Enc + Ee + Eme. (1)
i=1

The first term in Eq. (1) is the density of Zeeman en-
ergy. M; and H; are the components of the magnetization
and external magnetic-field intensity, respectively. The second
term is a density of demagnetizing energy. M; is saturation
magnetization and o is one of the direction cosines of the
magnetization. The prime symbol here, as well as in the next
formulas, means that the coordinate system is associated with
the sample (the symbols without primes means that the coor-
dinate system is associated with the quartz rod). We assumed
the 1, 2, and 3 axes of the Cartesian system associated with
the sample to be parallel to the [100], [010], and [001] crys-
tallographic axes, respectively (the [001] axis is perpendicular
to the film). E,,c in Eq. (1) is the density of magnetocrystalline
(MC) energy. This density of energy can be represented in the

form [22]

Ene = Kp(1 = ) + Ki(o/fes + 20y +aley), @)
where K, is the perpendicular MC constant, and K is the first
cubic MC constant. In our analysis only the first cubic MC
constant was considered. Ej in Eq. (1) is the density of elastic
energy—for a cubic sample given by the formula [22] [see
Eqg. (43) in Ref. [22] and note the difference in definitions of
e;j and g;;; see Egs. (31) and (32) in Ref. [22] ]

1 2 2 2
Ea = 5cu(eh) +&n+¢75)
’ / / ’ ’ ’
+en(e'nen +eness +¢'18'33)
72 /2 72
+2c44(e"y + 8% +€13), &)

where cj; are elastic constants, and ¢';; strain components (in
the coordinate system associated with the sample). The last
term in Eq. (1) is the density of ME energy. We assumed the
density of ME energy of a cubic sample to be expressed by
the formula [14]

2 2 2
Eme = by (1611 + o'58' 2 + a5633)
’ I ! ’ ’ ! ! ! /
+2by(a' 128" 12 + a0 38’3 ' jaze'3), (4)

where b, and b, are the two cubic ME constants. When the
external magnetic field was in-plane of the film and parallel
the [100] crystallographic axis of the sample, the coordinate
system associated with the sample coincided with that of the
quartz rod. Additionally, we assumed the strain of the rod to
be fully transferred into the sample. Hence, &'; = &1, &2 =
€2, €12 = €12 = 0. The other strain components (&'33, €13,
¢'23) were calculated by minimizing the sum of ME (E,.) and
elastic (E)) energy.
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When the external magnetic field was applied in the film
plane but parallel to the [110] axis of the magnetic layer, the
coordinate system associated with the sample was rotated with
respect to the system associated with the quartz rod around the
[001] axis by 45 degrees. In this case &'} = &'y = %(811 +
&) and g2 = 3(e11 — €2).

To obtain the resonance conditions, it iS convenient to
change the direction cosines into the angles of the polar sys-
tem (0 and ¢) according to formulas oy = sin(6) cos(g), ar =
sin(f) sin(¢), and o, = cos(f). The resonance conditions can

be next found by using the equations [23]
oF OF
= =0 ®)
00 R1)

and

»\? 1 92F\ [ 9°F 02F \ .

(5) = sz G ) (55) - (s) | ©
where w is the angular frequency and y is the gyromagnetic
ratio.

From Eq. (6), it is clearly seen that, in the calculation of
the resonance conditions, only the terms of the density of the
free energy which are angular dependent are important. The
angular dependence of the contribution to the free energy of
the perpendicular MC anisotropy [see term proportional to K,
in Eq. (2)] is the same as of the demagnetizing energy, i.e.,
both contributions are proportional to &' or [cos(6)]?. For this
reason it is convenient to introduce a new parameter called
effective magnetization:

Ky

Mg = Mg — .
eff s QJTMS

N

The contributions of both terms to the density of the free
energy can then be combined into one segment: 27TMSMeffa/§,
which simplifies further calculations. One can see also that, in
order to determine the K, parameter from FMR experiments,
knowledge of M is necessary. If one neglects the ME energy,
uses Egs. (1), (2), (5), (6), and (7), and considers the three
sample orientations studied in our FMR experiments, one can
find the following three resonance conditions:

w? 1
(— ) = A?(ZKI + HigoM;)[2K; + Mg(Hygo + 4w Mgt )],

4 s
®)

w? 1
<; ) = ]W(_ZKI + Hy10Mg)[Ky + Mg(Hyo + 4w Mgt )],
S
9)

<g)=-LDKVH%UMN—4ﬂ%ML (10)
Y M;

where Hiog, H119, and Hyy; are the FMR resonance fields mea-
sured when the external magnetic field is parallel to the [100],
[110], or [001] (i.e., perpendicular to the film), respectively.
Using Eqgs. (8)—(10), Eq. (7), and our experimental data, we
could determine three parameters: K, K, and the g factor,
which is correlated with y (y = 2w gug/h, where up is Bohr
magneton and £ is Planck’s constant). The values of saturation
magnetization, which were used in our calculations, were

TABLEII. Saturation magnetization of the Co,Fe,Mn, _,Si films
studied in experiments.

X 00 025 04 05 06 075 1.0

M, (emu/cm?) 747 817 849 852 954 966 872

taken from Ref. [20], and they are also presented in Table II. A
slight deviation from the linear dependence of magnetization
on x for the samples with highest x is probably connected
with the changes of the chemical ordering [see Fig. 2(s) in
Ref. [20] ].

The estimated g factors of all the samples were in the
range of 2.0-2.1. The changes of the first cubic MC constant
with the changes of magnetic layer composition are shown in
Fig. 7.

Figure 7 presents also the changes of the resonance fields
Hjo and H|o as a function of sample composition. As might
be expected, the largest difference between Hjo and Hjjg
corresponds to the largest magnitude of the cubic anisotropy
constant (about —7.3 x 10* erg/cm?). According to the def-
inition of K; in Eq. (2) for all the samples except that with
x = 1.0, the values of K; are negative, and a pronounced mini-
mum (maximum of the absolute value) at x = 0.4 is observed.

The changes of the perpendicular MC anisotropy constant
(Kp) with the changes of magnetic layer composition are
shown in Fig. 8.

According to the definition in Eq. (2), the perpendicular
MC anisotropy constant is negative for all the samples inves-
tigated, which means that for all the samples the perpendicular
MC anisotropy energy has a maximum when the direction of
magnetization is perpendicular to the film. The magnitude of
K, is large—of the order of 10° erg/cm?. For most samples, no
systematic changes of K, with sample composition were ob-
served (the magnitude is in the range from 1.1 x 10° erg/cm?
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FIG. 7. The first cubic magnetocrystalline anisotropy constant K,
as a function of Fe content (black circles) for the Co,Fe Mn;_,Si
magnetic layers studied in the experiments. The magnitudes of the
resonance fields measured for the external magnetic field applied in
the film plane and parallel to the [100] (stars) or [110] (triangles)
crystallographic axis are also shown.
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FIG. 8. The changes of the perpendicular magnetocrystalline
anisotropy constant K, as a function of the Fe content, x, in the
Co,Fe,Mn,_,Si magnetic layers.

to 1.5 x 10 erg/cm?), a slightly higher magnitude of K,
(2 x 10° erg/cm?) was found for the sample with x = 1.

Now let us consider the influence of the periodic strain on
resonance conditions. In this situation, the ME energy (Ep,.)
in Eq. (1) must be also taken into account. As the result of the
ME effect, the periodic strain of the sample leads to a periodic
shift of the resonance line, which is registered in our SMFMR
experiments (see Table I). The shifts of the resonance lines
AHjo0 and AHjjo can be calculated by subtraction of the
resonance field in the strained (i.e., with &1; % 0 and &, # 0)
and unstrained (i.e., with &1 = 0 and &y, = 0) conditions. If
one takes into account only the linear terms with AHjyy or
AHj the following formulas can be found:

Ay (Hypo + Hy +4nMege) — A12(Hyoo + Hy)

AHyp0 =

2H 00 + 2Hy + 47w Mt

(11

Az (3Hy10 + 47 Meir) — Co(Hyyo — Hy)

AHyy = i , (12)
2Hy10 — 5Hy + 47 Mg

where Ap = —%(822 —en), Ap= —2717:[811 + Een +

en)l, Ay = =32 (e — £11), G = =35 + 2)(e11 + £22),

and Hy = i/lﬁ is the anisotropy field.

Solving the set of equations (11) and (12) enables a deter-
mination of the two ME constants b; and b, for each sample.
The calculated ME constants as a function of the Fe content in
the Co,Fe,Mn,;_,Si magnetic layer, x, are presented in Fig. 9.

The two ME constants b; and b, defined by Eq. (4) are
both negative for all the samples studied in our experiments.
The negative values of magnetoelastic constants correspond to
positive values of longitudinal magnetostriction [see Egs. (13)
and (14) below]. The magnitude of the b; constant only
slightly changes with magnetic layer composition and its mag-
nitude is about 1 x 107 erg/cm’. Approximately the same
magnitude corresponds to the b, constants for the samples
with x = 0 and x = 0.25, which means that ME properties

Co,Fe.Mn,_Si o off
° : .

¢ o ¢
2x107 z} % % 4
-3x107 Z} -

tol

0.0 0.2 0.4 0.6 0.8 1.0
Fe content - x

@+

-1x107

Magnetoelastic constants: b ,, b, (ergicm?)

FIG. 9. Two magnetoelastic constants b; and b, for the series
of the Co,Fe,Mn;_,Si epitaxial magnetic layers with different Fe
content x.

of these two samples may be, to a good approximation, con-
sidered as isotropic. On the other hand, for the samples with
x > 0.25 the systematic increase of the b, constant with in-
creasing Fe content was observed, reaching the magnitude of
almost 4 x 107 erg/cm? for the sample with x = 1.0.

The knowledge of all ME and elastic constants enables
calculation of the saturation magnetostriction. However, the
procedure presented below refers only to bulk materials,
which are not anchored to a substrate. In magnetic thin films,
which are deposited on a relatively thick substrate, the actual
magnetostriction, i.e., the changes of the sample dimensions
in external magnetic field, is usually very small. We present
here this procedure for easier comparison of our results with
other studies, in which instead of ME constants the magne-
tostriction coefficients are presented. By minimizing the sum
of elastic [Eq. (3)] and ME [Eq. (4)] energies with respect to
all strain components, the whole strain tensor can be obtained.
The components of the strain tensor depend on the orientation
of the sample magnetization (i.e., on «'; or on 6 and ¢). The
saturation magnetostriction is a difference between chosen
sample dimension in a magnetized and demagnetized state. To
calculate the strain tensor in a demagnetized state, the strain
components must be averaged over the full solid angle. We
present here the results of the calculations of the longitudinal
magnetostriction, i.e., when the changes of the sample dimen-
sions are measured along the direction of the applied external
magnetic field. It can be found that, for the [100] or [111]
direction, the saturation longitudinal magnetostriction is given
by the formulas

2b
Moo = ———— (13)
3(ci1 —c12)
2b
A = —6—2. (14)
44

These two magnetostriction constants are most often pre-
sented for the samples with cubic symmetry. To calculate
the magnetostriction constants, the elastic constants are also
necessary. The elastic constants for all magnetic layer com-
positions studied here were not available in the literature. For
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FIG. 10. The calculated A9, A111, and averaged polycrystalline
As magnetostriction constants of the Co,Fe,Mn,_,Si magnetic layers
as a function of the Fe content x.

this reason, we took from Ref. [24] ¢;;(x = 0) = 310.5 GPa,
c”(x = 1) =273.6 GPa, C]z(x = 0) =174.2 GPa, C12(X =
1) =168.5 GPa, cu(x =0)=156.9 GPa, cu(x=1)=
144.7 GPa, and for other compositions (0 < x < 1) cyy, c12,
and c44 were calculated using linear interpolation.

The calculated Ajp9 and A;;; constants as a function
of magnetic layer composition are shown in Fig. 10.
Figure 10 presents also the calculated averaged saturation
magnetostriction Ay = (2A100 + 3X111)/5, which is expected
for cubic polycrystalline materials with randomly oriented
grains.

As one can see in Eqgs. (13) and (14) that Ajpp and Ay
are proportional to the ME constants b; and b,, respectively.
Hence, one could expect similar behavior of the magnetostric-
tion constants as the ME ones. However, a relatively large
magnitude of the cy4 elastic constant in comparison with
%(c” — c12) [note that, for a sample whose elastic properties
are isotropic, cqq = %(c” — c12)] reduces the magnitude of
A111- As aresult, for most samples investigated, A g9 and Ay,
have similar magnitudes. The magnitudes of all magnetostric-
tion constants are below 1 x 107>, and the general tendency
of the magnetostriction constant increase with increasing the
Fe content can be observed.

The total broadening of the FMR line, AH,y, can be
considered as a superposition of homogeneous, AHyom, and
inhomogeneous, AHiywom, broadenings. Above certain fre-
quency, in our case above about 10 GHz (see Fig. 4), the
frequency dependence of the half width of the FMR line is
linear, and the slope of the line is proportional to the Gilbert
damping factor. This linear frequency-dependent contribution
to the FMR linewidth (AHpom = 4w f/y, where f is the
frequency and « is Gilbert damping factor) is called ho-
mogeneous broadening. The other ones are generally called
inhomogeneous. Different mechanisms can be responsible for
inhomogeneous broadening of the FMR line. One of which is
called two-magnon scattering mechanism. The contribution to
the width of the FMR line connected to this mechanism first
nonlinearly increases with frequency and then above certain
frequency it saturates. The change of slopes of experimen-

TABLE III. The inhomogeneous broadening AHjhom Of the
FMR lines of samples with different compositions obtained by sub-
tracting the homogeneous broadening from the curves presented in
Fig. 6.

X 00 025 04 05 06 075 1.0

AHiphom (Oe) 49 20 30 32 39 46 32

tal curves presented in Fig. 6 suggests that the two-magnon
scattering mechanism plays an important role also for our
samples.

Table III presents the changes of the inhomogeneous
broadening of the FMR lines with the sample composition.
The magnitudes of AHjhom Were obtained by fitting the ex-
perimental data shown in Fig. 6 in the frequency range from
10 to 18 GHz using the formula AH,o,; = AHiphom + 4o f/y.

The inhomogeneous broadening of the FMR line changes
nonmonotonically with the Fe content x, revealing a minimum
around x = 0.25.

V. DISCUSSION

The properties of the half-metallic Co,Fe,Mn;_,Si
Heusler alloys depend on the number of valence electrons,
which increases with increasing Fe content [2]. The satu-
ration magnetization is expected to increase linearly with x
according to the Slater-Pauling rule [25,26]. However, not all
properties of this alloy depend linearly on x. The theoretical
calculations of the density of states at the Fermi level Dg
show [27] that it has a minimum around x = 0.4. Taking
into account the Kambersky’s spin-flip scattering model [28],
which predicts the Gilbert damping factor to be proportional
to Dg, the minimum of Dg at x = 0.4 was correlated with the
minimum of Gilbert damping factor, studied in this compound
using the TRMOKE magnetometer [6].

Although the magnitude of the first cubic MC constant esti-
mated from our experiments is rather moderate (of an order of
10* erg/cm?, see Fig. 7), its dependence on x is very similar to
that of Gilbert damping factor—see Fig. 11. This suggests that
also the cubic MC anisotropy of our compounds is governed
by the electronic band structure, and in particular by Dg.
However, to find the quantitative correlation between the band
structure and the cubic MC anisotropy, further investigations
are necessary. In Ref. [19] both ME and MC constants were
calculated for Co,-based Co, XAl (X = V, Ti, Cr, Mn, Fe) full
Heusler compounds. It was found that the MC anisotropy is
expected to be different for different X, in particular when
Mn is replaced by Fe. For the Co,Fe,Mn;_,Si compound, the
changes of the MC anisotropy with changing the Fe content
have not been studied so far.

Our present study, as well as previous results for the thin
films of Co,Fep4MngeSi [7,8], reveals a large (of the or-
der of 10° erg/cm?®) negative perpendicular MC anisotropy
constant, see Fig. 8. Actually, this anisotropy constant is
of the same order of magnitude and only 3-5 times lower
than the density of demagnetizing energy 27 M2, which for
our samples changes from 3.5 x 10% erg/cm® (for x = 0)
to 5.9 x 10° erg/cm? (for x = 0.75). The negative value of
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FIG. 11. Anisotropy of the magnetoelastic constants, b; —
b,, and Gilbert damping factor o taken from Ref. [6] of the
Co,Fe,Mn,_,Si magnetic layers as a function of the Fe content x.

K, means that the in-plane orientation of magnetization be-
comes even more preferred. It was also found in Ref. [7] that,
in the case of CFMS films, the magnitude of K|, increases
with decreasing thickness of the magnetic layer, which may
suggest the influence of the surface anisotropy [29]. The
perpendicular MC anisotropy may also be a result of ME
effect in combination with a tetragonal distortion induced by
the mismatch between the magnetic layer and the substrate.
Our recent results show that the magnitude of the tetragonal
(i.e., with &’1; = &’5) distortion of Co,Feg4Mng ¢Si films de-
posited on MgO also with 20 nm Cr buffer layer increases
with decreasing thickness of the magnetic layer from about
5 x 107* to about 5 x 10~ for the magnetic layer thickness
of 50 and 15 nm, respectively. Such distortion, however, cor-
responds to the strain-induced MC anisotropy of about —2 x
10* erg/cm?® and —1.4 x 10° erg/cm?, respectively, i.e., at
least an order of magnitude smaller than that observed in our
experiments.

In the case of nonmetallic materials or rare-earth metals,
the two most important mechanisms of the magnetostriction
are connected with the single-ion crystal-field effects or with
the two-ion interactions [30]. These mechanisms, however,
assume the localization of magnetic moments, and such an
assumption in the case of half-metallic Heusler alloys may
be doubtful. To calculate the MC anisotropy and magne-
tostriction of the Co,FeAl and Co,MnAl Heusler alloys, a
first-principles calculation for the electronic structures was ap-
plied [19]. In our analysis, we used a phenomenological model
which assumes that the density of ME energy is related to a
change of the density of energy of MC anisotropy caused by a
strain [see Eq. (4)]. This model is most often used to describe
the magnetostriction of metallic alloys containing 3d metals.
In this case, one can expect some correlation between the ME
properties and MC anisotropy. In our case, both the cubic MC
anisotropy and the ME constants change with magnetic layer
composition. Although the character of the changes of the ME
and cubic MC constants is slightly different, some similarities
can be also found. For example, one can find the difference in
the behavior of both ME and MC constants for the composi-
tions with x below and above 0.4, respectively (compare Fig. 7

with Fig. 9). For compositions with x lower than 0.4, the two
ME constants have similar magnitudes. For the composition
with x = 0.4 or higher, the magnitude of the b, ME constant
is higher than b;, and the difference between both constants
increases with increasing Fe content (see Fig. 9). The behavior
of the cubic anisotropy constant below and above x = 0.4 is
also apparently different (see Fig. 7).

Figure 11 compares the anisotropy of the magnetoelastic
properties, defined as the difference between the two cubic
magnetoelastic constants, (b; — b,), with the Gilbert damp-
ing factor (taken from Ref. [6]) for different magnetic layer
compositions. Although the minimum of the Gilbert damp-
ing dependence on x seems to be slightly shifted towards
higher-Fe concentrations, both dependencies are quite similar.
This fact suggests that, similarly to the Gilbert damping and
the first cubic magnetocrystalline anisotropy constant (shown
in Fig. 7), the anisotropy of the magnetoelastic properties
is also correlated with the band structure of the investigated
material.

An increase of saturation magnetization with x (see
Table II) is accompanied by an increase of magnetostriction
constants (Fig. 10). The magnitudes of the all estimated mag-
netostriction constants are relatively low, i.e., in the range
from 2 x 107 to 9 x 107°. They are lower than the mag-
nitudes of magnetostriction constants calculated in Ref. [19]
for Co,FeAl and Co,MnAl, respectively. For Co,FeAl, both
magnetostriction constants were found to have similar magni-
tudes of about 3 x 1073, which is approximately four times
larger value than in the case of our Co,FeSi, for which
Aoo = 7.0 x 1074 and A ;; = 8.4 x 107, respectively. Con-
trary to our results obtained for the Co,MnSi sample, for
which X190 = 3.7 x 107% and A;;; = 2.1 x 107° have similar
values, that calculated in Ref. [19] for CooMnAl Aig9 and
X111 magnetostriction constants have opposite signs [Ajg9 &
9 x 107 and Ayy; & =3 x 1079, see Fig. 3(b) in Ref. [19] ].
They have also more than order of magnitude higher values
than corresponding values estimated from our experiments for
CoyMnSi. On the other hand, the averaged for the polycrys-
talline Co,MnAl magnetostriction constant A, = 1.8 x 107>
was estimated (in Ref. [19]) to be only slightly higher than
that found experimentally in Ref. [31]: Ay = 1.43 x 1073,
For the polycrystalline Co,FeAl film, the saturation mag-
netostriction constant was found experimentally [32] to be
As = 1.4 x 1073, i.e., approximately twofold lower than that
estimated in Ref. [19] (about 3 x 1072).

The correlation between the cubic MC anisotropy constant
(Fig. 7) observed in our experiments and Gilbert damping
(Fig. 11) may be understood as a result of the fact that
both these parameters are related to the spin-orbit coupling
strength. The results of our broadband FMR studies show also
a strong inhomogeneous broadening of the FMR lines (Fig. 6
and Table III). In particular, an influence of the two-magnon
scattering mechanisms was found. However, we cannot also
exclude the contribution of other mechanisms (e.g., those
connected with the mosaic structure of the films) responsi-
ble for inhomogeneous broadening. One of the broadening
mechanisms can be also connected with the coexistence of
both B2 and L2; ordering in our samples. The degree of
order of the B2 structure was found to slightly decrease with
increasing iron content from about 0.8 for the sample with
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x =0 to about 0.6 for the sample with x = 1, respectively
(see Fig. 2(s) in Ref. [20]). On the other hand, the changes
of the total inhomogeneous broadening (Table III) are not
monotonic, suggesting rather the correlation with the cubic
anisotropy (Fig. 7) or magnetoelastic properties (Fig. 11). The
interplay of large two-magnon FMR linewidth and low Gilbert
damping in Co,MnSi, Co,MnAl, and Co,FeAl thin films was
recently studied by Peria et al. in Ref. [33]. The two-magnon
scattering was shown to be an extrinsic linewidth-broadening
mechanism connected with the grain-like defects giving a ran-
dom MC anisotropy field. However, the nature of these defects
is not clarified yet. According to our results, an analysis of
the inhomogeneities of magnetic properties in the Heusler
alloy thin films should also take into account both the MC
anisotropy and the anisotropy of ME properties, which are
both changing with the sample composition. For practical
applications both homogeneous, i.e., Gilbert damping, and
inhomogeneous, e.g., two-magnon scattering, mechanisms are
important. Unfortunately because of mosaic structure of the
investigated samples, the measured angular dependencies of
the widths of the FMR lines (taken at 9.38 GHz, not presented
here) have very irregular shapes, which makes an analysis of
the different contributions to the inhomogeneous broadening
of the FMR line very difficult.

The results of all our up-to-date investigations of the
Heusler alloy thin films reveal a presence of a large perpen-
dicular MC anisotropy, described [according to the definition
in Eq. (2)] by a negative anisotropy constant K,. The na-
ture of this anisotropy is not clarified yet and needs further
investigations. All the thin films in the present study have
the magnetic layer thickness of 30 nm. The influence of the
magnetic layer thickness on the anisotropy of ME constants as
well as on the cubic MC anisotropy will be a subject of further
research. Also the influence of the chemical ordering on the

MC anisotropy and ME effects needs further investigations.
Similar studies are still absent from the literature.

VI. CONCLUSIONS

The magnitude (its absolute value) of the cubic mag-
netocrystalline anisotropy constant (K;) of the 30 nm
Co,FesMn;_Si films reveals a pronounced maximum at x =
0.4 correlated with the changes in the density of states at
the Fermi level for the minority-spin channel. For x = 0.4
or higher the two cubic ME constants (b, and b,) are clearly
different, and the difference between them increases with in-
creasing iron content. Hence, with increasing the Fe content
the magnetoelastic properties of the Co,Fe,Mn;_,Si films
becomes more and more anisotropic. On the other hand, the
anisotropy of the magnetostriction constants (Ajgp and A;1p) is
rather moderate. Also the magnitudes of the estimated mag-
netostriction constants are relatively low. They increase with
increasing the Fe content, and with increasing saturation mag-
netization, from about 2 x 107° to about 9 x 107°. All the
investigated samples are characterized by large (of an order of
10% erg/cm?) negative perpendicular MC anisotropy constant.
For this reason, the in-plane orientation of magnetization be-
comes even more preferred. Despite low values of the Gilbert
damping factor, the widths of the FMR lines of all samples
investigated reveal large inhomogeneous broadening related
among others to the two-magnon scattering mechanism.
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