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FeggCo26Si5 alloy thin films of various thicknesses were deposited on MgO(100) single crystal
substrates by magnetron sputtering at 230 °C substrate temperature. The thickness dependence of
the dynamic magnetic properties was investigated using broadband ferromagnetic resonance (FMR).
The X-ray diffraction (XRD) results indicate that all films are of the bcc structure with an in-plane
epitaxial alignment of [100]recosi // [110]Meg0. The exchange constant was determined from the field
shift between the uniform precession FMR mode and the first order perpendicular standing spin
wave (PSSW) resonance mode in the FMR spectra. The effective damping parameter decreases
dramatically with increasing film thickness up to 16 nm due to the decrease of the spin pumping
contribution and then remains relatively constant as the film thickness increases. In-plane angle
dependent FMR measurements reveal that the in-plane anisotropy of these films are dominated by
a four-fold magnetic anisotropy, which increases sharply with increasing film thickness up to 16
nm and then shows a slightly decreasing trend as the film thickness increases. In-plane angular

dependence of the FMR linewidth shows a strong two-magnon scattering contribution.

I. INTRODUCTION

High frequency applications such as magnetic record-
ing head and antenna require soft magnetic materials
with high saturation magnetization, high permeability,
low coercivity and low damping parameter. Fe-Co based
alloys such as Fe-Co-Al, Fe-Co-Si and Fe-Co-Si-Al were
investigated by several groups both in bulk and thin films
because of their high saturation magnetization and low
coercivity.!® So far, very few studies on the magnetiza-
tion dynamics of these materials can be found in the liter-
ature. However, understanding of the magnetization dy-
namics of soft magnetic thin film is essential for improv-
ing their high frequency performance. Both quasi-static
and dynamic magnetic properties of (FeCo)-Al alloy thin
films as functions of Al content, film thickness and growth
temperature have been studied.®® An effective damping
parameter as low as 0.0004 was found for an 83 nm thick
Fe73Co095Al5 thin film, which is in good agreement with
the value reported by Schoen et al.” for Fer5Coss alloy
thin film. In this paper, a systematic study on the thick-
ness dependence of the dynamic magnetic properties of
FegoCo96Si5 alloy thin films is presented, additional in-
formation about the quasi-static properties of these films

can be found in reference!®.

II. EXPERIMENTAL METHOD

Multilayers of [Fe(0.3 nm)/FegsCo34(1.0 nm)/Si(0.1
nm)] X N were deposited on MgO(100) single crystal sub-

strates using a DC magnetron sputtering system. The
chamber was pumped down to a base pressure lower than
2x 1077 Torr and the films were sputtered using 4 mTorr
of Ar pressure. The deposition rates for Fe, FeggCosy,
and Si were 0.12, 0.15, and 0.026 nm/s, respectively. The
substrate temperature during the deposition was 230 °C.
A 5 nm thick Ru capping layer was deposited for protec-
tion purposes. A small in-plane magnetic field of 50 Oe
was applied during the deposition along the (110) direc-
tion of F€6900268i5.

The film thicknesses ¢ were determined by X-ray re-
flectivity. The structural properties were characterized
by x-ray diffraction (XRD) with Cu K, radiation. The
morphology of the films including the alloying of the
stack was studied using cross-sectional TEM/EDX of
the films.!® The quasi-static magnetic properties were
measured using a vibrating sample magnetometer (VSM)
and a magneto-optical Kerr effect (MOKE) system and
have been reported in reference'®. The dynamic prop-
erties were determined using broadband ferromagnetic
resonance (FMR) covering a frequency range from 12 to
66 GHz. In-plane angle dependent FMR measurements
were carried out at 30 GHz to determine the in-plane
anisotropy of the samples.



IIT. RESULTS AND DISCUSSION

A. Structural and Quasi-Static Magnetic
Properties

Figure 1 shows the XRD patterns for FeggCogsSi5 thin
films with various thicknesses. The films show a broad
(200) bee peak around 26 = 65°, the corresponding (110)
bee peak of the FeggCogSis film and the (200) peak of
the MgO substrate are so close that only one peak can
be observed around 20 = 43°. The low angle in-plane
XRD pattern of the 60 nm thick sample shows four (200)
bee peaks separated by 90°. The (200) peaks of MgO
substrate are shifted by 45° with respect to the (200)
peaks of the sample film, which indicates that [110]pecosi
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FIG. 1. (Color online) XRD patterns for FeggCog6Sis thin
films with various thicknesses. Inset: low angle in-plane XRD
patterns for the 60 nm thick film (black line in the top part)
and MgO substrate (red line in the bottom part).

The Hysteresis loops measured along [110], [100] or
[110] directions are shown in Fig. 2(a). The observed
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FIG. 2. (Color online) (a) Hysteresis loops for FeggCo26Sis
thin films with various thicknesses measured by VSM. The
magnetic field is applied in the [110], [100] or [110] direction.
(b) Thickness dependence of coercivity Hc, saturation magne-
tization Mg and the remanence to saturation magnetization
ratio M; /Mg for FeggCoogSis thin films. All the values are
measured along [110]



hysteresis curves are consistent with a four fold in-plane
anisotropy with easy axes along the (100) directions. The
thickness dependence of coercivity H, saturation magne-
tization Mg and the remanence to saturation magnetiza-
tion ratio M, /M are shown in Fig. 2(b). H. significantly
increases from 4 to 16 nm and decreases with further in-
creasing thickness. Mg on the other hand slightly increase
from 4 to 16 nm and only slightly decreases with further
increasing thickness. M, /Mg shows a slight decrease with
increasing thickness across the whole thickness range.
The details of the quasi-static magnetic properties are
discussed elsewhere.'”

B. Dynamic Magnetic Properties

1. FMR Theoretical Model

FIG. 3. (Color online) Sketch of the in-plane angle dependent
FMR measurements geometry. All magnetic fields and the
magnetization M are in the film plane. The external field H
is applied along the direction of angle ¢r. The microwave
field Zlmw is perpendicular to the external field. ¢, and é4
represent the directions of the easy axes of the uniaxial and
four-fold anisotropy field, respectively. ¢, and ¢4 stand for
the in-plane angles of the easy axis of the uniaxial and four-
fold anisotropy with the x-axis, respectively. The equilibrium
in-plane angle of the magnetization is ¢s.

The coordinates we use in this paper are shown in Fig.
3. When the external magnetic field is applied along an
arbitrary in-plane angle ¢, the equilibrium in-plane an-
gle of the magnetization is denoted as ¢ps. In our model

we include a uniaxial anisotropy field H, = 215” and a
four-fold anisotropy field Hy = ﬁ with easy axes along

in-plane angles ¢,, and ¢4, respectlvely. K, and K, stand
for the uniaxial and four-fold anisotropy constants, re-
spectively. The dispersion relation for the uniform pre-

cession FMR mode in such a system is given by!!

2
(i/) =Ha 'Hb’
Y

with

H.
Hu = Hrcs COS(¢M - ¢H) + ?4 COS 4(¢M - ¢4)
+ Hu Cos 2(¢M - ¢u),

H 1
Hyes cos(dpr — dp) + f [3 +cosd(dy — ¢4l M

Hyp =
H,
+ > [1+ cos2(¢dpr — ¢u)] + 4 Mg,

where f is the frequency of the microwave field, y’ = 222
is the gyromagnetlc ratio, Hpes is the resonance field,
dnMeg = 4n M — 2— is the effective magnetization and
K, accounts for any perpendlcular anisotropy present in
the films. We did our broadband FMR measurements
along the [110] direction, which is the in-plane hard axis.
To obtain a simpler equation for the analysis of the
broadband FMR measurements, the uniaxial anisotropy
is ignored (H, = 0) since it is much weaker compared
to the four-fold anisotropy. Because the external field H
is applied along the hard axis and exceeds the satura-
tion field in the broadband FMR measurements, we have
om — ¢y =0, thus cos4(¢pp — ¢4) = —1. Substituting the
above conditions into Eq. (1), we arrive at a simplified
equation for broadband FMR measurements along the
hard axis as follows

o Hy Hy
(7/ = | Hyes ) |\ Hyes + — 1 + 47 Meg (2)

Perpendicular standing spin waves (PSSW) are com-
monly observed in FMR experiments. The dispersion

relation for spin waves can be written in a similar form
as Eq. (1):12714

f 2
(7) = (Hy + Hex) - (Hp + Hex), 3)

with the exchange field Hoy = 1%,1—“2 (%)2, where A is the

exchange constant, n is the spin wave mode number and ¢
is the film thickness. Similarly, Eq. (3) can be simplified
to

2
H Hy
(i) - (Hres _ 4 Hex) . (HTeb + —= 1 + 47 Megr + Hex |,

0% 2
(4)
when the external field is along an in-plane hard axis.

2. FMR Measurement Results

A representative FMR spectrum of the 82 nm thick
film measured at 40 GHz along the [110] direction is
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FIG. 4. (Color online) (a) FMR spectrum at 40 GHz and (b)
Kittel plot for the 82 nm thick FeggCo26Sis thin film measured
along [110]. Red lines correspond to fits to the data using Eq.
(4) withn =0and n = 1. (c) Estimation of exchange constant
A for FeggCog¢Si5 thin films except the thinnest one.

shown in Fig. 4(a). Two resonances are visible in this
spectrum. The stronger one at 7.1 kOe is the FMR mode
and the weaker one at 6.6 kOe is the first order PSSW
mode. This PSSW mode can be observed for all samples
except the thinnest one, where the expected large field
separation and small signal strength of the PSSW mode
prevented its detection. The field dependence of the res-
onance frequency for the 82 nm thick film is shown in
Fig. 4(b). By fitting the two modes simultaneously using
Eq. (4), we can obtain the exchange constant A. The ex-
tracted exchange constants range from 15 to 25 pJ/m (see
Fig. 4 (c)), which is comparable with the reported values
of FegsCogs (17 pJ/m)'5 and CogFeSi (31.5 pJ/m).1¢ The
variations in A are probably due to the finite spin pinning
at the surface caused by an additional surface anisotropy
and magnetization inhomogeneity close to the interfaces
of the film.17-18
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FIG. 5. (Color online) (a) FMR linewidth as a function of
resonance frequency f for FeggCo26Si5 thin films with various
thicknesses. Lines correspond to fits to the data. (b) Thick-
ness dependence of effective damping parameter. The upper
limits are determined from the highest frequency data points
and the origin.



Figure 5(a) shows the linewidth as a function of mi-
crowave frequency, which for all samples shows a linear
relationship. The linewidth of the thinnest sample is sig-
nificantly larger than for the other four samples. The
frequency dependencies of the linewidth in the figure are
fitted using equation®® 22

- (5)

where AHj is the inhomogeneous broadening and a.g is
the effective damping parameter. The extracted a.g are
shown in Fig. 5(b). The upper limit of the effective
damping parameter, as indicated by the asymmetric error
bars, can be determined by assuming that the linewidth
at the highest frequency is caused solely by a Gilbert-like
linewidth contribution. This approach provides a con-
servative estimate for the upper limit of the error mar-
gins of the effective damping parameter even for cases
where two-magnon scattering or inhomogeneous broad-
ening contribute significantly to the line width. The ef-
fective damping parameter decreases drastically from the
4 nm to the 16 nm thick film. Then it stays in the range
between 0.002 and 0.003. The effective damping parame-
ter we extracted here contains both intrinsic and extrinsic
contributions such as two-magnon scattering,?2* eddy-
current damping,?>2% and radiative damping.26:27 The
intrinsic damping will be lower than the effective damp-
ing, especially those of the thicker samples, which suffer
from a larger eddy-current damping.

The significant increase of the effective damping pa-
rameter increase for the 4 nm thick film has two poten-
tial origins: two-magnon scattering and spin pumping.
A rough estimation of the spin pumping contribution
to the effective parameter for the 4 nm thick film using

/
equation®® oy, = 54
s

Here h is the Planck constant and g™ is the spin mixing
conductance. In this estimate we have assumed that the
5 nm Ru cap layer is a perfect spin sink, which based
on reported spin diffusion lengths?? appears to be a rea-
sonable assumption. So far no spin mixing conductance
values have been reported for FeCoSi/Ru bilayer systems
in the literature. However, the reported g™ values for
similar ferromagnet/non-magnetic metal bilayer systems
such as CoFeB/Pt (4x10*® cm™2),3° NiFe/Ru (3.8 x 1015
em™2),28 and CoFe/Pt (4.0 x 10® cm™2)3! are very close
despite the material differences in each system. Thus
we expect the spin mixing conductance of our system to
be of the same order and used g™ ~ 4.0 x 10'° cm™2
in our estimate. Since the estimated spin pumping con-
tribution of the 4 nm thick film is of the same order
as the measured effective damping parameter, the two-
magnon scattering is unlikely to be responsible for the
huge increase of the effective damping parameter of the
4 nm thick film. As will be shown in the following para-
graphs, this interpretation is consistent with our results
from in-plane angle dependent FMR measurements. In
fact, the measurement direction for the broadband FMR

g™ gives a value of asp = 0.01.

investigations was chosen to minimize the two-magnon
scattering contribution.

The result of the quasi-static magnetization reversal
and broadband FMR measurements suggest the presence
of an in-plane anisotropy. In order to get a better under-
standing of the anisotropy in these films, in-plane angle
dependent FMR measurements were carried out. Figure
6(a) exemplary shows the in-plane angular dependence
of the resonance field and linewidth for the 82 nm thick
film. The resonance field and the linewidth show a clear
four-fold symmetry, which is consistent with the crys-
tal symmetry of FeggCog6Si5 and its epitaxial growth on
MgO. In angular dependent FMR measurements, min-
ima of the resonance field indicate an easy axis, whereas
maxima correspond to hard axes. Therefore, the easy
axes of the four-fold anisotropy are along the (100) di-
rections of FeggCoogSis, consistent with the quasi-static
magnetic properties, see figure 2 and reference'®. Close
inspection of the difference of the residual using a purely
four-fold fit, i.e. the angular dependence of the measured
resonance field and a fit using only a four-fold anisotropy
term in Eq. (1), reveals the presence of a very small uni-
axial anisotropy in the films. The easy axis of the small
uniaxial anisotropy is not aligned with the easy axis of
the four-fold anisotropy, furthermore the easy axis varies
from sample to sample. Such a small uniaxial anisotropy
can for example be caused by the presence of a slight
inclination during deposition32.

Angles where the resonance field has maxima are min-
ima for the linewidth and vice versa. To quantitatively
analyze the anisotropies, we fit the resonance fields of
the FMR and PSSW modes using Eq. (3) with n = 0
and n = 1, respectively. The extracted values of H,, and
H, as a function of the film thickness are shown in Fig.
6(b). The uniaxial anisotropy fields are smaller than 25
Oe for all samples and do not show a systematic thick-
ness dependence. The dominating four-fold anisotropy
increases sharply from 4 nm to 16 nm then shows a
decreasing trend as the film thickness increases. This
kind of four-fold anisotropy thickness dependency was
also observed in epitaxial Fe(001) thin films and can be
explained using the Néel’s pair model.?2. In this model
the non-monotonous thickness dependence of the four-
fold anisotropy is caused by an interfacial contribution
due to the broken symmetry and lattice misfit strain
that influences the anisotropy through magneto-elastic
coupling.?®3* The differences between the anisotropy
fields determined form the FMR mode and those de-
termined from PSSW mode can be attributed to an in-
homogeneous four-fold anisotropy across the film thick-
ness. Due to the different mode profiles for the FMR and
PSSW modes the two modes weigh the anisotropy distri-
bution across the film thickness differently, leading to the
observed differences in the measured anisotropy fields. It
is worth pointing out that inhomogeneities of the crys-
talline anisotropy can also be a source of two-magnon
scattering, that is not interfacial in nature, see for ex-
ample references?%3%. A broad distribution of magnetic



inhomogeneities, as indicated by the differences between
FMR and PSSW modes, in turn will lead to a broad fre-
quency range over which the two-magnon contribution to
the linewidth is approximately linear with frequency, cp.
Fig. 5.

The in-plane angular dependence of the FMR
linewidth can be analyzed by considering the different
contributions:*6 3% Gilbert damping, two-magnon scat-
tering, linewidth broadening due to mosaicity, and in-
homogeneous linewidth broadening. The inhomogeneous
linewidth broadening caused by the fluctuation of the
strength of the anisotropy fields is angle independent.3”-4°
The in-plane angular dependence of the linewidth con-
tributions from the field drag effect and the linewidth
broadening due to mosaicity for a four-fold anisotropy
have an eight-fold symmetry.3® This leaves two-magnon
scattering as the source of the observed four-fold in-plane
angular dependence of the linewidth. For two-magnon
scattering, misfit dislocations*! in the crystalline struc-
tures, inhomogeneities of the crystalline anisotropy2®:3°
and interfacial contributions due to roughness are all ex-
pected to reflect the crystal symmetry and hence show a
four-fold in-plane angular dependence. Therefore, the in-
plane angular dependence of the linewidth is fitted with3?

AH = AH;5o + AHay, cos? [2(d — dom)], (6)

where AH;s, represents all isotropic contributions in-
cluding inhomogeneous broadening, spin pumping and
Gilbert damping; AHs,, represents the anisotropic con-
tribution from two-magnon scattering; ¢o, = 45° repre-
sents the in-plane angle where the strength of the two-
magnon scattering is maximum. The extracted values
of AHs,, are plotted in Fig. 6 (c) as a function of the
film thickness. From the figure, one can see that AHs,,
generally decreases with increasing film thickness. For a
two-magnon scattering contribution of strictly interfacial
origin, one expects this linewidth contribution to scale
like the square of the inverse film thickness.?18:23:26,42
However, for this sample series, such a dependence is
not observed. In particular, the thickest film exhibits a
significantly larger AHs,, than what one would expect
based on the rest of the series. This suggest that in
addition to the interfacial two-magnon scattering con-
tribution, another contribution dominates the linewidth
at larger film thicknesses. Two-magnon scattering from
misfit dislocations*! and inhomogeneities of the crys-
talline anisotropy?®3° are possible mechanisms that are
not interfacial in origin and thus do not necessarily de-
crease with increasing film thickness. Both will have the
same symmetry as the crystal lattice, consistent with the
observed four-fold symmetry of the linewidth. In partic-
ular, one expects the density of misfit dislocations to in-
crease with increasing film thickness above a critical film
thickness 7., consistent with our observation of a larger
two-magnon contribution for the thickest film.
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FIG. 6. (Color online) (a) In-plane angular dependence of the
resonance field and linewidth for the 82 nm thick FeggCo2gSi5
film at 30 GHz. The solid squares and open circles represent
the FMR mode and PSSW mode, respectively. Red lines in
the upper plot correspond to fits to the data using Eq. (3)
with n = 0 and n = 1; red lines in the bottom plot corre-
spond to fits to the data using Eq. (6). (b) Thickness depen-
dence of the uniaxial anisotropy and four-fold anisotropy. (c)
Thickness dependence of the anisotropic linewidth contribu-
tion from two-magnon scattering.



IV. SUMMARY

The quasi-static and dynamic magnetic properties of
FegoCo96Si5 alloy thin films of various thicknesses were
studied using VSM and broadband FMR. The quasi-
static magnetic properties such as saturation magneti-
zation, coercivity and the remanence to saturation mag-
netization ratio all show only a weak thickness depen-
dence, for more details see reference'®. The dynamic
measurements using broadband FMR and in-plane angle
dependent measurements unambiguously show that [100]
and [110] are the easy and hard axes respectively of the
dominant four-fold anisotropy. The FMR measurements
further enabled us to quantify the strength of the four-
fold anisotropy. We also observed a very small in-plane
uniaxial anisotropy. Based on the field shift between the

FMR and the PSSW modes, the exchange constant of
these films is estimated to be 20 = 5 pJ/m. A strong four-
fold in-plane anisotropy and a weak uniaxial anisotropy
are observed in in-plane rotation FMR measurements.
Both the effective damping parameter and the four-fold
anisotropy show strong thickness dependence when the
film thickness is below 16 nm. Finally, a four-fold sym-
metry was also observed in the linewidth vs. in-plane
angle plot, which can be attributed two-magnon scatter-
ing.
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