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Magnetocrystalline anisotropy and Gilbert damping in iron-rich Fe,_,Si, thin films
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The magnetocrystalline anisotropy of Fe;_,Si, (0 < x

< 0.4) epitaxial thin films on MgO(001) was studied by

ferromagnetic resonance. The experimental results are in good agreement with theoretical predictions of ab initio
electronic structure calculations using the fully relativistic Korringa-Kohn-Rostoker Green’s function method
within spin-density-functional theory. The Gilbert damping « is found to be isotropic by theory and experiment

with a minimum at the composition x = 0.2.
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For many years Fe-Si alloys in the Fe-rich regime have
been considered to be materials having attractive technical
characteristics. These alloys have reduced magnetic anisotropy
and increased resistivity when compared to pure Fe, making
them interesting materials for technical applications.'™ In
particular, special attention has been attributed to the binary
Heusler alloy Feg 75Sig 25 due to its half-metallic ferromagnetic
features and high Curie temperature. The magnetization
relaxation of Feg 75Si9.25/MgO(001) thin films has been studied
recently.>® The authors in Refs. 6 and 7 identified extrinsic and
intrinsic spin relaxation channels which were quantitatively
modeled using the theoretical framework of Arias and Mills.®
Fe-rich Fe 945S10.055/MgO(001) films were found to exhibit
pure Gilbert damping® in contrast to Feg75Sig.25/MgO(001).
In the latter, spin dynamics could be tailored, inducing a
uniaxial two-magnon scattering channel by oblique deposition
of Si.% To better understand the role of magnetocrystalline
anisotropy (MCA) and intrinsic spin relaxation for the
manipulation of magnetization dynamics, we present here
a combined experimental and theoretical work, focusing on
nearly strain-free monocrystalline Fe,_, Si, alloys.

To describe the Gilbert damping in magnetic systems
theoretically, various models have been used in the past.
The best microscopic understanding of spin relaxation in a
specific system, however, can be obtained on the basis of
ab initio electronic structure calculations. In the past the
most detailed ab initio calculations of Gilbert damping in
metallic systems have been done either within the so-called
breathing Fermi-surface model by Kambersky et al.’ and
Fihnle et al.'%'? or within the more general torque-correlation
model by Kambersky!? and Gilmore et al.'* Note, however,
that the final expressions for the Gilbert damping parameter
used in these calculations still include a phenomenological
relaxation time 7. In contrast to this, Brataas ef al.'> worked
out a method for calculating the Gilbert damping in terms of a
scattering matrix S. This approach accounts for all scattering
processes at T = 0 K and gives rather good agreement with
the experimental results for disordered transition-metal alloys,
as was demonstrated recently by Starikov et al.'®

A very efficient implementation of this linear response
formalism for calculations of the Gilbert damping parameters
was worked out by us recently, adapting the ideas of Brataas
et al.'® and making use of the advantages of the Korringa-
Kohn-Rostoker (KKR) Green’s function method based on
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multiple-scattering theory.!” In particular, in combination with
the coherent potential approximation (CPA), spin relaxation
in disordered systems can be calculated. Our present approach
accounts for all scattering processes at T = 0 K in Gilbert
damping calculations.

Epitaxial Fe,_, Si, thin films (0 < x < 0.4) in the thickness
range of 1040 nm were grown by molecular beam epitaxy on
MgO(001) substrates or on a several-nanometer-thick MgO
tunneling barrier on GaAs(001). Fe and Si were simultane-
ously codeposited at 250 °C. The nominal Fe-deposition rate
was held at less than 1 A/s while retaining a pressure of
1 x 10~° mbar. The films were protected against oxidation
by a capping layer of Cr or MgO. Similar to pure Fe on
MgO(001), these Fe-Si films are cubic systems growing crys-
tallographically rotated by 45 ° with respect to the MgO(001)
axes ((100)pe_si|[{110)mgo) in the film plane.

Static and dynamic magnetic parameters were studied by
ferromagnetic resonance (FMR).”>'3-20 For angular-dependent
measurements a cylindrical microwave cavity with a TE;j
mode at 9.8 GHz was used. The resonance fields measured at
room temperature were fitted (Fig. 1) using the Smit-Beljers
approach?”

o V1 0°F 9F [ 9*F \’ o
upg/h) — M2sin2(6) | 362 9¢? ) |’
where o is the microwave frequency, g is the g factor, and ¢
and 6 are the azimuthal and polar equilibrium angles of the
vector of magnetization M.

The following expression for the free-energy density
functional F was used:*°

F=—-M- ECX[ — MB, cos’6 + Ky sin® 0 sin2(¢> — ¢k,)
K
+ Kysin26 — ?“ (7 + cos4¢) sin* 0, 2)

which includes the Zeeman term, the perpendicular anisotropy
field B, the in-plane uniaxial anisotropy Kg with its easy
axis ¢,, and the cubic magnetocrystalline anisotropy (MCA)
K,4. The anisotropy fields K;/M can be obtained with an
accuracy of <1%. The error of the anisotropy constants is dom-
inated by the uncertainty of the saturation magnetization of
<10%, evaluated from superconducting quantum interference
device (SQUID) measurements. The uniaxial anisotropy K J is
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FIG. 1. (Color online) Polar plot of the resonance fields of the
sample with 10% Si at room temperature at 9.8 GHz as a function
of the in-plane angle of the external field. Black dots: Experimental
data with error bar smaller than the symbol size. Red (gray) line: Fit
according to Egs. (1) and (2).

negligibly small in all samples, and the cubic MCA constant
K4 monotonously decreases with an increasing concentration
of Si, as shown in Fig. 2(a).

For the films with 5.5%, 25%, and 35% Si, additional
measurements at higher frequencies in the k-band and
O-band regimes were performed in order to extract dynamic
magnetic parameters. For separating intrinsic and extrinsic
spin relaxation processes, in-plane angular-dependent and
frequency-dependent data, accompanied with calculations of
the magnetic high-frequency susceptibility, were processed as
explained in Refs. 5 and 7. The Gilbert damping has been
found to be isotropic, and the values of the Gilbert parameter
« are shown in Fig. 2(b).

Ab initio electronic structure calculations have been
performed for bulk systems using the fully relativistic
KKR method?!' within density functional theory (DFT). The
exchange-correlation potential is constructed within the local
spin-density approximation (LSDA) using the parametrization
of Vosko, Wilk, and Nusair.?? For the angular momentum
expansion of the Green’s function, a cutoff of [,,x =3 is
applied. For the integrations over the Brillouin zone (BZ)
we used a regular k mesh with ~1.5 x 10° k points for the
self-consistent field (SCF) and magnetic torque calculations,
and ~5 x 10° k points for Gilbert damping calculations.

The investigation of the MCA is based on calculations of
the magnetic torque 7 acting on the magnetic moment M
aligned along the direction é,;.>* Here we used the component
of the magnetic torque along the direction # within the plane
perpendicular to the z axis and orthogonal to the direction of
the magnetic moment €. It is characterized by the angles
0 and ¢ describing the ¢y, direction, i.e., one has T;(0,¢) =
—JdE[M(0,9)]/06.

The MCA constants K4 were determined by mapping the
ab initio torque results onto the model expression Epode] =
K4V(a§a§ +a§a? +a§cxf) and are shown in Fig. 2(a). It
should be stressed that calculating the MCA constant K4
via the magnetic torque enhances substantially the numerical
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FIG. 2. (Color online) (a) Cubic MCA constant K4 as a function
of the Si concentration in Fe;_,Si,. Red (gray) dots: Experimental
data (error bar <10%, uncertainty of Si content <1%) obtained from
FMR on thin films at room temperature. Black squares: Theoretical
data from ab initio DFT calculations. Experimental data for x = 0
are taken from Ref. 28. (b) Gilbert parameter «. The dashed line
represents the theoretical data shifted by an offset of +1.5 x 1073,
(c) Density of states n(Ef) at the Fermi level and the average spin
magnetic moment (.

stability of the calculations compared to calculations via the
total energy or using the force theorem.’* Performing the
necessary energy integration in the complex energy plane
furthermore reduces the numerical effort for the k-space
integrals.

While the experimental results have been obtained at room
temperature, the calculations correspond to T = 0 K, i.e., all
the temperature effects have been neglected both in Gilbert
damping as well as in the MCA. The effect of the tetragonal
distortion in the films is assumed to be small?® in the thickness
range studied here, and therefore is not taken into account in
the calculations.

The calculations of the diagonal elements ., and o, of the
Gilbert damping tensor for the Feg 95Sig o5 alloy have been per-
formed first within the atomic sphere approximation (ASA).
Two different directions of the magnetization, [001] and [011],
have been considered, which correspond to two possible
crystallographic orientations in the film plane. The Gilbert
damping tensor elements were found to be o, = oy, =
0.00123 for [001], and o, = 0.00123 and «y, = 0.00127
for [011] magnetization directions, i.e., they are basically
isotropic. Thus, in the following, we discuss the Gilbert
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damping parameter as a scalar instead of tensorial quantity.
Further calculations were done for the [001] direction in the
full potential mode. In this case we obtained o = 0.00227,
which is in much better agreement with the experimental
value o = 0.0037(2). The results for other Si concentrations
are shown in Fig. 2(b). The difference between the theoretical
and experimental values of o seems to be constant over the
entire Si content range [Fig. 2(b)] and can be attributed to
the following: (i) Although the magnetization damping due
to two-magnon scattering processes is taken into account
when evaluating the Gilbert parameter, some other damping
mechanisms still can be present, e.g., those related to the
finite film thickness®® and which are not accounted for in the
bulk calculations.?” (ii) The measurements were performed at
room temperature. This implies additional scattering processes
due to thermally excited phonons, which are neglected in
the calculations, accounting only for scattering events due
to the chemical disorder in the alloy system. Our theoretical
results on the temperature dependence of the Gilbert damping
in ferromagnetic 3d-transition metals seem to support this
explanation. For an experimental proof temperature- and
frequency-dependent FMR measurements would be necessary.

An increase of the Si concentration in the alloy leads to
a decrease of the Gilbert damping in the region of small Si
concentration and to the minimum at ~20% Si [see Fig. 2(b)].
This behavior primarily is a consequence of the increase of
content of Si with a small induced magnetic moment, resulting
in a decrease of the average magnetic moment, and having a
rather small spin-orbit coupling (SOC) strength & for p and
d electrons compared to Fe [E;"(EF) ~ (0.16 eV, nge(EF) ~

0.065 eV, é;i(Ep) ~ 0.04 eV, £5'(Er) ~ 0.0005 eV]. The
variation of the electronic structure with composition also has
a pronounced impact that can be seen from the correlation of
« with the density of states at the Fermi energy E g [Fig. 2(c)].
The minimum at ~20% Si can be understood as a result of
competition (see Ref. 17) of electronic structure [n(E )] and
total magnetic moment as functions of Si concentration, shown
in Fig. 2(c).

The cubic MCA constant K4 as a function of Si concen-
tration is presented in Fig. 2(a), where the theoretical results
are compared with the experimental data. Both results are
in good agreement with each other and show a monotonous
decrease of K4 upon an increase of Si content. This behavior is
mainly governed by the effects mentioned above in connection
with the Gilbert damping. One reason is related to the SOC
of Si atoms which is much smaller compared to the SOC
of Fe. When the MCA of an alloy is determined by SOC
of its components, an increase of Si content should result
in a decrease of the MCA. Very important for the MCA, as
well as for the Gilbert damping, is the modification of the
electronic structure of Fe-Si alloys upon variation of the Si
content. As one can see in Fig. 3, the variation of the Si
concentration results in two pronounced effects: a shift of the
electronic energy bands and their smearing when the amount
of Si atoms in the alloy increases. Both effects have a strong
influence on the MCA, as well as on the Gilbert damping,
if states close to the Ey are involved. As shown in Fig. 3,
this indeed takes place in the case of the Fe( 75Sig 25 alloy for
which some of the Fe d states move away from the Fermi
level when compared to their positions in pure Fe. Note here
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FIG. 3. Bloch spectral function for pure Fe [calculated for an
imaginary part of the energy Im(E) = 10~ Ry] (a) and for the random
alloy Fe75Sio.25 (b).

also that the theoretical data correspond to 7 = 0 K while
the experimental results are obtained at room temperature. A
rather small temperature effect is presumably due to significant
smearing of the energy bands [Fig. 3(b)] caused by the
chemical disorder in the alloy. The corresponding energy-band
modifications due to thermally induced atom displacements as
well as spin deviations are much smaller at room temperature
and do not essentially influence the MCA. Nevertheless, in the
Fe-rich limit the MCA constant measured in the experiment
at room temperature is expected to be reduced by ~10%.%%?°
When Si concentration further increases [right-hand side of
Fig. 2(b)], the measured MCA shows a dispersion of values
for the set of samples used in the experiment, which is
larger than the expected temperature effects. Therefore, the
temperature properties in this concentration region are not
discussed.

In conclusion, we compare ab initio calculations and
experimental results for the magnetocrystalline anisotropy
and Gilbert damping in Fe;_,Si, alloys. The small spin-orbit
coupling of Si and the considerable modification of the
electronic structure of the alloys upon an increase of Si
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content lead to a decrease of the MCA constant and to a
nonmonotonous behavior of the Gilbert damping parameter
with a minimum at 20% Si. The Gilbert damping has been
found to be isotropic, both by the ab initio calculations and by
the experiment. The theoretical value of the spin relaxation is
of the same order of magnitude as the experimental value,
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and their difference suggests a significant contribution of
spin-phonon scattering processes in the real samples.
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