PHYSICAL REVIEW B 84, 054461 (2011)

Magnetic anisotropy of epitaxial Fe,_,Si, films on GaAs(001)
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Ferromagnetic resonance studies and magnetoelastic coupling of a set of epitaxial Fe,_,Si, films on
GaAs(001)c(4x4) are reported. Fe;_,Si, alloys form a solid solution for low Si concentrations and atomic
ordering at the composition of the Heusler compound Fe;Si. The provided magnetic anisotropy constants are

discussed with respect to the growth parameters. The high uniaxial in-plane anisotropy is related to the interface
as evidenced by its thickness dependence. The contribution of the magnetoelastic coupling to this uniaxiality is
low. For layers grown at 250 °C, the formation of a two-phase system is indicated by the dependence of the cubic
fourfold anisotropy on the Si concentration. The resonance linewidths are less than 2 mT, thus corroborating high

magnetic and crystallographic quality. The angular out-of-plane dependence of the linewidth is explained by a
contribution from two-magnon scattering; the unusual symmetry observed in plane is discussed in the framework

of the diverse relaxation mechanisms.
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I. INTRODUCTION

Recently, Fe;Si has attracted interest as a possible candidate
for a spin injector into GaAs (Refs. 1-5) and Si (Ref. 6) or
for magnetoresistive elements for magnetoelectronic devices.’
Fe;Si is a compound belonging to the group of ferromagnetic
Heusler alloys. It crystallizes in the cubic D03 structure and
exhibits a spin polarization of ~45% at the Fermi energy.® The
D05 phase of Fe;Si consists of four interpenetrating fcc lat-
tices. The Fe atoms occupy two magnetically inequivalent sites
where, according to density functional theory calculations’
as well as experiments,” they contribute 2.2 and 1.35 g,
respectively, to the magnetization. In bulk material, its Curie
temperature is as high as 840 K. Since its lattice mismatch with
GaAs is very small (<0.01%), epitaxial films are obtained.

In recent studies,'-!? the structural properties of the system
Fe;_,Si,/GaAs(001) have been investigated in detail. At
100 to 200 °C, film growth proceeds pseudomorphically.
For low Si concentrations, the absence of the superlattice
reflections in x-ray diffraction (XRD) measurements indicates
the existence of a solid solution of Si in Fe.!*!? For higher Si
concentrations close to the stoichiometric ratio, the expected
atomic ordering occurs. The high growth temperatures needed
to achieve highly ordered crystallographic structures also lead
to diffusion and intermixing at the ferromagnet/semiconductor
interface.'? Since especially isolated Fe atoms in GaAs act as
paramagnetic spin scattering centers, they may reduce the spin
polarization of the injected current.'*

So far, ferromagnetic resonance (FMR) studies of this alloy
system were reported by Lenz et al.'>!'% on GaAs(001), by
Zakeri et al.'" and Zhang et al.>® on MgO(001) substrates,
as well as by Goto and Kamimora on bulk crystals.?! Lenz
et al. observed a small uniaxial in-plane anisotropy field
and low linewidths measured on relatively thick epitaxial
films of stoichiometric and nonstoichiometric concentration.
Zakeri et al. presented profound studies on the magnetic
properties of this alloy system, including superconducting
quantum interference devices (SQUIDs) and magneto-optical
Kerr-effect measurements. The Fe;_, Si, layers were prepared
using slightly different growth and annealing procedures on
MgO(001), which induce high tensile strain due to the large
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lattice mismatch. Interestingly, Zakeri et al. also reported
on a small in-plane uniaxiality and, furthermore, extracted
the g factor from frequency-dependent FMR and, similar to
the work of Goto, correlated the fourfold magnetocrystalline
anisotropy to the Si content. Finally, Zhang et al. discussed
the role of the strain and magnetoelastic (ME) coupling on the
uniaxial, out-of-plane, magnetocrystalline anisotropy constant
of Fe,_, Si,/MgO(001).

Here we report on the magnetic properties—investigated
using FMR and in situ magnetometry—of the same set of
Fe,_,Si, samples that were structurally characterized in detail
in the study of Refs. 12 and 22. The magnetocrystalline
anisotropy constants are determined and discussed with respect
to the film thickness, growth temperature, and Si concentration.
The results are compared with those of pure Fe layers on
GaAs(001). This allows us to discuss not only the effect of
the admixture with Si but also to compare the pseudomorphic
and relaxed epitaxial growth regimes. We directly measured
magnetoelastic coupling constants by an in situ cantilever-
beam magnetometer in order to clarify the contribution of the
magnetoelastic coupling to the magnetocrystalline anisotropy.
In the last section of this work, we present experimental
data on the angular dependences of the FMR linewidth and
corresponding relaxation mechanisms.

II. EXPERIMENTAL DETAILS

The experiments were performed in a multichamber ul-
trahigh vacuum system consisting of separate interconnected
growth chambers for III/V semiconductor and metal molecular
beam epitaxy (MBE). The Fe,_, Si, films were deposited onto
c(4x4) reconstructed GaAs(001) cantilever-beam substrates
prepared in the III/V growth chamber using standard GaAs
techniques (low-temperature buffer growth at 480 °C, high-
temperature buffer growth at 590 °C, annealing at 605 °C,
controlled cooling to 380 °C at constant Asy flux to form the
c(4x4) reconstruction followed by further cooling at reduced
Asy flux).

The Fe;_,Si, films were deposited at a pressure of § x
10~° mbar and a Si deposition rate of 0.05 nm/min. The Fe
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TABLEI. Growth parameters of our samples: growth temperature
T,, mean sample thickness d, and Si concentration.

Sample No. T, (°O) d (nm) Si concentration (at. %)
158 200 13.7 15.7
165 100 7.6 15.3
166 150 7.2 16.4
168 200 7.0 17.0
169 250 7.0 15.6
171 200 21.2 16.5
173 200 7.1 24.2

deposition rate was adjusted appropriately between 0.05 and
0.15 nm/min according to the respective Fe;_,Si, composi-
tion. The deposition rates of Fe and Si were measured and
controlled using a quartz-crystal microbalance (QCM) cali-
brated by a QCM in the substrate position. From the obtained
mass equivalent of deposited Fe and Si, the composition and
nominal thickness of the Fe,_, Si, were calculated. The growth
parameters of the samples under consideration are listed in
Table I.

An in situ cantilever-beam magnetometer >3 was employed
for measuring magnetic hysteresis loops as well as the
magnetoelastic coupling constant B,. The FMR studies were
performed at room temperature (RT) using a Bruker ElexSys
E580 electron spin resonance (ESR) spectrometer in the X
band (9.48 GHz). The sample was placed in the maximum of
the magnetic microwave field in a rectangular cavity (TEyg;)
in two different geometrical configurations (in- and out-of-
plane). The maximum external magnetic field is restricted to
14T

Concerning the overall error of our experiments, we remark
that introducing error bars to the presented numbers and figures
is not very straightforward and meaningful. Although the FMR
technique itself is very accurate, with an overall error smaller
than a few percent, the main error probably comes from the
film preparation upon measurement of film thickness and film
composition, with the latter relying on the long-term stability
of the evaporation sources. Here we estimate an overall error
of about 10%.

III. FMR THEORY

The directions of the magnetic hard and easy axes are
defined by the magnetic anisotropy energy (MAE) and by the
shape anisotropy. The total anisotropy energy density F of a
tetragonal crystal with magnetization M placed in an external
magnetic field ,uol-? consists of the MAE, the shape anisotropy,

and the Zeeman energy:>*

F = —M H{[sin 0 sin 0y cos(¢ — ¢g) + cos 6 cos fy]
+ K sin? @ cos®(¢ — 8) — (uoM?/2 — K1) cos* 0
—1/2K4y cos* @ — 1/8K4 (3 + cos4p)sin*(@). (1)

The first term represents the Zeeman energy, the second
term accounts for the uniaxial in-plane magnetocrystalline
anisotropy with the constant K5, and the third term expresses
the two additive out-of-plane contributions described by the
uniaxial out-of-plane constant K, and the shape anisotropy

PHYSICAL REVIEW B 84, 054461 (2011)

woM?. Finally, the last terms represent the cubic symmetry
with the constants K4 and K4, . Due to the low lattice misfit
of Fe;_,Si, on GaAs(001), we assume a purely cubic system
and, therefore, set K4 = K4 = Kj.

The polar angle 6 of the external field is zero for H || [001]
and 7 /2 for H || [110]. Measurements in this geometrical
configuration are designated “out of plane.” In the second, “in-
plane” configuration, the sample is mounted with the sample
normal, [001] L H, and the azimuthal angle ¢y changed,
with oy =0 for H | [100]. @ and ¢ are the equilibrium
angles of M in an applied magnetic field that are obtained
by minimization of the MAE (0F /06 = Fy =0, 0F /d¢ =
F, = 0). The magnetocrystalline anisotropy constants include
a surface (K;3) and a volume (K;") term,
2K$

7
where d denotes the sample thickness.

In an FMR experiment, the sample is located in an external
static magnetic field. The sum of this external field with the
dynamic microwave field as well as the demagnetizing and
the anisotropy fields exerts a torque on M. This leads to a
precessional motion of the magnetization, which is described
by the Landau-Lifshitz-Gilbert equation. A viscous damping
term, which is the so-called Gilbert damping, describes the
friction to this motion. Solving this equation according to the
formalism of Smit and Beljers®® leads to the general resonance
equation. However, the original version exhibits a singularity
at @y = 0 and is thus presented here in a modified version:°

1) 2_ 1 F Fyy +cos0F
y) M % \sin20 " sing "’

Fy, cosO F, 2 3)
sinf  sinf sind )

Ki=k'+ )

Here, w is the microwave frequency and y = gug/h is the
gyromagnetic ratio containing the g factor. When inserting F
in this equation, an expression for the resonance field (o Hres
measured in the FMR experiment can be derived. Subsequent
fitting of the angular dependence of o H,.s by varying the in-
plane azimuthal angle ¢y and the out-of-plane polar angle 6y
yields values of the magnetocrystalline and dipolar anisotropy
ﬁelds, Hi =Ki/MS and MOMeff = —MoM + 2K21_/M.

IV. RESULTS AND DISCUSSION
A. FMR signature

Electron spin resonance instruments usually use magnetic
field modulation and lock-in techniques in order to improve the
signal-to-noise ratio. Figure 1(a) depicts a typical as-measured
and fitted derivative of the FMR signal, dA/d(uoH), and its
derivative, d’A/d(uoH)?. The slightly asymmetric, second
derivative line shape indicates a dispersive contribution to the
signal. Therefore, we included absorption and dispersion com-
ponents with Lorentzian line shapes in the fitting procedure,?’
yielding the resonance field puoH,s and the peak-to-peak
linewidth oA Hp,. The doubly integrated area [Fig. 1(b)]
is proportional to the total number of spins and thus to the
total magnetic moment. However, since absolute values are
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FIG. 1. (Color online) (a) Typical FMR signature of Fe,_, Si, on
GaAs(001) recorded at RT (crosses), derivative (dashed line), and fit
to the experimental data (solid line). (b) Integrated signal.

difficult to obtain from FMR, Mg was determined using an in
situ cantilever-beam magnetometer.'?

B. Anisotropy constants and growth parameters

A full record of the angular dependence of the in-plane
and out-of-plane resonance fields and equilibrium angles
of sample 158 at RT is presented exemplarily in Fig. 2.
Figure 2(a) illustrates the in-plane measurements, with the
maxima corresponding to in-plane hard and intermediate and
the minima corresponding to the easy axes given by the
crystallographic axes of the magnetic layer. The easy axes
lie parallel to the in-plane [100] and [010] directions; the
[110] and [1 1 0] directions are in-plane intermediate and hard
axis, respectively (see below). The out-of-plane measurements
shown in Fig. 2(b) exhibit a maximum at 6y = 0. This
singularity is due to the out-of-plane dipolar field that stabilizes
in-plane easy axes in thin magnetic films. The solid lines,
which are fitted to the resonance fields in both panels, are
calculated using Eq. (3), treating the anisotropy fields H; as
fitting parameters. The computed values for the fields are
listed in Table II. The g factors inserted here, which decrease
with increasing Si concentration, were taken from Ref. 17.
The dashed lines indicate the equilibrium angles of the film
magnetization that coincide with the external field angles when
the alignment is parallel to the hard and intermediate axes.
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FIG. 2. (Color online) (a) In-plane angular dependence of the
resonance field (left y axis) and the equilibrium angle of the film
magnetization (right y axis). (b) Respective out-of-plane measure-
ments.
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TABLE II. Saturation magnetization Mg, fitted anisotropy fields
H; and poMeg, K>, , and the magnetoelastic anisotropy constant B,.

Ms Hy, H, moMerr Koo B,
No. (MA/m) m @D (T) (&J/m?*)  (MJ/m?)
158 1.2 —0.008 0.01 —1.56 -33 2.0
165 1.3 —0.012 0.009 —-142 139
166 1.3 —-0.012 0.008 —1.38 168
168 1.2 —0.016 0.007 —-1.34 106 2.0
169 1.0 —0.020 0.007 —-1.32 =31
171 1.2 —0.004 0.009 —1.58 —113 2.0
173 0.9 —0.012 0.005 -—1.1 16 7.0

The in-plane dependences reveal a strong uniaxiality that
is superposed on the fourfold anisotropy favoring the in-plane
[110] direction. In order to elucidate its origin, we investigated
the magnetic anisotropy of a set of samples with different
thicknesses from 7.0 to 21.1 nm for a Si concentration of ~16
at. %, and a growth temperature of 200 °C. The anisotropy
constants K, and K4 of Fegg4Sio 16 are plotted in Fig. 3
as a function of the inverse thickness. From the thickness
dependence of Ky, Ky 5 = —0.7+0.02 x 107* J/m? and
K2||V =174£03 kJ/m3 are determined by Eq. (2). These
findings clearly evidence the interfacial origin of the uniaxial-
ity superimposing the bulk-determined cubic anisotropy. The
small intrinsic K ¥ actually has the opposite sign as K5,
and thus counteracts the interfacial contribution marginally.
For comparison, data obtained from three layers of pure
Fe grown on GaAs(001) at RT with 14, 27, and 70 nm
thickness are included in Fig. 3 (squares) as well. They exhibit
almost the same thickness dependence as the Fegg4Sig 16
layers, yielding similar bulk and surface anisotropy constants
(K2||S= —0.85+0.2 x 107* J/mz, K2||V= 1.33+1 kJ/mq)
The cubic anisotropies of 39—-44 kJ /m3, on the other hand, are
considerably larger (not shown in Fig. 3). Our Fe results are
consistent with the data of Zakeri et al.?®

In the case of Fe on GaAs(001), the precise microscopic
origin of this thickness dependence is still controversial.
Generally, magnetoelastic coupling or the unidirectional Fe-As

112
0 X
X 111
~ 5f (m] 100
[s2)
X ,8 N—"
v: -5} :<<r
Ny 17
20} 16
25 I I " I ~ I - 5
0.0 5.0x10 1.0x10 1.5x10
1/d (m™)

FIG. 3. (Color online) In-plane uniaxial anisotropy Kj; of
Fe.34Sig.16/GaAs(001) (triangles) and Fe/GaAs(001) films (squares)
as function of the inverse mean film thickness; dashed line is a linear
fit to the data extrapolated to 1/d = 0; crosses represent K, of the
Fe.34510.16/GaAs(001) films and squares represent the K, measured
on pure Fe/GaAs(001); T, = 200 °C.
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bonds of the topmost Fe monolayer on c(4x4) and 2x4
reconstructions®® are considered to cause the uniaxiality.
Note that the (110) directions of the GaAs(001) surface
are inequivalent, with the As-dimer pairs of the c(4x4)
and (2x4) surface reconstructions chaining along the [1-10]
direction.’® In order to experimentally clarify the effect of
strain, we measured the magnetoelastic coupling constant B,
(see Table II) of the Fe;_,Si, films with the cantilever-beam
magnetometer. B, is related to the magnetoelastic anisotropy
constant by Klz‘/lllEL = —Bjes3, as derived in Ref. 28. Using the
strain €33 = 0.01213, as determined using XRD in Ref. 12,
we obtain KY[" = —26.7 kJ/m’. The value of B, does not
change with thickness, indicating only a small contribution of
surface and interface effects. Furthermore, due to the small
misfit, film growth proceeds pseudomorphically,'? resulting
in constant strain of the films. Therefore, the dependence of
B, on the film strain®' has not been considered. The higher
B, value of sample 173 with a Si concentration of about
24% 1is due to increased structural ordering compared to the
disordered Fe(g4Sig 16 films because of the formation of the
Heusler compound Fe3Si.!?

Comparison of the value of B, with the magnetocrystalline
anisotropy for the first deposited monolayer (K, /d = 245.3
kJ/m? with d = 0.2854 A) shows that the magnetoelastic
coupling contributes only about 10% to the in-plane magnetic
anisotropy. Therefore, we can exclude a significant contribu-
tion from the magnetoelastic coupling to the in-plane uniaxial-
ity. There may be a change of B, due to the modified chemical
surroundings in the first monolayers. However, results from
alternative methods report a change of the magnitude of the
magnetoelastic coupling by a factor of only two to three
in the initial growth stages.’? Finally, it is noteworthy that
the surface and bulk anisotropies of Fe and Feg4Sij¢ are
rather similar even though they differ in strain relaxation.
The Fe layers are relaxed by the formation of strain-induced
dislocations, while the FegsSij¢ layers grow coherently for
all thicknesses. The magnetoelastic coupling further draws
a consistent picture since it contributes marginally to the
magnetocrystalline anisotropy.

The uniaxiality depends not only on the thickness but also
on the growth temperature T}, as depicted in Fig. 4 where the
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FIG. 4. (Color online) Angular in-plane dependence of (a) the
resonance fields and (b) the values of K| and K4, as a function of the
growth temperature T, of various Fegg4Si 16 films.
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resonance fields [Fig. 4(a)] and fitted parameters [Fig. 4(b)]
are plotted for four films grown with similar thicknesses and
a Si concentration of about 16%, but varying T,. Increasing
T, enhances the uniaxiality further; the absolute value of K5
increases, especially between 150 and 200 °C. Furthermore,
the easy axis shifts away from the [010] crystallographic
direction toward the magnetic intermediate axis, as indicated
by the horizontal lines and arrows in Fig. 4(a). This behavior is
further supported by a simultaneous constant decrease of the
cubic anisotropy. In fact, the FMR results point to a changing
interface at higher temperature, which is consistent with the
recent findings of Ref. 12. As evidenced by transmission elec-
tron microscopy (TEM), stress, scanning TEM in combination
with energy dispersive x-ray spectroscopy (STEM-EDXS),
and Auger spectroscopy, the initial growth stages at elevated
T, are dominated by strong interdiffusion of Fe and Si into
the GaAs substrate, as well as of Ga and As into the Fe;_,Si,
films, leading to an intermixed layer of ~5 nm thickness in
total. Obviously, the modified chemical composition especially
influences the cubic anisotropy (see below).

SQUID studies of Fe;Si on GaAs(113) reveal an enhance-
ment of the magnetic uniaxiality with T, that was attributed
to the formation of an antiferromagnetic Fe,As interfacial
compound consistent with XRD.* Intermixing with increasing
T, is further supported by the appearance of additional FMR
signals on the layers deposited at 250 °C. Their intensity is
about one-third of the main signal and exhibits, in principle,
the same angular symmetry but different anisotropy fields, Hy
and H,. Figure 5(a) presents the in-plane angular dependence
of 1o Hyes of both signals of sample 169. The signal with the
lower intensity (triangles) clearly shows a higher cubic and
smaller uniaxial contribution to the magnetic anisotropy.

Simultaneously, as already reported for bulk Fe;_,Si,
(Ref.21) and for Fe,_, Si,/MgO (Ref. 17), the cubic anisotropy
decreases with increasing Si concentration for the set of
samples grown at 200 °C [Fig. 5(b)]. The ansiotropy field
H, obtained by extrapolation to zero Si content (*18 mT)
is in reasonable agreement with that of pure Fe determined
for Fe/GaAs(001) grown under similar conditions (21 mT).
Note that K5 is not constant for the layers presented in Fig. 5
due to the low film thicknesses. In accordance with Fig. 5,
the anisotropy fields are related to different Si concentrations
with the derived H4 of the second signal corresponding to

214
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FIG. 5. (Color online) (a) Angular in-plane recording of the
resonance field o H,es for the two signals observed on sample 169;
empty circles refer to the main signal and empty triangles refer to
the subordinate signal. (b) Dependence of H, on the Si concentration
for the set of films grown at 200 °C; vertical line relates the cubic
ansiotropy field of the subordinate signal to the Si content.
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a reduced Si concentration of ~9%. These findings provide
further evidence for diffusion processes in the layer going
on at 250 °C, in agreement with Ref. 12. It is interesting to
note that the occurrence of interdiffusion not only broadens
the FMR signal, but results in a second independent signal.
Investigations of the structural properties of Fe films grown
on GaAs(001) at high temperatures provide an explanation.??
X-ray diffraction measurements evidence the occurrence of a
new Fe-Ga phase at the interface in the case of the Fe film
grown at 250 °C. We assume a similar coherence here for the
Fe,_,Si, system, resulting in a new FMR signature.

As discussed in Sec. I11I, oM. includes the additive shape
anisotropy —joM? and the uniaxial out-of-plane anisotropy
constant K, . For the 200 °C samples (158, 168, 171), this
constant varies linearly with the layer thickness yielding
Ky 5=784+13x10"* J/m?> and K>, V= —19.94+0.2 x
10* J/m3. Those values exhibit different signs showing thgt
the volume contribution favors an in-plane orientation of M,
while the surface anisotropy tends to an out-of-plane alignment
of M. Increasing the Si concentration (samples 168 and 173)
at constant T, and d reduces K>, by one order of magnitude;
see Table II. K,  is reported to be strain induced and thus
connected to the magnetoelastic coupling constant Bj, as
discussed in Ref. 28. We assume the alloy composition, the
film thickness, and the magnitude of the strain affecting B,
both in sign and magnitude.*?

C. Linewidth

The FMR linewidth is generally explained by intrinsic and
extrinsic relaxation mechanisms, 3%

2 G w

V3 v Ms cos(B — Br)
8HI’ES

0P

The first term refers to the intrinsic Gilbert damping term
in the approximation of Ref. 35. The cosine term of the
field dragging between the external and equilibrium angle,
B — Bu, causes, among others, an eightfold symmetry in a
fourfold in-plane system. The same symmetry is generated
by the second term that takes into account the mosaicity. The
third term accounts for the damping of the spin motion due to
the two-magnon scattering (TMS), where FMR-generated spin
waves are scattered by randomly distributed crystal defects.3
The TMS mechanism is formulated by different expressions
depending on whether polar or azimuthal geometries are
evaluated, as discussed in more detail in Ref. 36. Finally,
the fourth term is a microwave-frequency-independent, in-
homogeneous broadening. Our discussion will focus on the
angular dependence as well as on the influence of the growth
parameters on the linewidth of the layers.

Figure 6(a) displays the peak-to-peak linewidths as a
function of the polar external field angle of three Fe;_,Si,
films under consideration (168, 169, 173). Figure 6(b) exhibits
the linewidth of the same set of samples plotted over the polar
equilibrium angle. The linewidth exhibits a sharp decrease
when the magnetization is rotated out of the in-plane direction.
Those samples exhibit the lowest woM.s, making it easier
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FIG. 6. (Color online) Peak-to-peak linewidth wuoAH,, as a
function of (a) the polar external field angle and (b) the polar
equilibrium angle of samples 173 (squares), 169 (triangles), and 168
(circles). The two vertical lines mark the angles 4 77 /4. Lower panel
(c) depicts the mosaicity and (d) depicts the field dragging over the
polar external field angle for the same set of samples.

to turn the magnetization out of plane and determine the
polar equilibrium angles at higher poHes. Interestingly, the
linewidth decreases only when the equilibrium angles reach
£ /4 indicated by the two vertical lines in Fig. 6. Lindner
et al. 3* attributes a similar decrease to the inactivation of the
two-magnon scattering (switching off) when the magnetization
angle 6 exceeds 7 /4, as predicted by calculations of Landeros
et al.*® However, as the mosaicity as well as the field dragging
causes a similar symmetrical evolution, the mosaicity and
field dragging are plotted over the polar equilibrium angle
in Figs. 6(c) and 6(d), respectively. The field-dragging effect
can definitely be ruled out as contribution to the switching
off, whereas the mosaicity causes a decrease in linewidth in
the same range; the separation into mosaicity and two-magnon
scattering therefore remains difficult. However, we note that on
samples not showing this decrease in linewidth, the calculated
mosaicity effect nevertheless would lead to a decrease (not
shown here), pointing to an involvement of the two-magnon
scattering.

The upper panels of Fig. 7 display the angular dependence
of the linewidth in the azimuthal configuration of layer 166
[Fig. 7(a)] and a pure 15-nm-thick Fe layer [Fig. 7(b)], both
grown at 150 °C. With the strong codeposition of Fe and Si, a
reduction of pwoAH,, is recognized. In the [110] direction,
noAHp, decreases from about 6.5 mT for the pure Fe to
1.5 mT for the Feg4Sip 16 film. Aside from the role of the
reduced Gilbert damping parameter18 in the Fe|_, Si, systems
stemming from the variation of parameters like the spin-orbit
coupling, the g factor, and the density of states at the Fermi
edge,’” the formation of different lattice defects also plays a
role. For instance, the lattice mismatch dislocations formed in
the Fe film and evidenced by TEM?? can influence symmetry
and magnitude of the two-magnon scattering.*®

Concerning the dependence of the linewidth of the Fe; _, Si,
films on the growth temperature, it is interesting to note that
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FIG. 7. (Color online) Peak-to-peak linewidth 1A Hy, as func-
tion of the azimuthal external field angle for (a) the Fe( g4Sig 16 sample
166 and (b) a pure 15-nm-thick Fe layer. The lower panel (c) depicts
the mosaicity and (d) depicts the field dragging over the azimuthal
field angle for sample 166.

between 100 and 200 °C, the linewidth gradually decreases
from 1.7 to 1.3 mT in the [110] direction. This decrease is
followed by a strong increase to 21.5 G when T, reaches
250 °C (not shown here). This behavior evidences the highest
magnetic quality for the 200 °C film, which is also seen
in the minimum of the coercive force of 0.1 mT for this
sample.'?

Another observation is the different in-plane symmetry of
the Fe and the Fe;_, Si, films. The Fe/GaAs(001) layer shows
the (expected) eightfold symmetry, which arises most likely
from the field dragging and mosaicity. The Fe;_,Si, layers,
however, exhibit a significant increase of the linewidth in the
[110] direction. In the same direction, the magnetization angle
almost equals the external field angle, as discussed earlier.
Mosaicity and field dragging presented in Figs. 6(c) and 6(d),
respectively, are therefore reduced in this direction, which
results in the different angular symmetry. The maximum in
the [110] direction may originate in an unidirectional magnon
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scattering or anisotropy field variations, as proposed in Refs. 39
and 40.

V. SUMMARY

Epitaxial films on GaAs(001) have been studied using FMR
and magnetometry yielding the impact of various growth
parameters on magnetic anisotropy and the linewidth. The
Fe,_,Si, alloy system is found to allow adjustment of the
magnetic properties, such as FMR linewidth, coercive force,
saturation magnetization, and magnetic anisotropy over a wide
range.

The azimuthal angular dependence of the FMR resonance
fields exhibits a strong uniaxiality, which makes equilibrium
and external field angles almost parallel over a range from
the [100] easy to the [01 1] hard axes and which evidently
also has influence on the linewidth. This in-plane uniaxiality
and its interplay with the cubic anisotropy are studied as a
function of film thickness, growth temperature, and material
composition. Contributions from magnetoelastic coupling to
the uniaxiality is low. The cubic anisotropy is itself modified
by a change in the chemical composition, here related to
material decomposition at elevated temperatures, as evidenced
by structural characterization.'”> The determination of the
uniaxial out-of-plane constant exhibits scattered values in
sign and magnitude. In the current literature, this behavior
is discussed as strain induced and thus related to the influence
of the sample parameters on the magnetoelastic coupling
constant Bj.

The in-plane linewidth is strongly reduced with Si. How-
ever, defect-related contributions may increase the linewidth in
the incoherent growth regime for the Fe films. We have found
some evidence for a TMS contribution to the out-of-plane and
in-plane linewidth derived from a characteristic dependence
on the equilibrium angles.
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