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We present a detailed analysis of the dynamic response of the magnetization in as-made FePt thin
films, particularly studying the angular dependence of standing spin waves that can be observed
when the external field is applied close to the film normal. We have found that the field separation
between the uniform and the first excited mode depends strongly on angle and microwave
frequency. To explain the observed behavior we have adopted the surface inhomogeneity model in
the circular precession approximation. Using this model the experimental data could be very well
fitted assuming that spins are not totally pinned at the surfaces by introducing a finite surface
anisotropy. The experimental angular behavior of the resonance field at three different frequencies
could be fitted with a single set of parameters indicating that the reported changes in the surface
anisotropy as a function of film thickness are intrinsic to the samples. © 2012 American Institute of

Physics. [doi:10.1063/1.3682104]

. INTRODUCTION

In the last years equiatomic FePt alloys have been inten-
sively studied in different confined forms in which one or
more dimensions are reduced to the nanometer scale.'™ Par-
ticularly, metastable disordered FCC thin films, phase which
generally forms when films are fabricated at room tempera-
ture, present a very rich variety of magnetic properties. De-
spite not having a large magnetocrystalline anisotropy or a
high coercivity as the ordered phase, these films show a rela-
tively small uniaxial effective anisotropy perpendicular to
the film plane (K, ~ 1.5 x 10° erg/cm3). The origin of this
out-of-plane anisotropy is due to the combined effects of
magnetocrystalline anisotropy (samples grow with a [111]
texture perpendicular to the film plane)’ and magnetoelastic
energy (as-deposited films form under in-plane compressive
stress which induces a perpendicular easy axis).

Disordered FePt thin films, and also similar alloys like
FePd and CoPt, often show a stripe-like magnetic domain
structure. This kind of magnetic structure is due to the pres-
ence of a uniaxial perpendicular anisotropy which competes
with the demagnetizing energy. It is generally observed that
below a critical thickness, d., that depends on the so-called
Q-factor, Q = K, /2nM?, the magnetization lies in the plane
of the film. Thicker films, on the other hand, present a small
out-of-plane component of the magnetization which periodi-
cally changes from the “up” to the “down” direction induc-
ing the formation of a stripe structure. Values of the critical
thickness are in the range of 20-30 nm for FePt (Refs. 1 and 5)
and also for FePd.®

Ferromagnetic resonance in these alloys have been
reported either in the saturated’~'? or the unsaturated state.'?

»Author to whom correspondence should be addressed. Electronic mail:
butera@cab.cnea.gov.ar. Also at: Consejo Nacional de Investigacions
Cientificas y Técnicas, Argentina.

0021-8979/2012/111(3)/033911/5/$30.00

111, 033911-1

Apart from the uniform resonance mode, several additional
lines have been observed in thin films. These absorptions
have been attributed to standing spin waves,7’9’12 domain
mode ferromagnetic resonance (FMR) corresponding to
FMR within domains,® and domain wall resonances due to
collective modes of domain wall vibrations.®

Our group has previously reported the observation and
the analysis of additional resonance lines in a set of disor-
dered FePt films that were assigned to standing spin waves
(SSW).IO’12 From those studies it was possible to establish
that a single value of the perpendicular anisotropy K, and
the exchange stiffness constant A could be used to describe
the thickness behavior of all studied films. However, we
observed variations of the surface anisotropy Kg and a
change of the magnetization in the presurface layer 0,M,
which needed to be further studied in order to elucidate the
reasons for these changes with the film thickness. We present
in this work FMR studies in a set of thin films with thick-
nesses in the range 28—100 nm focusing the attention on the
analysis of the angular and frequency dependence of the
SSWs. In this case, the dynamic response of the samples has
been measured at three different frequencies and the angular
behavior of the SSW spectra close to the film normal was
carefully analyzed. Results, modeling, and conclusions are
presented in the following sections.

Il. EXPERIMENTAL DETAILS

The films used in this study are the same samples that
we have used for the FMR experiments in Ref. 12. In short,
as-made disordered FePt films have been fabricated by dc
magnetron sputtering on naturally oxidized Si (100) sub-
strates. The samples were deposited from an FePt alloy tar-
get with a nominal atomic composition of 50/50. The
chamber was pumped down to a base pressure of 10~’ Torr
and the films were sputtered using 2 mTorr of Ar pressure, a

© 2012 American Institute of Physics
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power of 20 W, and a target-substrate distance of 5 cm. With
these parameters we obtained a sputtering rate of 0.15 nm/s.
Eight different films were sputtered with thicknesses of 9,
19, 28, 35, 42, 49, 56, and 94 nm. X-ray diffractograms indi-
cated that as-made samples tend to grow with a high [111]
texture normal to the film plane and that they are under
an in-plane compressive stress. These two effects tend to
produce an effective perpendicular anisotropy K, =1.5(4)
% 10° erg / cm’. The average grain size estimated from trans-
mission electron microscopy (TEM) micrographs is (D) ~4
nm. This value is smaller than the so-called exchange length
due to the perpendicular anisotropy'* L = /A /K., which
for films with atomic disorder is L= 7 nm. For this reason the
magnetic response of individual grains is coupled by the
exchange interaction and a single, relatively narrow, reso-
nance line is then expected for the uniform resonance mode.
The saturation magnetization, the exchange stiffness constant
and the Q-factor of these samples have been already reported
in Refs. 5 and 12 with the following values: M= 866(25)
emu/cm’, A~095x10"° erg/cm, Q=0.32(8). FMR
spectra have been acquired at room temperature with a com-
mercial Bruker ESP 300 spectrometer at frequencies of 9.5
GHz (X-band), 24.1 GHz (K-band), and 35 GHz (Q-band).
The samples were placed at the center of a resonant cavity
where the derivative of the absorbed power was measured
using a standard field modulation and lock-in detection tech-
nique with amplitudes in the range 5-20 Oe. The film plane
was in all cases parallel to the excitation microwave field.
Angular variations with respect to the external dc field were
made around the film normal in an angular range of approxi-
mately =10°. The maximum available dc field was 22 kOe.

lll. EXPERIMENTAL RESULTS AND MODEL

In Ref. 12 we have reported the angular dependence of
the resonance spectra at the X-band for the case in which the
external field was varied from the in-plane toward the film
plane normal. We have found that a single resonance line
was always observed for the in-plane configuration while
one or more additional absorptions could be observed when
the field H was applied near a direction perpendicular to the
film plane, at least in the samples with d >28 nm. In this
study we have carefully measured the angular variation of
the field separation between the main or uniform mode (H, )
and the first additional absorption (H,) also at K- and
Q-bands.

The detailed theory of ferromagnetic resonance can be
read in the book of Gurevich and Melkov."” In our case non-
zero wave vectors are introduced into the dispersion relation
in order to account for nonuniform precession modes,

0 2_ 2 24 »
(;) = |:Hrn cos(¢ — ) — Her cos™ () +Mkn:| 0

|:Hrn cos(¢p — ¢yy) — H COS(2¢) + %ki] )

where o is the angular frequency of the precession of the
magnetization vector, y = g/l is the gyromagnetic ratio,
H,, is the resonance field for the mode n, Hp=4nM;
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—2 K| /M is the effective anisotropy field, &, is the wave
vector for mode 1, and ¢ and ¢ are the angles that the mag-
netization and the external field form with the film normal.
The wavevector k,, is assumed to be zero for n=0 and the
first excited mode is assigned to n=1."" As explained in
Ref. 12, the experimental data can be well described using
the surface inhomogeneity (SI) model.'”'® The SI model
considers a finite pinning for the spins located at the surfaces
and solves Eq. (1) in the single wave vector and circular pre-
cession approximation regime (only the real solution of k,, is
considered). With adequate boundary conditions'? it is possi-
ble to estimate the associated surface pinning parameter, p,
by using the relationship between the wave vector &, and the
parameter p,

2k,
tan(k,d) = 3 _’; . )

In the Kittel model (that assumes infinite pinning at the
film surfaces) the wavevector k, = nn/d and does not depend
on the angle ¢. However, in the SI model both &, and p may
depend on the orientation of the magnetization with respect
to the film normal. We have plotted in Fig. 1 the two func-
tions of the wavevector £, that result from Eq. (2) for a fixed
d value and ¢z =0 to illustrate this effect. Experimentally
the wavevector k,, can be deduced from Eq. (1) so that two
values of p can be obtained by using Eq. (2). If the parameter
p is known, the wavevector could then be obtained numeri-
cally from the intersection between both curves. In all our
analysis we have centered our attention in the first excited
mode n =1 because the others have negligible intensities or
are out of the available microwave excitation frequency. For
this reason we will omit the subscript n of the wavevector

' | ——F(k) = tan(kd)
2 2
41 oo Fl9 = 2K
I
! d =42 nm
I
24 1
1
1
1
- // Crossing point
x 0
= - z
, e
24 /
!
] 1
1
k=lp| k=n2d
-4 |
\.
; ]

0.00 0.25 0.50 0.75 1.00
kd/n

FIG. 1. (Color online) Functions F(k)=tan(kd) and F(k)=2kp/ = pz)
from Eq. (2), plotted as a function of the normalized wavevector kd/n. The
intersection between both curves can be used to estimate the pinning param-
eter p or the wave vector k. No solutions for n=1 are obtained if
n/2d < |p| < 3m/2d.
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from now on and call it simply k. Analyzing Eq. (2) and
Fig. 1 we can see that the F(k) = tan(kd) curve has an asymp-
tote at k=rn/2d while F(k)=2kp/(k’ —p®) diverges at
k=|p|. By a simple inspection of the curves it is easy to real-
ize that there is an intersection point (different than zero)
only if |p| < 7/2d or |p| >37/2d.

The pinning parameter and the angle of equilibrium of
the magnetization vector, ¢, are phenomenologically related
with magnetic properties of the film in the SI model'’
through the relationship,

oM
M )

p= —%cos(Zqﬁ) - 3)
where K is the surface anisotropy, A the exchange stiffness
constant, and 0,M the change of the magnetization in the
normal direction at the presurface area.”’ Consequently both
p and k are strongly dependent functions of the angle ¢ and
their values will change when the magnitude or the orienta-
tion of the external magnetic field is varied. The simplest
form for the surface anisotropy is to assume an easy anisot-
ropy axis, so that the free energy is of the form F, =K, cos’
¢ sin® 0. If K, <0 the easy axis is normal to the film plane
(parallel to X) and for K > 0 the surface energy is minimized
if M is within the film plane (the plane yz is an easy anisot-
ropy plane).

Figure 2 shows the predicted evolution of cos(2¢), p,
and k as a function of the external magnetic field for two dif-
ferent values of ¢y. If the angle ¢ is kept fixed, for exam-
ple, at ¢y =0° or ¢y=>5° the equilibrium angle of the
magnetization vector ¢ tends to align with H when the field
is increased. In all frequencies the resonance field for ¢;; =0
occurs when ¢ = 0 and the same value of p and k is expected
for all frequencies. However, when the field is not applied

1.0
0.5
0.0
-0.5
-1.0

cos(2¢)

02+ PP
0.4 F ‘

-0.6 | z

Q, -0.8

10° cm™)

o o~
~ oo
T T
\\
AN
\
\
\
\
\
\
|
|
|
!
1
X

k(10° cm™)
S
3]

g

o
S
Ty
- L
o
el ™
%)

20
H (kOe)

FIG. 2. (Color online) Evolution of cos(2¢), p and k as a function of the
external magnetic field in the cases ¢pH =0° and ¢H =5°. When the field
increases the angle of equilibrium ¢ changes from 7/2 to 0 and conse-
quently the values of p and k reach a constant value. A sharp transition is
only observed for ¢H = 0°. Note that when 1/2d <|p|< 37/2d, Eq. (2) is no
longer fulfilled for any value of k.
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normal to the film plane, the equilibrium angle of the mag-
netization depends on the magnitude of H. Larger excitation
frequencies imply larger resonance fields and as a conse-
quence the misalignment between ¢, and ¢ is more pro-
nounced in X-band than in the higher frequencies. This
variation of ¢ with ¢z and H produces the field dependence
of p and £ that can be observed in Fig. 2 and indicates that
the effective pinning is different for each value of ¢. This
behavior is known as dynamical pinning®' and is responsible
for the variation of the wave vector k when ¢y # 0. Note
that when p is in the range 7/2d < |p| < 3n/2d, Eq. (2) is
no longer fulfilled for any value of k.

From the measured spectra we have obtained the field
separation between the uniform mode and the first excited
mode as a function of the angle ¢ in a small region around
¢z =0. The experimental results are plotted in Fig. 3 for the
whole set of samples (with d > 28 nm) at the different excita-
tion frequencies. As predicted by Eq. (1) and considering the
experimental error, the field separation at ¢; =0 is the same
for the three different frequencies and decreases when the
film thickness increases because of the 1/d-like dependence
of k. As can be seen in the figure the observed results are
totally consistent with the expected behavior. When ¢y is
moved away from the film normal, the difference H,o—H,|
has a different angular variation depending on the frequency
and the thickness of the sample.

In order to understand this angular evolution we can
explore the dispersion relation given by Eq. (1) at angles
close to the film normal (see Fig. 4). In the figure we present
the calculated dispersion relation for a film of 42 nm at the
angles ¢ =0° and ¢ =5° using as parameters the values
of K, 0,M, and H,; given in Table I. In the perpendicular
orientation the separation H,, — H, is, as already discussed,
independent of the excitation frequency, at least for

e Xband
K band
Q band

25+

28 nm

35 nm
T10b 2424142 nm
° °
[ ] [ ] °
[ ol . ° 49 nm
n o

0.5 L= 56 nm
1= 1 394 1m

6 4 2 0 2 4 6

¢, (degrees)

FIG. 3. (Color online) Angular variation close to the film normal of the field
separation between the uniform mode and the additional line (H,o — H,1) in
samples with a thickness of 28, 35, 42, 49, 56, and 94 nm. Different symbols
indicate data measured at X-, K- or Q-bands. Solids lines correspond to the
best fit obtained by using the SI model.
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FIG. 4. (Color online) Dispersion relation for film of 42 nm calculated at
the angles ¢, =0° and ¢ = 5° using Eq. (1) and the parameters of .

frequencies larger than f~ 3 GHz where a gap opens in the
dispersion relation of the excited mode. When ¢;; is moved
away from the perpendicular direction the model predicts a
different behavior than for ¢p; = 0. From Eq. (1) it is possible
to obtain an approximate expression for the field separation
when H is applied close to the film normal,

2A
M cos(p — ¢y)

In the case of the Kittel model k does not depend on the
angle ¢ and the field separation is expected to increase as
the applied field is moved away from the film normal. On the
other hand, if the pinning is dynamic the value of k decreases
when ¢y # 0 and then a smaller field separation between H,
and H,, is expected. Thinner samples tend to have a large and
weakly angle dependent absolute value of the pinning param-
eter and follow the behavior predicted by Eq. (4) for rela-
tively constant values of k. For this reason the H,o—H,;
versus ¢, curves at X-band have a larger curvature than the

Hyo—Hyy ~ k. 4

TABLE 1. Surface anisotropy Kj, variation of the magnetization at the pre-
surface layer 0,M, and effective field H . as a function of the film thickness
taken from Ref. 12. These values have been used to fit the experimental data
of Fig. 3.

d (nm) K (erg/cmz) oM (emu/cms/nm) H 4 (Oe)
28 —0.059 29.3 9000
35 —0.232 37.9 8860
42 —0.322 41.0 8970
49 —0.347 41.5 8780
56 —0.390 41.8 8300
94 —0.446 42.5 8720
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data measured at K- or Q-bands in the same sample. In the
thinnest film in which two signals are detected (d =28 nm) it
is also possible to observe a larger curvature in the K-band
data compared to the experiments performed at Q-band.
Another distinctive feature, particularly notable in the thinner
films and the lower frequencies, is a reduced angular range in
which the second mode could be detected. As already men-
tioned thinner samples have a larger wave vector (k scales
with the confinement size, in this case the film thickness),
and the frequency gap indicated in Fig. 4 becomes larger
when k increases, in particular the frequency gap for the first
excited mode is f, = (y/2m)(2A/M)k*. For this reason there
is a critical angle, ¢z, where the gap exceeds the excitation
frequency and the resonance condition cannot tune for angles
larger than ¢,,.. This behavior explains the very sharp angular
variation in the sample of 28 nm at the X-band and the disap-
pearance of the absorption in a region of ¢y = *=2° around
the film normal. For simplicity reasons the present model was
restricted to the circular precession approximation which
works relatively well when the angle ¢ obeys the relationship
cos(2¢) > ~ 0.9 (as in Ref. 12). This constraint in the mag-
netization angle is fulfilled if the magnetic field does not
deviate more than ¢y~ +3°, =6°, and =7° from the perpen-
dicular direction at X-, K-, and Q-bands, respectively. For
this reason the angular range of the solid lines in Fig. 3, that
correspond to the best fits within the model, depends on the
working frequency.

In the thicker samples the curvature in the angular varia-
tion of H,y—H,; tends to be slightly negative. This behavior
cannot be simply deduced from Eq. (4), and is a consequence
of the simultaneous variation of k£ and ¢ in the dynamical
pinning regime when the field is moved away from the out-
of-plane direction.

The analysis of the angular variation for higher values
of the angle ¢ must be carefully performed because the cir-
cular precession approximation cannot be applied. This
study, however, is beyond the scope of this article.

IV. CONCLUSIONS

We have done a detailed analysis of the dynamic
response of the magnetization in as-made FePt thin films,
particularly studying the angular dependence of the field sep-
aration between the uniform and the first excited mode at dif-
ferent microwave frequencies.

The peculiar behavior could be very well explained
within the SI model in the circular precession approximation,
at least for angles close to ¢y =0. We needed to consider
that spins are not perfectly pinned at the surfaces by intro-
ducing a finite surface anisotropy and a change in the mag-
netization in the presurface layer. With a single set of
parameters it was possible to explain the experimental angu-
lar behavior of the resonance field at three different frequen-
cies, including the loss of the signal at a critical angle in the
X-band experiments. This is a very good indication that the
observed changes in Kg and 9,M as a function of film thick-
ness are intrinsic to the samples. Investigations in films in
which the surface properties are changed in a controlled
manner are currently underway.
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