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Two-magnon damping in thin films in case of canted magnetization: Theory versus experiment
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We present results for ferromagnetic resonance measurements in ultrathin magnetic films. Our aim is to
investigate quantitatively the damping of spin motions where different sources of damping are present. We
investigate a polycrystalline 10-nm-thick Co film grown on GaAs using microwave frequencies between 4 and
24 GHz and different orientations of the static magnetic field. We discuss the role of Gilbert and two-magnon
dampings (activated by defects in the film) within the theoretical framework presented some years ago by Arias
and Mills [Phys. Rev. B 60, 7395 (1999)] and its extension to the case in which the magnetization is tipped out
of the film plane [P. Landeros, R. E. Arias, and D. L. Mills, Phys. Rev. B 77, 214405 (2008)]. It is found that
linewidth vs. field angle data are well reproduced by the theory for several frequencies and we obtain infor-
mation about fundamental parameters as well as the role of defects in the dynamical response of the prototype

Co system.
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I. INTRODUCTION

The most popular ansatz for the magnetic relaxation in
metallic ferromagnetic films is given by the Landau-Lifshitz-
Gilbert phenomenology.! It was demonstrated, however, that
besides intrinsic Gilbert damping, extrinsic mechanisms such
as the two-magnon process that describes the defect-
mediated scattering of the uniform precession mode into
nonuniform ones may strongly alter the overall relaxation or
play even a major role.” A key feature of the dispersion
relation w(k;) for a thin magnetic film for which spin-wave
propagation is confined to the film plane is that when the
propagation angle @i defined as the angle between ISH and the
projection of the saturation magnetization M into the sample
plane is less than the critical value ¢ =sin""{[H,/(H,
+M )1 (M =H,+47M,, H,: uniaxial out-of-plane an-
isotropy field), then the initial slope of the dispersion relation
is negative; the minimum spin-wave frequency is at a finite
wave vector. Subsequently, for each direction wherein ®x
< @i, there is a mode of finite wave vector degenerate in
frequency with the ferromagnetic resonance (FMR) mode.
These modes are responsible for two-magnon damping in
ultrathin films.!%-13

The frequency dependence of the two-magnon scattering
has been discussed theoretically for the case that the mag-
netic field is applied parallel to the film plane'®!3 and later
the description was extended to the case where the magneti-
zation is tipped out of the plane.'* There, the complete func-
tional dependence of the two-magnon contribution and the
out-of-plane angle 6, of the magnetization vector measured
with respect to the film plane was derived. While two-
magnon scattering is active for values of 6,,<m/4, it shuts
off for angles 6,,> m/4. This limit is obtained for external
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field angles closer to the film normal, depending on the fre-
quency. Without the theoretical description given in Ref. 14,
Heinrich and co-workers already addressed the problem of
the exact dependence of two-magnon scattering on 6, in the
region 6,,<m/4.> They found for Pd-capped Fe/GaAs(001)
thin films that the angular dependent deviation between the
observed from the expected intrinsic linewidth can be indeed
accounted for by two-magnon scattering (see Fig. 5.21 in
Ref. 2). Their conclusion was based on the dependence of the
critical angle ¢ on the out-of-plane angle 6, of the mag-
netization. The result suggested that the scattering matrix of
the two-magnon process depends only weakly on 6,,. How-
ever, no quantitative comparison to theoretical calculations
including a complete two-magnon scattering formalism was
performed and the measurements were restricted to a single
microwave frequency.

In the present paper, we discuss data for three frequencies
which when analyzed quantitatively allow us to make a di-
rect comparison between experiment and the analytic formu-
las derived in Ref. 14. This is done for thin, polycrystalline
Co films grown on GaAs(001). As we shall demonstrate be-
low, the experimental data are accounted for nicely by the
theory.

The theoretical papers mentioned so far proposed that ran-
dom defects located on the film surface or at the interface
between the film and the substrate activate the two-magnon
mechanism. We note, however, that this assumption can be
readily dropped and replaced by a description of defects of
known geometry. This raises the possibility that through the
tailoring of defect arrays, one may control the nature of the
spin damping in ultrathin films through design of defect ar-
rays. The theory in Refs. 10-14 can be extended straightfor-
wardly to explore such possibilities. The analysis presented
in the present paper may be viewed as a first step in this
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direction, in that we demonstrate that one may achieve a
fully quantitative account of the dependence of the two-
magnon damping on the direction of the magnetization.

This paper is organized as follows. In Sec. II, we describe
the sample preparation, whereas in Sec. III, we briefly re-
sume the theoretical description of two-magnon scattering in
case of canted thin-film magnetization. In Sec. IV, we present
the experimental results, while Sec. V contains the discus-
sion of comparing theory and experiment.

II. EXPERIMENTAL DETAILS

The polycrystalline Co films are deposited at room tem-
perature by means of electron-beam evaporation in a high-
vacuum chamber with a base pressure in the 10~° mbar
range on top of 4 X4 mm? GaAs(100) substrates. A 10 nm
carbon layer has been used to protect the films against oxi-
dation: a procedure already been used in earlier works by
us.!> Standard #-26 x-ray diffraction (XRD) and scanning
electron microscopy (SEM) revealed that these films are
polycrystalline and have a strong texture along the film nor-
mal. While #-26 XRD does not allow to distinguish between
fee[111] and hep[0001] texture,'® it is well established in
literature that hcp is the stable phase for thin films grown at
room temperature.'®!” This is also reflected by the fact that
the substrate plays almost no role for room-temperature
growth of polycrystalline Co with hcp stacking [see, e.g.,'®
where polycrystalline hcp-Co films were grown on Si(001)
or glass substrates]. We, thus, presume that our films consist
of hcp crystals, but finally mention that the exact knowledge
of the stacking sequence of the films does not influence the
results to be discussed in the following. The FMR experi-
ments were performed at ambient temperature. Fixed fre-
quencies of 4.06, 9.8, and 23.82 GHz were used, while
sweeping the field H, up to 17 kG. The external field direc-
tion was varied in a plane defined by the film normal and a
direction in the film plane (out-of-plane angular depen-
dence). Measurements with varying field direction within the
film plane revealed no dependence of the FMR signal, i.e.,
the film behaves isotropic within the plane. The resonance
signals were found to be Lorentzian-like at all frequencies.
The inset of Fig. 1(b) exemplary shows the signal detected at
a microwave frequency of 9.8 GHz for an external field ap-
plied in the film plane (resonance at smaller field values) as
well as for an external field normal to the film plane. The
experimental linewidth was obtained by taking the field dif-
ference between the inflection points of the derivative of the
Lorentzian (peak-to-peak linewidth). To obtain the saturation
magnetization M of the film, superconducting quantum in-
terference device (SQUID) magnetometry measurements
were additionally performed, revealing 47M =16 980 G.
Within the experimental error of 5%, resulting mainly from
the uncertainty of the sample volume determination, this
value is close to the one expected for Co bulk (47M,
=17 600 G).

III. THEORETICAL BACKGROUND

The FMR frequency is given by!®-1419
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FIG. 1. (Color online) (a) Angular dependence of the resonance
field for the frequencies of 4.06, 9.8, and 23.82 GHz. The dots are
the experimental data, whereas the lines are fits obtained from Eq.
(2) with the parameters mentioned in the text. (b) shows the angular
dependence of the FMR linewidth. Note that the x axis is only half
of the one shown in (a). Dashed line is a guide to the eyes. Inset
shows the spectra detected at 9.8 GHz (X band) for 65=0° (external
field in-plane) and 0y=90° (external field normal to plane).

Y
Semr =7 - VHxHy, (1)
21T

where

Hy = Hy cos(8y — 6y) — Mgy sin*(6y),

HY = HO COS(GH— GM) + Meff COS(Z&M).

Here, y=gug/h is the gyromagnetic ratio given by the g
factor. H,, is the strength of the static magnetic field applied
at an angle 6 with respect to the film plane, 6,, is the (equi-
librium) angle of the tipped magnetization with the plane,
and M =H,+4mM, is the effective magnetization, with M
the saturation magnetization and H,, the uniaxial out-of-plane
anisotropy field; in our theory, the sign convention is such
that when H,>0, the normal to the film surfaces is a hard
axis. In Refs. 10, 11, and 14, attention was directed toward
very thin films, wherein surface anisotropy was suggested as
the dominant contribution to the matrix element which acti-
vated two-magnon scattering. The analysis presented by Aze-
vedo and co-workers* provides convincing evidence that this
can be so in films with thickness in the 1 nm range. As we
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shall see, the thicker films here show no evidence of surface
anisotropy, as discussed below. However, surface and inter-
face roughness as well as defects in the volume of the film
occurring on short length scales which result in random fluc-
tuations of the direction of the uniaxial anisotropy field H,
can activate two-magnon scattering in a manner very similar
to the variations in surface anisotropy considered in the ref-
erences just cited. The structure of the analysis is the same as
in the earlier case for this very similar activation mechanism.
We thus in the following assume that H, is nonuniform
throughout the film and it is this nonuniformity which acti-
vates two-magnon processes.

Upon writing the equation in the form given above, one
assumes that no in-plane anisotropy is present. This is con-
sistent with the experimental observation of the absence of
any resonance field variation when changing the external
field direction within the film plane and is a direct conse-
quence of the polycrystalline nature of our sample.

From the frequency relation, we can write the resonance
field as function of the polar out-of-plane angle 6y as

B =;[ uM?z +(@>2—0M }
= D cos(By— Oy) eff y eff
(2)
Here, u=cos* 6, and v=1-3 sin? 6, were introduced.
The equilibrium angle of the magnetization can be de-

duced from minimizing the free energy F of the system
which in our case takes the simple form

M oM
F= _MXHO COS(@H— 0M) + (%)Sinz HM (3)

The different sources of damping are reflected by the
FMR peak-to-peak linewidth. We use the Arias-Mills

formulation'®!"14 in which the peak-to-peak linewidth reads

AB,,=AB9 + AB®. (4)

Here, the first term corresponds to the standard Gilbert
damping, which is proportional to the microwave frequency
f and is given by

\gor. 2276

3 ¥ME
where we have defined the dragging function
3Hy+Hy
Hy(Hx + Hy)

(5)

B = cos(6y— Oy) — Hy sin*(6— 6y)). (6)
A deviation of the external field angle 8y from the equilib-
rium angle of the magnetization 6,, will lead to an enhanced
Gilbert contribution. This effect is called field dragging and
is a consequence of magnetic anisotropy fields acting on the
magnetization vector. One should note that for either in-
plane or out-of-plane external field H,, the equilibrium direc-
tion of the magnetization will become aligned parallel to H,
provided H, reaches a critical value (so-called aligned reso-
nance mode, see Ref. 20 for details). Consequently, 6,— 6,
=0 and, in these two cases, no field dragging is present (2
=1) so that the linewidth resulting solely from Gilbert damp-
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ing found with an external field applied in the film plane is
expected to be equal to the case of out-of-plane alignment of
H,. The dragging function = has its origin in the factor of
dfevr (O, HM)/dH0|0H=07fFMR(0Hs Om)/ H,

+(Ifpmr/ 90y,) (964, 9H,) which appears in the denominator
of the expression for the linewidth (see, for instance, the
discussion in Ref. 14). In this paper, the term proportional to
Ifemr/ 96y, was overlooked. The second term is the contri-
bution of the surface-defect-induced two-magnon scattering
mechanism and can be written as (see Eq. 60 in Ref. 14)

Hy  cos(26,,)
Hy+ M.y cos’ 0y

2
AB® = —EF(HO, Op)sin™"! \/ (7)
Y
In the above expressions, we have multiplied the semihalf
linewidth of Refs. 10 and 14 by a factor 2/y3 in order to
obtain the peak-to-peak linewidths determined experimen-
tally. The term I'(H,, 8) or rather I'(f) is given by!?

8Hb*p/ D

= P ( < —1>H2y+< = —1)
(Hx+Hy): a c
X[Hy cos(26,,) + Hy cos? 0y, 1> + [Hy cos(26,,)

— Hy sin® 6, (. (®)

Here, D=2A/M, is the exchange stiffness of the ferromag-
netic material. The defects are supposed to cover the fraction
p of the film surface and to be rectangular in nature, with
lateral dimensions a and ¢ and height (or depth) b if the
defect is an island (or a pit) and a and ¢ being randomly
distributed.'®!" Inspection of Eq. (7) shows that for angles
0, > /4, the square root becomes negative, which implies
that the two-magnon contribution becomes inactive. This ob-
servation leads to the conclusion that, whenever the line-
width in the perpendicular geometry (60y=6,,=90°) is
smaller than in the film plane, two-magnon scattering is
likely to contribute to the overall relaxation.

So far, the following analytical formula has been fre-
quently used”>!113 to describe the two-magnon relaxation
process within thin films:

Uz + (fo/2)2]”2 ) ] 12 .
[+ (f/2)21"* + fy/2 ©

where fo=yM_ /2. It is worth to mention that for the in-
plane case (0y=0), the linewidth associated with two-
magnon scattering follows very well the above analytical
function. Nonetheless, when the applied field (and the mag-
netization) is tipped out of the plane, the above formula is
not appropriate. The reason is that I'(H,, 0y) [see Egs. (7)
and (8)] is a function of H, and 6y and, therefore, is a func-
tion of the FMR frequency. In the contrary, I'j in Eq. (9) is a
constant.

@2 _2
AB,, = EFO arcsin
\

IV. EXPERIMENTAL RESULTS

We first discuss the angular dependence of the resonance
field, followed by the result for the frequency dependence of
the linewidth in order to extract information of fundamental
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magnetic parameters. These parameters are then used to
simulate the general case in which the magnetization is
tipped out of the plane by virtue of an applied field. The
simulation finally is compared to the experimental data.

A. Resonance field

From the resonance field vs. external field angle 8y data
[see Fig. 1(a)], we can obtain parameters as the gyromag-
netic ratio y and the effective magnetization M ;. We have
performed fits of the experimental data to Eq. (2), yielding
M =13.56(5) kG and y=0.0192(2) GHz/G [correspond-
ing to a g factor of g=2.18(2)]. The parameters perfectly fit
the angular dependencies of the FMR resonance field for all
three microwave frequencies used. From the values of Mg
and 47M obtained from SQUID magnetometry, one con-
cludes that the difference between 47M and M . is given by
the uniaxial anisotropy field H,, [i.e., H,=-3.4(9) kG]. The
sign of H, indicates that it results in an easy axis of magne-
tization perpendicular to the film plane. The perpendicular
character of H, is a direct result from the Co texture. In what
follows, we will use these values whenever we discuss the
FMR data.

B. FMR linewidth
1. In-plane and out-of-plane cases

Figure 1(b) shows the (angular-dependent) linewidth data
obtained for the Co film at the three frequencies mentioned
above. Note that only half of the angular range is shown
compared to the resonance field data of Fig. 1(a). The dashed
lines are guides to the eyes only. One observes the typical
behavior often found for thin-film samples. Starting from
in-plane magnetic fields (6,=0°), the linewidth slowly in-
creases until it suddenly rises with a steep slope at an angle
that decreases with increasing microwave frequency. At
higher frequencies, this increase moreover is less pro-
nounced. For fields close to the out-of-plane configuration,
the linewidth rapidly decreases again. For exactly out-of-
plane fields (6,;=90°), the linewidth becomes even smaller
than for the in-plane geometry. The latter effect can be nicely
seen in the inset of Fig. 1(b), where the resonance signal
measured at 9.8 GHz with an external field applied in the
film plane (6;=0°) and normal to the film plane (6;=90°) is
shown. Note that the much larger resonance field for 6y
=90° implies that the normal is a hard direction of magneti-
zation. Note that this is a result of the overall anisotropy
field, given by the sum of the intrinsic field H, that prefers an
easy axis perpendicular to the film plane and the larger shape
anisotropy field given by 47M . Before discussing the angu-
lar dependence in more detail, in particular the experimental
extraction of the pure two-magnon contribution, we focus on
the two extreme cases for which the external magnetic field
is either aligned in the film plane (65=0°) or normal to it
0,=90°.

The frequency-dependent FMR linewidth data for the out-
of-plane configuration are represented by the open circles in
Fig. 2. In this configuration, the angle of the magnetization
with the film plane is bigger than /4, so that two-magnon
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FIG. 2. Peak-to-peak FMR linewidth (AB,,[,) as a function of the
frequency for out-of-plane (open circles) and in-plane (filled
circles) magnetizations.

effects disappear.!%!"-14 It follows that the FMR linewidth is
given solely by the Gilbert contribution, plus an approxi-
mately 5 G offset (frequency-independent inhomogeneous
broadening). Thus, we can use Eq. (5) and determine the
Gilbert parameter to be G=0.161(8) GHz. Note that the
quantity obtained from the fit is actually the value G/M;
which can be converted to G using the value 4mM;
~16980 G (from SQUID magnetometry).

For the in-plane case, where the magnetic field and the
magnetization lie parallel to the film plane, the two-magnon
mechanism is operative and activated by defects in the
sample.'%!114 Therefore, the FMR linewidth is composed of
Gilbert and two-magnon contributions (filled circles in Fig.
2) and, thus, by fitting the theory to the data, we can obtain
information about the parameters related to the extrinsic two-
magnon process. In doing this, we have obtained
SHibzp/wD=118(3) G. As stated above, we assume non-
uniformity of H, within our film as likely origin of the two-
magnon contribution. We note that although random pits due
to surface roughness at the surface of thin films that result in
fluctuations of the surface anisotropy field were what the
authors of Ref. 10 had in mind when modeling two-magnon
processes in such systems, their results can be translated to
fluctuations of H,, being a field of uniaxial character just like
the surface anisotropy field discussed in Ref. 10. Although
the fluctuation of H, not necessarily has to be present at the
surface only, the surface structure of the film may provide a
rough estimate of whether the value for 8H§bzp/ 7D is plau-
sible. Compared to epitaxial films, which may present rough-
ness on the atomic level, the polycrystalline Co film is as-
sumed to have surface roughness with much larger vertical
variations of the film thickness. To further investigate this
issue, we have performed atomic force microscopy measure-
ments on a similar Co thin film as the one used for the FMR
experiments. For this film, the C-capping layer has been
omitted to not have influence on the result. The root-mean-
square roughness found was of the order of 0.8 nm. As it
describes the standard deviation from a reference plane, the
typical height or depth of the surface pits may be assumed to
be about 1.6 nm. As we have measured the uniaxial out-of-
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plane anisotropy field (H,~-3.4 kG), one can calculate the
values for b%p, provided the exchange stiffness parameter is
known. Assuming D~3.4X 10~° G cm? (Ref. 21) and using
the surface roughness above as vertical length scale on which
fluctuations in H, occur, one calculates a defect fraction of
about 50%. Although this value should be treated as estimate
only, it is a reasonable value.

With the above parameters, we observe very good agree-
ment between the theory and the experiment. We also per-
form a fit of the data with Eq. (9) from which we extract the
parameter I'y=85(3) G, which is simply an average value of
I'(f,65=0). The other parameter in Eq. (9), that is f,
=7yM /27, has been calculated from the value of M ob-
tained from the resonance field curve and using the above-
mentioned value of the gyromagnetic ratio . With these val-
ues, we obtain f,=41.3(3) GHz. We also observe a very
good agreement between theory and experiment using Eq.
(9), but one has to keep in mind that the approximation of
constant I" does not fulfill the complete angular dependence
of two-magnon scattering process and is just valid in the
limit of in-plane magnetization and small angles with the
film plane. For bigger angles, we use Egs. (7) and (8).

2. Extraction of the angular-dependent two-magnon contribution

One clearly sees that the two-magnon scattering shuts off
at a certain angle depending on the frequency. This effect
occurs when the angle of the magnetization achieves the
critical value 6,,=m/4.

In the following, we discuss how the extraction of the
pure two-magnon contribution from the experimental data
was performed. As shown by Fig. 1(b), the FMR linewidth
shows a steep increase at intermediate angles. This increase
is also seen in Fig. 3 where the X-band data (9.8 GHz) again
has been plotted without showing the other frequencies.
Field dragging, i.e., enhanced Gilbert damping as given by
Eq. (5), only accounts for a small portion of the increase.
Using the Gilbert parameter obtained from the out-of-plane
fit within Eq. (5) results in the dotted green line shown in
Fig. 3. Obviously, the Gilbert contribution is too small to
explain the huge linewidth increase at intermediate angles.

The behavior of the FMR linewidth of thin films in this
region usually is governed not by the intrinsic damping but
by inhomogeneous broadening effects. In case that the local
resonance field of the film varies as function of the lateral
sample position, one will effectively measure a broadened
resonance signal. This topic has already been discussed by
Chappert et al. in Ref. 22 and more recently by Mizukami et
al.?* Although our XRD results indicate that the polycrystal-
line Co film is highly textured, slight lateral variations of the
crystallite orientation relative to the substrate normal will
intrinsically be present. As we will see, those are responsible
for the observed increase of the linewidth in our films. We
note that variations due to a thickness dependence of mag-
netic anisotropies in principle also could be a source of in-
homogeneous broadening. Measurements on Co films with
different thicknesses of 8—15 nm have, however, revealed
that the resonance field does not change within this range.
This again reflects that the film under consideration does not
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FIG. 3. (Color online) Linewidth as function of the out-of-plane
angle of the external field (6y) measured at a microwave frequency
of 9.8 GHz. Data are plotted as solid squares, the dotted line is a
calculation of the angular dependent Gilbert contribution according
to Eq. (5), and the solid line represents the sum of Gilbert and
angular-dependent inhomogeneous contributions given by Eq. (10)
for an angular spread of the easy axes of the Co crystallites with
respect to the substrate normal direction of A6y=0.31°. Inset shows
a magnification of the region close to the substrate normal for
which the two-magnon contribution is inactive (see also Fig. 4).
Upper solid line is the sum of Gilbert and inhomogeneous broad-
ening assuming A6y=0.31°, while the two dashed curves assume
A6y=0.27° and A6y=0.35°, respectively. Lower solid line shows
the inhomogeneous contribution only assuming A6y=0.31°.

exhibit a significant contribution from surface anisotropy as
mentioned earlier.
Inhomogeneous broadening due to an angular spread in

the crystallite orientation is given by???3
) oB
AB"hom = Wr% 0. (10)
H

Here, A6y is the angular variation of the normal orientation
of the crystallites. The derivative has to be calculated from
the angular dependence of the resonance field already shown
in Fig. 1(a). One notes that, whenever the resonance field
dependence has a steep slope (strong dependence on 6y),
inhomogeneous broadening will be large and this, in fact, in
the case for the intermediate angular region for which a large
linewidth is observed. For the in-plane (6;=0°) and out-of-
plane (6,=90°) cases, however, inhomogeneous broadening
is inactive as can be deduced from the vanishing slope of the
resonance field dependence for these geometries [see Fig.
1(a)]. Thus, the argumentation used above to extract the Gil-
bert damping remains valid.

To find the value of the angular spread A6y, we have
fitted Eq. (10) to our data optimizing the fit for 6, values
close to the out-of-plane direction at 6;=90°. The lower 6y
limit of this fitting procedure was chosen to be the external
field angle ;" for which the angle of the magnetization 6,
equals /4, i.e., for which two-magnon scattering becomes
inactive. This ensures that only the inhomogeneous broaden-
ing and Gilbert damping contribute within the interval 6"
—90°. The best fit using Eq. (10) and the plausible value
A6y=0.31° is shown in Fig. 3 by the solid blue line (the
inset shows a magnification of the angular region of interest).
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FIG. 4. (Color online) Calculated FMR peak-to-peak linewidth
(AB,,,) as a function of the field angle for different frequencies. We
include contributions from two-magnon scattering (dashed lines)
and Gilbert damping (dotted lines) and a small offset of 5 G. Solid
lines show the sum of all contributions.

The Gilbert contribution (dotted green line) has been added
within this fitting procedure, finally yielding the red line as
overall contribution. Due to the steep slope of the linewidth
dependence in the interval 65'—90°, the error of A6y
=0.31° is rather small. The two other curves representing the
Gilbert and an inhomogeneous contribution with A6y
=0.27° and A6y=0.35° (red dashed lines in the inset) indi-
cate that the error is about 5%. The value of A#;=0.31° was
also used to calculate the contributions for the other two
experimental frequencies (not shown here). In summary, the
procedure described so far enables one to (i) eliminate all
other contributions to the experimental overall linewidth ex-
cept the two-magnon one and—from the in-plane and out-of-
plane cases—(ii) to extract the parameters needed for per-
forming the theoretical calculation of the angular-dependent
two-magnon contribution (effective anisotropy field M that
includes the uniaxial out-of-plane anisotropy field and the
film magnetization, g factor, and the prefactor of the two-
magnon contribution given by 8H2b%p/7D).

C. Theoretical results for arbitrary magnetization directions
and comparison to experiment

Now we proceed to calculate theoretically the FMR line-
width in the case where the magnetization is tipped out of the
plane. The detailed discussion of the procedure may be found
in Ref. 14. In Fig. 4, we show the results for the angular
dependence of the FMR linewidth including contributions
from standard Gilbert damping as given by Eq. (5) (dotted
lines) and two-magnon scattering (dashed lines) plus the
small offset mentioned already in the description of the ex-
perimental data. For the calculation, we have used the pa-
rameters obtained in the previous section and we plotted the
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FIG. 5. (Color online) Experimental data (squares) and simula-
tion (solid lines) for the two-magnon contribution only.

result for the frequencies used within our experiments (indi-
cated in the Figure). The solid lines are the sum of all con-
tributions. It becomes evident that the two-magnon scattering
is inactive for a given angle which decreases as function of
the microwave frequency. Closer inspection shows that the
angle is given by the external field angle for which the mag-
netization encloses an angle of 7/4 with respect to the film
plane. As the resonance fields increase as function of the
microwave frequency [see Fig. 1(a)], this critical angle of the
magnetization decreases with microwave frequency or, in
other words, the magnetization vector follows—at larger mi-
crowave frequencies—the external field more closely while
anisotropy fields become less important.

One further sees that for our system, the Gilbert and two-
magnon contributions are almost equal in magnitude. Only at
the highest frequency of 23.82 GHz the Gilbert contribution
slightly overcomes the two-magnon one, which is a conse-
quence of the fact that Gilbert damping scales linear with
frequency while two-magnon scattering saturates for larger
frequencies. The angular dependence of two-magnon scatter-
ing at higher microwave frequencies is indeed rather constant
within a wide-angle range before it shuts off. This behavior
is similar to the one discussed by Heinrich for Fe thin films
in Ref. 2. However, at low microwave frequencies, the sce-
nario changes and one observes a monotonic increase of the
contribution until becoming inactive.

Finally, we directly compare the theoretical simulations to
the experimental result. Note that all parameters which are
necessary for the theoretical calculations are pinned down
from measurements with external field in the film plane and
normal to it (see discussion above). No more free parameter
is used to model the complete angular dependence. In Fig. 5,
we present the calculated angular dependencies of the two-
magnon contribution for all three microwave frequencies
(solid lines) on top of the experimentally extracted two-
magnon data (squares). The figure shows that we find very
good agreement between theory and experiment. The shut off
at larger external field angles as well as the behavior for
smaller angles is reproduced by the experimental result. We
clearly find that the behavior strongly depends on the micro-
wave frequency. Not only the shut-off angle, but also the
dependence at smaller angles differs as function of f. While
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at lower frequencies two-magnon scattering increases when
the external field is tipped out of the film plane, it remains
almost constant at larger frequencies.

V. CONCLUSION

Using microwave frequencies of 4.06, 9.8, and 23.82 GHz
for room-temperature investigations on a prototype Co thin
film of polycrystalline nature, we have shown that the theo-
retical description presented earlier in Ref. 14 is capable of
quantitatively describing the effect of canted magnetization
on the FMR linewidth in thin magnetic films. Besides, the
classic Gilbert damping two-magnon damping may influence
and strongly alter the dependence. The results provide a way
to predict magnetic damping for arbitrary external field di-
rection for systems for which two-magnon scattering plays
an important role. As—in contrast to Gilbert damping—two-

PHYSICAL REVIEW B 80, 224421 (2009)

magnon scattering is an extrinsic effect which can, in prin-
ciple, be influenced by incorporating defects into the film,
the result also yields a possibility to controllably tune mag-
netic damping, since theory is able to predict the size of
defects as well as their influence on the overall magnetic
relaxation.
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