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We have measured the ferromagnetic resonance~FMR! frequency and field linewidths of thin
epitaxial Fe films ~grown using molecular beam epitaxy! using network-analyzer FMR and
conventional FMR. From the linewidths, we determined quantitatively the intrinsic and extrinsic
contribution to the Gilbert damping. The observed broadening of the linewidth for thinner Fe films
is consistent with the two-magnon scattering mechanism proposed by Arias and Mills. The decrease
of the linewidth as a function of film thickness is fit to a power law. This fit allows a determination
of the intrinsic contribution to the linewidth. We find a frequency width50.147 GHz and field
linewidth547 Oe. © 2004 American Institute of Physics.@DOI: 10.1063/1.1689760#

INTRODUCTION

There has recently been renewed interest in studying the
ferromagnetic resonance~FMR! linewidth1–4 of magnetic
thin films because of their technological relevance for mag-
netic recording at the nanosecond time scale. Magnetic thin
films and multilayers have been the subject of much interest
due to their fundamental differences in magnetic and elec-
tronic properties from their bulk counterparts. The thin film
properties are greatly influenced by the presence of inter-
faces. The recent magnetoelectronic and spintronic devices
in the nanosecond time regime are based on the unique prop-
erties of thin magnetic films. Therefore it is important to
understand the relaxation1–4 of magnetization, which is gov-
erned by spin interactions, and depends on the quality and
structure of the interfaces. The magnetization dynamics of a
magnetic film can be described by the Landau–Lifshitz–
Gilbert equation, involving a Gilbert damping1–5 constanta.
The observed enhancement ofa in ultrathin films over their
bulk counterparts, below a certain film thickness,1–4 was suc-
cessfully explained theoretically5 by two-magnon scattering
mechanism.

In this investigation, we have measured the FMR fre-
quency (D f res) and field (DH) linewidths of thin epitaxial Fe
films using network-analyzer FMR~NA-FMR! by the flip-
chip method and by conventional FMR techniques, respec-
tively. The observed anomalous broadening of the linewidth
and hence increased effective Gilbert damping (aeff) for
thinner Fe films, can be explained by a two-magnon scatter-
ing mechanism proposed by Arias and Mills~AM !.5 From
D f res and DH, we determined quantitatively the intrinsic
(a int) and extrinsic (aext) contribution to effective Gilbert
damping (aeff).

EXPERIMENT

Epitaxial Fe films of 4–30 nm in thickness were grown
by molecular beam epitaxy on GaAs~100! substrates with a
background pressure better than 1029 mbar. First, a 150 nm

thick Ag~100! buffer layer was grown on top of a 1 nmseed
layer of Fe. The Fe films were grown on top of the Ag and
were protected by a thin cover layer of ZnSe. The Fe depo-
sition rate was maintained at 0.01 nm/s. The samples were
characterized by Auger electron spectroscopy, low energy
electron diffraction, and reflection high energy electron dif-
fraction. The coercivity (HC) of the Fe films was determined
by the magneto-optic Kerr effect hysteresis loops and found
to be between 8 and 10 Oe, respectively.

The NA-FMR measurements were done with a Vector
Network Analyzer~HP model 8510C! along with a Cascade
microprobe station.NISTCAL software was used to obtain the
complex scattering matrix~S parameters! of the thin film
subtracting out the effect of the connections. The sample was
mounted on top of an Ag coplaner waveguide~CPW!, by
employing the flip-chip technique. We characterized the Ag
CPW transmission lines at frequencies from 0.5 to 20 GHz
using the NISTMULTICAL software for through-short-line
calibration process. The longest and the shortest lines used
for the calibration were 0.71 and 0.25 cm to cover the entire
frequency range of interest. We have also used a 24 GHz
FMR system to study the resonance as a function of in-plane
field angle. The peak-to-peak linewidth (DH) was measured
from the differential FMR signal.

RESULTS AND DISCUSSION

Figure 1 shows the Network Analyzer spectrum for 4
and 10 nm thick Fe films at a fixed magnetic field 0.3 kOe.
This field is well above the saturated state~coercivity 10 Oe!
of the sample. The graph shows the thickness-dependent
resonance frequency (f res) and frequency linewidth (D f res)
values. At 0.3 kOe,f res shifted upward from 12.3 to 13.2
GHz, for a change from a 4 nmthick film to a 10 nm thick
film. On the other handD f res decreased from 0.46 to 0.23
GHz, for 4–10 nm film. It should be noted that above 12 nm
of Fe, D f res as well as f res are independent of thickness.
Therefore, the;1 GHz frequency shift for the thinnest
sample studied here could be consistent with the magnon
renormalization process arises due to two-magnon scattering.
According to AM theory,5 the downward shift off res for

a!Author to whom correspondence should be addressed; electronic mail:
zcelinsk@uccs.edu

JOURNAL OF APPLIED PHYSICS VOLUME 95, NUMBER 11 1 JUNE 2004

66100021-8979/2004/95(11)/6610/3/$22.00 © 2004 American Institute of Physics

Downloaded 14 Dec 2005 to 128.198.175.28. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp

http://dx.doi.org/10.1063/1.1689760


thinner Fe films is due to the roughness induced two-magnon
scattering. However other effects, surface anisotropies for
example, can also lead to the same outcome. The results of
conventional FMR resonance field (H res) and field linewidth
(DH) are shown in Fig. 2. This figure shows a downward
shift of H res from 2.42 to 2.2 kOe and a decrease ofDH from
105 to 65 Oe for 4–10 nm film. In conventional FMR, at a
fixed frequency, the downward shift off res causes an upward
shift of H res for the thinner Fe films.

The changes inD f res andDH for various Fe film thick-
nesses are shown in Fig. 3 as solid points in log–log plots.
Both DH and D f res decrease with increasing Fe film thick-
ness. According to the AM theory,5 the uniform precession
k50 mode can scatter off the defects and imperfections on
the surfaces/interfaces into degenerate volume modes propa-
gating along the film surface. For thinner samples, the broad-

ening of the linewidth due to the increased damping and
downward shift of the resonance frequency arises due to mo-
mentum nonconserving two-magnon interactions. Rewriting
Eq. ~91! of the AM theory5 in terms of intrinsic and extrinsic
contributions to the frequency and field linewidth we obtain

D f res5~ga/2p!~2H14pMS12HK!1~G/4p f res!

5D f int1D f ext, ~1!

and

DH51.16~av/g!1 bG/~g2~2H1HK14pMS!!c
5DH int1DHext, ~2!

where

G5~16sHK
2 g2/pD !AH~2H14pMS1HK!. ~3!

The parameterG is related to a geometrical factors and
stiffness constantD. The factors is related to the surface
defect of a rectangular parallelepiped having faces parallel
and perpendicular to the film plane. The first term of both
Eqs.~1! and~2! is the intrinsic contribution to the linewidth,
whereas and the second term is the extrinsic contribution.
Inspection of Eqs.~1! and ~2!, especially the second term,
indicates that the extrinsic contribution to linewidth increases
as the film thickness decreases. In order to confirm the two-
magnon contribution to linewidth broadening proposed by

FIG. 1. NA-FMR spectrum showing the frequency linewidth as well as
resonance frequency for Fe 4 nm~upper panel! and 10 nm~lower panel!
films. The vertical scale is linear.

FIG. 2. Conventional in-plane FMR spectrum showing the FMR peak-to-
peak linewidth and resonance field along easy directions for Fe 4 nm~upper
panel! and 10 nm~lower panel! films.

FIG. 3. Fe thickness dependence of NA-FMR frequency~upper panel! and
field linewidth. Solid line represent the best fit.
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Arias–Mills, it is necessary to separate the intrinsic and ex-
trinsic contributions from both linewidths~frequency and
field! and compare them quantitatively. The second term,
which is the extrinsic contribution to the linewidth, is di-
rectly proportional to the square of the anisotropy. One ex-
pects the effective anisotropy constant has two contributions,
i.e., Keff5Kbulk1Ksurface/thickness. For an ultrathin film the
surface part often dominates. The films we deal with are
somewhat thicker and it is not immediately obvious that a
l /thickness term dominates. From our in-plane angular FMR
measurements, we are able to determine the anisotropy field
and find that al /thickness behavior is appropriate below 10
nm. In this case the linewidth should be inversely propor-
tional to square of sample thickness. Therefore, a fit of at22

function to bothD f res and DH is consistent with a two-
magnon contribution to linewidth, at least for the thinner
films. We note that other forms for the thickness dependence
have also been proposed. At21 behavior6 should occur if the
scattering centers are localized at the surface and directly
remove energy from the spin system instead of just scattering
the spin waves. At23 behavior has also been proposed for
thicker films7 using a two-magnon approach. We note that
the applicability of the two-magnon theory versus a nonper-
turbative approach has recently been discussed.8

To determine the power law connecting linewidth to
thickness and the thickness independent linewidth we have
made a series of log–log plots assuming the correct power
law is DH2DH05A/tb. A similar formula holds forD f .
The best fits are shown in Fig. 3. We find a thickness inde-
pendent linewidthD f 050.147 GHz andDH0547 Oe as the
intrinsic contributions. The best fits also giveb51.560.2
for DH andb51.7560.2 for D f . The quantitative conver-
sion of D f 0 obtained from the fit toDH0 , yields similar
values for the intrinsic damping parameter (a int) and gives
a int50.003 from the frequency linewidth anda int50.0043
for the field linewidth. Since theb parameters are close to 2

it suggest the contribution to linewidth broadening proposed
by Arias and Mills5 is a reasonable explanation for the data.

The experiments in this study have the magnetic field in
the plane of the sample. It has been pointed out2 that an
out-of-plane magnetic field, if sufficiently large, can drag the
magnetization out of plane and eventually result in the dis-
appearance of the two-magnon scattering mechanism. Unfor-
tunately we were not able to test this because our experimen-
tal setup does not allow for the large fields~over 2 T!
required.

CONCLUSION

In conclusion, we have shown that variation of the FMR
linewidths as a function of film thickness in thin films of
epitaxial Fe are qualitatively and quantitatively consistent
with the two-magnon predictions of Arias and Mills. The
downward resonance frequency shift for thinner Fe films is
also an indication that the two-magnon scattering process
results from defects and imperfections on the sample surface.
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