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Correlations between ferromagnetic-resonance linewidths and sample quality
in the study of metallic ultrathin films

W. Platow, A. N. Anisimov, G. L. Dunifer,* M. Farle, and K. Baberschke
Institut für Experimentalphysik, Freie Universita¨t Berlin, Arnimallee 14, D-14195 Berlin-Dahlem, Germany

~Received 12 January 1998!

Ferromagnetic resonance is commonly used in the study of thin ferromagnetic films. In past investigations,
most attention has been concentrated on the resonance fieldHr , with relatively little consideration for the
information contained in the peak-to-peak linewidthDHpp . In this paper we focus specifically onDHpp ,
looking at a variety of Fe, Co, Ni, and Gd films~thickness,20 monolayers! epitaxially grown on different
single-crystal substrates of various orientations, as well as an Fe4 /V4(100) multilayer. We identify common
features in the linewidths which correlate with other film properties, such as intrinsic spin-damping mecha-
nisms, and the structural and magnetic quality. The dependence ofDHpp on film thickness and annealing
conditions, as well as temperature, frequency, and magnetic-field orientation is examined. Particularly inter-
esting is an angular dependence ofDHpp , seen most clearly in Fe4 /V4 which is related to the crystallographic
axes and appears to be correlated with the intrinsic damping of the spins.@S0163-1829~98!02733-7#
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I. INTRODUCTION

Ferromagnetic resonance~FMR! is one of the standard
techniques often used in the study of magnetic thin films
multilayers~see, for example, Refs. 1–6!. The vast majority
of such FMR studies have concentrated on the magnitud
the resonance fieldHr and its dependence on such variab
as the field orientation, the sample thickness, the temp
ture, and so forth. Relatively little attention has been paid
the peak-to-peak linewidth of the resonant signalDHpp . In
this paper we focus specifically on FMR linewidths, gath
ing data from a variety of ultrathin films that were prepare
and in most cases measuredin situ, under ultrahigh vacuum
~UHV! conditions. The intent is to show that there are co
mon features in the linewidths which provide important
formation about the sample, such as intrinsic damp
mechanisms and the structural and magnetic quality. We
discuss in detail the various contributions which yield t
experimentally measured FMR linewidths. One should n
that Brillouin light scattering is capable of collecting simil
information for different wave vectors of spin waves.7 FMR
primarily measures the lowest energy, that is the unifor
precession mode,k50. We present experimental results f
epitaxially grown Fe, Co, Ni, and Gd ultrathin films@thick-
nessd,20 monolayers~ML !# grown on different single-
crystal substrates with different orientations. We find th
DHpp is a very sensitive measure of the sample’s structu
and magnetic quality. In general, the narrowest linewidth
measured for layers with the best possible structural qua
and purity as judged by low- and medium-energy elect
diffraction ~LEED, MEED! and Auger spectroscopy.DHpp ,
which consists of homogeneous and inhomogeneous p
depends on details of the sample preparation, on temp
ture, and film thickness. It is pointed out that the linewidth
different layers should be compared at the same redu
temperatureT/TC , since it is well known that the linewidth
increases sharply near the Curie temperatureTC , which var-
ies strongly with film thicknessd.
PRB 580163-1829/98/58~9!/5611~11!/$15.00
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For a more quantitative analysis in terms of intrinsic~ho-
mogeneous! and inhomogeneous contributions to the FM
linewidth, the angular and frequency dependence of sele
samples was measured and analyzed using the phenom
logical theories discussed in the literature. For example
the case of tetragonal Ni~001! on Cu~001! we find an en-
hanced intrinsic damping of the magnetization in comparis
to bulk Ni, which can be related to the increased importan
of the spin-orbit interaction3,4 and changes in the orbital mo
ment in ultrathin films. Similar results were reported for b
Fe on Ag~001!.8,9

For completeness, we also include a discussion of
dependence ofDHpp on the direction of the applied dc mag
netic field with respect to the crystallographic directions
the layer and with respect to the film plane. The measu
ment of the angular-dependent linewidth becomes a v
sensitive tool to determine magnetic inhomogeneities du
local variations of magnetic anisotropy, film thickness, a
magnetization. We show for nearly structurally perfe
(Fe4 /V4)340 superlattice samples that measurements a
function of the orientation of the magnetic field in the fil
plane reveal a possible anisotropy in the intrinsic damp
which can be related to the symmetry of the crystallograp
structure. This again is related to the role of the spin-or
interaction and orbital magnetic moments in ultrathin fi
structures with reduced~tetragonal! symmetry.

We believe it is worthwhile to mention that the FM
linewidth provides similar information on the relaxation tim
of the magnetization as was recently measured in a soph
cated study of the magnetization reversal using ultrash
(10212 s! magnetic-field pulses.10,11 These results have bee
successfully interpreted12 using the well-known Landau
Lifshitz equation with an intrinsic Gilbert type of damping
which has been used in FMR for many years to determ
the intrinsic relaxation rate in ferromagnets.

Our paper is organized as follows: We begin by summ
rizing the phenomenological approaches which have b
used in the past to describe the angular and frequency de
5611 © 1998 The American Physical Society
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5612 PRB 58W. PLATOW et al.
dence of the experimental resonance linewidth. This is
lowed by a presentation and a qualitative discussion of
behavior ofDHpp as a function of temperature, film thick
ness, and thermal treatment which we measured in diffe
Fe, Co, Ni, and Gd films.13–18 Finally, we show for Ni/
Cu~001! and a prototype system (Fe4 /V4)340 with nearly
perfect structural quality how to obtain quantitative inform
tion on the homogeneous and inhomogeneous contribu
from frequency- and angular-dependent FMR measureme

II. PHENOMENOLOGICAL DESCRIPTION OF FMR

Below we review briefly some of the standard pheno
enological theories and resulting equations that are c
monly used in the literature for describing and interpret
FMR and linewidths. In previous studies, in which the lin
width was considered, it has been common to express
the following form:

DHpp~v!5DH inhom1DHhom5DH inhom1
2

A3

G

g2M
v,

~1!

where the experimental linewidthDHpp(v) is taken as the
peak-to-peak field variation in the signal~usually displayed
as the derivative of a Lorentzian line shape!. DH inhom de-
scribes an inhomogeneous broadening due to sample im
fections~assumed independent of the applied frequencyv),
and DHhom is the intrinsic linewidth that would occur in
perfect sample~assumed linearly proportional to the fre
quencyv). As indicated,DHhom may be expressed in term
of the Gilbert damping parameterG in the Landau-Lifshitz
equation and the saturation magnetizationM of the ferro-
magnetic material. By measuring the FMR signal at two
more frequencies, it is then possible to plotDHpp(v) as a
function of the frequency and thereby extractG from the
na
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slope of the curve andDH inhom from the intercept.8 However,
as we will show, both from experimental data and also fro
solutions of the Landau-Lifshitz equation, one must proce
cautiously in carrying out this procedure. This is because
general orientations of the magnetization and magnetic fi

~a! DHhom is not always linearly proportional to the fre
quencyv,

~b! DH inhom is not always independent of the frequenc
and

~c! G may not be an absolute constant, but may vary
the applied field and magnetization are rotated with resp
to the sample geometry.

It is generally believed19 that the spin-orbit interaction in
the ferromagnet plays a dominant role in the damp
mechanism, as well as determining the Lande´ g factor. As
shown by Elliott,20 this leads to the following approximat
relationship:

G}Dg2, ~2!

whereDg is the deviation of the Lande´ g factor from the
free-electron value 2.0023.

Below, we show data for thin films and multilayers ha
ing several different crystal structures and orientations. M
of our attention will be on tetragonal crystal structures with
@001# orientation normal to the film plane. In such sample
angular-dependent measurements of the resonance fielHr
and the linewidthDHpp were performed with the dc mag
netic field H rotated: ~a! in the film plane by varying the
azimuthal anglefH , measured from the@100# crystal axis,
and~b! out of the film plane as a function of the polar ang
uH , measured from the@001# axis ~film normal! to the@110#
axis ~in the film plane!. The orientation of the magnetizatio
M is expressed in terms of the anglesf and u, measured
relative to the same crystalline axes.21–23 In terms of these
angles, the anisotropic part of the free energy density~MAE!
for a tetragonal system to fourth order is
F52HM @sinu sinuHcos~f2fH!1cosu cosuH#1~2pM22K2!cos2u2 1
2 K4'cos4u2 1

8 K4i~31cos4f!sin4u. ~3!
es

iva-
Each of the above anisotropy constantsKi ( i 52,4) can be
expressed in the following form for a thin film~see, for ex-
ample, Ref. 24!:

Ki5Ki
v1

2Ki
s

d
, ~4!

where d is the film thickness in monolayers,Ki
v is a

thickness-independent contribution, andKi
s/d is a thickness-

dependent contribution due in part to the lowered coordi
tion at the substrate/film or film/vacuum interface.25,26 The
equilibrium orientation of the magnetization vectorM is de-
fined by the anglesu0 andf0 , which are obtained, respec
tively, from the equations:

Fu[]F/]u50; Ff[]F/]f50. ~5!

The Landau-Lifshitz equation with damping has the form
-

dM

dt
52gM3H1

G

gM2FM3
d

dt
M G , ~6!

whereG is the Gilbert damping factor. From Eq.~6! neglect-
ing damping, the standard condition for resonance becom21

v5
g

M sinu0
$FuuFff2Fuf

2 %1/2, ~7!

where the double subscipts refer to the second partial der
tives of the free energy density@Eq. ~3!# with respect to the
indicated angles. ForH perpendicular or parallel to the film
plane, Eqs.~3! and ~7! lead to the well-known Kittel reso-
nance conditions:

v

g
5Hr'24pM1

2~K21K4'!

M
~H' film plane!,

~8!
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S v

g D 2

5S Hr i2
2K4i

M D S Hr i14pM2
2K2

M
1

K4i

M D
~Hi@110# in film plane!. ~9!

For an arbitrary angleuH , the resonant condition is given b
Eq. ~3! in the paper by Farleet al.23 With the Gilbert damp-
ing term in Eq. ~6!, the solution for the general resona
condition, Eq.~7!, also leads to the following expressions f
the intrinsic linewidth of the resonance:21

DHhom5
1

A3

1

u]v/]Hu
G

M2S Fuu1
Fff

sin2u
D ~10!

'
2

A3

G

g2M

v

cos~a2aH!
, ~11!

wherea andaH representf andfH for in-plane rotations27

andu anduH for out-of-plane rotations of the applied field
For out-of-plane rotations, we have verified Eq.~11! numeri-
cally for our sample parameters by computer simulations
ing Eqs.~3! and ~5!. And, finally, if a nonideal sample con
sists of a network of regions having slightly differe
orientations and physical characteristics, a common way
representingDH inhom, patterned after the form used b
Chappertet al.28 for rotations inuH , is given by the expres
sion:

DH inhom5U]Hr

]uH
UDuH1U ]Hr

]fH
UDfH1U ]Hr

]H int
UDH int ,

~12!

whereDuH andDfH represent the spread in the orientatio
of the crystallographic axes among the various regions,
DH int is related to the inhomogeneity of the internal ma
netic fields throughout the specimen. As defined by Chap
et al., H int54pM22(K21K4')/M , and inhomogeneities in
this quantity make their most significant contribution to t
linewidth asM approaches the sample normal.

III. TEMPERATURE- AND THICKNESS-DEPENDENT
FMR LINEWIDTHS

In this section we give an overview of the thickness- a
temperature-dependent peak-to-peak linewidths of Fe,
and Ni ultrathin (d,20 ML! films on Cu~001!, and of
Gd~0001! and Ni~111! on W~110!. All samples were pre-
pared and measuredin situ in UHV. Details of our FMR-
UHV apparatus29 and of the film characterization by LEED
MEED, and Auger spectroscopy have been repor
previously.23,30The temperature and thickness dependenc
the magnetic anisotropy energy~MAE! for Ni/Cu~001!,
Gd~0001!/~W110!, and Ni~111!/W~110! was reported, for
example, in Refs. 23 and 30–32. Results on the behavio
the resonance linewidth near the Curie temperature
Ni~111!/W~110! were presented in Ref. 14. Here we w
present results only on the FMR linewidth which were n
published before.

As mentioned in the Introduction, it is generally observ
that the narrowest peak-to-peak linewidth is observed
samples which have the best structural quality. As an
s-

of
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-
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d
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d
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t

r
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ample, we consider the prototype system Ni/Cu~001!. I~E!-
LEED measurements have shown33 that a nearly ideal tetrag
onal Ni crystal grows in perfect registry with the Cu~001!
substrate at least up to 10 ML. The FMR spectra of a 7.2
Ni/Cu~001! film measured at 297 Kin situ at three different
microwave frequencies~Fig. 1! confirm this structural result
Here we measure the smallest inhomogeneous contribu
to the linewidth ever reported for a metallic Ni sample~see
Table I!. In some FMR studies high microwave frequenci
~37, 70 GHz! were used. It is obvious from Fig. 1 that for
DHpp analysis, the lower microwave frequencies allow
more accurate determination ofDH inhom. The inset of Fig. 1
shows the three experimental linewidthsDHpp as a function
of the frequency. We find the expected linear depende
@Eq. ~1!# with an almost negligible inhomogeneous contrib
tion DH inhom. This indicates that the magnetic inhomogen
ities due to local variations of the magnetization and anis
ropy constants@Eq. ~9!# are very small. Note, this also
implies that, even if there are large relative variations~say
20%! of K or M across the film due to inhomogeneities, t
inhomogeneous broadening may be reduced if the m
value ofM or K is small, in other words the inhomogeneo
linewidth of a 20% variation ofK5100 meV/atom is abso-
lutely much larger than forK51 meV/atom. The experimen
tal linewidth ~Fig. 1! DHpp5250 Oe~at 9 GHz! is almost
exclusively due to intrinsic damping.

Here we would like to point out the very good signal-t
noise ratio observed at all three frequencies~even at 1 GHz!,
which allows the precise determination ofDHpp . FMR spec-
tra of such quality have been observed in our experime
only when the roughness across the total extent of the
~about 18 mm2) is small on an atomic scale, that is to sa
when the film surface has only monoatomic steps. Anot
important point concerns the layerwise structural homoge
ity. If the structure changes as a function of thickness,
inhomogeneous broadening of the resonance linewidth is
served, as for example, in the case of Co/Mn superlattice34

However, care must be taken, if one wants to draw c
clusions on the magnetic and structural quality of differe

FIG. 1. Typical experimental FMR spectra of 7.2 ML N
Cu~001! at three different frequencies recorded at 297 K. The
ternal magnetic field is applied in the film plane parallel to the@110#
direction. Note the shift to lower resonance fields and the decre
of DHpp with decreasing frequency. Inset: Frequency depende
of DHpp .
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TABLE I. A summary of the narrowest linewidths measured at 9 GHz and (0.660.1)TC . For compari-
son, we also list bulk data, the Gilbert parameterG, and the calculatedDHhom according to Eq.~1! using the
bulk magnetizationM (T/TC50.6) of the respective elements.

DHpp
exp ~Oe! G (108 s21) DHhom ~Oe!

6.3 ML Ni/Cu~001! a 185 5.56 0.3 200

12.5 ML Ni/W~110! b 310

Ni bulk 130 ~Ref. 38! 2.5 ~Ref. 41! 91

2.3 ML Co/Cu~001! 215

Co bulk 110~Ref. 38! 3 ~Ref. 50! 40

2.8 ML Fe/Cu~001! 210

(Fe4 /V4)40 (Hi@110#) 36 1.5–2.2 25–36

Fe bulk 32~Ref. 38! 0.58 ~Ref. 9! 6.9

30 ML Gd/W~110! 110

Gd bulk 340~Ref. 51! 2 ~Ref. 3! 24

aFor this sampleDHhom.DHpp
exp. The uncertainties inG are almost sufficient to reverse the inequality. Th

implies DH inhom is very small and the film quality is high.
bMeasured atT50.9TC .
t
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ur , 18,
samples from FMR-linewidth measurements. As seen
Figs. 2 and 3, the linewidth depends on temperature and
thickness of the epitaxial film. In general, three characteri
features are observed which will be discussed below:~a! a

FIG. 2. Temperature dependence ofDHpp in ~a! Ni/Cu~001!
~Ref. 16! and ~b! Co/Cu~001! ~Ref. 13! monolayers measured at
GHz with H parallel to the in-plane@110# direction. The solid lines
are guides to the eye. The arrows at the top indicate the C
temperature for each film.
in
he
ic

large linewidth nearTC , ~b! a shallow minimum belowTC ,
and ~c! an overall larger linewidth for thinner films deep i
the ferromagnetic regime. Near the Curie temperatureTC(d)
~indicated by the arrows in Fig. 2! a strong increase ofDHpp
is observed, which is due@Eq. ~1!# to the disappearance o
the magnetizationM (T). The intrinsic~homogeneous! con-
tribution to the linewidth shows a maximum, as discuss
previously.14 Here we do not want to discuss this featu
nearTC in detail, but only to point out that except for th
data in Fig. 2~a! and for our own Ni~111! study,14,35 there
exists only one other FMR measurement on a metallic b
sample36 where a clear peak inDHpp nearTC was observed.
The observation of such a peak in Fig. 2 shows again
thin ferromagnetic layers grown under UHV conditions a

ie

FIG. 3. Thickness dependence ofDHpp for five different sys-
tems at the same reduced temperatureT/TC(d)50.8 measured at 9
GHz with H parallel to the in-plane@110# direction. The solid lines
serve as a guide to the eye. Data are taken from Refs. 13, 16
and 40.
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in general more perfect crystals than bulk lattices. For
ample, in Ref. 36 a prolonged and sophisticated annea
procedure had to be performed on carefully polished sph
cal Ni samples to see the maximum inDHpp at TC . A simi-
lar increase ofDHpp is seen in the case of Co/Cu~001! @Fig.
2~b!#. Unfortunately, the maximum inDHpp cannot be re-
solved for the thinner layers, since the FMR signal, which
proportional toM (T), decreases below the sensitivity lim
of our apparatus. In the case of Co/Cu~001!, morphological
imperfections37 ~for d,2 ML! may also play a role.

In general, below the Curie temperature we find a shal
minimum ofDHpp at around 0.7 to 0.8TC(d) @Figs. 2~a! and
2~b!#. Note, that one should use the thermodynamically
evant parameter, i.e., the reduced temperatureT/TC(d), to
compareDHpp at different thicknesses. Qualitatively, the i
crease of the linewidth at lower temperature can be un
stood as an inhomogeneous broadening. It is known tha
anisotropy constants are strongly temperature dependen26,38

and increase with decreasing temperature.39 A variation of
say 1% causes a larger inhomogeneous linewidth at lowT
than closer toTC .

In Fig. 3 we show the general thickness dependence o
FMR linewidth. The narrowest linewidths of several thi
film systems@taken at 0.8TC(d)] recorded at 9 GHz with the
magnetic field parallel to the film plane@Eq. ~9!# is shown.
Below a certain thicknessdc , which depends on the system
a strong increase of the linewidth, up to a factor of 3,
observed. One might attempt to attribute this increase to
homogeneous broadening as a result of the increased im
tance ~proportional to 1/d) of the interface anisotropyKi

s

according to Eqs.~4! and ~9!. This explanation, however
does not work universally, asHr has considerably differen
dependences ond in the various systems—sometimes i
creasing and sometimes decreasing asd is reduced. As an
example, a simple estimate with the known anisotropy va
of K2(0.8TC) for Ni/Cu~001!,26,39 assuming a variation o
DK2

s/K2
s52%, we find thatDH inhom decreases by a factor o

4 between 6 and 3 monolayers. This is in the opposite di
tion necessary to account for the behavior displayed in Fi
and is due primarily to the rapid decrease inHr as d is
reduced. From Eq.~9!, neglecting the small contribution
from K4i /M ~appropriate for the Ni/Cu system!, we find

DHr

DK2
s

5
Hr

d@pM211/2~MHr2K2
v!#2K2

s
. ~13!

For d,6 ML, the denominator of Eq.~13! is dominated by
the K2

s term, and theHr factor in the numerator primarily
determines the thickness dependence of aDH inhom due to a
spread ofK2

s values. Thus, for the Ni/Cu system a sm
spread ofK2

s values over the sample can be ruled out as
source of the linewidth broadening in the thinnest specime
Only a very rapid increase inDK2

s with decreasing thicknes
could account for the observed broadening. Using Eq.~9!
similar statements can be made in regard to contribution
DH inhom from a spread ofM or K2

v values.
Another possible explanation is the change in dimensi

ality from three to two dimensions, which occurs in the ca
of Ni/W~110! around 5–6 ML.14 In this model the increase i
due to a homogeneous broadening which results from
-
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enhanced scattering of the zero-wave-vector spin wave~i.e.,
the FMR! due to the larger extent of magnetic fluctuations
the quasi-two-dimensional film. Frequency-dependent m
surements, which would distinguish both contributions, w
not possible for many of our ultrathin films, because eith
the resonance vanished at the lowest frequency or the s
tivity was not sufficient. In some cases, both effects~dimen-
sionality and inhomogeneities in the magnetic constan!
may contribute to the increase ofDHpp as, for example, was
determined in the case of Fe/Ag~001!.9

In the case of Ni/Cu~001!, a thickness-, temperature-, an
frequency-dependent study was performed to distinguish
homogeneous and inhomogeneous contribution@Eq. ~1!# to
DHpp(T,d). The Gilbert damping parameter@Eq. ~1!# was
determined@Figs. 4~a! and 4~b!# from measurements at 1, 4
and 9 GHz with the magnetic field applied in the film plan
First, one notices thatG for 5 ML Ni/Cu~001! does not de-
pend on temperature within the scatter of the data@Fig. 4~a!#
and does not change when capping the film with a Cu lay
Also, in bulk Ni ~Refs. 4 and 41! and Fe films on Ag~001!,36

G was found to be temperature independent in this temp
ture range. Interestingly,G of the thin Ni film is larger by a
factor of 2 than the generally quoted value of bulk Ni (G
52.53108 s21).41 The reason for this enhancement is mo
likely the reduced dimensionality and the increased imp
tance of spin-orbit interaction in the tetragonal film~in com-
parison to cubic bulk Ni!.9,19,42

Interestingly, there appears to be a decrease ofG for Ni/
Cu~001! @Fig. 4~b!# when the thickness is reduced fro
about 7 to 5 ML. Consequently, the increase ofDHpp below

FIG. 4. ~a! Temperature dependence and~b! thickness depen-
dence of the Gilbert damping parameter of uncapped 5 ML
Cu~001! ~solid squares! and capped with 5 ML Cu~open circles!. H
is applied along the in-plane@110# direction. The thickness depen
dence is taken between 240 and 300 K. The solid lines serve
guide to the eye. It was not possible in all cases to make a m
surement at the three frequencies, which resulted in larger e
bars.
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5616 PRB 58W. PLATOW et al.
5 ML ~Fig. 3! should be due to some form of inhomogeneo
broadening or dimensionality effects which do not affectG,
as discussed before. This is opposite to the behavior repo
for Fe/Ag~001!, whereG was found to increase by almost
factor of 10 for smaller thickness.9 A simple interpretation
cannot be given. One may consider, however, that aroun
ML a thickness-dependent continuous reorientation of
magnetization from perpendicular (d.8 ML! to in-plane
(d,7 ML! occurs.22,43 Two possible effects onG may be
discussed:~a! In the transition range~7–8 ML! the intrinsic
damping may be enhanced due to fluctuations of the o
parameter at the transition. Additional experiments at lar
thickness would be needed to verify this interpretation.~b!
The change inG may reflect the intrinsic anisotropy of th
tetragonal lattice. All measurements were performed with
magnetic field applied in the film plane, that is to say,
d.7 ML along a hard and ford,7 ML along the easy
direction of magnetization. The difference inG between easy
and hard directions is similar to the case of fcc Co,19 where
the largerG52.860.33108 rad/s is found for measuremen
with H along the hard direction compared toG51.760.2
3108 rad/s forH along the easy axis. Later in Sec. IV w
will show for a Fe4 /V4 multilayer thatG depends strongly
on the orientation ofM . An anisotropic Gilbert term~up to
30% variation! was also reported in the case of Fe films.8 In
this case, however, a larger value forG was obtained withH
along the easy axis. The origin of such a large anisotropiG
in distorted layers could be related to the presence of
anisotropic orbital momentum, which yields an anisotropicg
factor.25 And, according to Eq.~2!, this should be reflected in
G. However, to answer the question why the largerG is
found forH along the easy axis in bcc Fe/Ag~001! and along
the hard axis in Co/Cu~001! needs further investigation.

Now we discuss the angular dependence of the reson
linewidth. As an example, we show in Fig. 5 the depende
of DHpp on the angleuH for 7.6 ML Ni/Cu~001! as mea-
sured at 9 GHz at three different temperatures. For this
the magnetization changes from in-plane to out-of-plane w
increasing temperature,43 as indicated in the figure. Becaus
this film is experiencing a reorientation transition, the anis
ropy fields are quite well balanced, andHr varies by only a
few hundred Oe with the rotation of the field direction.23 In
general,DHpp is largest foruH50°, and passes through
minimum for uH in the range of 50° –60° at all three tem
peratures. In the previous discussion@concerning Fig. 4~b!# it
was suggested that the Gilbert parameter is larger foH
along the hard direction. Thus, as the temperature is rai
and the easy axis changes, one would expectDHpp(uH
50°) to continuously decrease andDHpp(uH590°, in-
plane! to increase. The data, however, do not appear to s
this behavior, implying that for this sample a significant i
homogeneous contribution may also be present. As an
tempt to fit the data, we have used the method of Chap
et al.,28 in which the angular dependence ofDHpp can be
represented by the first and third terms on the right side
Eq. ~12! plus a constant termDH0. This constant term can b
thought of as the homogeneous contribution for the casu
'uH in Eq. ~11!. The solid lines in Fig. 5 are the result o
this fitting procedure using the parameters given in the fig
caption. As can be seen, the experimental data curves ca
fairly well reproduced, however, the required values
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DuH , DH int , andDH0 display considerable scatter for th
different temperatures, a behavior which is not easily int
preted. Furthermore, there is no obvious reason why
sample, which is very similar to the one displayed in Fig.
should have such a largeDH inhom, while the one in Fig. 1
had almost no contribution fromDH inhom to the linewidth at
9 GHz. We thus consider this fitting procedure unreliab
even though at any one temperature it is able to fit the an
lar dependence of the linewidth data quite well. A more r
orous~and we believe reliable! procedure will be used to fi
the angular dependence ofDHpp for the Fe4 /V4 multilayer
discussed in the next section.

For completeness, we mention a related approach
cussed by Cochranet al.,44 in which there is assumed
spread ofK2 and K4 values around some mean value. O
can see from Eqs.~8! and ~9! that a distribution ofKi will
result in different inhomogeneous broadenings for in-pla
and out-of-plane measurements. Using this approach, a m
mum in the resonance linewidth at intermediate angles
also be calculated for the range of anisotropy values pre
in our samples.

Finally, we would like to give an illustrative example tha
DHpp is indeed related to structural and morphologic
changes in a clean ultrathin film. In Fig. 6 we show t
temperature dependence ofDHpp for a 17 ML Gd~0001!/
W~110! film at three successive stages of preparation:~a! as
deposited at 300 K,~b! after heating to 480 K, and~c! after

FIG. 5. DHpp as a function ofuH for 7.6 ML Ni/Cu~001! at
three different temperatures recorded at 9 GHz.uH is the polar
angle measured from the@001# axis to the@110# axis. The easy axis
of the magnetization rotates from~a! in-plane to~c! out-of plane by
increasing the temperature. Note the different scales on the ver
axes. The solid line is a fit to the experimental data according to
method of Chappertet al. ~Ref. 28! with the parameters:DH int ,
DuH , DH05(a) 250 Oe, 1°, 120 Oe,~b! 350 Oe, 5°, 100 Oe,~c!
150 Oe, 1°, 170 Oe.
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heating to 580 K. This thermal treatment of the layer-b
layer grown film sharpens the initially diffuse LEED patte
considerably and strongly increases the magnitude of
susceptibility atTC5288 K. The latter is correlated to th
improved magnetic homogeneity.45 DHpp at 0.8TC decreases
successively by almost a factor of 2 during this treatm
~from 350 to 180 Oe!. This shows that structural homogen
ity is strongly correlated withDHpp . After the 580 K anneal,
the layer is found to be smooth and structurally the m
homogeneous.45,46 Heating to the still higher temperature o
870 K changes the film’s morphology. Large flat islands w
thicknessd.30 ML are most likely formed, which agglom
erate on top of a 1 ML Gd/W~110!.17,45,46This results in a
broadening of the resonance linewidth due to a distribut
of effective internal anisotropy and demagnetization field17

Interestingly, this inhomogeneous broadening, due to isl
formation, yields the sameDHpp as was found for the
smooth, but structurally ill-defined, as-deposited film.

IV. AN Fe4 /V4 MULTILAYER CASE STUDY

As a case study, we consider the FMR spectra of an
ceptionally high-quality Fe4 /V4(001) superlattice specime
grown on a MgO~001! substrate in an UHV-based sputterin
system. X-ray-diffraction studies have shown the sample
both high structural and interfacial quality.47 The sample has
40 superlattice periods with a modulation wavelength
1.177 nm. The easy magnetization axis lies in-plane alon
@100# direction. The FMR measurements described here w
carried out at room temperature at the two frequencies 4
and 9.24 GHz. Earlier reports48,49 have described the MAE
of this sample plus its temperature dependence. As repo
there, the dependence of the resonance fieldHr on the ori-
entation of the applied magnetic field is well described
the following parameters used in expressing the free ene
density to fourth order@see Eq. ~3!#: g52.09, 2pM
2K2 /M56.25 kOe, K4i /M50.032 kOe, andK4' /M
520.615 kOe.

First, we consider the characteristics of the FMR sig
for rotation of the magnetic field throughuH ~out of the film
plane!. In Fig. 7 we plotDHhom versusuH for the two fre-

FIG. 6. Temperature dependence ofDHpp for 17 ML Gd/
W~110! measured~a! before annealing,~b! after subsequent annea
ing to 480 K and~c! after annealing to 580 K~Ref. 18!.
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quencies of our study, as calculated from Eq.~10! for our
sample parameters. For the Gilbert damping factor we h
arbitrarily usedG51.183108 rad/s, among the typical val
ues quoted in the literature for Fe. For each frequen
DHhom is the same atuH50° and 90°. At intermediate
angles the linewidth is larger. This is because of the cou
2uH)21 factor in Eq.~11!. Because the magnetization ea
axis lies in the plane of the specimen, as the magnetic fielH
is rotated out of the plane, the magnetizationM lags behind,
until a fairly large angle develops between the two vecto
The maximum separation ofM andH occurs foruH'10° to
20°, depending on the frequency. The inset of the fig
shows the orientation ofM for 0°<uH<10° as calculated
from Eq. ~5!. As can be seen, there is a strong frequen
dependence, withM remaining much closer to the film
plane, for the smaller magnetic field associated with
lower frequency, untilH becomes very close to the samp
normal (uH50°). From Fig. 7 we see thatDHhom is propor-
tional to the frequencyv only for the anglesuH50° and
90°, whenM andH are parallel. In general, whenM andH
are not parallel,DHhom is not linearly proportional to the
applied frequency, as assumed in Eq.~1!. In fact, as can be
seen in the figure, there is a small angular range,uH
'3° – 7°, whereDHhom is actually larger at the lower fre
quency.

For rotations of the applied field out of the sample plan
the major angular-dependent contributions toDH inhom is the
term u]Hr /]uHuDuH from Eq. ~12!. In Fig. 8 we display the
uH dependence ofHr for the two observation frequencies
The circles correspond to experimental data, and the li
correspond to the simulation from Eqs.~3! and ~7! for the
given parameters. The agreement between the data an
resonance condition from the fourth-order energy density
good at both frequencies. The peak atuH50° is consider-
ably sharper at the lower frequency, because of the tende
of M to remain closer to the sample plane untiluH is very
close to 0°. The inset of Fig. 8 showsu]Hr /]uHu as calcu-
lated from the simulations at the two frequencies for22°
<uH<110°. The curve for the lower frequency was act
ally calculated asuDHr /DuHu using a step size ofDuH
50.1°. We have done this because the slope of the low
frequency curve in Fig. 8 becomes so steep nearuH'61°

FIG. 7. The intrinsic contribution to the linewidth versusuH as
calculated from Eq.~10! using G51.183108 rad/s and the other
parameters listed in the text. Inset: The orientation of the magn
zationM versusuH as calculated from Eq.~5!.



e
ig

E

8
lin

s

a

ta

ly
s

te

m

th

e
e

,
e
t
e

ci-

e

re
ly

a

nts

x-

y a
tle
cies

re.

is

e
e

-
wa

by

the

5618 PRB 58W. PLATOW et al.
that the variation ofDuH over the sample is unable to resolv
the actual derivative. It should be noted from the inset of F
8 that for a fixed value ofuH ~other thanuH50°), DH inhom

will not be independent of the frequency, as assumed in
~1!. Once again, this situation occurs whenM andH are not
parallel.

Comparing the curves in Fig. 7 and the inset of Fig.
there is seen a similar angular dependence to the two
width contributionsDH inhom andDHhom. The contribution to
DH inhom, however, is a more sharply peaked function who
maximum is situated 3–5 times closer touH50° than occurs
for DHhom. In Fig. 9 we have fitted the FMR linewidth dat
for rotations ofuH using contributions from bothDH inhom

@Eq. ~12!# andDHhom @Eq. ~10!#. The sharp peaks in the da
nearuH50° are due primarily to theu]Hr /]uHu DuH term
in Eq. ~12!. The fitting procedure is carried out most reliab
for the 9 GHz data@Fig. 9~a!#, where the angular variation i
not so fast. The fit here requires a spread ofDuH50.12°
among the various regions of the sample. This is consis
with the x-ray data.47 To fit the data in the regionuH
'610° –50°, it is necessary to have a contribution fro
DHhom. The fitting procedure of Chappertet al. utilized a
constant quantityDH0 to representDHhom, and this often
left a distinct gap between the data and the fitted curve in
angular range@e.g., see Figs. 3, 4, and 5 in their paper#. We
have selected the value ofG/M to optimize the fit nearuH
5690°. Note that we do not need a constant termDH0 in
fitting the data. The individual contributions ofDHhom and
DH inhom are depicted in the figure. Vibrating-sample magn
tometry measurements on this sample give at room temp
ture a magnetizationM51.192 kOe, from which we obtain
G51.503108 rad/s from our fitting procedure. The term
u]Hr /]H intuDH int , in Eq. ~12! is a sharply peaked feature
centered atuH50° and only a few degrees in width. W
have selectedDH int in this term in order to fit the data a
uH50°. Our value forG is 2.6 times that measured in th
bulk,9 while the value determined forDH int is exceptionally

FIG. 8. The resonance field versusuH for the two observation
frequencies. The circles represent the experimental data, and
lines are the simulations calculated from Eq.~7!. Inset: The slope of
the resonance field versusuH curve for the two observation fre
quencies. As explained in the text, the lower-frequency curve
calculated using a step size ofDuH50.1°.
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small, once again indicative of the high quality of this spe
men.

In Fig. 9~b! the same fitting procedure is shown for th
data at 4 GHz using the same values forG/M , DuH , and
DH int . Although the maximum and minimum linewidths a
well fitted by this procedure, the simulation is more sharp
peaked nearuH50° than the data. The linewidth dat
change so rapidly nearuH50° that it was not possible to
follow the dependence exactly. The individual data poi
are only accurate to about61° in uH , which is insufficient
resolution to show all the detail in the simulation. For e
ample, the sharp dip in the simulation atuH50° was not
observed. This absence could also be accounted for b
small tilt of the sample plane from a vertical plane by as lit
as 1°. Nevertheless, there still remains some discrepan
between experiment and simulation in the vicinity ofuH
50° which cannot be accounted for by our fitting procedu

Next, we consider rotations of the fieldH in the sample
plane~variation offH with uH590°). In this geometry, the
solution of Eq.~5! shows thatK4i /M is sufficiently small
that M simply follows H for all values of fH . Thus, f
5fH , andM andH are always parallel. As expected in th
situation, Eq.~10! gives us a value forDHhom which is in-
dependent offH , linearly proportional to the frequencyv,
and in agreement with Eqs.~11! and~1!. As shown in Fig. 3
of Anisimov et al.,49 Hr has a total variation of about 100 O
with the rotation infH , with the resonance occuring at th
highest fields forfH545°, 135°~the in-plane hard axes! and
at the lowest fields forfH50°, 90° ~the easy axes!. A very
small difference inHr between observations atfH50°

the

s

FIG. 9. The peak-to-peak linewidth as a function ofuH . The
circles give the experimental data, and the solid line is fitted
summing Eqs.~10! and ~12!, using the parameters:G/M51.26
3105 rad/s G,DuH50.12°, andDH int53 Oe. ~a! Results at 9.24
GHz. The dotted line is the homogeneous contribution, and
dashed line is the inhomogeneous contribution.~b! Results at 4.06
GHz.
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~@100# axis! and fH590° ~@010# axis!, was explained in
terms of a small in-plane uniaxial anisotropy~a finite K2i),
most likely arising from a step-induced anisotropy. A
shown in that figure, one obtains a good fit between the d
and the simulation for thefH dependence ofHr . From these
simulations we have calculatedu]Hr /]fHu at the two obser-
vation frequencies and find the two curves almost identi
Consequently, the termu]Hr /]fHuDfH from Eq. ~12! for
DH inhom has no significant frequency dependence.

Thus, for the rotation ofH in the plane of this sample
becauseM andH are always parallel,DHhom will be linearly
proportional to the frequency, andDH inhom will be frequency
independent. For this geometry, it then appears approp
to use the frequency dependence ofDHpp(v) to separate
DH inhom andDHhom from each other, as discussed with E
~1!. In Fig. 10~a! we display in a polar plot thefH depen-
dence of the peak-to-peak linewidths at the two frequenc
Using a linear extrapolation to zero frequency for the t
linewidths for each value offH , one obtains the Gilber
factor G from the slope, andDH inhom from the intercept.
These are plotted as a function offH in parts~b! and~c! of
Fig. 10, respectively. The Gilbert damping factorG displays
an angular symmetry correlated with the crystalline ax
There is a very large variation in the size ofG, much larger
than any reported by other observers.8,9 In fact, for certain
values offH , the parameterG tends to zero.

The results in Fig. 10 (fH rotation! can be compared with
Fig. 9 (uH rotation! for self-consistency at the one orient
tion the two figures have in common the applied field alo
the in-plane@110# axis. Both sets of data are in agreeme
that for this orientation of the field, the linewidth is du
almost entirely toDHhom, with DH inhom making a negligible
contribution. The values ofG obtained by the two differen
fitting procedures areG51.503108 rad/s~fitting the uH de-
pendence at 9.2 GHz! and G52.173108 rad/s ~fitting the
fH dependence with the 9.2 and 4.1 GHz data!. The smaller
value is about 30% less than the larger. Although the t
numbers are in the same ballpark, the discrepancy is la
than the estimated uncertainties inG, the larger being abou
610% from the experimental error in the slope of theDHpp
vs v curve.

In Fig. 10~c! we have attempted to fit the data forDH inhom
with Eq. ~12!. The diamonds represent the data, and the s
line is calculated from the equation. The angular depende
of the simulation results from the termu]Hr /]fHuDfH . As
can be seen, the data and the simulation show the sam
gular symmetry, and the overall fit is not too bad. Howev
in order to obtain the quality of the fit shown, it is necessa
to use a value ofDfH515°. This number is very much
larger than what one anticipates from the quality of the x-
measurements which were made on the sample.

Looking for other contributions toDH inhom, we examined
the consequences of having a spread of values for the
stantsM , K4i , andK2 in Eq. ~9!, as well as variations in the
parameterK2i ~induced by steps on the substrate! and the
direction of the steps. Such variations throughout the sam
can produce aDH inhom with the same angular symmetry a
seen in Fig. 10~c!. A spread ofK2i values, for example, is
able to account for the differences along the@100# and@110#
directions. However, these simulations are in generalout of
ta
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phasewith the data, in the sense that they give maxima
DH inhom for those values offH at which the data show
minima.

Overall, we have been unable to justify the fitting proc
dure used forDH inhom in Fig. 10~c!, or to find an alternate
procedure which works. Thus, our confidence level in
accuracy of the indicated angular dependence of b
DH inhom and G is not high. Certainly, the frequency an
angular dependence ofDHpp for in-plane rotations is real
The analysis procedure we have used, however, is not
sistent with the structural quality of the specimen. Clear
more experimental and theoretical work is needed for a b
ter interpretation of thefH dependence of the linewidth data

FIG. 10. ~a! The peak-to-peak linewidths observed at 4~open
squares! and 9~solid squares! GHz versus in-plane anglefH mea-
sured from the@100# axis, as displayed on a polar graph.~b! The
Gilbert damping factor versusfH , as determined from the data i
part ~a!. ~c! The inhomogeneous contribution to the linewidth ve
susfH . The points are obtained from the experimental data in p
~a!. The line is fitted to the data using Eq.~12! with DfH515° and
DH int50.
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V. CONCLUSION

In summary, the FMR linewidth is demonstrated to be
important experimental parameter from which a lot of d
tailed information on the magnetic and structural state o
ferromagnetic ultrathin film system can be obtained. Gen
trends in the thickness and temperature dependence o
linewidth for several ferromagnetic monolayer systems w
discussed, such as a linewidth broadening at lower temp
ture, due to an increase of the inhomogeneous contribu
and a broadening at all temperatures with decreasing th
ness. The latter may result from a change of dimensiona
in the thinnest films or, in some cases, to an inhomogene
contribution arising from an enhanced role of variations
the surface anisotropies. Evidence for an anisotropy of
intrinsic damping~Gilbert parameter! of the magnetization is
found in tetragonal Ni/Cu~001! for the first time. Larger
damping occurs withH parallel to the hard direction, which
agrees with observations for Co/Cu~001! ~Ref. 19! but is
different than the case of Fe films. In Table I we list t
m
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k-
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e

narrowest linewidthsDHpp observed in our studies and com
pare them to theoretically expected ones using bulk damp
parameters. We note that the intrinsic damping, that isG, is
enhanced in ultrathin films, in general. A correlation betwe
the experimentalDHpp and structure must be performe
with care, and the film’s thickness, temperature, and crys
lography must be taken into account. Finally, we have a
shown how to distinguish the homogeneous and inhomo
neous linewidths in angular and frequency-dependent m
surements. The full analysis is applied to the exemplary c
of an Fe4 /V4 multilayer, where we determined an appare
angular dependence of the Gilbert parameter.
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