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In situ detection of two ferromagnetic resonance modes
in coupled NiÕCuÕCoÕCu„001… trilayer structures

J. Lindner,* Z. Kollonitsch, E. Kosubek, M. Farle,† and K. Baberschke
Institut für Experimentalphysik, Freie Universita¨t Berlin, Arnimallee 14, D-14195 Berlin, Germany

~Received 25 August 2000; published 9 February 2001!

Ultrathin Ni and Co films, separated by Cu spacer layers with thicknesses in the range 4–15 monolayers, are
prepared and measuredin situ via ferromagnetic resonance~FMR! between 50 and 400 K. Due to the interlayer
exchange coupling two resonance modes are observed, corresponding to in- and out-of-phase precession of the
rf magnetizations in the two magnetic layers, i.e., the acoustic and optic mode. The fields for resonanceHres

and the linewidthsDHpp of the exchange coupled FMR modes are measured as a function of temperature.
Since all the measurements are performedin situ, we can compare the signal of the first~bottom! magnetic
layer before and after the evaporation of the second~topmost! one. For the coupled films we observe an
increase ofDHpp compared to the uncoupled case. From the shift ofHres after the deposition of the second
layer the sign and relative strength of the coupling is derived.

DOI: 10.1103/PhysRevB.63.094413 PACS number~s!: 75.70.2i, 76.50.1g, 75.30.Et
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INTRODUCTION

Interlayer exchange coupling between ferromagnetic l
ers mediated by a nonmagnetic spacer plays a key role
understanding many properties observed in magnetic ma
als. Therefore trilayers, like the ones being used in our
periments, can be considered as prototype systems. An
perimental method that has been widely used to investig
the exchange coupling in trilayers is ferromagnetic resona
~FMR!. Among other techniques, FMR has been proven
be a powerful tool, since it allows for the determination
the exchange coupling strength in ferro- and antiferrom
netically coupled systems,1–8 as well as the internal aniso
ropy energies9 in one experiment. Although a lot of wor
was done in applying the FMR technique to the field
trilayers, there are still open questions. In all investigatio
up to now the trilayers were prepared under ultrah
vacuum conditions, but the FMR measurements themse
were doneex situ. The latter requires that the samples ha
to be capped by nonmagnetic protective layers. Two qu
tions immediately arise:~i! What is the influence of the pro
tective layer? Especially for ultrathin films, surface effec
are very important and therefore capping-layers often h
strong effects on the magnetic properties of the underly
magnetic layers.~ii ! What are the differences of the magne
properties in the coupled case compared to the uncou
one? The latter question is not only interesting from the
perimental point of view but also important for testing t
predictions of theory dealing with FMR in coupled trilayer
While question~i! has been discussed,10 question~ii ! could
not be addressed up to now.

Here we presentin situ FMR measurements on Ni/Cu/Co
Cu~001! trilayer structures and examine in a first step t
uncoupled Cu/Co/Cu~001! system. After evaporating the se
ond ~Ni! magnetic layer we study the influence of the e
change couplingin situ. The paper is organized as follow
In Sec. II we review the theoretical background of FMR
trilayers. Section III explains the structural properties of t
investigated trilayer structures and ourin situ FMR appara-
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tus, while Sec. IV shows the FMR spectra and discusses
main experimental results.

SPIN-WAVE DISPERSION IN COUPLED TRILAYERS

The geometry and coordinate system employed in
investigation is depicted in Fig. 1~a!. We consider two ferro-
magnetic layersA,B of thicknessdA ,dB which are separated
by a nonmagnetic Cu spacer layer of thicknessdCu . The
coordinate system is chosen so that thexy plane is parallel to
the film plane, with they axis pointing along the@110# di-
rection. The@001# direction along the film normal is chose
to be thez axis. The external magnetic fieldHW is applied in
theyz plane at a variable angleuH with respect to the@001#-
axis being always perpendicular to the driving microwa
field HW r f . Since the@110# in-plane direction is the easy axi
for Co as well as for Ni films within the thickness range
this work,11,12 the equilibrium directions of the two magne
tizationsMW A andMW B are confined to theyz plane and can be
characterized by two polar anglesuA anduB .

The theoretical background presented here is based
Refs. 2, 5, and 7. The equilibrium directions ofMW A andMW B
are determined by the minima of the free energy per unit a
F. F includes several contributions:

F5FZ1FA1Fdip1Fexch. ~1!

FZ is the Zeeman energy per unit area and can be writte

FZ52 (
i 5A,B

diMW i•HW . ~2!

FA is the uniaxial anisotropy energy which has the form

FA52 (
i 5A,B

di

M i
~MW i•eW z!

2
•

1

2
Hu,i . ~3!

Hu,i52K2,i /Mi is the uniaxial anisotropy field andeW z is the
unit vector along thez axis, so thatMW i•eW z5Mi•cosui are the
components of the magnetizations in thez direction, i.e.,
©2001 The American Physical Society13-1
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along the uniaxial axis. In our notationHu,i.0 indicates a
preferential orientation of theMi along the uniaxial axis, i.e.
along the film normal, whereasHu,i,0 leads to an energy
minimum, if theMi are in the film plane.

Fdip is the dipolar demagnetizing energy,

Fdip5 (
i 5A,B

di

M i
~MW i•eW z!

2
•

1

2
Hdip,i . ~4!

Hdip,i524pMi are the demagnetizing fields of the two la
ers resulting from the magnetic charge density that deve
if the magnetizations are rotated out of the film plane. A
consequenceFdip always has its minimum for theMi lying
in the film plane. Since our films can be treated in a go
approximation as thin discs, the demagnetizing field alo
the film plane is negligible, so that only the magnetizati
components along the film normalMW i•eW z have to be taken
into account.

Fexch is the exchange energy,

FIG. 1. ~a! The coordinate system used in the measurements
the definition of angles for the trilayer systems.~b! The dispersion
relation for a symmetric ferromagnetically coupled trilayer. T
external field is applied parallel to the film plane, i.e.,uH590,
which is the easy direction of the system. The upper branch is
relation for the optic mode~both magnetizations resonate out
phase! whereas the lower branch shows thev(H) dependence of
the acoustic mode~the magnetizations precess in-phase!. vMW in-
dicates the microwave frequency level, i.e., in our casevMW

59GHz. The fields for resonance of the optic (Hoptic) and the
acoustic mode (Hacoustic) are given by the points where the micro
wave level crosses the dispersion curves.
09441
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Fexch52JAB

MW A•MW B

MAMB
. ~5!

JAB is the interlayer exchange coupling constant. By conv
tion, positive values ofJAB indicate ferromagnetic coupling
whereas negative ones antiferromagnetic coupling.

Using the polar coordinate system shown in Fig. 1~a!, the
free energy per unit area can be written as

F5 (
i 5A,B

di$2HMi cos~u i2uH!1cos2u i@2pMi
22K2,i #%

~6a!

2JAB cos~uA2uB!. ~6b!

Once the equilibrium angles of the two magnetizationsMW i

are determined for all values of the magnetic fieldHW , the
dispersion relation, i.e., the dependence of the microw
frequencyv on the resonance fieldHres , can be derived.
Usually this is done following the approach of Smit an
Beljers,13 which has been extended to trilayer structures~see,
for example, Refs. 2, 5, and 8!. To visualize the results of the
theory we give a simplified example that demonstrates
main features of FMR on trilayers. The case of a symme
(K2,A5K2,B and dA5dB5d) ferromagnetically coupled
(JAB.0) trilayer is assumed, but the basic results can
extended also to the asymmetric case. The dispersion rela
for this symmetric situation5 is shown schematically in Fig
1~b!. One FMR mode, the acoustic mode, corresponds to
rf components of the two magnetizations resonating in pha
the other mode corresponds to the so-called optic mo
where the rf components are resonating out of phase. S
for the acoustic mode and for the case of ferromagnetic c
pling no contribution to the resonance condition, i.e.,
torque on theMW i , is produced, the dispersion relation for th
acoustic mode does not change upon coupling compare
the case of a single ferromagnetic layer. This is not nec
sarily the case for asymmetric trilayers. In such systems a
the acoustic mode differs from the single layer case. T
optic mode on the other hand introduces an additional in
nal field to the dispersion relation. This field is in the case
the symmetric (dA5dB5d and MA5MB5M ) ferromag-
netically coupled trilayer given by

Hexch5
22JAB

d•M
. ~7!

As a result, the optic mode is shifted with respect to t
acoustic mode by a value ofHexch. SinceJAB was assumed
to be positive, one observes the optic mode for the sa
frequency at lower values of the external fieldH. For stron-
ger coupling the shift becomes larger. For asymmetric tril
ers this still is true, but the value of the shift is not give
anymore by the simple Eq.~7!.

In the case of an antiferromagnetically coupled system
optic mode is at the higher fields with respect to the acou
one. This is due to the decrease of the exchange energy w
the two magnetizations are not aligned parallel. In the g
eral case of an asymmetric trilayer it has been shown5,14 that,
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IN SITU DETECTION OF TWO FERROMAGNETIC . . . PHYSICAL REVIEW B 63 094413
even if both modes are shifting compared to the single la
case, they always shift in the same direction. For ferrom
netically coupled systems both modes shift to smaller fie
whereas for antiferromagnetic coupling both modes shif
higher field values.

EXPERIMENTAL DETAILS

As substrate a Cu~001! single-crystal disk, 5 mm in diam
eter, was used. The surface was prepared by cycles of s
tering with Ar1 ions and annealing to;900 K Details of
the substrate preparation can be found in Ref. 15. After
serting the crystal into the ultrahigh vacuum chamber wit
base pressure,1310210 mbars and at least 15 sputt
cycles the surface showed sharp low-energy electr
diffraction ~LEED! patterns and no detectable contaminat
in the Auger electron spectra.

The magnetic layers~Ni and Co! were evaporated at
pressure,4310210 mbars whereas the pressure duri
evaporation of the Cu spacer layers was stabilized belo
310210 mbars. For all trilayers the magnetic layer thic
nesses were kept constant@7 monolayers~ML’s ! of Ni and 2
ML’s Co#. The Cu spacer thickness was varied for the d
ferent samples in the range 4-15 ML’s, in order to change
strength of the interlayer exchange coupling. The rate du
evaporation, i.e., the time per ML equivalent, was 120 s/M
for Ni, 330 s/ML for Co, and 280 s/ML in the case of Cu. A
evaporations were carried out at temperaturesT5340 K and
the growth of the films was monitored by medium-ener
electron-diffraction~MEED!. The intensity oscillations of
the specular spot for all three layers, which were recor
during the evaporation process, are shown in Fig. 2 for
Ni7 /Cu4.3/Co2 /Cu(001) trilayer~to indicate our trilayers we
use the convention of giving the thickness in ML’s for ea
individual layer as index!. First 2 ML’s of Co are deposited
@Fig. 2~a!#. The two oscillations clearly show the good laye
by-layer growth. In the next step the Cu spacer of 8.2-M
thickness is evaporated@Fig. 2~b!#. The MEED intensity os-
cillations show a rapid decrease in amplitude, indicatin
three-dimensional~3D! growth, which is well known even
for the growth of Cu on Cu~001!.16 In order to make the
surface as flat as possible for the growth of the Ni film, t
Cu spacer was annealed for 5 min up to 400 K. This tre
ment cannot produce intermixing because the surface en
of Cu is lower than the one of Co and therefore Cu tends
stay on the surface. The flatness of the top Cu layer is c
firmed by the fact that during the deposition of the Ni film o
top of the spacer layer@Fig. 2~c!# again one can see we
defined oscillations up to 7 ML’s. In summary, Fig. 2 show
that all layers grow layer-by-layer with well defined inte
faces, where the maximum roughness is expected to be
1 ML, as is well known from scanning tunneling microsco
images for annealed films like ours.17 Auger spectra taken
after each preparation step did show no contamination,
not for the thickest spacer layer with 15 ML’s of Cu. The f
LEED patterns remained sharp in all cases.

Temperature-dependent FMR was measuredin situ at 9
GHz with a commercial Varian spectrometer. The sam
can be cooled down with liquid He and heated via a tungs
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wire. This allowed us to vary the temperature during t
measurements continuously between 50 and 400 K.
UHV chamber ends up in a quartz finger into which t
sample can be transfered via a manipulator. The wh
quartz finger can then be inserted in a cylindrical cavity,
that all microwave components are in laboratory air.18 The
cavity fits between the poles of an electromagnet which s
plied the uniform dc magnetic field and is capable of gen
ating 16 kOe. Taking the coordinate system of Fig. 1~a!, the
magnetic field could be rotated in theyz plane. The micro-
wave energy produced by a klystron is coupled via wa
guides into the cavity at right angles with respect to the
magnetic field. Ideally, all the power incident upon the cav
is coupled into it and therefore none is reflected back. Ho
ever, when the spin system of the sample absorbs microw
power, an FMR signal is produced which changes the imp
ance of the cavity thus generating a small signal compon
to be reflected from the cavity. With the help of a diode t
variation of the reflected microwave power as a function
the magnetic field—the absorption curve—is measured.
FMR signal is amplified by weakly modulating the applie

FIG. 2. Intensity of the MEED signal during the preparation
the Ni7 /Cu4.3/Co2 /Cu(001) trilayer.
3-3
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J. LINDNER et al. PHYSICAL REVIEW B 63 094413
dc field at 100 kHz and detecting the 100-kHz componen
the signal with a lock-in amplifier. Therefore we measure
first derivative of the absorption curve with respect to the
magnetic field. In the ultrathin film limit, i.e., for the cas
that the magnetic structures are thin compared to the
depth of the microwave, the line shape of the absorpt
curve is almost purely Lorentzian. This was also sho
theoretically.19

The FMR measurements were performed in two ste
First the Co film capped with the Cu spacer was investiga
In the second step the Ni film was prepared and the excha
coupled trilayer system was measured and compared to
uncoupled case.

EXPERIMENTAL RESULTS AND DISCUSSION

Resonance fields

In Fig. 3 the in-plane FMR spectra measured with t
FMR spectrometer described in Sec. III are shown for
thickest Cu spacer of 15 ML’s@Fig. 3~a!# and the thinnest
spacer of 4.3 ML’s@Fig. 3~b!#. For each case the FMR fo
the Cu capped single Co film only~upper panel! and the

FIG. 3. The in-plane FMR signals, being the derivative of t
microwave power absorption with respect to the external magn
field, are plotted for the trilayer with the thickes
@Ni7 /Cu15/Co2 /Cu(001), see ~a!# and the thinnest
@Ni7 /Cu4.3/Co2 /Cu(001), see~b!# Cu spacer layer. In each figur
we show for two different temperatures the single~top! and coupled
~bottom! FMR. The gain levels given as multiplication factors at t
spectra are with respect to the signal of the uncoupled systems
with respect to the single FMR atT5222 K in Fig. 3~a!, whereas
in Fig. 3~b! all factors refer to the single FMR atT5117 K.
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coupled Ni/Co films~lower panel! are plotted. The experi-
mental spectra are presented for two different temperatu

Uncoupled case: The FMR spectra for the uncouple
cases~top panels! are discussed first. As can be seen in t
top panel of Fig. 3~a!, the resonance fieldHres of the single
2-ML Co film capped with 15-ML Cu moves to higher fiel
values for the higher temperature ofT5333 K. In addition
the intensity of the signal is reduced because of the reduc
in the spontaneous magnetizationM. To make the peak-to-
peak amplitude nearly equal to the one at 222 K, for be
illustration, the signal is multiplied by a factor of 12. Th
explains also the higher noise level of the signal at 333
One should note that the FMR intensity is proportional to
spontaneous magnetization and, for a Lorentzian, is given
the product of the peak-to-peak amplitude and the linewi
squared. Since for higher temperatures the peak-to-peak
plitude decreases, whereas the linewidth increases, a re
tion in the peak-to-peak amplitude by a factor of 12 does
mean that alsoM is reduced by that factor. The top panel
Fig. 3~b! shows that the same behavior is found also fo
ML’s of Co capped only with 4.3 ML’s of Cu.

To understand the increase ofHres as a function of the
temperature one has to note that in the paramagnetic limit
internal fields such as anisotropy fields or demagnetiz
fields are present or they are at least very small. Follow
Smit and Beljers,13 the dispersion relation is now simpl
given by

v

g
5H. ~8!

g5gmB /\ is the gyromagnetic ratio,g is the g value, and
mB is the Bohr magneton. Using the bulk Co valueg
52.18 and the microwave frequency ofv59 GHz in the
dispersion relation, one ends up with a field value ofH
52.98 kOe, which is the resonance field for an isotropic
film above the Curie temperatureTC . Below TC and for our
case in which the external field is applied along the easy a
of the Co film, the internal effective field acting on the spi
is equal to the sum of the external fieldH and the anisotropy
field HA so that both fields enter in the resonance condit
~8!. As a consequence for the same frequency the reson
field Hres has to be below the isotropic value of 2.98 kO
Since with increasing temperature the spontaneous mag
zation as well as the anisotropy fields in the film decrea
Hres increases towards the isotropic value.

Coupled case: Now we will turn to the coupled trilayer
systems. For the coupled Ni/Co trilayer with a spacer thi
ness of 15 ML’s@lower panel of Fig. 3~a!# two resonance
modes are detected for both temperatures: For the lower
perature (T5222 K) one mode appears approximately
the same resonance field as the former Co resonance wh
the second mode shows up at about 1.6 kOe. For the thi
Cu spacer of 4.3 ML’s@Fig. 3~b!# also two resonances ar
observed. This time the low field mode is shifted to high
field values compared to the single Co signal while t
higher field mode is observed at about 1.9 kOe. For b

ic

.e.,
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spacer thicknesses the behavior as a function of the temp
ture is the same as discussed for the case of the single
film.

As discussed in Sec. II it is possible to extract the sign
the coupling from the direction of the field shift. In order
discuss this point, the shift is shown more precisely in Fig
where the various resonance fields versus temperature
plotted for all three thicknesses of the Cu spacer~4.3, 8.2, 15
ML’s !. The open symbols correspond to the single Co fi
and the full symbols to the coupled Ni/Co trilayers. For t
case of the 15-ML Cu spacer the shift of the resonance
sition is very small, while with decreasing thickness of t
Cu spacer to 8.2 and 4.3 ML’s the signal shifts to high
fields. For 8.2 ML’s the shift is 0.18–0.35 kOe depending
the temperature, whereas for the 4.3-ML spacer it is 0.6
1.1 kOe.

According to the theory of coupled systems~Sec. II! the
two signals originate from both layers. Like for coupled pe
dula both eigenmodes are different from the noncoup
case. As a consequence it is not possible anymore to as
the resonances to the single Co or Ni layer. For the thick
spacer, however, the coupling strength is very small,20 the
shift of the Co signal is small within the error bars and the
fore the trilayer is nearly decoupled. In such a case i
possible to attribute the signal at lower fields to the Co la
and the one at higher fields to the Ni layer. If we now turn
the intermediate spacer thickness of 8.2 ML’s, both lin
shift to higher fields, indicating antiferromagnetic couplin
according to the discussion in Sec. II. In a straightforwa
way one has to identify the lower field signal with theacous-
tic mode, the higher field signal with theoptic mode. The
same type of coupling can be seen for the thinnest space

FIG. 4. The in-plane resonance fields as function of the temp
ture for the three different spacer thicknesses. The open cir
indicate the noncoupled single layer case, the filled circles the lo
field mode of the coupled case after the deposition of the Ni fi
The filled triangles show the resonance position of the second m
in the trilayer. The arrow in the upper plot indicates the shift of t
Co signal.
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4.3 ML’s. Since the shift is much stronger, the couplin
strength increases. Bruno and Chappert have calculated
oscillatory behavior of the interlayer exchange coupling
function of the spacer thickness.20 The calculations were also
done for nonideal, i.e., rough, interfaces with 50% of t
spacer beingN layers thick and 25% having thicknesses
N21 and N11, respectively. This61 ML of roughness
could be reasonable for our samples~see the experimenta
part!.17 According to Ref. 20 the antiferromagnetic maxim
should be found at about 4.5, 9, and 15 ML’s which is
very good agreement with our experimental findings.

Figures 3 and 4 show the capability of FMR to study t
interlayer exchange coupling of our model-type Ni/Co trila
ers. Moreover, thein-situ preparation demonstrates in a d
rect way the effect of interlayer exchange coupling on
magnetic properties of an individual single film~open sym-
bols versus full symbols in Fig. 4!.

Linewidth

FMR can be used to study magnetic ground-state pro
ties of single and multilayer films. But in most investigatio
the linewidths of the FMR signals have almost not been d
cussed. In a previous publication we have shown21 that be-
sides the importance of the resonance position, the width
the resonance signal can give very valuable information
the magnetic properties. Inhomogeneities in the magn
film can add an extra inhomogeneous contribution to
linewidth. However, we will show that the main effect on th
linewidth is due to thehomogeneous, i.e., the intrinsic, con-
tribution. Besides the usual damping mechanisms that in
ence the linewidth and have been discussed for sin
films,21 the coupling between the layers gives also rise t
change of the linewidths of the coupled FMR modes.2

Figure 5 shows the evolution of the linewidth as a fun
tion of the temperature for our films. The signal of the low

a-
es
er
.
de

FIG. 5. The in-plane linewidths as function of the temperatu
for the three different spacer thicknesses. The symbols have
same meaning as in Fig. 4 and the line is a guide to the eye.
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field resonance in the coupled case and the Co signal for
single layer film are compared.

Uncoupled case: First the single layer case, i.e., the C
signal, is discussed in order to summarize the main mec
nisms that influence the linewidth.~i! For all spacer thick-
nesses one observes an increase of the linewidth in the re
close to the Curie temperatureTC . This behavior can be
understood in terms of the intrinsic damping,21

DHpp5
2

A3

G

g2M
•v. ~9!

HereG denotes the Gilbert-damping parameter,g is the gy-
romagnetic ratio, andv the microwave frequency. Sinc
nearTC the magnetization becomes small due to fluctuatio
the linewidth increases.~ii ! Below TC a shallow minimum of
DHpp is found.~iii ! For even lower temperatures deep in t
ferromagnetic regime the linewidth shows usually a sm
increase. Qualitatively, this can be understood as an inho
geneous broadening. Since the anisotropy constants
strongly temperature dependent and increase with decrea
temperature,9 a variation of say 1% causes a larger inhom
geneous linewidth for lower temperatures. Since the incre
at lower temperatures in our films is obviously small~Fig. 5!,
we have to conclude that the inhomogeneous contributio
the linewidth is small in our case.

Coupled case: In the coupled cases for 15- and 8.2 M
spacer thickness the behavior as a function of the temp
ture is similar compared to the single layer films, but t
linewidth nearly doubles after the coupling is introduced.
a simple picture this can be understood in the following w
Both ferromagnetic layers have different damping para
eters for the general situation of the asymmetric trilayer.
the uncoupled case the larger the intrinsic damping,
larger will be the linewidth. If these layers become coupl
the magnetization of the layer with larger damping will rel
slower during resonance, because it can transfer energ
the other layer, which has a smaller damping parameter.
stronger coupling this transfer of energy is more effect
and therefore the increase of the linewidth will be larger.
a consequence the line that was broader in the uncou
case becomes smaller. This argument consequently pre
that the line which was smaller before the coupling is int
0944
the

a-

ion

s,

e
ll
o-

are
ing
-
se

to

ra-
e
n
y:

-
In
he
d,
x

to
or
e
s
led
icts
-

duced becomes broader in the coupled system. This scen
is supported by calculations of the FMR linewidths
coupled trilayers.2 In our trilayers the Co signal has, in th
uncoupled case, the smaller Gilbert damping parameter
by introducing the coupling this resonance becomes
acoustic mode. Since the linewidth of the acoustic mo
broadens in comparison to the Co signal in the single la
film, our results verify the predictions made by theory2 in a
direct way, because the broadening could be monitored
rectly. In addition, we indeed find that for thinner space
i.e., stronger coupling, the increase of the linewidth is larg
Another interpretation of the increase could be an inhom
geneous broadening due to a lateral distribution of the fi
thickness, which would lead to a variation of the coupli
strengthJAB across the film plane. However, for the u
coupled films we have found that the inhomogeneous con
bution to the overall linewidth is small. This and the syste
atic increase of the linewidth makes the interpretat
assuming an inhomogeneous broadeningonly very unlikely.
Therefore, in agreement with the theory,2 we attribute the
main effect to an intrinsic broadening due to coupling.

CONCLUSION

Via FMR we have studied the magnetic properties of
trathin fcc Ni/Cu/Co trilayer structures grown on Cu~001!
between 40 and 400 K. For the first time the measureme
could be donein-situ. Therefore it was possible to compa
the coupled trilayer with the uncoupled Cu capped Co s
tem. Consistent with theory we have observed two FMR s
nals, corresponding to the optic and acoustic mode. Du
coupling a shift of the resonance field compared to
capped Co film was found which becomes larger for sma
spacer thicknesses, i.e., for stronger coupling. In addition
have measured an increase of the linewidth of the Co sig
after introducing the coupling, which shows that not only t
static but also the dynamical properties of the magnetizat
i.e., the intrinsic damping mechanisms, are influenced w
one couples two ferromagnetic elements with differe
damping parameters.
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