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Results are reported of a detailed study of static and dynamic responses in symmetric systems
consisting of two ferromagnetic films separated by a nonferromagnetic spacer layer. A comparison
is made with experimental results for two systems grown by sputter deposition in an UHV chamber,
namely, NiFe/Cu/NiFe and Fe/Cr/Fe. First, we present model calculations where the coupling
between the magnetic films through magnetic dipolar, bilinear, and biquadratic exchange
interactions are fully taken into account, together with surface, in-plane uniaxial, and cubic
anisotropies. An analytical expression is given that can readily be used to consistently interpret
magnetoresistance, magneto-optical Kerr effect, ferromagnetic resonance, and Brillouin light
scattering ~BLS! data in such trilayers. Application of the results to BLS data in
Ni81Fe19(d)/Cu~25 Å!Ni81Fe19(d), with d5200 and 300 Å, shows that it is essential to treat the
dipolar interaction adequately in moderately thick systems. The results are also applied to interpret
very interesting data in Fe~40 Å!/Cr(s)/Fe(40 Å), with 5 Å,s,35 Å, investigated by the four
techniques mentioned above, at room temperature. It is shown that consistent values for all magnetic
parameters can be extracted from the data with a theory that treats both static and dynamic responses
on equal footing. ©1998 American Institute of Physics.@S0021-8979~98!00913-X#
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I. INTRODUCTION

Brillouin light scattering~BLS! and ferromagnetic reso
nance~FMR! are among the best experimental techniques
determine the interlayer exchange coupling between fe
magnetic films separated by a nonmagnetic metallic spa
Measurement of this coupling as a function of spacer
magnetic layer thicknesses, temperature, interface prope
and various material parameters, are essential to test the
underlying the coupling mechanisms and to study ba
properties of artificial structures. In addition to the interlay
coupling, the BLS and FMR data also provide unique inf
mation on the magnetic anisotropy and magnetization of
ferromagnetic layers.

In order to interpret the BLS and FMR data it is nece
sary to have knowledge of the spin-wave dispersion re
tions. The BLS spectra provide information on the volum
and surface modes with nonzero wave vector,qÞ0, whereas
the FMR technique probes the surface modes in the unifo
q50 limit.1 The spin-wave mode configurations and disp
sion relations are strongly dependent on the coupling
tween the magnetizations in the magnetic layers. This c
pling arises from the dipolar stray fields and the excha
interaction. The dipolar coupling has been a familiar mec
nism for several decades.2–4 It dominates the interaction be
tween the magnetic layers in relatively thick structures. W
the advance in fabrication techniques, it has become pos
to control the epitaxial growth layer by layer in atomic sca
Nearly ten years ago, it was then found that metallic spac

a!Electronic mail: fma@df.ufpe.br
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with a few atomic monolayers give rise to an effective e
change coupling,5 described by an interaction energy biline
in the magnetizations of the films.6 This bilinear interaction
is characterized by an exchange constant which can be p
tive or negative, corresponding to ferromagnetic or antif
romagnetic alignment of the neighboring magnetizatio
More recently it was discovered that certain systems exh
an additional exchange coupling, modeled by a biquadr
interaction energy,7,8 that can make the two magnetization
align at 90° to each other.

The spin-wave dispersion relations for trilayer structu
have been calculated by several authors. The ea
calculations,3,4 made before the exchange coupling was d
covered, considered only the effect of the dipolar interact
on the surface and volume magnetostatic modes in
coupled films. The simultaneous presence of dipolar and
change interactions complicates the problem considera
The equations of motion involve three components of
magnetization and the dipolar magnetic field in each lay
matched by the appropriate boundary conditions at the in
faces. The full solutions including the bilinear exchange co
pling, but restricted to ferromagnetic alignment, we
worked out by Hillebrands9 for an arbitrary number of mag
netic layers. For a trilayer structure, formed by two magne
films separated by a nonmagnetic spacer, the dispersion
lation is obtained from a system of 16 linear equations. T
requires the use of appropriate numerical tools which co
plicate the interpretation of the observed spectra. This f
added to the need to interpret data in systems with antife
magnetic coupling, led several authors to develop alterna
© 1998 American Institute of Physics
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calculations, each with its own limitations or simplifyin
assumptions.10–19

In this paper we present a calculation of the spin-wa
dispersions for a trilayer structure with bilinear and biqu
dratic coupling, which can readily be used to interpret B
and FMR experiments. The calculation takes into accoun
applied static magnetic field in the film plane, surface a
in-plane uniaxial and cubic crystalline anisotropies, and
linear and biquadratic exchange interactions with arbitr
signs and magnitudes. The approach used is based on
equations of motion for the small-signal magnetization
viations from the equilibrium directions, similar to that o
Cochran and co-workers.12,16 However, besides introducin
the biquadratic coupling, our calculation differs from C
chran’s by an improved treatment of the dipolar interacti
which makes the results suitable for reasonably thick m
netic layers. The following section is devoted to energy c
siderations while the spin-wave dispersion relations are
rived in Sec. III. Section IV describes details of th
experimental techniques and sample preparation. In Se
the theoretical results are applied to interpret BLS and F
experiments in NiFe/Cu/NiFe trilayers with moderately thi
magnetic layers, for which the coupling is mainly due to t
dipolar interaction. Section VI presents a unified picture
quite interesting magneto-optical Kerr effect~MOKE!, MR,
BLS, and FMR data in a series of sputtered single-cry
~100! Fe/Cr/Fe trilayers with varying Cr thickness. Finall
Sec. VII summarizes the main results.

II. ENERGY CONSIDERATIONS: STATIC PROPERTIES

The calculation presented here is based on the c
tinuum approach used by Hillebrands, Cochranet al., and
other authors.9–12 The geometry and the coordinate syste
employed are shown in Fig. 1. We consider two magne
thin single-crystal films, 1 and 2, having cubic lattice stru
ture. They have thicknessesd1 andd2 and are separated by
nonmagnetic spacer layer with thicknesss. The coordinate
system is chosen so that thexz plane is parallel to the film
surface, with thex andz axes along@100# and @001# crystal
directions, respectively. We study only the situation wh
the external static magnetic fieldH0 is applied in the plane o
the films, at an arbitrary angleuH with respect to the@001#
direction. In this case, the equilibrium directions of the ma
netizations of the two films,M1 andM2 , are also in thexz
plane, characterized by the polar anglesu1 and u2 . As is
well known, the static and dynamic responses result from
competition of several interactions. In general, each inte
tion tries to align the magnetizations of the two magne
films along different directions. Since there is a close re
tionship between the static configuration and the dyna
response of the system, the frequencies of the magnetic
citations depend strongly on the equilibrium configuration
the magnetizations. Therefore our initial goal is to determ
the equilibrium values ofu1 andu2 .

The equilibrium directions ofM1 andM2 are determined
by the minima of the total free energy. We consider a f
energy per unit area with four basic contributions:

E5Ez1Ea1Eex1Edip , ~1!
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where the subscripts denote, in order, Zeeman, anisotr
exchange, and dipolar terms. The Zeeman energy per
area is

Ez52(
i 51

2

diM i–H0 . ~2!

The anisotropy energy has three contributions:Eac is the
cubic magnetocrystalline energy;Eau is an in-plane uniaxial
term due to distortions introduced by mismatches betw
the lattices of the films and the substrate;Eas is a surface
energy due to the broken cubic symmetry at the film s
faces. These three contributions to the energy per unit a
are

Eac5(
i

K1
~ i !di

M i
4 ~Mix

2 Miy
2 1Mix

2 Miz
2 1Miy

2 Miz
2 !, ~3!

Eau52(
i

Ku
~ i !di

M i
2 ~M i• ûui!

2, ~4!

Eas52(
i

Ks
~ i !

Mi
2 Miy

2 , ~5!

whereK1
( i ) is the first-order cubic anisotropy constant of fil

i , Ku
( i ) is the uniaxial in-plane anisotropy constant in a dire

tion defined by a polar angleuu
( i ) ,ûu

( i ) is the unit vector in
that direction, andKs

( i ) is the uniaxial surface anisotropy en

FIG. 1. Trilayer structure~upper panel! and coordinate systems~lower
panel! used to represent the fields and magnetizations in the two magn
layers. The axesz1 and z2 are chosen to coincide with the equilibrium
directions ofM1 andM2 .
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ergy constant. Note that the anisotropy constantsK1
( i ) and

Ku
( i ) have units of erg/cm3 and each one is associated with

effective anisotropy fieldHa
( i )52K ( i )/Mi with units of Oe.

Usually the anisotropy parameters are the same for b
magnetic films, so that the superscript (i ) can be dropped for
simplicity.

The exchange energy has the usual volume intrala
exchange contribution plus the interlayer exchange coupl
composed of bilinearEex1 and biquadraticEex2 terms, given
by

Eex152J1

M1–M2

M1M2
, ~6!

Eex25J2S M1–M2

M1M2
D 2

, ~7!

where J1 and J2 are the so-called bilinear and biquadra
coupling constants, which have units of erg/cm2. They are
associated to effective exchange fieldsHex1

( i ) 5J1 /Midi and
Hex2

( i ) 5J2 /Midi with units of Oe. Note thatJ1.0 and J1

,0 correspond, respectively, to ferromagnetic and antife
magnetic couplings. In the case of the biquadratic coupl
J2.0 tends to make the magnetizations in the two films
lie at 90° to one another. As will be shown later, in som
systems the biquadratic coupling is sufficiently large a
dominates in the determination of the equilibrium configu
tion of the magnetizations, having a marked influence on
spin-wave frequencies.

Finally, the dipolar energy has surface and volume c
tributions. The surface contribution, also called demagne
ing energy, is given by

Edemag5(
i

2pdiM iy
2 , ~8!

which has the same form as the surface anisotropy en
~5!. The volume contribution is associated with the magne
field created by the spatial variations of the small-sig
magnetization. Since it contributes to the dynamics of
system but not to the equilibrium configuration, we leave
discussion for Sec. III.

If the external magnetic field is applied in the plane
the films and the combination of the surface anisotropy
demagnetizing effects has an easy-plane character, the
magnetizations are confined to thexz plane. In this case
Miy50 so that the relevant energy per unit area to determ
the equilibrium configuration is, from Eqs.~1!–~8!:

E5(
i 51

2

diF2MiH0 cos~u i2uH!1
1

4
K1

~ i ! sin2 2u i

2Ku
~ i ! cos2~u i2uu

~ i !!G2J1 cos~u12u2!

1J2 cos2~u12u2!. ~9!

In simple situations the equilibrium configuration can
obtained analytically by equating to zero the derivatives
the energy in Eq.~9! with respect tou1 andu2 . However, in
more general situations this leads to transcendental equa
which cannot be solved analytically. In the cases studied
th
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this paper, the equilibrium configuration was determined
merically by varyingu1 andu2 , first in steps of 5°, to locate
the range of minimum energy, and then in steps of 0.5°
obtain accurate minima values.

Onceu1 andu2 are found, we obtain normalized value
for the magnetoresistance from

R~H0!

R~0!
5

12cos~u12u2!

2
, ~10!

and for the magnetization component in the field direct
from

M ~H0!

MS
5

M1 cos~u12uH!1M2 cos~u22uH!

M11M2
. ~11!

In ~10! R(0) is the resistance in the absence of the exter
magnetic field, and in~11! Ms is the total saturation magne
tization. These two equations will be used to fit MR a
MOKE data, respectively, as presented in Sec. VI.

III. DERIVATION OF THE SPIN-WAVE DISPERSION

In this section we derive the spin-wave dispersion re
tions for the trilayer structure which are used to interpret
BLS and FMR data. The calculation is based on the torq
equations of motion for the continuous magnetizations of
two magnetic films. Similar calculations have been made
several authors.9–20 The novelty here is the introduction o
the biquadratic exchange coupling and the use of an
proved approximation for the dipolar coupling, which mak
the results valid for relatively thick magnetic layers.

The equation of motion for the magnetization of filmi is
written as

d

dt
M i5g iM i3Heff

~ i ! , ~12!

where g i5gimB /\ is the gyromagnetic ratio~g i /2p
52.8 GHz/kOe forgi52! andHeff

(i) is the effective field act-
ing on M i . All fields and magnetizations are decompos
into a static part and a small-signal dynamic component.

For each film we use a Cartesian coordinate sys
xiyizi , obtained from the one with the axes in the@100#
directions, by rotation about they axis so that thezi axis
coincides with the equilibrium direction of the magnetizati
M i , as shown in the lower panel of Fig. 1. Hence, the m
netization in filmi can be written as

M i5 x̂imixi
1 ŷimiy1 ẑiM izi

, ~13!

where it is assumed thatmixi
, miy!Mizi

. The transformation
from the original variables is given by

Mix5Mizi
sin u i1mixi

cosu i , ~14!

Miy5miy , ~15!

Miz5Mizi
cosu i2mixi

sin u i . ~16!

Likewise, the effective field is written as

Heff
~ i !5 x̂ihixi

1 ŷhiy1 ẑiHizi
. ~17!
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The effective fields corresponding to the Zeeman, anis
ropy, bilinear, and biquadratic exchange energy contri
tions El are given by

Hl
~ i !52¹Mi

~El /di !. ~18!

The calculation of the volume dipolar magnetic field
more involved and requires some approximations in orde
be carried out analytically, as will be shown later. Since
spin-wave frequencies are determined by the linearized e
tions, in the transformation of the energy expressions~2!–~9!
to the new variables~13! and ~17!, only terms quadratic in
small-signal components have to be kept. Furthermore, in
calculation of the effective fields, only terms linear in sm
quantities in thexi andyi components and constant in thezi

components need to be retained. Note also that it is not
essary to expand theMizi

components intomixi
, andmiyi

, as
prescribed in Ref. 12. It is simpler to evaluate the derivati
of El with respect toMizi

and enter the equation of motio
with the correspondingzi components of the effective fields

From the Zeeman energy we obtain only one relev
field component,

Hizi

z 52
1

di

]Ez

Mizi

5H0 cos~u i2uH!. ~19!

The contributions from the cubic anisotropy energy
the effective field are

hixi

ac.
K1

~ i !

Mi
2 mixi

~3 sin2 2u i22!, ~20!

hiy
ac.2

2K1
~ i !

Mi
2 miy , ~21!

Hizi

ac.2
K1

~ i !

Mi
sin2 2u i . ~22!

The relevant components of the uniaxial anisotropy fi
are

hixi

au.
2Ku

~ i !

Mi
2 sin2~u i2uu

~ i !!mixi
, ~23!

Hizi

au.
2Ku

~ i !

Mi
cos2~u i2uu

~ i !!, ~24!

and from the surface anisotropy energy, the only compon
is

hiy
as5

2Ks
~ i !

diM i
2 miy . ~25!

Finally, from the bilinear and biquadratic exchange e
ergies we obtain the following components:
t-
-

to
e
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hixi

ex.
J1

diM1M2
mjx j

cos~u12u2!

2
2J2

diM1M2
mjx j

cos@2~u12u2!#

2
2J2

diM i
2 mixi

sin2~u12u2!, ~26!

hiy
ex.

J1

diM1M2
mjy2

2J2

diM1M2
mjy cos~u12u2!, ~27!

Hizi

ex.
J1

diM i
cos~u12u2!2

2J2

diM i
cos2~u12u2!. ~28!

The treatment of the dipolar magnetic field is far mo
involved and requires several approximations to be car
out analytically. This field does not exist when the magne
zation is uniform and lies in the film plane therefore it w
not considered in the calculation of the equilibrium config
ration. However, when the magnetization deviates from eq
librium, its spatial variation creates uncompensated magn
dipoles which in turn generate a magnetic fieldh that obeys
Maxwell’s equations. This field can be calculated using
magnetostatic approximation,¹3h50, and defining a mag-
netic potentialF throughh52¹F. This potential satisfies a
Poisson equation:

¹2F54p¹•M , ~29!

and can be obtained by standard boundary value probl
methods, thus providing both surface and volume contri
tions to the dipolar field. Gru¨nberg3 has worked out the prob
lem for two parallel magnetic films with the full boundar
conditions from Maxwell’s equations but without other inte
actions. The dipolar field couples the excitations in the t
films, giving rise to in-phase and out-of-phase surface m
non modes, also called, respectively, acoustic and o
modes, propagating perpendicularly to the applied fie
However, the presence of the exchange interaction betw
the films complicates the problem considerably. In order
treat the dipolar interaction in the same context as the o
fields we follow the approach of Cochranet al.12 in consid-
ering the field produced by one film and neglecting the eff
of the boundary conditions on the second film. Assume
single semi-infinite film of thicknessd with surfaces in the
xz plane located aty56d/2 with the static field applied
along thez direction. Consider also that a magnetostatic s
face wave propagates in thex direction, so that the deviation
of the magnetization from equilibrium is given by

Mx~x!5Mxe
iqx, M y~x!5M ye

iqx. ~30!

Solution of Eq.~29! with Eq. ~30! yields the following
dipolar field components in the three regions of interest.12

~i! Inside the film

hx5@2pMxe
2qd/2~eqy1e2qy!24pMx

22p iM ye
2qd/2~eqy2e2qy!#eiqx, ~31!

hy5@22p iM xe
2qd/2~eqy2e2qy!

22pM ye
2qd/2~eqy1e2qy!#eiqx. ~32!
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~ii ! To the right of the film (y>d/2)

hx52p~Mx1 iM y!~e2qd/22eqd/2!e~2qy1 iqx!, ~33!

hy52p~ iM x2M y!~e2qd/22eqd/2!e~2qy1 iqx!. ~34!

~iii ! To the left of the film (y<2d/2)

hx52p~Mx2 iM y!~e2qd/22eqd/2!e~qy1 iqx!, ~35!

hy52p~ iM x2M y!~e2qd/22eqd/2!e~2qy1 iqx!. ~36!

Clearly the nature of the dipolar field introduces a spa
variation with y that complicates the problem and requir
further approximations. Cochranet al.12 expand the expo-
nential functions in the small parametersqy andqd to first
order, simplifying the equations considerably. It turns o
that in situations of interest this approximation is not sa
factory. Here we assume that the small-signal magnetizat
do not vary alongy and replace the dipolar fields by suitab
averages17 alongy:

^h1
dip&5

1

d1
E

2d1/2

d1/2

hdip~y!dy, ~37!

^h2
dip&5

1

d2
E

d1/21s

d1/21s1d2
hdip~y!dy. ~38!

Integration of Eqs.~31!–~36! yields the average dipola
field in film 1, for arbitrary direction of the applied in-plan
field H:

^h1x
dip&524pM1x@12~12e2qd1!/qd1#

12p~ iM 2y2M2x!~12e2qd1!

3@~12e2qd2!e2qs/qd1#cos~u12uH! ~39!

^h1y
dip&524pM1y~12e2qd1!/qd112p~ iM 2x1M2y!

3~12e2qd1!~12e2qd2!e2qs/qd1 . ~40!

The final expressions are obtained by introducing the tra
formation ~14!–~16! in ~39! and ~40! and expanding the ex
ponential functions in the parametersqdi!1. Similar expres-
sions follow for the dipolar field in film 2. Using the
resulting dipolar fields and the other field components~19!–
~28! in Eq. ~12!, we obtain the appropriate equations of m
tion for the small-signal magnetizations in the two film
Assuming the time variation exp(ivt), wherev is the angular
frequency, and retaining only terms to first order in sm
quantities we obtain

F 2 iv/g1

2H3

2 iG5

G4

H1

2 iv/g1

G2

2 iG6

iH 5

H4

2 iv/g2

2G3

H2

iH 6

G1

2 iv/g2

GF m1x1

m1y

m2x2

m2y

G50,

~41!

where
l

t
-
ns

s-

-
.

ll

H15H0 cos~u12uH!1
Hac

~1!

4
~31cos 4u1!1Hau

~1! cos2~u1

2uu
~1!!2Has

~1!14pM1~12qd1/2!1D ~1!q2

1Hex1
~1! cos~u12u2!

22Hex2
~1! cos2~u12u2!, ~42!

H252Hex1
~2!22pM1qd1~12qd2/2!e2qs12Hex2

~2! cos~u1

2u2!, ~43!

H35H0 cos~u12uH!1Hac
~1! cos 4u1

1Hau
~1! cos@2~u12uu

~1!!#

12pM1qd1 cos2~u12uH!1D ~1!q2

1Hex1
~1! cos~u12u2!22Hex2

~1! cos@2~u12u2!#, ~44!

H45Hex1
~2! cos~u12u2!22pM1qd1~12qd2/2!e2qs

3cos~u12uH!cos~u22uH!22Hex2
~2! cos@2~u12u2!#,

~45!

H5572pM1qd1~12qd2/2!e2qs cos~u22uH!, ~46!

H6562pM1qd1~12qd2/2!e2qs cos~u12uH!, ~47!

and G1–G6 are given by the same expressions asH1–H6

with 1↔2. Note thatD ( i ) is the intralayer exchange stiffnes
constant for film i , which was introduced in the usua
manner.9,17 The upper and lower signs in Eqs.~46! and~47!
correspond to the Stokes and anti-Stokes frequency sh
respectively. As is well known1,17,19 these are equal in the
ferromagnetic phase but are somewhat different in the a
ferromagnetic and spin-canted phases. Note that, beside
generalization for arbitrary field direction and inclusion
biquadratic exchange, expressions~41!–~47! differ from
those in Ref. 12 in the dependence on the parametersqdi and
qs, and are identical only in the limit of vanishingqdi and
qs. As a result, our treatment provides a better approxim
tion for the dipolar field, and, as will be shown in Sec. V,
applicable to film thicknesses of several hundred angstro

The solutions of Eq.~41! are found by requiring that the
secular determinant vanishes. This leads to magnetic ex
tion frequencies which are given by the zeroes of the follo
ing:

v4

g1
2g2

2 1av21bv1c50, ~48!

where

a5~G2H41G4H21G5H51G6H6!/g1g22H1H3 /g2
2

2G1G3 /g1
2, ~49!

b5~G3G5H21G1G4H52G1G6H42G2G3H6!/g1

1~G6H2H31G4H1H62G5H1H42G2H3H5!/g2 ,

~50!

and
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c5G1G6H3H51G1G3H1H31G5G6H5H6

1G5G6H2H41G3G5H1H61G2G4H2H4

2G2G3H2H32G1G4H1H41G2G4H5H6 . ~51!

For any given applied field, Eq.~48! has two real solu-
tions, corresponding to the acoustic and optic modes. E
dently, in order to find the frequencies one must fi
determine the equilibrium angle, as indicated previous
Note that the FMR technique probes theq50 modes and
since they are not influenced by the dipolar coupling
calculation simplifies considerably. In this caseH55H6

5G55G650 so that the term linear inv in Eq. ~48! van-
ishes. This allows the FMR frequencies to be determin
analytically. Forg15g25g, we have

S v

g D
6

2

52~a0/2!6A~a0/2!22c0, ~52!

where

a05~G2H41G4H22H1H32G1G3!q50 ,

c05~G1G3H1H31G2G4H2H42G2G3H2H3

2G1G4H1H4!q50 .

Let us apply the result~52! to the simple case of a
trilayer having two identical magnetic films, coupled throu
a bilinear antiferromagnetic exchange. Consider further,
the in-plane anisotropy is uniaxial with easy axis in thez
direction and that the external fieldH0 is applied in this
direction. In this case there are three equilibrium phases
pending on the field value, as determined by minimizing~9!
with vanishinguH , uu , K1 , andJ2 . For increasing field, the
first phase is in the range 0<H0<AHu(2Hex1Hu)[HSF,
whereHex is the absolute value of the antiferromagnetic
linear exchange field andHu is the uniaxial anisotropy field
for both films. In this phase the magnetizations are align
antiferromagnetically, i.e.,u150 and u25180°, and the
FMR frequencies for the optic and acoustic modes obtai
from ~52! are

S v

g D
6

2

5H0
22Hu

21~Hu1Hex!~2Hu14pMeff!

6@H0
2~2Hu14pMeff!~2Hu14pMeff14Hex!

1Hex
2 ~4pMeff!

2#1/2, ~53!

where 4pMeff54pMs2Has. This result is identical to tha
obtained previously by Wigenet al.15 As the field is in-
creased beyond the spin–flop critical valueHSF, the magne-
tizations become canted with anglesu15u and u25p2u,
where sinu5@H0 /(2Hex2Hu)#. As the field increases in th
spin–flop phase the magnetizations rotate towards thez axis
and the FMR frequencies vary with field as
i-
t
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S v

g D
6

2

5@2Hex
2 1Hu~Hex14pMeff!#sin2 u1~Hex

14pMeff!~Hex2Hu!2Hex
2 6Hex

3@~2Hex18pMeff1Hu!sin2 u2~Hu14pMeff!#.

~54!

Finally, when the field is increased beyond the critic
valueHc52Hex2Hu , the magnetizations become aligned
thez direction. In this saturated, or ferromagnetic, phase,
FMR frequencies are

S v

g D
1

2

5~H01Hu!~H01Hu14pMeff!, ~55!

S v

g D
2

2

5~H01Hu22Hex!~H01Hu22Hex14pMeff!,

~56!

which are, again, in agreement with Ref. 15. This res
shows that the difference between the fields for resonanc
the acoustic and optic modes in the ferromagnetic pha
observed at fixed frequency, yields a direct measuremen
the exchange coupling field. In the case of the BLS techni
the field is fixed and one observes the frequency shifts of
two modes. One difficulty encountered in both FMR a
BLS is that the optic mode intensity is much smaller th
that of the acoustic mode. In fact, as is well known,1,14 for
films of identical materials the intensity of the optic mode
the ferromagnetic phase is theoretically zero. Fortunat
experimental films are always somewhat different from ea
other and present various magnetic phases, so that alth
the optic mode is weak it can be observed in many situatio

IV. EXPERIMENTAL DETAILS AND SAMPLES

A. Techniques

The experiments were carried out with three stand
techniques, namely magneto-optic Kerr effect magnetom
~MOKE!, Brillouin light scattering spectroscopy~BLS!, and
ferromagnetic resonance~FMR!. Some samples were als
investigated by magnetoresistance~MR! measurements. All
samples studied are made of single crystal films as de
mined by X-ray diffractometry.

The MOKE setup employs a He–Ne laser modulated
amplitude at 50 kHz by an elasto-optic modulator plac
between crossed polarizers. Magnetic hysteresis loops w
measured in the longitudinal Kerr effect configuration, w
the light polarized along the dc magnetic field in the fil
plane.

The BLS measurements were carried out in the ba
scattering geometry,1,19,20using a Sandercock model tande
Fabry–Perot interferometer with active stabilization in a
33)-pass configuration. The light source was a single-m
stabilized argon ion laser operating at 5145 Å, with incide
power in the range 60–100 mW. Light detection was ma
by photon counting using a cooled EG&G photodetec
with 40% quantum efficiency and an average dark noise
1.5 cps. The spectra were stored in 256 channels, each w
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gate length of 1 ms. Several hundred to a few thousand
terferometer scans were used to record the spectra, dep
ing on the signal intensity. All measurements were done
room temperature with the sample between the poles o
electromagnet, with the field in the film plane and perpe
dicular to the incidence plane of the light beam. The sam
was mounted on a goniometer to allow for two independ
rotations: rotation around the normal as to vary the fi
direction in the film plane; rotation around the field directi
to vary the incident anglea and thus the spin-wave wav
numberq52kL sina. Magnons with wave numbers in th
range 0.43105 cm21,q,2.13105 cm21 could then be
probed in a magnetic field varying from 0 to 6 kOe.

The FMR measurements were carried out with a hom
made microwave spectrometer employing a sweep oscill
with frequency stabilized at the cavity resonance. The sp
tra were obtained by sweeping the field at fixed freque
and monitoring the derivative of the absorption lines p
vided by field modulation at 1 kHz with Helmholtz coil
mounted on the cavity walls. In order to change the f
quency several retangular cavities were constructed to o
ate in the TE102 mode in the X and K microwave bands. A
measurements were made at room temperature with the
applied in the film plane. In order to investigate the in-pla
magnetic anisotropy the sample is rotated about the nor
to its plane, maintaining the field in the plane.

B. Samples

All studies reported in this paper were carried o
with single-crystal samples prepared at the IBM Alma
den Research Center. Two sets of trilayer samples were s
ied: Ni81Fe19(d)/Cu~25 Å!/Ni81Fe19~d! and Fe~40 Å!/Cr(s)/
Fe(40 Å). The films were grown by magnetron sputter de
sition in an ultrahigh vacuum chamber equipped with
2-in. dc magnetron sputtering sources. The base pres
prior to deposition was typically 231029 Torr and the sput-
ter pressure was usually 331023 Torr Ar.

The NiFe, or permalloy~Py!, films have relatively large
thicknesses,d5200 and 300 Å, and provide an excelle
room for testing the spin-wave dispersion calculated w
various approximations for the dipolar field. The Py/Cu/
trilayers were deposited onto polished, chemically clea
single-crystal~100! MgO, ~110! MgO, and~0001! sapphire
substrates, coated with Fe~5 Å!/Pt~5 Å!/Cu~50 Å! buffer lay-
ers. Symmetry and protection of the top Py layer were p
vided by a 50 Å thick Cu overcoat layer. The thickness
were primarily determined from the deposition time for ea
layer. The deposition rates (;2 Å/s) were determined from
the measured thicknesses of thick (;1000 Å) calibration
films grown along with multilayers. The values of the lay
thicknesses determined by this method were cross che
by x-ray reflectivity on selected samples.

The Fe/Cr/Fe trilayers were grown on MgO~100! sub-
strates. Initially a Cr seed layer, at least 100 Å thick, w
deposited on the substrate at temperatures ranging u
525 °C in order to establish epitaxy. The subsequent
Cr/Fe layers were deposited at 150–180 °C and were cap
with a thin Cr layer. As previously reported,21,22the Fe/Cr/Fe
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samples grow on the~100! plane with the Fe@100# along the
MgO @110# direction. All samples have the same Fe lay
thickness,d540 Å. Initial characterization of the coupling
was made with a Cr wedged sample, with 0,s,70 Å. Then
several samples were prepared with uniform Cr thickn
varying from 5 to 35 Å, a range that corresponds to the fi
two antiferromagnetic peaks. The~100! Fe/Cr/Fe samples
are used here to study the effect of the biquadratic coup
on the equilibrium configuration and on the spin-wave d
persion.

V. APPLICATION TO MODERATELY THICK FILMS:
SPUTTERED Py/Cu/Py TRILAYERS

In this section we present BLS data only on~100! and
~110! trilayers of Py(d)/Cu~25 Å!/Py(d) with d5200 and
300 Å, compare with the spin-wave theory developed in S
III, and demonstrate the reliability of the approximatio
made in the calculation of the dipolar field. This is possib
because with a Cu spacer layer 25 Å thick the two Py fil
have negligible exchange interaction and then the natur
the coupled modes relies on the dipolar interaction.10

The BLS data, as well as the FMR, reveal that while t
~100! samples are isotropic in the plane, as expected from
small cubic magnetocrystalline anisotropy of Py (Hac

,5 Oe), the~110! samples develop a strong uniaxial in

FIG. 2. BLS spectra for several values of the external fieldH0 applied
along a hard magnetization axis, observed in Ni81Fe19~200 Å!/Cu~25 Å!/
Ni81Fe19~200 Å! grown onto~110!MgO. The grey scale indicates the mag
netic field increase.
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plane anisotropy.23 Figure 2 shows representative spectra
the low-field low-frequency region for the sample withd
5200 Å grown on MgO~110!, with the field applied paralle
to a hard magnetization axis. All spectra were obtained w
500 scans, with laser power 80 mW at an angle of incide
of 45° corresponding to a scattering in-plane magnon w
number of 1.733105 cm21. The spectra display intens
acoustic and optic surface modes, with equal Stokes
anti-Stokes shifts. These modes have an apparently intr
ing behavior with increasing field. The two inelastic scatt
ing peaks first approach each other for 0,H0,200 Oe, then
they split with increasing field. This separation reache
maximum at about 750 Oe and decreases monotonicall
the frequencies of both modes increase at higher field val
Not shown in Fig. 2 is the volume mode line about 26 G
apart from the laser line, well outside the free spectral ran
The behavior above is not observed when the field is app
parallel to an easy magnetization axis and, as discussed
is due to a large uniaxial anisotropy characteristic of
samples grown on MgO~110!. The measurements of th
frequency shift versus magnetic field are shown by the s
bols in the upper panel of Fig. 3. The calculated dispers
relations represented by the lines will be discussed later.
lower panel in Fig. 3 shows the frequency shifts as
sample is rotated around the normal to the film plane, i

FIG. 3. Magnon frequencies forq51.733105 cm21 vs external field
H0 , applied along the ~a! hard magnetization axis (f50) in
Ni81Fe19~200 Å!/Cu~25 Å!/Ni81Fe19~200 Å! grown onto~110!MgO. Symbols
are the BLS data: solid triangles for the lowest-order volume mode, o
circles for the surface optic mode, and open triangles for the surface aco
mode. Lines are results of calculations with Eq.~48! ~solid!, and theory in
Ref. 12 ~dashed!. ~b! Frequency shift for the same magnon wave num
andH051 kOe as a function of the in-plane field anglef with respect to the
hard axis.
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magnetic field of 1 kOe. For simplicity, the in-plane fie
anglef is defined here with respect to the hard magneti
tion axis. In contrast to the flat isotropic behavior observed
MgO ~100! films, the samples grown on MgO~110! exhibit a
twofold symmetric response, with a maximum atf590°,
where the field is applied parallel to an easy magnetiza
direction. The results above were confirmed by roo
temperature angle-dependent FMR experiments. The so
of the uniaxial in-plane anisotropy is probably the stress
duced by lattice mismatch.21

Similar spectra were observed in the samples grown
MgO ~110! with the field applied along an easy magnetiz
tion axis and in the samples grown on MgO~100!. However,
in these cases all frequencies increase monotonically w
increasing field. This is seen in the dispersion relations m

FIG. 4. The same as Fig. 3~a! in isotropic~100! Ni81Fe19~200 Å!/Cu~25 Å!/
Ni81Fe19~200 Å!. Lines are results of calculations with Eq.~48! ~solid!,
theory in Ref. 12~dashed!, and theory in Ref. 3~dotted!.

FIG. 5. The same as Fig. 4 in~110! Ni81Fe19~300 Å!/Cu(25Å)/
Ni81Fe19~300 Å!, with the field applied along an easy magnetization a
(f590°).
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sured in the isotropic~100! sample withd5200 Å, shown in
Fig. 4, and in the 300 Å~110! sample withH0 along the easy
axis shown in Fig. 5.

In order to demonstrate the importance of the dipo
interaction in the dynamics of the system we show in Fig
the comparison of the data for the~100! Py~200 Å!/Cu~25
Å!/Py~200 Å! sample with three theoretical results. The d
ted line represents a fit with the calculation of Gru¨nberg3

which treats the dipolar coupling exactly in the limit of va
ishing exchange and anisotropy interactions. The parame
used for the fit are the nominal magnetic and spacer la
thicknesses, saturation magnetization 4pM59.0 kG, spec-
troscopic factorg52.15 and spin-wave wave numberq
51.733105 cm21. The solid lines represent the results
our calculation, Eq.~48!, using the same previous paramete
and vanishing exchange and anisotropy fields. The volu
mode curve is obtained by properly including anisotropy
the usual spin-wave expression, using an intralayer excha
stiffnessD51.931029 Oe cm2. We conclude that for this
magnetic layer thickness and wave number, correspondin
a productqd50.34,1, our calculation treats the dipolar in
teraction quite well based on its agreement with the data
Grünberg’s results. The same is not true for the calculat
of Cochranet al.,12 represented in Fig. 4 by the dashed line
While the two calculations give the same result for t
acoustic mode, which does not depend on the coupling
tween the two magnetic layers, they depart from each o
considerably for the optic mode, which does depend on
coupling.

Note that the result obtained with the approximations
Ref. 12 becomes worse as the optic mode frequency
creases. Again this results from the crude approximati
made in the dipolar field expansions, since the lower
frequency the more important the dipolar energy is as co
pared to the Zeeman contribution. This is also seen in
comparison between the data for the anisotropic 200
sample on MgO~110! in Fig. 3 and the calculated dispersio
relations. Our result~solid line! provides a good fit to the
data for all modes using the parameters 4pM59.0 kG, Hau

50.55 kOe, g52.1, and D5231029 Oe cm2. However,
the approach in Ref. 12~dashed line! with the same param
eters departs from the data for the optic mode, especiall
the low frequency region. Note that we do not show in Fig
the dispersion calculated with Gru¨nberg’s theory because
does not include the anisotropy energy. The departure
tween the theoretical approximations in Ref. 12 and d
becomes larger for thicker magnetic layers. This is seen
Fig. 5 which shows the data for the 300 Å sample on M
~110! and the dispersion relations calculated with our res
~solid line! and with the approximations in Ref. 12~dashed
lines!.

Since the dipolar interaction becomes more import
with increasingqd, it is interesting to compare the thre
theoretical results with the spin-wave dispersion as a fu
tion of the wave number. This is shown in Fig. 6 for th
~100! Py~300 Å!/Cu~25 Å!/Py~300 Å! trilayer in a constant
in-plane fieldH051.0 kOe. The wave number is varied b
changing the scattering incidence angle in the range
,a,60°. Again, the dotted, solid, and dashed lines rep
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sent, respectively, the calculations of Ref. 3, ours and the
in Ref. 12. As clearly seen, all calculations give the sa
result for the vanishing wave number because the dipolar
the intralayer exchange interactions vanish in this lim
However, asq increases, the three calculations depart fro
each other. While our calculation agrees quite well with e
periments, the results of Ref. 3 depart slightly from the d
because it does not take into account the intralayer excha
On the other hand, the results of Ref. 12 depart consider
from the data for highq values because the approximatio
made in the dipolar field calculation are not satisfactory
this range. Note, however, that since the important param
in the dipolar field expansion is the productqd, the calcula-
tion in Ref. 12 would be quite satisfactory in the highq
range for film thicknessesd,50 Å.

VI. BILINEAR AND BIQUADRATIC EXCHANGE IN
„100… Fe/Cr/Fe TRILAYERS

Having established that the spin wave calculation p
sented in Sec. III treats accurately the dipolar interact
between two magnetic layers, we now apply that calculat
to investigate the exchange coupling in several sputte
~100! Fe/Cr/Fe trilayers. Actually, for thicknesses of the fe
romagnetic layer smaller than about 100 Å, as is the cas
the Fe/Cr/Fe samples studied here, a higher-order appr
mation to the dipolar field is shown to play an important ro
As will be shown, it is also essential to include the effect
the biquadratic exchange interaction.

Fe/Cr films can be prepared in single-crystal form
several techniques, such as molecular beam epitaxy, elec
beam deposition, and sputtering.1,16 Since the nature of the
coupling between the magnetic layers depends on the ch
cal composition and on the details of the microstructu
Fe/Cr systems grown by different methods have becom
prototype for studies of coupling in magnetic multilayers.
particular, the peculiar biquadratic coupling has been

FIG. 6. BLS frequency shift vs magnon wave numberq in ~100!
Ni81Fe19~300 Å!/Cu~25 Å!/Ni81Fe19~300 Å!. Lines and symbols are as in
Fig. 4.
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served in Fe/Cr/Fe trilayers by several authors.24–28Here we
show that the static and dynamic properties of this sys
are very sensitive to the biquadratic interaction. This fac
used to measure both the bilinear and biquadratic coupl
as a function of the spacer layer thickness in sputtered~100!
Fe~40 Å!/Cr(s)/Fe(40 Å).

In order to determine the overall behavior of the co
pling as a function of spacer thickness we have done e
axis MOKE magnetometry measurements in a wed
trilayer structure. Figure 7 shows a plot of the saturation fi
as a function of the Cr layer thickness. The saturation fiel
defined arbitrarily as the field at which the moment reac
75% of the saturation value. Note that the coupling reac
the first antiferromagnetic~AF! maximum at abouts
510 Å, crosses to ferromagnetic ats515 Å, crosses back
to AF at s525 Å, and reaches the second AF peak as
529 Å. Since this behavior is primarily determined by t
bilinear exchange parameterJ1 , it is of interest to find out
how the biquadratic exchange constantJ2 varies asJ1

changes withs. In order to extract accurate values forJ1 and
J2 we have studied three trilayer samples having uniform
spacers with thicknesss511, 15, and 25 Å.

A. MOKE and FMR in „100… Fe„40 Å…/Cr„11 Å…/Fe„40 Å…

Consider first, the~100! Fe/Cr/Fe sample with Cr thick
nesss511 Å, a value close to the first AF maximum. Th
initial characterization is made with MOKE magnetomet
Figure 8~a! shows data~open circles! measured with the field
along the easy@001# axis. The solid line represents a the
retical fit with the calculation described in Sec. II, using t
following parameters: 4pM519.5 kG, Hac52K1 /M
50.57 kOe, Hu5Hs50, Hex15J1 /d1M520.89 kOe (J1

520.55 erg/cm22), Hex25J2 /d1M50.07 kOe ~J2

50.044 erg/cm2, J2 /J1520.08!. The corresponding equi
librium anglesu1 andu2 are shown in Fig. 8~b!. The arrows
represent the evolution of the spacial configuration of
magnetizations in the Fe films towards saturation. At l

FIG. 7. Saturation field measured with MOKE magnetometry in a Fe/C
wedge as a function of the Cr thickness~Ref. 26!. The solid line is a guide
to the eyes.
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fields M1 andM2 are aligned nearly opposite to each oth
and perpendicular toH0 , in a canted-spin configuration. A
the field increases and the Zeeman energy becomes m
important, the magnetizations gradually rotate towards
field. Saturation occurs at fields larger than a critical va
HSAT . For identical magnetic films, this value can be o
tained analytically from the condition of vanishing derivativ
of Eq. ~9! with respect tou5u152u2 , and is given by

HSAT52uHex1u14Hex27Hac, ~57!

where the sign2 ~1! occurs when the field is applied alon
an easy~hard! magnetization axis. The parameters abo
lead to a critical fieldHSAT51.49 kOe. Note that the pres
ence of a small biquadratic exchange does not change
nature of the equilibrium phase@dashed line in Fig. 8~a!#. A
positiveJ2 changes the curvature of the magnetization cu
near the critical field and slightly increases the value
HSAT . Furthermore, notice that in the case of Fig. 8HSAT is
no longer given by Eq.~57! whenJ250, since saturation is
reached through a first-order transition.

A remarkably distinct phase diagram occurs when
field H0 is applied along the hard@101# axis, i.e.,uH545°.
Figure 9 shows the equilibrium angles and the magnetiza
versus field for this case, where three distinct phases
observed. At fields below a certain critical value of 0.5 kO
the magnetizations remain close to an antiferromagn
~AF! alignment along the@001# axis. At this field there is a
sudden transition to a spin–flop~SF! state. As the field in-
creases above this value, the spins rotate towards the
and only at 2.63 kOe the system attains saturation. Ag

e

FIG. 8. Normalized magnetization vs external fieldH0 applied along@001#
(uH50), in ~100! Fe~40 Å!/Cr~11 Å!/Fe~40 Å!. Open circles are MOKE
data. Lines are calculated.~b! Calculated equilibrium magnetization angle
u1 andu2 vs H0 .
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note that the existence of a small positiveJ2 does not change
the nature of the phases, it only varies the curvature ofM vs
H0 and changes the values of the critical fields.

There are three independent components in the crit
field given in Eq.~57!. It should be possible to determine th
three field parameters from the simultaneous fittings of
two magnetization curves in Figs. 8~a! and 9~a!. However,
we find that the parameters that give the best least-squa
to the @101# data @solid line in Fig. 9~a!# produce a slight
departure between theory and data for the@001# direction
@solid line in Fig. 8~a!#. The uncertainty in the value ofHex2

is considerable when its magnitude is much smaller t
Hex1.

Better accuracy in the determination of all magnetic p
rameters is achieved with BLS and FMR techniques. In or
to obtain reliable fits between theory and experiment it
necessary to measure the variation of some spin-wave q
tity as a function of a convenient parameter. In the case
FMR one can measure the field for resonance at cons
microwave frequency as a function of the azimuthal in-pla
angleuH as the sample is rotated in its plane.1,16,29,30Alter-
natively, it is possible to employ several microwave cavit
to vary the frequency discretely and obtain theq50 spin-
wave dispersion relations.13 However, in both cases it is nec
essary to observe both acoustic and optic modes in orde
extract accurate values for the exchange coupling consta

Figure 10 shows the dispersion relations for theq50
modes with the magnetic fieldH0 applied along the hard
@101# axis (uH545°). The symbols represent the data a
the lines are theoretical results obtained with Eq.~52! with
the same parameters used to fit the MOKE data in Fig. 9~a!.
As the equilibrium state, the dispersion relations are cha
terized by three distinct phases: AF for 0,H0,0.5 kOe;

FIG. 9. Same as Fig. 8, withH0 applied along@101# (uH545°).
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spin–flop~SF! for 0.5 kOe,H0,2.63 kOe; and saturated o
FM for H0.2.63 kOe. The inset shows a typical spectrum
9.5 GHz anduH530°, where one acoustic mode and o
optic mode resonance are seen. Note that the optic m
resonance expected forH0.HSAT is not observed becaus
its intensity in the FM phase is theoretically zero. As seen
Fig. 10, the behavior of the frequency versus field for bo
acoustic and optic modes is different in each phase. T
results from the fact that the frequencies of the magn
excitations depend directly on the configuration of the m
netizations in both films, as shown by Eqs.~53!–~56!. As in
Fig. 9~a! the dashed line is obtained withHex250, keeping
the same values for the other parameters. As expected,
produces a large departure of the optic mode line from
data because the critical field for the SF–FM transition
very sensitive to the value ofHex2. One may ask what hap
pens if we keepHex250 and vary the other parameters
obtain a least-square fit to the data. The result is shown
the dotted line in Fig. 10, obtained with 4pM519.5 kOe,
Hac50.53 kOe,Hex1520.82 kOe, andg52.1. This shows
that althoughHex2 is small, it is not possible to fit the data t
the theory without inclusion of the biquadratic exchange
ergy in the calculation. The estimated maximum error in
values of the parameters extracted from the fit is 3% ba
on the visual departure of the curves from the least-square

Another way to obtain data with the FMR technique
by keeping the frequency fixed and measuring the resona
field for the acoustic and optic modes as the sample is rot
about its normal, maintaining the field in the plane. The m
sured field variations with angle exhibits fourfold symmet
due to the cubic anisotropy of Fe~100!. Figure 11 shows the
data obtained with a frequency of 9.5 GHz in one quadr
together with theoretical lines calculated with Eq.~52!. The
solid line is the least-square fit obtained with paramet
almost identical to the previous values, name
4pM519.5 kOe, Hac50.57 kOe, Hex1520.89 kOe, Hex2

FIG. 10. Symbols: Variable-frequency FMR measurements in~100! Fe~40
Å!/Cr~11 Å!/Fe~40 Å! with the external fieldH0 applied along@101# (uH

545°). Solid, dashed, and dotted lines are results of calculations. In
FMR spectrum at 9.5 GHz anduH530°.
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50.07 kOe, andg52.1. As can be seen by the dashed a
dotted lines in Figs. 11~a! and 11~b!, the resonance field
increases with increasinguHex1u andHex2. In order to show
the consistency of the set of parameters extracted from
fit, we show in Fig. 12 the comparison between data take
four other frequencies with the theoretical prediction o
tained with the same parameter values. Even the cur
triple peaked shape of the data at 19 GHz is very well rep
duced. The dispersion relations obtained with these par
eters forqÞ0 are also in excellent agreement with the BL
data for this sample.

B. „100… Fe„40 Å…/Cr„15 Å…/Fe„40 Å…

When the sample with Cr thicknesss515 Å was first
investigated it was expected to have a small antiferrom
netic coupling and correspondingly small critical fields f
all magnetic phase transitions. However, besides the
pected low critical fields, the data furnished by the vario
techniques displayed surprisingly sudden jump as the fi
varied. This was soon found to be a result of abrupt ph
transitions in the magnetic state produced by the relativ
large biquadratic exchange.26,27 Figure 13~a! shows MOKE
measurements in the field range 0,H0,0.4 kOe, applied
along the easy axis. The circles in the inset are MR d
obtained with a standard four-probe technique. Both d
without the coercive field are very well fitted by the theor
ical lines shown in Fig. 13~a!, obtained with Eqs.~10! and

FIG. 11. Resonance field vs in-plane field angleuH in ~100! Fe~40 Å!/Cr~11
Å!/Fe~40 Å!. Open circles are for the measured FMR optic mode and
open triangles for the acoustic mode. The solid lines are the best theor
fits obtained. The solid lines in~a! and~b! were obtained with the exchang
field parameters (Hex1,Hex2)5(20.89 kOe, 0.07 kOe).~a! the dashed~dot-
ted! line was obtained with Hex250.07 kOe and Hex1521.0 kOe
(20.80 kOe). ~b! the dashed~dotted! line was obtained withHex1

520.89 kOe andHex250.14 kOe~0 kOe!.
d
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a,
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~11! with the parameters: 4pM519.0 kG, Hac50.55 kOe,
Hex1520.15 kOe, Hex250.05 kOe. The exchange field
correspond to the parametersJ1520.09 erg/cm2 and J2

50.03 erg/cm2. This relatively large biquadratic coupling i
responsible for the two first-order phase transitions that p
duce the jumps in the data. As shown in Fig. 13~b!, at H0

.0.1 kOe the alignment changes from AF to nearly 90°;
H0.0.22 kOe it changes from 90° to FM alignment.

e
cal

FIG. 12. Comparison between FMR data at several frequencies and th
with the same parameters used to obtain the solid lines in Fig. 11.

FIG. 13. ~a! Open circles: easy-axis MOKE data in~100! Fe~40 Å!/Cr~15
Å!/Fe~40 Å!. Inset: open circles: corresponding magnetoresistance d
Solid lines are fits with Eqs.~11! and ~10!, respectively.~b! Calculated
equilibrium magnetization angles vs external fieldH0 .
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Steps due to first-order phase transitions are also
served in the spin-wave frequency versus field data obta
with BLS. Figure 14 shows spectra obtained at several fie
applied along the@001# axis in the backscattering geomet
with an incidence angle of 30°, corresponding to a magn
wave numberq51.223105 cm21. The spectra were mea
sured with laser power of 100 mW and 2000 interferome
scans. Only the anti-Stokes peaks are shown in Fig. 14
the AF phase, shown in Fig. 14~a! at zero field, the two
magnon modes are separated in frequency by about 2 G
the optic mode having higher frequency than the acou
one. When the field is increased above 0.1 kOe the sys
acquires the near 90° alignment and the separation betw
the acoustic and optic modes suddenly increases. The
peaks atH050.220 kOe@Fig. 14~b!# are 5 GHz apart. At
H050.230 kOe the system reaches the FM state, and
acoustic mode frequency becomes higher than the o
mode frequency. It is interesting to observe that atH0

50.225 kOe@Fig. 14~c!#, the peaks corresponding to the 9
and FM phases are simultaneously present, probably du
the formation of a domains state.

The overall behavior of the frequency shift as a functi
of the applied field is shown in Fig. 15~a!. Open circles~solid
triangles! represent the measured optic-mode~acoustic-
mode! frequencies. The solid lines are the spin-wave f
quencies calculated from Eq.~48!, with the same set of real

FIG. 14. Measured BLS spectra in~100! Fe~40 Å!/Cr~15 Å!/Fe~40 Å! for
four different values of the applied field, corresponding to different regi
of the magnetization curve shown in Fig. 13.~a! AF phase atH050; ~b!
near 90° phase at 0.220 kOe;~c! mixed-domain state at 0.225 kOe;~d!
saturated phase at 0.230 kOe.
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istic parameters used in Fig. 13. Again, there is excell
agreement between theory and data. Note that the inver
of the relative positions of the acoustic and optic modes
the second transition (H0;0.22 kOe) is predicted by theory
The dotted lines in Fig. 15~a! represent the frequencies ca
culated without the contribution of the biquadratic exchan
field in Eq. ~48!. Actually, Hex2 has been kept in the energ
expression~9!, to preserve the correct ground states. T
most pronounced effect of the biquadratic coupling in t
case is to shift the frequency of the optic mode, downwa
in the AF and FM phases and upwards in the 90° cen
region. In order to further investigate the effect of the dipo
coupling in the dynamics, we show in Fig. 15~b! by dotted
lines the frequencies calculated with the same parame
but neglect the volume contribution to the dipolar field. T
poor fit thus obtained is an indication of the important ro
played by the dipolar interaction, even in these thinner film
We finally mention that the calculated resonance field ver
in-plane azimuth angle, with the same parameters use
obtain the solid lines in Fig. 15, is also in excellent agre
ment with FMR data.26

C. „100… Fe„40 Å…/Cr„25 Å…/Fe„40 Å…

The last sample studied has a Cr thicknesss525 Å near
the second AF–FM coupling transition. Figure 16 shows
calculated equilibrium anglesu1 and u2 ~upper panel!, and
BLS data~lower panel!, obtained with the field applied alon

s

FIG. 15. Magnon frequencies forq51.223105 cm21 vs external fieldH0 ,
applied along an easy magnetization axis in~100! Fe~40 Å!/Cr~15 Å!/Fe~40
Å!. Symbols are BLS data: solid triangles for the acoustic mode and o
circles for the optic mode. Solid lines are results of calculations with
~52! with the same parameters as in Fig. 13. The dotted lines in~a! were
obtained withHex250. The dotted lines in~b! were obtained without the
volume contribution to the rf dipolar field.
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@001# in the range 0,H0,0.2 kOe. The solid lines are the
oretical fits with Eqs.~9! and ~48! with parameters: 4pM
520.5 kOe, Hac50.55 kOe, Hex1520.036 kOe, Hex2

50.036 kOe,g52.1. The exchange fields correspond to t
parametersJ1520.024 erg/cm2 and J250.024 erg/cm2, so
that J2 /uJ1u51.0. We note that the unityJ2 /uJ1u ratio pre-
vents the system to acquire the AF state. In this case
system has only two phases, near-90° and FM, separate
a first-order transition, which is clearly manifested in t
MOKE and BLS data.

VII. SUMMARY

A theory for treating low wave number spin waves
exchange and dipolar coupled ferromagnetic films in trila
structures was presented in this article. In addition to bilin
and biquadratic exchange, the theory takes full accoun
surface, in-plane uniaxial, and cubic anisotropy interactio
Analytical expressions are given forqÞ0 modes, as ob-
served in BLS experiments, andq50 modes detected b
FMR techniques. The validity of the treatment of the dipo
interaction was successfully demonstrated in modera
thick trilayers of NiFe/Cu/NiFe. The theoretical results we
used to interpret data obtained in sputtered~100!
Fe~40 Å!/Cr(s)/Fe(40 Å) withs511, 15, and 25 Å by mag
netoresistance measurements, MOKE, BLS, and FMR.
parameter sets determined by independent fittings to the
obtained through the various techniques are all consisten
expected, we find that the bilinear exchange parameter va
strongly with the investigated Cr layer thickness, name
J1520.55, 20.09, and20.024 erg/cm2 for s511, 15 and

FIG. 16. ~a! Calculated easy-axis equilibrium magnetization angles and~b!
corresponding BLS data~symbols! and fit ~solid lines! in ~100! Fe~40 Å!/
Cr~25 Å!/Fe~40 Å!.
he
by

r
r

of
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25 Å, respectively, corresponding to a fieldHex1520.89,
20.15, and20.036 kOe. On the other hand, the biquadra
exchange parameter does not vary much;J250.044, 0.030,
0.024 erg/cm2, or Hex250.070, 0.050, and 0.036 kOe fors
511, 15, and 25 Å, respectively. The consistent experim
tal support to our model calculations, provided by t
samples and techniques discussed in this paper, has led
exploit its richness in further studies. In particular, intere
ing phase diagrams for the equilibrium configuration of t
magnetizations can be predicted. Results in this regard
be published elsewhere.31
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