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Effect of biquadratic coupling and in-plane anisotropy on the resonance modes of a trilayer system
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Ferromagnetic resonance modes are investigated for a trilayer system consisting of two ferromagnetic films
interacting through a nonmagnetic interlayer. Included in the model are the bilinearJ1 and biquadraticJ2

couplings and in-plane uniaxial magnetocrystalline anisotropies with anisotropy axis directions in the two
layers making ad angle. An analytical expression for the mode intensity is derived. The saturation (Hsat) and
critical (Hcrit) fields, the resonant frequency, and the mode intensity are discussed as functions ofJ1 , J2 , and
d. For a given positiveJ1 , an additionalJ2(J2,0) will lead to an increase~a decrease! of the optical
~acoustic! mode intensity. For fixedJ1,0, and if the magnetizations are parallel (H.Hsat) only the acoustic
mode will appear with constant mode position and intensity for allJ2 values, making it difficult to detect any
additional biquadratic coupling. On the other hand, and for the same parameters, if the magnetizations are
antiparallel (H,Hcrit), then two modes are predicted; asuJ2u increases the intensity of the acoustic~optical!
mode will increase~decrease!, while the resonant frequency of both modes decrease.

DOI: 10.1103/PhysRevB.65.104422 PACS number~s!: 76.50.1g, 76.20.1q, 75.70.Cn, 75.30.Gw
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I. INTRODUCTION

Since its observation1 in 1986, interlayer exchange cou
pling has been the subject of many studies.1,26 A typical
trilayer system is composed of two ferromagnetic layers
teracting through an intervening nonmagnetic interlayer.
tially, the experimental data were fitted with a bilinear co
pling; in this case the magnetizations in the ferromagn
films tend to be either parallel to each other~ferromagnetic
coupling! or antiparallel ~antiferromagnetic coupling!.
RKKY interaction could explain this kind of coupling; in thi
case the coupling is due to indirect exchange through c
duction electrons of the intermediate layer. It is now w
established that in addition to this bilinear coupling, there
a biquadratic coupling,1–14 which can favor a perpendicula
configuration of the magnetizations, i.e., a 90°-ty
coupling.1–14 An angular-dependent exchange couplin
equivalent to the biquadratic coupling, was reported by H
nrich et al.16 Even a third-order term was used to expla
certain experimental observations.14 The biquadratic ex-
change could arise from a variation of the interlay
thickness.2,3 Magnetostatic coupling is also believed to
the source of this kind of coupling in certain systems.4

Several methods were used to investigate t
phenomenon.1–26 Among these techniques, ferromagne
resonance~FMR! was widely used by several groups
study different phenomena in magnetic thin films a
multilayers,13–25,27–31 including magnetic coupling.13–25 In
earlier studies, the biquadratic couplingJ2 was
neglected.15–26 However, it was reported more recently th
J2 can be comparable to, or even larger than, the bilin
coupling1,13 J1 . Also, in many papers, the in-plane aniso
ropy was not taken into account; in others, the easy axe
such an anisotropy were taken to be parallel. Elmerset al.,8

using the magneto-optical Kerr effect, considered layers w
orthogonal anisotropies.

In the present work, biquadratic coupling~in addition to
the usual bilinear coupling! and in-plane uniaxial anisotrop
are included; the anisotropy axes in the layers are assum
0163-1829/2002/65~10!/104422~7!/$20.00 65 1044
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make an arbitrary angled between them; situations where th
anisotropies are parallel or orthogonal are illustrated as
ticular examples. A description of the FMR modes in su
coupled layers is given. In Sec. II, general relations perta
ing to FMR modes are worked out. Saturation and criti
fields are introduced in Sec. III. In Sec. IV, a formula for th
mode intensity is derived for this coupled system. Finally,
Sec. V, the resonance frequency and the FMR intensity
discussed as a function of the applied fieldH and of the
coupling strengthsJ1 andJ2 .

II. GENERAL RELATIONS FOR FMR MODES

The two thin-film layers, denoted asA andB, are coupled
to each other through a nonmagnetic layer. The total f
energy of the trilayer system per unit area can be writ
as1,2,15–19

E5tAEA1tBEB2J1

MA•MB

MAMB
2J2S MA•MB

MAMB
D 2

. ~1!

The interlayer coupling energy is given by the two last term
MA andMB denote the magnetizations of layersA andB; J1
andJ2 are, respectively, the bilinear and biquadratic coupl
parameters. The nature and the strength of the coupling
described by the sign and the magnitude ofJ1 andJ2 . When
J1 dominates, and if it is positive, the energy is minim
when MA and MB are parallel ~ferromagnetic coupling!,
while if it is negative then the lowest energy is achiev
when MA and MB are antiparallel~antiferromagnetic cou-
pling!. If, on the other handJ2 dominates and is negativ
~which was observed experimentally!, then the minimum en-
ergy occurs when the magnetizations are oriented perp
dicularly to each other~90°-type coupling1!. Also note that
this coupling analysis is a phenomenological one, with
assumption made about the origin of the coupling, ev
though the RKKY interaction, mainly in transition metal
can be written as a scalar product of the magnetizations1 @as
stated in the third term of Eq.~1!#. In the two first terms of
©2002 The American Physical Society22-1
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A. LAYADI PHYSICAL REVIEW B 65 104422
Eq. ~1!, tA and tB are the thicknesses of layersA and B,
respectively;EA andEB are the energies per unit volume
the individual layersA andB. It is assumed that the films lie
in thex-y plane, with thez axis normal to the film plane. The
external applied magnetic fieldH is taken to be in the plane
of the films, making ana angle with thex axis. The micro-
wave fieldh is along they axis. The magnetizationMA is
defined, in spherical coordinates, by the anglesuA andfA ;
similarly MB is defined by the anglesuB andfB . The ener-
giesEA andEB include the Zeemann energy~interaction of
the external magnetic fieldH with the magnetizations! for
layer A, 2MAH sinuA cos(a2fA), and the shape and an
out-of-plane uniaxial anisotropy given byKu eff A sin2 uA ,
where Ku eff A5KuA22pMA

2, and KuA is the out-of-plane
magnetocrystalline anisotropy constant for layerA. For layer
B, in the energyEB the above relations hold by changing th
subscriptA to B. Moreover the layers are assumed to ha
in-plane uniaxial magnetocrystalline anisotropies. For la
A, the easy axis of such an anisotropy is taken to be along
x axis. the corresponding energy will then b
2KA sin2 uA cos2 fA . For layerB, the easy axis has an arb
trary direction within the plan, it makes ad angle with thex
axis. Following the analysis in Ref. 15, the magnetocrys
line energy can be written as2KB sin2 uB cos2 (fB2d).
KA (KB) is the in-plane magnetocrystalline anisotropy co
stant for layerA ~layerB!; KA andKB are positive, since it is
assumed that the anisotropy axes are easy directions. Al
can easily be seen thatMA andMB must lie in the film plane
due to the strong demagnetizing field of the thin films and
the fact that the applied magnetic field is in plane; thusuA
5uB5p/2. With all these considerations, the total free e
ergy of the system per unit area@Eq. ~1!# can be explicitly
written as

E5tA$2MAH cos~a2wA!1Ku eff A2KA cos2 wA%

1tB$2MBH cos~a2wB!1Ku eff B2KB cos2~wB2d!%

2J1 cos~wA2wB!2J2 cos2~wA2wB!. ~2!

The anglesfA,B are given by the following two coupled
equations~the equilibrium conditions!

tAMAH sin~a2wA!

5tAKA sin 2wA1J1 sin~wA2wB!1J2 sin 2~wA2wB!

~3a!

and

tBMBH sin~a2wB!

5tBKB sin 2~wB2d!2J1 sin~wA2wB!2J2 sin 2

3~wA2wB!. ~3b!

In order to find the normal modes of the system, one can
a method based on the energy and described by Smith
Beljers.31 In this case the equations couplingDu i ,Df i ~i
5A and B!, the excursions during oscillations about t
equilibrium position, can be written in a matrix form.15,17

The matrix elements consists of the second derivatives of
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energyE with respect tou i andf i ~i 5A, andB!. A solution
of the form exp(ivt) will be taken,v is the ~angular! fre-
quency of precession. The solutions~normal modes! of the
system will be found by setting the determinant of the mat
to zero. This will lead to a fourth-order equation inHR ~the
magnetic resonant field! if one is doing an experiment usin
a fixed frequency resonant cavity with a variable dc field.
on the other hand, one is using a variable frequency se
~frequency sweeper! and a fixed dc field, then one may solv
for the frequency. One will then find a fourth-order equati
in v ~the resonant frequency! with at most two meaningful
solutions ~real and positive numbers! for given coupling
strength parameters and dc field intensity and direction
ues. This latter case is worked out in the present paper. T
computing the second derivatives of the energy~evaluated at
the equilibrium positions!, setting the determinant to zero
and rearranging the terms, one will obtain a fourth-ord
equation inv,

F ab

gAgB
G2

v42Fa2b2S H1
AH2

A

gB
2 1

H1
BH2

B

gA
2 D

1abc1S aH2
B

gA
2 1

bH2
A

gB
2 D 1abc2S aH1

B

gA
2 1

bH1
A

gB
2 D

1c1c2S a2

gA
2 1

b2

gB
2 D 1

2c0c2ab

gAgB
Gv2

1@abH2
AH2

B1c2~aH2
A1bH2

B!#

3@abH1
AH1

B1c1~aH1
A1bH1

B!1~c1
22c0

2!#50 ~4!

wherea5tAMA andb5tAMA ; gA andgB denote the gyro-
magnetic ratios of layersA andB, respectively. The param
eterscj contain the coupling strengthsc05J112J2 cos(fA
2fB),c15J1 cos(fA2fB)12J2 cos2(fA2fB),c25J1 cos(fA
2fB)12J2 cos 2(fA2fB), and

H1
A5H cos~a2wA!2HK eff A1HKA cos2 wA , ~5a!

H2
A5H cos~a2wA!1HKA cos 2wA , ~5b!

H1
B5H cos~a2wB!2HK eff B1HKB cos2~wB2d!,

~5c!

H2
B5H cos~a2wB!1HKB cos 2~wB2d!, ~5d!

whereHK eff A52Ku eff A /MA (HK eff B52Ku eff B /MB) and HKA
52KA /MA (HKB52KB /MB) are the effective uniaxial and
the planar anisotropy fields for layerA ~layer B!, respec-
tively.

When the layers are not coupled (J15J250) then cj
50 and Eq. ~4! will reduce to (v22g2

AHA
1HA

2) (v2

2g2
BHB

1HB
2)50, which, upon substituting theHi

j by their
expressions@Eqs. ~5a!–~5d!# will lead to the following two
uncoupled equations:
2-2
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EFFECT OF BIQUADRATIC COUPLING AND IN-PLANE . . . PHYSICAL REVIEW B 65 104422
F v

gA
G2

5@H cos~a2wA!2HK eff A1HKA cos2 wA#

3@H cos~a2wA!1HKA cos 2wA# ~6a!

and

F v

gB
G2

5@H cos~a2wB!2HK eff B1HKB cos2~wB2d!#

3@H cos~a2wB!1HKB cos 2~wB2d!#. ~6b!

Thus, in this uncoupled case, two peaks are expected t
observed in the FMR spectra whose positions are given
the resonance conditions@Eqs.~6a! and ~6b!#.

III. SATURATION AND CRITICAL FIELDS

In this section and in the following ones, it will be a
sumed that the applied magnetic field is along thex axis, i.e.,
a50. As the field is increased, the magnetizationsMA and
MB will rotate to be parallel toH (fA5fB50). Note, how-
ever, that for an arbitraryd the magnetizations will asymp
totically align with the applied field~asymptotic saturation!.
Only for d50 ~the easy axes in the two layers are parall!
or d590° ~perpendicular easy axes! will the magnetizations
be alongH for a finite value of the applied field~in this case
fA5fB50 are exact solutions of the equilibrium cond
tions, Eqs.~3a! and~3b!!. This field, the saturation fieldHsat,
depends on the coupling strengthsJ1 andJ2 , on the in-plane
anisotropy field intensities and directions, as well as on
thicknesses and magnetizations of both layers. From
minimization of the energy,Hsatcan be found. For the simpl
case where the easy axes are aligned, i.e.,d50 and the an-
isotropy fields are equal, i.e.,HKA5HKB5HK , Hsat is found
to be

Hsat52~J112J2!F 1

tAMA
1

1

tBMB
G2HK . ~7!

When there is no biquadratic coupling (J250) and the in-
plane anisotropy is neglected (HK50), Eq. ~7! reduces to
relations found by Heinrichet al.16 ~with MA5MB! and
Zhang et al.17 For arbitrary values ofHKA and HKB ~with
different HKA and HKB!, the saturation field is given by
more complicated formula which will not be displayed he
It can be seen from Eq.~7! that the effect of the biquadrati
coupling J2 ~when it is negative, which is what is usual
observed experimentally! is to increase the saturation field
For the parameters used in the analysis discussed in Se
and forJ1522 erg/cm2 andd50°, Hsatwill be equal to 4.9
and 7.7 kOe forJ250 andJ2520.5 erg/cm2, respectively.
Also, it can be seen from the general formula forHsat that
Hsat increases with increasingd ~with the same parameters a
above,Hsat increases from 4.9 kOe ford50° to 5.7 kOe for
d590° whenJ250, and from 7.7 to 8.5 kOe whenJ25
20.5 erg/cm2!.

The saturation field@Eq. ~7!# is valid for ferromagnetic
coupling (J1.0) or antiferromagnetic coupling (J1,0) su-
perposed to the biquadratic couplingJ2 . WhenJ1.0, then
10442
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fA5fB50° for H.Hsat, while for H,Hsat the magnetiza-
tion angles are given by Eqs.~3a! and ~3b!. When the cou-
pling is antiferromagnetic, one still hasfA5fB50° for H
.Hsat. Moreover, for this situation, one will need to define
critical field Hcrit below which the magnetizations will b
antiparallel under the effect of the negative couplingJ1 .
From the minimization of the energy,Hcrit can be found.
Once again the general formula forHcrit is quite complicated;
however, it will reduce to a simpler form whenHKA5HKB
5HK andd590° ~orthogonal anisotropy axes!. In this case,
Hcrit is given by

Hcrit52~J122J2!F 1

tBMB
2

1

tAMA
G2HK . ~8!

It is assumed here thattAMA.tBMB . It can be seen that the
effect of the 90°-type coupling (J2,0) is to lower the criti-
cal field. For the parameters used in Sec. V, and forJ1
522 erg/cm2 and d50° and using the general formula
Hcrit is found to be 3.737 and 3.691 kOe forJ250 and20.5
erg/cm2, respectively. Also, for givenJ1 andJ2 valuesHcrit
is found to decrease with increasingd value~using the above
parameters,Hcrit will decrease from 3.737 kOe ford50° to
2.432 kOe ford590° whenJ250, and from 3.691 to 0.967
kOe whenJ2520.5 erg/cm2!, the minimal value ofHcrit
corresponds tod590° and is given by Eq.~8!. Thus, for this
~antiferromagnetic! coupling case, three field regions have
be defined. IfH,Hcrit , the magnetizations are antiparall
(fA50° andfB5180°!, for Hcrit,H,Hsat, the magnetiza-
tions makefA andfB angles with the applied field@fA and
fB are given by Eqs.~3a! and ~3b!# and for H.Hsat the
magnetizations are aligned along the applied fieldH (fA
5fB50°). This fact is well described by Heinrich an
co-workers2,10–12,14and Wigen and co-workers~e.g., Ref. 17!
in specific situations~where biquadratic and in-plane aniso
ropy are neglected!. In the present work,Hsat and Hcrit are
discussed for a system with biquadratic coupling and
plane uniaxial anisotropy with arbitrary axis directions.

IV. FMR INTENSITY

The FMR mode intensity15,17–19,27–28is defined as corre-
sponding to the area under the absorption line. The inten
so defined is independent of the damping parameter va
As expected, the intensity of the coupled modes depend
the coupling strengths~bilinear and biquadratic! and on the
in-plane anisotropy fields.

In the present study, the applied magnetic fieldH is par-
allel to the film plane, along thex direction, and the micro-
waveh field is along they direction. In this case, the mag
netizations precesses in an elliptical orbit; the precess
orbit is the y-z plane. The intensity is thus given by a gene
formula17,19

I 5
@*0

dmydz#2

*0
d@~my

21mz
2!/2M #dz

. ~9!

Here m denotes the time-dependent magnetization com
2-3
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nent forA andB. The coordinate along the thickness of t
specimen is denoted byz, d5tA1tB . The FMR intensity at
fixed excitation field amplitude is expected to be prop
tional to magnetization times volume, but the areas of both
layers A and B are the same. Moreover, experimentally
any one sample we will be evaluating relative mode inten
ties for which the areas will cancel. Consequently the dim
sions of the integralI are ~magnetization times thickness!.
The magnetization componentsm are assumed to be uniform
throughout each individual layer, the intensity of Eq.~9! will
then be
an
f
th

-

i-
r

so
a

th

d
e
d
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I 5
@ tAmAy1tBmBy#

2

tA~mAy
2 1mAz

2 !/2MA1tB~mBy
2 1mBz

2 !/2MB
. ~10!

One can compute all the four rf magnetization compone
by the use of the 434 matrix ~see Sec. II!. From the deter-
minant of this matrix one can deriveDuA , DfA , DuB , and
DfB , and noting thatmAy5MADfA , mBy5MBDfB , mAz
5MADuA , and mBz5MBDuB . After some algebraic ma
nipulations, the rf magnetizations are computed and sub
tuted into the intensityI @Eq. ~10!#. The intensity can then be
put into the form
I 5
2abv2~aq1b!2

abv2~aq21b!1bgA
2@qaH2

A1c2~q21!#21agB
2@bH2

B2c2~q21!#2 , ~11a!
lid

xes
s

t 1

en
t
the
fer-
-
cy
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ses
where

q5
gA

2c2b~aH1
A1c1!1gAgBc0a~bH2

B1c2!

gA
2b~aH1

A1c1!~aH2
A1c2!1gAgBc0c2a2a2bv2.

~11b!

When the layers are uncoupled, thencj50; in this case
both the numerator and denominator inq are equal to zero
~the denominator is equal to zero because of the reson
condition!. To avoid this indetermination the intensity o
each layer must be found separately. The relation for
intensity of layerA is found to be

I A5
2MAtA

11
v2

@gAH1
A#2

, ~12!

whereHA
1 is given by Eq.~5a!, andv is the angular reso

nant frequency. Using Eq.~5a! for layer A ~and assuming
saturation is achieved, i.e.,fA50! and the resonance cond
tion @Eq. ~6a!#, Equation~12! can be put in a more familia
form:15,28

I A5
2MAtA~H1HKA2HK eff A!

~2H12HKA2HK eff A!
. ~13!

Note that in the presence of in-plane anisotropy, the ani
ropy field HKA appears explicitly in the intensity formul
@compare Eq.~12! with those of Refs. 15 and 28#. Similar
relations can be found for layerB.

V. DISCUSSIONS

Equation~4! has been solved forH along thex axis (a
50°). In Fig. 1, the resonant frequency is plotted against
bilinear coupling strengthJ1 for H.Hsat. In all following
computations the values ofJ1 are taken to be between 0 an
2 erg/cm2, while J2 is 20.5 erg/cm2; these are about th
values reported by Gru¨nberg.1 For the other parameters use
ce

e

t-

e

in the computation, see the caption of Fig. 1. The so
~dashed! line corresponds toJ250 (J2520.5 erg/cm2). The
curves are drawn for perpendicular in-plane anisotropy a
in the two layers (d590°). Two modes will appear. For thi
ferromagnetic coupling case (J1.0), the high-frequency
mode~labeled in the subsequent analysis by the subscrip!
is the optical mode; its frequency will increase asJ1 in-
creases. The low-frequency mode~subscript 2! is the acous-
tic mode; its resonant frequency will increase slightly, th
level off to a limiting value asJ1 becomes large. Note tha
this is opposite to a fixed frequency analysis, where
lower resonant field corresponds to the optical mode for
romagnetic coupling.22 The effect of the additional biqua
dratic couplingJ2 is the decrease of the resonant frequen
of both modes; as the bilinear coupling becomes strong,
resonant frequency of the acoustic mode for the two ca
~with and without biquadratic coupling! will be equal~com-

FIG. 1. Resonant frequency vs bilinear coupling strengthJ1 .
d590° ~orthogonal anisotropy axes!. Solid line: J250. Dashed
line: J2520.5 erg/cm2. Layer A: 4pMA510 kG, Hk eff A5
210 kOe, HKA50.5 kOe, and g/2p52.8 GHz/kOe. Layer B:
4pMB56 kG, Hk eff B526 kOe, HKB50.5 kOe, and g/2p
52.9 GHz/kOe. Applied fieldH512 kOe.
2-4
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EFFECT OF BIQUADRATIC COUPLING AND IN-PLANE . . . PHYSICAL REVIEW B 65 104422
pare the solid and dashed lines in Fig. 1!; i.e., in the strong
J1 region,J2 becomes negligible compared toJ1 . This be-
havior ~the decrease! of the resonant frequency is the sam
for all d values,~only d590° case is shown in Fig. 1, as a
example!; however, the particular way the resonant fr
quency varies withJ1 does depend on theJ2 andd values.

The corresponding mode intensities@Eqs.~11a! and 11~b!#
are shown in Fig. 2. For a givenJ2 value, asJ1 increases, the
optical ~acoustic! mode intensity will decrease~increase!; at
some point the mode intensities will be comparable; then
J1 becomes very strong, the optical mode intensity will go
zero while that of the acoustic mode will level off to a co
stant value. This variation is seen for allJ2 and d values;
however, the point of the reversal in intensity does depend
J2 andd as will be discussed below. Also the effect ofJ2 on
the intensity vsJ1 curve can be seen by comparing the so
and dashed lines in Fig. 2; asuJ2u increases the optica
~acoustic! mode intensity will increase~decrease!.

Sometimes the difference in mode position is used to

FIG. 3. Difference in mode position (f 12 f 2) vs bilinear cou-
pling strengthJ1 for different J2 values~shown on the curves!. d
50° ~parallel anisotropy axes!. Other parameters as in Fig. 1.

FIG. 2. FMR intensity vs bilinear coupling strengthJ1 . d
590° ~orthogonal anisotropy axes!. Solid line:J250. Dashed line:
J2520.5 erg/cm2. Other parameters as in Fig. 1.
10442
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rive the coupling strength.25 In Fig. 3, the difference in the
resonance frequency,D f R5 f 12 f 2 , is plotted againstJ1 for
several values ofJ2 ~the J2 values are shown on the curve!
for d50°. The D f R vs J1 curves present minima whos
positions depend on the values ofJ2 ; however, the minimum
value ofD f R is independent ofJ2 . A linear variation ofD f R
vs J1 can also be observed for certainJ1 values. Note, how-
ever, that the difference in mode position is meaningful o
if both peaks appear, i.e., if the intensities are not zero; t
one may check the intensity values first~Fig. 4!. Also, for a
given D f R ~an experimental measurement of the separa
between the two peaks in an FMR spectrum!, several values
of J1 and J2 can be obtained. Even if the biquadratic co
pling is fixed or is not taken into account~see theJ250
curve in Fig. 3! a measuredD f R will lead to two J1 values
because of the bowing of the curves. Thus deriving the c
pling strength from the difference in mode position only25

can be misleading. The mode intensity values should so
times lift this degeneracy. Experimentally the intensity ra
is more meaningful than the absolute intensity of each mo
and is usually used in the interpretation of the data. In Fig
the intensity ratio,I 2 /I 1 vs J1 is shown for different values
of J2 ~andd50°!. The effect of the biquadratic coupling o
the mode intensity ratio is clear from this figure. Note that,
J1 increases, the intensity ratio increases from almost z
~where the optical mode intensity is stronger! to a large value
~where only acoustic mode will be detected!, a reversal of
the mode intensities will occur. The value ofJ1 where the
mode intensities are equal (I 2 /I 151) ~the reversal point!
depends on the value ofJ2 , and actually corresponds to th
same value where the minimum occurs in theD f R vs J1
curves~see Fig. 3!.

Assume now that the coupling is antiferromagnetic (J1
,0). For a fixed coupling (J1522 erg/cm2), the problem
is to see the effect of an additional biquadratic coupling~J2
from 0 to 20.5 erg/cm2! on the FMR mode position and
intensity. In this~antiferromagnetic! coupling situation, the
higher~lower! frequency mode is the acoustic~optical! mode

FIG. 4. Intensity ratio (I 2 /I 1) vs bilinear coupling strengthJ1

for different J2 values~shown on the curves!, d50° ~parallel an-
isotropy axes!. Other parameters as in Fig. 1.
2-5
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A. LAYADI PHYSICAL REVIEW B 65 104422
which is the opposite of the ferromagnetic coupling case
scribed above~and also opposite to the resonant fie
analysis22!. Two situations can arise. When the applied fie
H is greater thanHsat, the magnetizations are parallel; th
case is displayed in Figs. 5~a! ~resonant frequency! and 6
~dotted line for the mode intensity!. One can see that Eq.~4!
predicts two modes. The position of the high-frequency~the
acoustic! mode does not vary with increasinguJ2u @see Fig.
5~a!#, while that of the low-frequency~the optical! one de-
creases almost linearly. However, the latter mode has a
intensity and the acoustic mode has a constant intensity~see
Fig. 6, dotted line!. Thus, in practice, only one peak wi
appear in the FMR spectrum, and, since its position and
tensity are constant withJ2 , it is hard to detect the biqua
dratic coupling in this case. On the other hand, and for
same parameters, when the magnetizations are antipar
the mode behavior is different. In Figs. 5~b! and 6 ~solid
lines!, the applied field,H52 kOe, is less than the critica
field Hcrit ~see Sec. III!, the magnetizations will align anti
ferromagnetically under the strong bilinearJ1 coupling ~as-
suming tAMA.tBMB , one will have fA50° and fB
5180°!. Two modes are expected. The mode positions

FIG. 5. Resonant frequency vs biquadratic coupling stren
uJ2u for antiferromagnetic coupling (J1522 erg/cm2). ~a! H
510 kOe.Hsat. ~b! H52 kOe,Hcrit . Other parameters as in Fig
1.
10442
-

ro

-

e
lel,

re

shown in Fig. 5~b!. The resonant frequencies of the low
mode~the optical mode! and the upper~acoustic! mode de-
crease asuJ2u increases. The corresponding intensities
shown in Fig. 6~solid lines!; note that, contrary to the firs
case, the intensities of both modes are nonzero and do
with J2 . The intensity of the acoustic~optical! mode will
increase~decrease! with J2 . Thus, in this case, from the
mode position and intensity, one can detect and measure
biquadratic coupling strength.

VI. CONCLUSION

In summary, the ferromagnetic resonance~FMR! modes
are investigated for a trilayer system consisting of two fer
magnetic films interacting through a nonmagnetic interlay
Included in the model are bilinearJ1 and biquadraticJ2 cou-
plings and in-plane uniaxial magnetocrystalline anisotrop
with anisotropy axis directions in the two layers making ad
angle. The saturation (Hsat) and critical (Hcrit) fields and an
analytical formula for the mode intensity have been found
terms ofJ1 , J2 , andd. The resonant frequency and the mo
intensity are discussed as a function ofJ1 , J2 , andd. For a
given positiveJ1 ~ferromagnetic coupling!, an additionalJ2
(J2,0) will lead to an increase~a decrease! of the optical
~acoustic! mode intensity. For fixedJ1,0 ~antiferromagnetic
coupling!, and if the magnetizations are parallel (H.Hsat)
only the acoustic mode will appear with constant mode
sition and intensity for allJ2 values, making it difficult to
detect any additional biquadratic coupling. On the oth
hand, and for the same parameters, if the magnetizations
antiparallel (H,Hcrit), then two modes are predicted; asuJ2u
increases the intensity of the acoustic~optical! mode will
increase~decrease! while the resonant frequency of bot
modes will decrease.

h

FIG. 6. FMR intensity vs biquadratic coupling strengthuJ2u for
antiferromagnetic coupling (J1522 erg/cm2). Dotted line: H
510 kOe.Hsat. Solid line:H52 kOe,Hcrit . Other parameters a
in Fig. 1.
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