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Theoretical study of resonance modes of coupled thin films in the rigid layer model

A. Layadi
Departement de Physique, Universite´ Ferhat Abbas, Se´tif 19000, Algeria

~Received 19 November 2003; published 30 April 2004!

An investigation of the ferromagnetic resonance~FMR! modes is done for a two coupled ferromagnetic film
system in the framework of the rigid layer model. In this case, one of the layers~the driver layer! has a strong
in-plane anisotropy compared to the coupling strength and to in-plane anisotropy of the other layer~the sensor!.
The curves of dispersion relation, the resonant frequencyf, and the mode intensityI vs applied fieldH are
discussed as a function of the bilinearJ1 and biquadraticJ2 coupling terms, and of the angled between the
in-plane uniaxial anisotropy easy axis directions in the two layers. Depending on the coupling strength andd
values and the anisotropy of the sensor layer, as the applied field is increased, the sensor layer magnetization
may smoothly rotate or suddenly switch from the antiparallel configuration to the saturated state. In the latter
case, a discontinuity is observed in the mode position as well as in the FMR intensity. The discontinuities are
more important for the optical than for the acoustic modes. Moreover, the coupling strengths (J1 ,J2) affect the
mode intensity but, practically, not the position of the acoustic mode; while for the optical mode, the effect of
these parameters on thef vs H andI vs H curves is more apparent. Also, for alld angles~other than 0 and 90°!,
no effect ofd is observed on the position and intensity of the high-frequency mode butd does affect the
lower-frequency mode position.

DOI: 10.1103/PhysRevB.69.144431 PACS number~s!: 76.50.1g, 76.20.1q, 75.70.Cn, 75.30.Gw
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I. INTRODUCTION

A system of two coupled layers separated by a nonm
netic interlayer has been intensively studied in the l
decade.1 Several theoretical models have been proposed
explain certain experimental observations; the bilin
coupling2 J1 , the biquadratic coupling3–9 J2 ~and even
higher-order coupling terms10! and different magnetocrysta
line anisotropies11–19 were considered. In the rigid laye
model ~rigid driver model11!, one layer~the driver! has a
very strong in-plane anisotropy compared to the coupl
strength~the weak coupling case! and to the anisotropy o
the second layer~the sensor layer!. In this situation, if a
magnetic field, applied along the easy axis of the dri
layer, is decreased, it can be assumed that the driver l
magnetization remains along the easy axis~for all H values!,
while the sensor layer magnetization may rotate away fr
the applied field direction under its own in-plane anisotro
~if the easy axis is not parallel to that of the driver layer!, a
negativeJ1 coupling parameter which tends to antiferroma
netically align the magnetizations or a negativeJ2 value
which favors a perpendicular configuration of the magn
zations, i.e., a 90°-type coupling. Elmerset al.11 considered
layers with orthogonal in-plane anisotropy axes and, by
ing magnetization curves~based on the magneto-optical Ke
effect!, they showed that, in the framework of this mod
one can derive separate values ofJ1 andJ2 .

Ferromagnetic resonance~FMR! has been widely used t
study the magnetic coupling in multilayers.10,12–22 In the
present work, a description of the FMR modes will be giv
in the rigid layer model situation, with two layers charact
ized by in-plane anisotropy whose easy axes make an a
trary angled between them; the orthogonal anisotropy ca
worked out by Elmerset al.,11 will be illustrated as particular
example (d590°). In Sec. II, the layer configurations an
the system energy will be outlined; detailed calculations
0163-1829/2004/69~14!/144431~6!/$22.50 69 1444
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the more general case, for the resonance frequency and m
intensity relations are given elsewhere.13,14 Equilibrium rela-
tions pertaining to the rigid model case will be worked o
and discussed in Sec. III. In Sec. IV, the dispersion relatio
studied, and the resonance frequency and the FMR inten
are discussed as functions of the applied fieldH and of the
coupling strengthsJ1 and J2 in the framework of the rigid
layer model.

II. PRELIMINARY CONSIDERATIONS

The system considered here has been descr
elsewhere13,14 in the more general case. Following is an ou
line of the system configuration and a description of the d
ferent terms in the total energy. It is assumed that the
thin film layers, denoted asA andB, lie in thex-y plane, with
thez axis normal to the film plane. They are coupled to ea
other through a nonmagnetic layer. The magnetizationMA of
layerA is defined, in spherical coordinates, by the anglesuA
and fA ; and similarlyMB ~layer B! by the anglesuB and
fB . The layers are supposed to have in-plane uniaxial m
netocrystalline anisotropies. For layerA, the easy axis of
such an anisotropy is taken to be along thex axis; the corre-
sponding energy will then beEA in52KA sin2 uA cos2 fA .
For layerB, the easy axis has an arbitrary direction with
the plane it makes an angled with the x axis; following the
analysis in Ref. 16, the magnetocrystalline energy can
written asEB in52KB sin2 uB cos2(fB2d). KA (KB) is the
in-plane magnetocrystalline anisotropy constant for layeA
~layerB!; KA andKB are positive since it is assumed that t
anisotropy axes are easy directions. The external app
magnetic fieldH is taken to be in the plane of the films
making an anglea with thex axis. The microwave fieldh is
along they axis. With all these considerations, the total fr
energy of the system per unit area can be explicitly writ
as13,14
©2004 The American Physical Society31-1
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E5tA$2MAH sinuA cos~a2wA!1Ku eff A sin2 uA

2KA sin2 uA cos2 wA%1tB$2MBH sinuB cos~a2wB!

1Ku eff B sin2 uB2KB sin2 uB cos2~wB2d!%

2J1$sinuA sinuB cos~wA2wB!1cosuA cosuB%

2J2$sinuA sinuB cos~wA2wB!1cosuA cosuB%2. ~1!

In the two first terms of Eq.~1!, tA andtB are the thicknesse
of layersA and B, respectively. The total energyE consists
for layerA ~the first term! of the Zeeman energy~interaction
of the external magnetic fieldH with the magnetizations!
2MAH sinuA cos(a2fA), the shape, and any out-of-plan
uniaxial anisotropy given by the constantKu eff A where
Ku eff A5KuA22pMA

2, KuA is the out-of-plane magnetocrys
talline anisotropy constant for layerA, and the in-plane mag
netocrystalline anisotropy. For layerB @the second term in
Eq. ~1!#, the above relations hold by changing the subscripA
to B and adding the in-plane anisotropy~written above!. The
interlayer coupling energy is given by the two last terms.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 minimal wh
MA andMB are parallel~ferromagnetic coupling!, while if it
is negative, then the lowest energy is achieved whenMA and
MB are antiparallel~antiferromagnetic coupling!. If, on the
other handJ2 dominates and is negative~which was experi-
mentally observed!, then the minimum energy occurs whe
the magnetizations are oriented perpendicular to each o
~the 90°-type coupling1!. Note also that this coupling analy
sis is a phenomenological one, with no assumption m
about the origin of the coupling. The bilinear coupling
believed to be due to the Ruderman-Kittel-Kasuya-Yos
~RKKY ! interaction, mainly in transition metals, since th
interaction can be written as a scalar product of
magnetizations.1 The biquadratic coupling could arise from
variation of the interlayer thickness.5 Note that, at equilib-
rium, the magnetizationsMA and MB must lie in the film
plane, i.e.,uA5uB590°, due to the strong demagnetizin
field of the thin films and to the fact that the applied ma
netic field is in plane.

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

H sin~a2wA!5
1

2
HKA sin 2wA1

J1

tAMA
sin~wA2wB!

1
J2

tAMA
sin 2~wA2wB! ~2a!

and

H sin~a2wB!5
1

2
HKB sin 2~wB2d!2

J1

tBMB
sin~wA2wB!

2
J2

tBMB
sin 2~wA2wB!, ~2b!

where HKA52KA /MA (HKB52KB /MB) is the planar an-
isotropy field for layerA ~layer B!.
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III. THE RIGID LAYER MODEL

In the rigid layer model~rigid driver model11!, one of the
layers ~here, layerA! has a very strong in-plane magnet
crystalline anisotropy~with the easy axis taken to be alon
the x axis! compared to that of the second layer~layer B!
~with the easy axis making an angled with thex axis! and to
the coupling strength, i.e.,HKA@HKB ,J1 /tAMA ,J2 /tAMA .
In this case it can be assumed that if an applied magn
field along thex axis is decreased, the magnetizationMA will
always remain along the layerA easy axis~the x axis!, i.e.,
fA50° for all H values. On the other hand, asH is de-
creased,MB might move away from the field direction unde
the effect of~i! layer B in-plane anisotropy~if the layer B
easy direction is not along thex axis, i.e.,dÞ0°), ~ii ! a
negative bilinearJ1 coupling parameter which tends to mak
MA andMB antiparallel, and~iii ! a negative biquadratic cou
pling J2 value which favors the perpendicular configurati
of the magnetizations, i.e., a 90°-type coupling. TheMB di-
rection will then be given by the competition of these thr
phenomena. PuttingfA50° in Eqs.~2a! and~2b! and mak-
ing the appropriate approximations~mentioned above!, the
fB angle will be the solution of the following equation, fo
an arbitraryd value:

H sinwB1
1

2
HKB sin 2~wB2d!1

J1

tBMB
sinwB

1
J2

tBMB
sin 2wB50. ~3!

For the most studied situation where the easy axes in the
layers are parallel (d50°), thesolution of Eq.~3! will be as
follows:

wB50° if H.Hsat~d50°!, ~4a!

coswB52
tBMBH1J1

tBMBHKB12J2

for Hcrit~d50°!,H,Hsat~d50°!, ~4b!

wB5180° if H,Hcrit~d50°!. ~4c!

For perpendicular easy axes, i.e.,d590°,

wB50° if H.Hsat~d590°!, ~5a!

coswB5
tBMBH1J1

tBMBHKB22J2

for Hcrit~d590°!,H,Hsat~d590°!, ~5b!

and

wB5180° if H,Hcrit~d590°!. ~5c!

Here Hsat(d) denotes the saturation field, the field abo
which the magnetizations are parallel, along the applied fi
H direction;Hcrit(d) is the critical field, i.e., the field unde
which the magnetizations become antiparallel under a ne
tive J1 . Hsat(d) andHcrit(d) are found by minimizing the
1-2
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total energy and making the approximation pertaining to
rigid layer model. These fields are found to be

Hsat~d!52
J112J2

tBMB
2HKB cos 2d ~6!

and

Hcrit~d!52
J122J2

tBMB
1HKB cos 2d. ~7!

Two remarks should be made about these relations. F
Eqs. ~4a!–~7! are valid only ford50° ~parallel easy axes!
and d590° ~orthogonal easy axes!; for other d values,MB
will asymptotically align alongH ~asymptotic saturation! for
a strongH value and alsoMB will asymptotically reach the
fB5180° direction when the effect of a negativeJ1 will
overcome the effect ofH; this is becausefB50° andfB
5180° are not exact solutions of Eq.~3! for arbitrary d.
Second,Hcrit(d) is defined only for antiferromagnetic cou
pling (J1,0) whereMA and MB might be antiparallel; as
suming tAMA.tBMB , MA will be along H while MB is
opposite to it. For ferromagnetic coupling (J1.0), the solu-
tion fB5180°, in Eqs.~4c! and ~5c!, does not hold and the
inequalities in Eqs.~4b! and ~5b! must be changed toH
,Hsat(d).

For this antiferromagnetic coupling,Hsat andHcrit can be
inferred, for instance, from FMR, through the dispersion
lation, as will be seen in the next section. From the kno
edge ofHsat and Hcrit , the coupling strength parametersJ1
andJ2 can be independently determined. Indeed, it is eas
see from Eqs.~6! and ~7! that

J152
tBMB

2
~Hsat1Hcrit!. ~8!

Equation~8! is valid for d50° as well asd590°. The bi-
quadratic couplingJ2 is found to be

J252
tBMB

4
~62HKB1Hsat2Hcrit! ~9!
la
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ed
el
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where the1~2! sign corresponds tod50° (d590°). Recall
that these relations are valid in the rigid layer model only

IV. THE FMR MODE POSITION AND INTENSITY

The equation giving the normal modes~resonance fre-
quency! of such a system in the more general case as we
the FMR intensity relation have been derived in Ref. 1
Recall that the resonance frequency~with a fixed dc field set
up! is given by the following fourth-order equation inv ~the
resonant frequency!:13

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
Gv21@abH2

AH2
B1c2~aH2

A1bH2
B!#

3@abH1
AH1

B1c1~aH1
A1bH1

B!1~c1
22c0

2!#50. ~10!

Herea5tAMA , b5tBMB , gA andgB denote the gyromag
netic ratios of layersA and B, respectively. In the presen
particular casea50° ~H along thex axis! and with the rigid
layer approximation (fA50°), the different quantities enter
ing Eq. ~10! are as follows: c05J112J2 cosfB , c1
5J1 cosfB12J2 cos2 fB , and c25J1 cosfB12J2 cos 2fB .
The fields H j

i are H1
A5H2HK eff A1HKA , H2

A5H1HKA ,
H1

B5H cosfB2HK eff B1HKB cos2(fB2d), and H2
B

5H cosfB1HKB cos 2(fB2d). Finally, HK eff A
52Ku eff A /MA (HK eff B52Ku eff B /MB) and HKA52KA /MA
(HKB52KB /MB) are, respectively, the effective uniaxia
and the planar anisotropy fields for layerA ~layer B!.

The corresponding mode intensities are given by13
I 5
2abv2~aq1b!2

abv2~aq21b!1bgA
2@qaH2

A1c2~q21!#21agB
2@bH2

B2c2~q21!#2 ~11!
een
,
vs
e

ng
where

q5
gA

2c2b~aH1
A1c1!1gAgBc0a~bH2

B1c2!

gA
2b~aH1

A1c1!~aH2
A1c2!1gAgBc0c2a2a2bv2 .

In the following, Eqs.~10! and ~11! will be solved in the
particular case of the rigid layer model. The dispersion re
tion and the variation of the resonance frequency and m
intensity with magnetic field will be discussed. As point
out earlier, it will be assumed that the applied magnetic fi
is along thex axis, i.e.,a50. As the field is decreased, th
-
e

d

magnetizationMA will be parallel toH (fA50°), while the
magnetizationMB direction (fB) will be given by Eq.~3!
for an arbitraryd value, Eqs.~4a!–~4c! for parallel easy axes
(d50°) or Eqs. ~5a!–~5c! for orthogonal easy axes (d
590°).

Dispersion relations of coupled layer systems have b
investigated in different situations.17–22For the present case
typical examples for the dispersion relation of frequency
applied fieldH curves are shown in Figs. 1–6, along with th
corresponding intensities, for antiferromagnetic coupli
(J1,0). In Fig. 1,d590° ~perpendicular anisotropy axes!,
1-3
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the two branches of the dispersion curves are displayed
higher-frequency mode is the acoustic mode, while the lo
is the optical mode. Different coupling strength paramet
are used: J1520.5 erg/cm2, J250 ~solid line!, J1
520.5 erg/cm2, J2520.5 erg/cm2 ~dashed line!, and J1
520.1 erg/cm2, J250 ~dotted line!. For the parameters
used in the computation, see the caption of Fig. 1. For
first case,Hcrit and Hsat are, respectively, 0.547 and 1.54
kOe; three regions are considered. ForH,Hcrit , fB
5180°, the two magnetizations are antiparallel. For the s
ond region,Hcrit,H,Hsat, fB is given by Eq.~5b!, and the
magnetizationMB smoothly rotates from the antiparalle
configuration (fB5180°) to the parallel one (fB50°). Fi-
nally, for H.Hsat, the magnetizations are parallel (fB

FIG. 1. Resonant frequency vs applied magnetic fieldH. d
590° ~orthogonal anisotropy axes!. Solid line,J1520.5 erg/cm2,
J250; dashed line,J1520.5 erg/cm2, J2520.5 erg/cm2; dotted
line J1520.1 erg/cm2, J250. Layer A, 4pMA510 kG, HK eff A

5210 kOe,HKA55 kOe,g/2p52.8 GHz/kOe,t5500 Å; layerB
4pMB56 kG, HK eff B526 kOe, HKB50.5 kOe, g/2p
52.8 GHz/kOe,t5100 Å.

FIG. 2. FMR intensity vs applied magnetic fieldH. d590°
~orthogonal anisotropy axes!. ~a! Acoustic and~b! optical modes.
Solid line, J1520.5 erg/cm2, J250; dashed line, J1

520.5 erg/cm2, J2520.5 erg/cm2; dotted line, J1520.1
erg/cm2, J250. Other parameters as for Fig. 1.
14443
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50°). Note that the acoustic mode frequency increases
continuous manner and almost linearly with increasingH;
while the optical mode frequency vsH curve has a more
complex variation. AsH increases, the frequency decreas
to zero atH5Hcrit in the first region; then asMB rotates the
frequency goes through a maximum to go to zero again
H5Hsat; for higher field, the frequency monotonically in
creases withH ~see Fig. 1, lower curves!. It is easy to check
that the fields corresponding tov50 ~the zero-frequency
points in Fig. 1! are indeedHcrit andHsat. Settingv50 in
Eq. ~10! and solving forH, one will find

H~v50!52
J1 cosfB12J2 cos 2fB

tBMB cosfB

2
HKB cos 2~fB2d!

cosfB
. ~12!

FIG. 3. Resonant frequency vs applied magnetic fieldH. d
50° ~parallel anisotropy axes!. Solid line, J1520.5 erg/cm2, J2

50; dashed line,J1520.5 erg/cm2, J2520.5 erg/cm2. Other pa-
rameters as for Fig. 1.

FIG. 4. FMR intensity vs applied magnetic fieldH. d50°
~parallel anisotropy axes!. Solid line, J1520.5 erg/cm2, J250;
dashed line,J1520.5 erg/cm2, J2520.5 erg/cm2. Other param-
eters as for Fig. 1.
1-4
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THEORETICAL STUDY OF RESONANCE MODES OF . . . PHYSICAL REVIEW B 69, 144431 ~2004!
For fB5180°, H(v50) @in Eq. ~12!# reduces to the critica
field @Eq. ~7!#, and forfB50°, H(v50) leads to the satu
ration field @Eq. ~6!#.

For the situations where J1520.5 erg/cm2, J2
520.5 erg/cm2 and J1520.1 erg/cm2, J250, see the
dashed and dotted lines, respectively, in Fig. 1. Here, o
two regions exist; the two magnetizations cannot be antip
allel. MB will rotate from a certain direction tofB50°
~saturation!. It can be shown that the antiparallel alignme
occurs if the effective coupling parameterJeff5(J122J2) sat-
isfies the condition

~J122J2!,tBMBHKB cos 2d. ~13!

The variation of the frequency with field is shown in Fig.
~dashed and dotted lines!. Note that, in addition to the re

FIG. 5. Resonant frequency vs applied magnetic fieldH. J1

520.5 erg/cm2, J2520.5 erg/cm2. d530° ~dotted line!, 45°
~solid line!, and 60°~dashed line!. Other parameters as for Fig. 1

FIG. 6. FMR intensity vs applied magnetic fieldH. ~a! High-
and ~b! low-frequency modes. J1520.5 erg/cm2, J2

520.5 erg/cm2. d530° ~dotted line!, 45° ~solid line!, and 60°
~dashed line!. Other parameters as for Fig. 1.
14443
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marks made above, the optical mode frequency curve m
be discontinuous across the two regions.

The variation of the FMR intensity withH for those cases
is shown in Fig. 2. In the saturated state, the intensities
both modes decrease with increasing field for allJ1 ,J2 val-
ues. On the other hand, in the field region whereMB rotates,
the intensities of the modes have opposite trend; asH in-
creases, the acoustic~optical! mode intensity increases~de-
creases!. When the magnetizations are antiparallel, one a
notes opposite variation of the intensities, but in this ca
the acoustic mode intensity decreases while the other
increases. Note also that for the acoustic mode the intens
do depend on theJ1 ,J2 values@compare the curves in Fig
2~a!# even though the mode position is practically the sa
~see Fig. 1, higher curves!.

The curves in Fig. 3, drawn ford50° ~parallel easy
axes!, present some interesting features. Depending on
coupling parameter values, the magnetizationMB can either
smoothly rotate to the direction ofH, or suddenly jump from
fB5180° to fB50° as H is increased. Indeed, forJ1
520.5 erg/cm2, J250 ~see solid line in Fig. 3!, it is found
thatHcrit is greater thanHsat. Therefore when theH value is
betweenHsat andHcrit , both fB5180° andfB50° can be
solutions of the equilibrium condition. The physical solutio
will depend on the history of the sample. WhenH is in-
creased from 0 to a large value, thenfB5180° for lowH up
to Hcrit ; at that value,MB will suddenly flip, from the 180°
to 0° direction, to align withMA . @Note that, if one starts for
the saturation state~high applied field! and decreases th
field, then whenH5Hsat, MB will switch from fB50° to
fB5180°; and a hysteresis phenomenon can occur. In
3, only the increasing field case is shown.# One can show
that the sudden flip ofMB occurs~instead of the progressiv
rotation ofMB) when

J2>2
1

2
tBMBHKB cos 2d. ~14!

The solid line in Fig. 3 corresponds toJ1520.5 andJ2
50 erg/cm2. With these parameters both Eqs.~13! and ~14!
are satisfied; thus the antiparallel alignment exists and th
will a sudden jump ofMB . This sudden flip ofMB leads to
a discontinuity in both branches of the dispersion curves~see
the solid line in Fig. 3!. Note that the shift to higher fre
quency~of about 7.3 GHz in the present example! for the
optical mode is much more important than the shift to low
value ~0.65 GHz! for the acoustic mode. Also, the acoust
mode frequency increases with increasingH in both regions;
while for the optical mode the frequency decreases to zer
H increases up toHcrit ; then after the discontinuity (H
.Hcrit) the frequency increases almost linearly withH.

The discontinuity in mode position is followed by a di
continuity in the FMR intensity atH5Hcrit ~Fig. 4!. The
sudden decrease of the intensity of the optical mode~56.7%!
is more important than the increase of the acoustic m
intensity ~3.5%!. Moreover, in the low field region, the in
tensity of the optical~acoustic! mode slightly increases~de-
creases! with H. After the jump (H.Hcrit) the intensity of
both modes decreases. For comparison, the dashed lin
Figs. 3 and 4 are drawn forJ1520.5 and J2
520.5 erg/cm2; in this situation Eqs.~13! and ~14! are not
1-5
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A. LAYADI PHYSICAL REVIEW B 69, 144431 ~2004!
satisfied, i.e.,MB will rotate from a given direction atH50
to fB50° for H.Hsat, and there will be no sudden jump o
MB . In this case, the variation of the mode frequencies w
H is qualitatively identical to that found ford590° ~com-
pare the dashed curves in Figs. 1 and 3!. For the mode in-
tensity ~see Fig. 4!, in the low-field region (H,Hcrit), the
acoustic~optical! mode intensity decreases~increases!, goes
through a minimum~maximum!, and then increases~de-
creases!; with the variation of the optical mode intensit
much more important than the acoustic one. In the satur
state, once again, the intensity of both modes decreasesH
increases.

The effect of theB layer easy axis direction, i.e., the ang
d ~other than 0° and 90° studied above!, on the dispersion
relation and on the corresponding intensity is shown in F
5 and 6, respectively. It can be seen thatd has no effect on
the resonant frequency of the higher-frequency mode for
H ~see Fig. 5, the upper branches!; the resonance frequencie
monotonically increase withH. On the other hand, for the
lower branches~see Fig. 5! d seems to affect the behavior o
this mode. Even though the shapes of the lower curves h
similar trends for alld values~different from 0° and 90°!,
i.e., the curves present a maximum and a minimum, the
ues of the frequencies, for a given field, are not the same
all d. It can be seen from Fig. 5 that for a fixed low fie
value the resonance frequency of the lower mode incre
with increasingd value; for a high field value, this trend i
reversed, i.e., the higher thed value, the lower the frequency
This difference is even more pronounced for very stro
field. Note also that in thef vs H curves the frequency is
never equal to zero as was the case ford50° and 90°. In
fact, for arbitraryd, one cannot defineHcrit and Hsat since
MB will asymptotically tend tofA50° andfB5180° @fA
50° andfB5180° are not exact solutions for the equili
rium conditions Eqs. 2~a! and 2~b!#. Also, it can be inferred
from Fig. 5, as an example, that at theX band, i.e., using a
fixed frequency FMR setup at 9 GHz, depending on thd
value, three peaks can be observed ford545° ~with different
.
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intensities!, two peaks ford560°, and only one ford
530°. As for the mode intensity~see Fig. 6!, the lower mode
intensity decreases with increasingH for all d values and the
effect ofd is negligible@Fig. 6~b!#. For the higher mode, the
intensity curves present a slight variation withH ~maximum
and minimum in theI vs H curves! and once again the effec
of the angle is too small to be experimentally detected@see
Fig. 6~a!#.

V. CONCLUSION

In the rigid layer model, it is assumed that one of t
layers~A! has strong in-plane anisotropy compared to tha
the other layer~B! and to the effect of the coupling (J1 ,J2),
so that the direction of layerA magnetization (MA) is unaf-
fected by the variation of the external fieldH applied along
its easy axis, whileMB may rotate. The in-plane anisotrop
axes in both layers make an angled between them. The
dispersion relation of frequency vsH, as well as the variation
of the FMR intensity withH of such a system, is studied fo
different J1 , J2 , andd values. The condition of the antifer
romagnetic alignment of the magnetizations at zero field
derived. As the applied field is increased, different switch
modes can occur, i.e.,MB may smoothly rotate or suddenl
flip from the antiparallel configuration to the saturated sta
A condition for having one or the other case is derived;
involves the biquadratic couplingJ2 and d. For a sudden
switch, a discontinuity is observed in the mode position
well as in the FMR intensity. The discontinuities are mo
important for the optical than for the acoustic modes. Also
hysteresis phenomenon can be observed in this case. M
over, the coupling strengths (J1 ,J2) affect the mode intensity
but practically not the position of the acoustic mode; wh
for the optical mode, the effect of these parameters on tf
vs H and I vs H curves is more apparent. Also, for alld
angles~other than 0 and 90°!, no effect ofd is observed on
the position and intensity of the high-frequency mode bud
does affect the lower-frequency mode position.
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