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Theoretical study of resonance modes of coupled thin films in the rigid layer model
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An investigation of the ferromagnetic resonaffE®R) modes is done for a two coupled ferromagnetic film
system in the framework of the rigid layer model. In this case, one of the l&@yersiriver layer has a strong
in-plane anisotropy compared to the coupling strength and to in-plane anisotropy of the othéhkagensor
The curves of dispersion relation, the resonant frequéneynd the mode intensity vs applied fieldH are
discussed as a function of the bilinehr and biquadraticl, coupling terms, and of the angt&between the
in-plane uniaxial anisotropy easy axis directions in the two layers. Depending on the coupling strength and
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 strehgthg @ffect the
mode intensity but, practically, not the position of the acoustic mode; while for the optical mode, the effect of
these parameters on thes H andl vs H curves is more apparent. Also, for @langles(other than 0 and 90,
no effect of § is observed on the position and intensity of the high-frequency mode’ lolgies affect the
lower-frequency mode position.
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[. INTRODUCTION the more general case, for the resonance frequency and mode
intensity relations are given elsewhéfé?* Equilibrium rela-

A system of two coupled layers separated by a nonmagtions pertaining to the rigid model case will be worked out
netic interlayer has been intensively studied in the las@ind discussed in Sec. lll. In Sec. IV, the dispersion relation is
decadé. Several theoretical models have been proposed tétudied, and the resonance frequency and the FMR intensity
explain certain experimental observations; the bilinea@re discussed as functions of the applied figland of the
coupling J;, the biquadratic couplig® J, (and even coupling strengthd; andJ, in the framework of the rigid
higher-order coupling term% and different magnetocrystal- layer model.
line anisotropie®° were considered. In the rigid layer
model (rigid driver mode_z’rl), one layer(the drive) has a_ L. PRELIMINARY CONSIDERATIONS
very strong in-plane anisotropy compared to the coupling
strength(the weak coupling caseand to the anisotropy of The system considered here has been described
the second layefthe sensor layer In this situation, if a elsewher&**in the more general case. Following is an out-
magnetic field, applied along the easy axis of the driveline of the system configuration and a description of the dif-
layer, is decreased, it can be assumed that the driver layéerent terms in the total energy. It is assumed that the two
magnetization remains along the easy dfds all H valueg,  thin film layers, denoted a& andB, lie in thex-y plane, with
while the sensor layer magnetization may rotate away fronthe z axis normal to the film plane. They are coupled to each
the applied field direction under its own in-plane anisotropyother through a nonmagnetic layer. The magnetizatqnof
(if the easy axis is not parallel to that of the driver lgyer  layer A is defined, in spherical coordinates, by the andlgs
negativeJ, coupling parameter which tends to antiferromag-and ¢, ; and similarlyMg (layer B) by the anglesdz and
netically align the magnetizations or a negati¥g value  ¢g. The layers are supposed to have in-plane uniaxial mag-
which favors a perpendicular configuration of the magneti-netocrystalline anisotropies. For lay&; the easy axis of
zations, i.e., a 90°-type coupling. Elmessall! considered such an anisotropy is taken to be along xxis; the corre-
layers with orthogonal in-plane anisotropy axes and, by ussponding energy will then b&p ;= — K Sir? 6, coS ¢,.
ing magnetization curveldased on the magneto-optical Kerr For layerB, the easy axis has an arbitrary direction within
effec, they showed that, in the framework of this model, the plane it makes an angi&with the x axis; following the
one can derive separate valueslgfandJ,. analysis in Ref. 16, the magnetocrystalline energy can be

Ferromagnetic resonan¢EMR) has been widely used to written asEg;,= — K Sirf 5c0S(g— ). Ka (Kg) is the
study the magnetic coupling in multilaye'®*?=2 In the  in-plane magnetocrystalline anisotropy constant for lafer
present work, a description of the FMR modes will be given(layerB); K, andKg are positive since it is assumed that the
in the rigid layer model situation, with two layers character-anisotropy axes are easy directions. The external applied
ized by in-plane anisotropy whose easy axes make an arbimagnetic fieldH is taken to be in the plane of the films,
trary angles between them; the orthogonal anisotropy casemaking an anglex with the x axis. The microwave fielth is
worked out by Elmerst al,' will be illustrated as particular along they axis. With all these considerations, the total free
example §=90°). In Sec. ll, the layer configurations and energy of the system per unit area can be explicitly written
the system energy will be outlined; detailed calculations, inas>*
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E=ta{—MaH sin0, coga—@a) + Ky i a SIMF 04 lll. THE RIGID LAYER MODEL
— K, Sif? 0 02 @p} + ta{ — MgH sin 6 o a— ¢g) In the rigid layer modelrigid driver modet’), one of the

layers (here, layerA) has a very strong in-plane magneto-

+Ky eff g SIMF g — K Sir? 0 oS’ (g~ 0)} crystalline anisotropywith the easy axis taken to be along

the x axis) compared to that of the second layéayer B)

(with the easy axis making an angfavith the x axis) and to
—J,{SiN 6, Sin 65 COL @a— @g) +COSO, cOsOg}2. (1)  the coupling strength, i.eHa>Hkg,J1/tAM A, 1o /tAMA.

In this case it can be assumed that if an applied magnetic

In the two first terms of Eq(1), t, andtg are the thicknesses field along thex axis is decreased, the magnetizatidy will

of |ayerSA andB, reSpeCtiver. The total ener@ consists a|Ways remain a|ong the |ay@{' easy axiqthex axis), i_e',

for layerA (the first term of the Zeeman energynteraction 4, =0° for all H values. On the other hand, &is de-

of the external magnetic fielti with the magnetizations  creasedM g might move away from the field direction under

—MjH sinf,cosle—¢,), the shape, and any out-of-plane the effect of(i) layer B in-plane anisotropy(if the layer B

uniaxial anisotropy given by the constalt,era Where  easy direction is not along the axis, i.e., §#0°), (i) a

Ky et a=Kua—27M3, Kya is the out-of-plane magnetocrys- negative bilinead, coupling parameter which tends to make

talline anisotropy constant for layé; and the in-plane mag- M, andMg antiparallel, andiii) a negative biquadratic cou-

netocrystalline anisotropy. For lay® [the second term in  pling J, value which favors the perpendicular configuration

Eqg.(1)], the above relations hold by changing the subs&ipt of the magnetizations, i.e., a 90°-type coupling. Tg di-

to B and adding the in-plane anisotrofyritten above. The  rection will then be given by the competition of these three

interlayer coupling energy is given by the two last terfs.  phenomena. Putting,=0° in Egs.(2a) and (2b) and mak-

andJ, are, respectively, the bilinear and biquadratic couplinging the appropriate approximatiorimentioned above the

parameters. The nature and the strength of the coupling aig, angle will be the solution of the following equation, for

described by the sign and the magnitudedpndJ,. When  an arbitrarys value:

J; dominates and if it is positive, the energy is minimal when

M A andMyg are parallelferromagnetic coupling while if it 1 Ji

—J1{sin B, sin Oz cog oo — @) + COSH, COSHR}

is negative, then the lowest energy is achieved wigrand Hsingg+ 5 Higsin2(pg— )+ tgMg o ¥B

Mg are antiparalle(antiferromagnetic coupling If, on the

other hand], dominates and is negatiahich was experi- n J 2on=0 3
mentally observed then the minimum energy occurs when tBMBsm #B= % )

the magnetizations are oriented perpendicular to each other . L .
(the 90°-type coupliny. Note also that this coupling analy- For the most studied situation where the easy axes in the two

sis is a phenomenological one, with no assumption madiYers are parallelf=0°), thesolution of Eq.(3) will be as
about the origin of the coupling. The bilinear coupling is fIlOWs:
believed to be due to the Ruderman-Kittel-Kasuya-Yosida

(RKKY) interaction, mainly in transition metals, since this ep=0" If H>Hg(5=07), (43
interaction can be written as a scalar product of the t-MaH+J

magnetization$.The biquadratic coupling could arise from a coSpg=— —0o 1

variation of the interlayer thickneSsNote that, at equilib- tgMgHkp+2J,

rium, the magnetization®, and Mg must lie in the film for Hey(8=0°)<H<H(6=0°), (4b)
plane, i.e.,6,= 6g=90°, due to the strong demagnetizing

field of the thin films and to the fact that the applied mag- 0s=180° if H<Hy(6=0°). (40)

netic field is in plane. _ _
The anglesp, g are given by the following two coupled For perpendicular easy axes, i.6=90°,

equationgthe equilibrium conditions ,
1 ] eg=0° if H>Hg(6=90°), (59
. . 1 .
H si - =—=HkaSIN2¢p+ ——SI —
N(a—@p) 2 KA PA tAM A N(@ea— ¢p) - tsMgH +J;
COS@B_tBMBHKB_ZJZ

Jz
+ Sin2(ga— 2
taM, S 2 0a™ ¢s) 3 for Hen( 6=90°)<H<Hgy(6=90°), (5b)
and
and
. 1 . Ji

H Sm(a’_QDB)_EHKB sin2(¢g—6)— tBMBSIn((PA_ ©s) g=180° if H<H;(8=90°). (50)
J, Here Hg(8) denotes the saturation field, the field above
T Mg sin2(¢a— ¢B), (2b)  which the magnetizations are parallel, along the applied field

H direction; H () is the critical field, i.e., the field under
where Hea=2Ka /M, (Hkg=2Kg/Mg) is the planar an- which the magnetizations become antiparallel under a nega-
isotropy field for layerA (layer B). tive J;. Hgy( ) andH(5) are found by minimizing the

144431-2



THEORETICAL STUDY OF RESONANCE MODES PB. .. PHYSICAL REVIEW B 69, 144431 (2004

total energy and making the approximation pertaining to thevhere the+(—) sign corresponds t6=0° (§=90°). Recall

rigid layer model. These fields are found to be that these relations are valid in the rigid layer model only.
J,+2J,
Hea 6)=— —Hggcos 25 (6)
tgMp IV. THE FMR MODE POSITION AND INTENSITY
and The equation giving the normal modésesonance fre-
J,-23, quency of such a system in the more general case as well as
Hit( 6)=— WJrHKB C0S 25. (7)  the FMR intensity relation have been derived in Ref. 13.
BVIB

Recall that the resonance frequerfeyth a fixed dc field set
Two remarks should be made about these relations. Firstip) is given by the following fourth-order equation in(the
Egs. (48—(7) are valid only for§=0° (parallel easy ax¢s resonant frequengy®

and 5§=90° (orthogonal easy axgsfor other § values,Mg

will asymptotically align alondgd (asymptotic saturatigrfor

a strongH value and alsdv g will asymptotically reach the ab 12 H/fHé HE‘H? aHg
¢$g=180° direction when the effect of a negativg will 4—1a%?| —5—+ —5—|+abcg| —
overcome the effect of; this is becausebg=0° and ¢y YaYs Y8 Ya Ya
=180° are not exact solutions of E() for arbitrary &. bH% aH® DbHA a2 b2
Second,H(5) is defined only for antiferromagnetic cou- +—|+abg| —F+—F"|+CiCyl 5+ —=
pling (J;<0) whereM, and Mg might be antiparallel; as- 7B Yo 7B A 7B
suming tAM,>tgMg, M, will be along H while Mg is 2¢4C,ab
opposite to it. For ferromagnetic coupling,¢0), the solu- + ———|w?+[abHiHS +c(aHy +bHD)]
tion ¢g=180°, in Egs.(4c) and(5c¢), does not hold and the YAYB
iztla_iqu?g;ies in Egs(4b) and (5b) must be changed tél X[abH?H?"‘Cl(aH?"’bH?)"‘(Ci_CS)]:O. (10)
sak ©)-

For this antiferromagnetic couplingls,;andH; can be
inferred, for instance, from FMR, through the dispersion re'Herea=tAMA b=tzMg, v, and ys denote the gyromag-

lation, as will be seen in the next section. From the knowl-natic ratios of layersA and B, respectively. In the present
edge ofHsy andHc, the coupling strength parametels  particular caser=0° (H along thex axi9 and with the rigid
andJ, can be independently determined. Indeed, it is easy t‘Payer approximation ¢,=0°), the diferent quantities enter-

see from Eqs(6) and (7) that ing Eq. (10) are as follows: co=J;+2J,c0S¢g, C;

M =J; cos¢hg+23,c0¢ g, and c,=J; COS¢g+2J,COS b .
31= =5 (Haart Hord. (8  The fieldsH are HA=H—Hy ggatHya, HA=H+Hya,
H®=H cos¢g—Hy et g+ Hig COS( g — 9), and HS
Equation(8) is valid for 5=0° as well as6=90°. The bi- =H cos¢g+HkgC0S 2@g—9). Finally, Hy eff A
quadratic couplingl, is found to be =2K, e aA/Ma (Hk eig=2Kyefig/Mp) @and Hya=2KA/ M4
(Hkg=2Kg/Mpg) are, respectively, the effective uniaxial
Jom tBMB(+2H FHo Ho) 9 and the planar anisotropy fields for lay&r(layer B).
2 4 ‘T KB Tisat Tcrt The corresponding mode intensities are giveltby
|
- 2abw?(aqg+b)? a1
abw’(ag’+b)+bysldaH;+cy(q—1)]°+ayglbH; —co(d— 1)1
|
where magnetizatiorM 4 will be parallel toH (¢,=0°), while the
) A B magnetizationM g direction (¢g) will be given by Eq.(3)
_ YaC2b(aH7+Cq) + yaygCoa(bH; +C5) for an arbitrarys value, Eqs(4a)—(4c) for parallel easy axes
g yab(aH}+cq)(aH?+Cy) + yaysCoCra—a’bw?’ (6=0°) or Egs. (5a—(5¢) for orthogonal easy axesd(
) . ) =90°).
In the following, Egs.(10) and (11) will be solved in the Dispersion relations of coupled layer systems have been

particular case of the rigid layer model. The dispersion relainvestigated in different situatiot$-2?For the present case,
tion and the variation of the resonance frequency and modgpical examples for the dispersion relation of frequency vs
intensity with magnetic field will be discussed. As pointed applied fieldH curves are shown in Figs. 1-6, along with the
out earlier, it will be assumed that the applied magnetic fieldcorresponding intensities, for antiferromagnetic coupling
is along thex axis, i.e.,a=0. As the field is decreased, the (J;<0). In Fig. 1,=90° (perpendicular anisotropy axes
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FIG. 1. Resonant frequency vs applied magnetic field 5 FIG. 3. Resonant frequency vs applied magnetic fidld &
=90° (orthogonal anisotropy axgsSolid line,J;=—0.5 ergicm,  —g° (parallel anisotropy ax¢sSolid line, J,=— 0.5 erg/crd, J,

J,=0; dashed line)J; = —0.5 erg/cr, J,=—0.5 erg/cr; dotted  —0: dashed lineJ,= — 0.5 erg/c, J,=—0.5 erg/cr. Other pa-
line J;=—0.1erg/cr, J,=0. Layer A, 4mM,=10KG, Hxeta  rameters as for Fig. 1.

=—10 kOe,Ha=5 kOe, y/277=2.8 GHz/kOe ,t=500 A: layerB
4mMg=6 kG, Hyspg=—6kOe, Hyz=0.5k0Oe, /27

—2.8 GHz/kOe t=100 A. =0°). Note that the acoustic mode frequency increases in a

continuous manner and almost linearly with increasiiig

. . . . while the optical mode frequency M8 curve has a more
the two branches of the dispersion curves are displayed: thg, ey variation. AdH increases, the frequency decreases

higher-frequency mode is the acoustic mode, while the lowef, _ o atH=H .. in the first region; then ad g rotates the

is the optical mode. Different coupling strgngth parameterqrequency goescn'through a maximtjm to go to zero again at
are used: J;=—0.5erg/cd, J,=0 (SOHd, line), J; H=Hg,; for higher field, the frequency monotonically in-
=—05erg/cnf, J,=—-05 erg/crﬁ (dashed ling and J;  qreases witt (see Fig. 1, lower curveslt is easy to check
=—0.1erg/cri, J,=0 (dotted ling. For the parameters ot e fields corresponding @©=0 (the zero-frequency
used in the computation, see the caption of Fig. 1. For th‘f)oints in Fig. 1 are indeecH; andH.,. Settingw=0 in

first case,H.; and Hg, are, respectively, 0.547 and 1.547 Eq. (10) and solving forH, one will find.

kOe; three regions are considered. FBIr<Hg;, og

=180°, the two magnetizations are antiparallel. For the sec- J; cosgg+2J, COS 2
ond regionH<H<Hg, &g is given by Eq.(5h), and the H(w=0)=— tMg COS
magnetizationMg smoothly rotates from the antiparallel BB B
configuration ¢g=180°) to the parallel onedz=0°). Fi- Hkg cos A ¢g— &)
nally, for H>Hg,, the magnetizations are parallelpg - oSt : (12)
6.3} 6.5 —
— acoustic
2 6.0 mode
5 s.7| =
E 5.4} g
2 5.1 -g
8 1.5 > 5.0
5 E-JE - —
1.2¢ 8 :_—A(
R
g 0.9 1.0} \\ optical |
0.6l g \\ mode
0.3 0.5} e
sol® e e ]
0 1 2 3 4 5 0.0 . . . .
o 1 2 3 4 5

Applied magnetic field (kOe)
Applied magnetic field (kOe)
FIG. 2. FMR intensity vs applied magnetic fiel. 5=90°
(orthogonal anisotropy axgs(@) Acoustic and(b) optical modes. FIG. 4. FMR intensity vs applied magnetic field. §=0°
Solid line, J;=-0.5erg/cd, J,=0; dashed line, J; (parallel anisotropy axes Solid line, J;=—0.5 erg/c, J,=0;
=-0.5erg/cd, J,=—0.5erg/cd; dotted line, J;=—0.1  dashed lineJ;=—0.5 erg/cr, J,=—0.5 erg/cri. Other param-
erg/cnf, J,=0. Other parameters as for Fig. 1. eters as for Fig. 1.
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34 marks made above, the optical mode frequency curve might
a2l be discontinuous across the two regions.
The variation of the FMR intensity withl for those cases
30¢ is shown in Fig. 2. In the saturated state, the intensities of
é\ 28! both modes decrease with increasing field forJallJ, val-
B 26l ] ues. On the other hand, in the field region whiglg rotates,
E (a) the intensities of the modes have opposite trendHas-
g 24 — ) creases, the acoustioptica) mode intensity increasegsle-
f-; 14 " " j j ] creases When the magnetizations are antiparallel, one also
= 12 notes opposite variation of the intensities, but in this case,

the acoustic mode intensity decreases while the other one
increases. Note also that for the acoustic mode the intensities
do depend on thd,,J, values[compare the curves in Fig.
2(a)] even though the mode position is practically the same

i ) ) , _ () (see Fig. 1, higher curves
o 1 2 3 4 5 The curves in Fig. 3, drawn fo6=0° (parallel easy
Applied magnetic field (kOe) axes, present some interesting features. Depending on the

coupling parameter values, the magnetizafibg can either
FIG. 5. Resonant frequency vs applied magnetic figld J; smoothly rotate to the direction &f, or suddenly jump from
=—-0.5erg/cm, J,=—0.5erg/cd. 5=30° (dotted ling, 45°  $z=180° to ¢pg=0° as H is increased. Indeed, foi,
(solid line), and 60°(dashed ling Other parameters as for Fig. 1. =—0.5 erg/cm, J,=0 (see solid line in Fig. B it is found
thatH,;; is greater thaid ... Therefore when thél value is
For ¢g=180°, H(w=0) [in Eq. (12)] reduces to the critical betweenHg, andH;, both ¢g=180° and¢g=0° can be
field [Eq. (7)], and for¢g=0°, H(w=0) leads to the satu- solutions of the equilibrium condition. The physical solution
ration field[Eq. (6)]. will depend on the history of the sample. Whehis in-
For the situations whereJ,=—0.5erg/crd, J, creased from 0 to a large vglue, theég= 1$0° for lowH upo
——05erglc and J,=—0.1erglcd, J,=0, see the to Heit; at that valueMg will suddenly flip, from the 180
dashed and dotted lines, respectively, in Fig. 1. Here, onli0 0° direction, to align witiM , . [Note that, if one starts for
two regions exist; the two magnetizations cannot be antipa ﬁ'he? dsztirtllé;atlvsr?eriaﬁllgh ?/Ippl\ll(\?i(ljl ;ﬁz?cg?goae;rejg%stéhe
allel. Mg will rotate from a certain direction tapg=0° —180° and a h stsgtr,esis? henomenon can ?)ccur in Fi
(saturation. It can be shown that the antiparallel alignment¢5 ’ y P : 9:

. : . P 3, only the increasing field case is sho\v@ne can show
iosﬁgjsr?t:gtzgn%f{gggve coupling paramethy=(J;~2%) sat- . the sudden flip o5 occurs(instead of the progressive

rotation ofMg) when
(J1—2J,)<tgMgHg cos 25. (13 1
Jo=— EtBMBHKB Cos 25. (14
The variation of the frequency with field is shown in Fig. 1
(dashed and dotted linesNote that, in addition to the re- The solid line in Fig. 3 corresponds th=—0.5 andJ,
=0 erg/cn?. With these parameters both E¢3) and (14)
- . — are satisfied; thus the antiparallel alignment exists and there
. will a sudden jump oMg. This sudden flip oMy leads to
] a discontinuity in both branches of the dispersion cufgeg
the solid line in Fig. 3 Note that the shift to higher fre-
quency (of about 7.3 GHz in the present exampfer the
] optical mode is much more important than the shift to lower

(a) : value (0.65 GH2 for the acoustic mode. Also, the acoustic
' ' ' ' mode frequency increases with increaskhgn both regions;
while for the optical mode the frequency decreases to zero as
H increases up tH.;; then after the discontinuity H
>H) the frequency increases almost linearly with

The discontinuity in mode position is followed by a dis-
3 ] continuity in the FMR intensity aH=H,; (Fig. 4. The
L o) i sudden decrease of the intensity of the optical m&de7%)

is more important than the increase of the acoustic mode

intensity (3.5%). Moreover, in the low field region, the in-
tensity of the opticalacousti¢ mode slightly increase&le-

FIG. 6. FMR intensity vs applied magnetic fieldl (a) High-  creaseswith H. After the jump H>Hg;) the intensity of
and (b) low-frequency modes.J;=—-05erg/cd, J, both modes decreases. For comparison, the dashed lines in
=—0.5erg/cmA. 5=30° (dotted ling, 45° (solid line), and 60° Figs. 3 and 4 are drawn forJ;=-0.5 and J,
(dashed ling Other parameters as for Fig. 1. =—0.5 erg/cm; in this situation Eqs(13) and (14) are not

FMR intensity (arb. units)
Soorsisaaanaocooao
PO DONDINONDLDO®ONDO

(-]
N

<
(-]

1 2 3 4 s

Applied médgnetic field (kOe)
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satisfied, i.e.Mg will rotate from a given direction &t=0  intensitiey, two peaks for5=60°, and only one ford
to ¢pg=0° for H>Hg,, and there will be no sudden jump of =30°. As for the mode intensitisee Fig. §, the lower mode
Mg . In this case, the variation of the mode frequencies withntensity decreases with increasikgfor all 5 values and the
H is qualitatively identical to that found fof=90° (com-  effect of §is negligible[Fig. 6(b)]. For the higher mode, the
pare the dashed curves in Figs. 1 andFor the mode in- intensity curves present a slight variation with(maximum
tensity (see Fig. 4 in the low-field region H<H;), the ~ and minimum in the vs H curves and once again the effect
acoustic(optica) mode intensity decreasé¢isicreaseg goes  Of the angle is too small to be experimentally detedteek
through a minimum(maximum, and then increase&le-  Fig. 6@].

creasep with the variation of the optical mode intensity

much more imp.ortant Fhan the acoustic one. In the saturated V. CONCLUSION
state, once again, the intensity of both modes decreadés as
increases. In the rigid layer model, it is assumed that one of the

The effect of theB layer easy axis direction, i.e., the angle layers(A) has strong in-plane anisotropy compared to that of
S (other than 0° and 90° studied abgyven the dispersion the other layefB) and to the effect of the couplingl{,J,),
relation and on the corresponding intensity is shown in Figsso that the direction of layek magnetization I/ ,) is unaf-
5 and 6, respectively. It can be seen thdias no effect on fected by the variation of the external fieltl applied along
the resonant frequency of the higher-frequency mode for alits easy axis, whilevlg may rotate. The in-plane anisotropy
H (see Fig. 5, the upper branchethe resonance frequencies axes in both layers make an angebetween them. The
monotonically increase witld. On the other hand, for the dispersion relation of frequency ¥4 as well as the variation
lower branchegsee Fig. % 6 seems to affect the behavior of of the FMR intensity withH of such a system, is studied for
this mode. Even though the shapes of the lower curves hawdifferentJ;, J,, and § values. The condition of the antifer-
similar trends for allé values(different from 0° and 90  romagnetic alignment of the magnetizations at zero field is
i.e., the curves present a maximum and a minimum, the valderived. As the applied field is increased, different switching
ues of the frequencies, for a given field, are not the same famodes can occur, i.eMg may smoothly rotate or suddenly
all 6. It can be seen from Fig. 5 that for a fixed low field flip from the antiparallel configuration to the saturated state.
value the resonance frequency of the lower mode increases condition for having one or the other case is derived; it
with increasingé value; for a high field value, this trend is involves the biquadratic coupling, and 8. For a sudden
reversed, i.e., the higher tlfevalue, the lower the frequency. switch, a discontinuity is observed in the mode position as
This difference is even more pronounced for very strongwell as in the FMR intensity. The discontinuities are more
field. Note also that in thé vs H curves the frequency is important for the optical than for the acoustic modes. Also, a
never equal to zero as was the case der0° and 90°. In  hysteresis phenomenon can be observed in this case. More-
fact, for arbitrary 5, one cannot definél.;; and Hg, Since  over, the coupling strengths{,J,) affect the mode intensity
Mg will asymptotically tend top,=0° and$g=180°[ ¢,  but practically not the position of the acoustic mode; while
=0° and ¢g=180° are not exact solutions for the equilib- for the optical mode, the effect of these parameters orf the
rium conditions Egs. @) and 2b)]. Also, it can be inferred vs H and| vs H curves is more apparent. Also, for afl
from Fig. 5, as an example, that at theband, i.e., using a angles(other than 0 and 907 no effect of § is observed on
fixed frequency FMR setup at 9 GHz, depending on éhe the position and intensity of the high-frequency mode &ut
value, three peaks can be observedder45° (with different  does affect the lower-frequency mode position.
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