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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 bilipeand biquadraticl,
couplings and in-plane uniaxial magnetocrystalline anisotropies with anisotropy axis directions in the two
layers making & angle. An analytical expression for the mode intensity is derived. The saturatigh &nd
critical (H;;) fields, the resonant frequency, and the mode intensity are discussed as functlond.af and
8. For a given positivel,, an additionalJ,(J,<0) will lead to an increaséa decreaseof the optical
(acoustig mode intensity. For fixed,<0, and if the magnetizations are parallel ¥ H,) only the acoustic
mode will appear with constant mode position and intensity fodaltalues, making it difficult to detect any
additional biquadratic coupling. On the other hand, and for the same parameters, if the magnetizations are
antiparallel H<H;), then two modes are predicted; [ds| increases the intensity of the acousiiptical)
mode will increasddecreasg while the resonant frequency of both modes decrease.

DOI: 10.1103/PhysRevB.65.104422 PACS nuni®er76.50+g, 76.20+q, 75.70.Cn, 75.30.Gw

I. INTRODUCTION make an arbitrary anglé&between them; situations where the
anisotropies are parallel or orthogonal are illustrated as par-
Since its observatidnin 1986, interlayer exchange cou- ticular examples. A description of the FMR modes in such
pling has been the subject of many studié$A typical ~ coupled layers is given. In Sec. Il, general relations pertain-
trilayer system is composed of two ferromagnetic layers ining to FMR modes are worked out. Saturation and critical
teracting through an intervening nonmagnetic interlayer. |ni.fie|dS are introduced in Sec. Ill. In Sec. IV, a formula for the
tially, the experimental data were fitted with a bilinear cou-mode intensity is derived for this coupled system. Finally, in
pling; in this case the magnetizations in the ferromagneticSec. V, the resonance frequency and the FMR intensity are
films tend to be either parallel to each othgerromagnetic ~ discussed as a function of the applied fi¢ddand of the
coupling or antiparallel (antiferromagnetic coupling coupling strengths; andJ,.
RKKY interaction could explain this kind of coupling; in this
case the coupling is due to indirect exchange through con- Il. GENERAL RELATIONS FOR EMR MODES
duction electrons of the intermediate layer. It is now well
established that in addition to this bilinear coupling, there is  The two thin-film layers, denoted @sandB, are coupled
a biquadratic Coup“néj:mwhich can favor a perpendicu|ar to each other through a nonmagnetic Iayer. The total free
configuration of the magnetizations, i.e., a 90°-typeenergy of the trilayer system per unit area can be written
coupling®™* An angular-dependent exchange coupling,as™>">™*
equivalent to the biquadratic coupling, was reported by Hei-
nrich et al!® Even a third-order term was used to explain Ma-Mg Ma-Mg)?
certain experimental observatiolfs.The biquadratic ex- E=taEattsEs—Js MaMg  “2\ MaMg @
change could arise from a variation of the interlayer
thickness*® Magnetostatic coupling is also believed to be The interlayer coupling energy is given by the two last terms.
the source of this kind of coupling in certain systehs. M, andMg denote the magnetizations of lay&sandB; J;
Several methods were used to investigate thisandJ, are, respectively, the bilinear and biquadratic coupling
phenomenon=?® Among these techniques, ferromagnetic parameters. The nature and the strength of the coupling are
resonance(FMR) was widely used by several groups to described by the sign and the magnitude pandJ,. When
study different phenomena in magnetic thin films andJ; dominates, and if it is positive, the energy is minimal
multilayers*-?>27=3tincluding magnetic coupling®=?® In  when M, and My are parallel(ferromagnetic coupling
earlier studies, the biquadratic couplingl, was while if it is negative then the lowest energy is achieved
neglected>~?® However, it was reported more recently that when M, and My are antiparalle(antiferromagnetic cou-
J, can be comparable to, or even larger than, the bilineapling). If, on the other handl, dominates and is negative
coupling"® J;. Also, in many papers, the in-plane anisot- (which was observed experimentallghen the minimum en-
ropy was not taken into account; in others, the easy axes argy occurs when the magnetizations are oriented perpen-
such an anisotropy were taken to be parallel. Elne¢ral.®  dicularly to each othef90°-type coupling). Also note that
using the magneto-optical Kerr effect, considered layers witlihis coupling analysis is a phenomenological one, with no
orthogonal anisotropies. assumption made about the origin of the coupling, even
In the present work, biquadratic couplifim addition to  though the RKKY interaction, mainly in transition metals,
the usual bilinear couplingand in-plane uniaxial anisotropy can be written as a scalar product of the magnetizatifas
are included; the anisotropy axes in the layers are assumed $tated in the third term of Eq1)]. In the two first terms of
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Eqg. (1), ty and tg are the thicknesses of layefs and B,
respectively;E, andEg are the energies per unit volume of
the individual layersA andB. It is assumed that the films lie
in the x-y plane, with thez axis normal to the film plane. The
external applied magnetic field is taken to be in the plane
of the films, making anx angle with thex axis. The micro-
wave fieldh is along they axis. The magnetizatioM , is
defined, in spherical coordinates, by the anglgsand ¢, ;
similarly Mg is defined by the anglegs and ¢g. The ener-
giesE, and Eg include the Zeemann energinteraction of
the external magnetic fieldl with the magnetizationsfor
layer A, —MH sinf,cos—¢,), and the shape and any
out-of-plane uniaxial anisotropy given bi{, ¢ Sir? 6,
where K, o5 a=Kia—27M,2, and K, is the out-of-plane
magnetocrystalline anisotropy constant for lagefor layer
B, in the energ)Eg the above relations hold by changing the
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energyE with respect tod;, and ¢; (i=A, andB). A solution

of the form expiwt) will be taken, w is the (angulaj fre-
guency of precession. The solutiofreormal modek of the
system will be found by setting the determinant of the matrix
to zero. This will lead to a fourth-order equationkty (the
magnetic resonant fieldf one is doing an experiment using

a fixed frequency resonant cavity with a variable dc field. If,
on the other hand, one is using a variable frequency setup
(frequency sweepgand a fixed dc field, then one may solve
for the frequency. One will then find a fourth-order equation
in o (the resonant frequengyvith at most two meaningful
solutions (real and positive numbersfor given coupling
strength parameters and dc field intensity and direction val-
ues. This latter case is worked out in the present paper. Thus,
computing the second derivatives of the end@yaluated at

the equilibrium positions setting the determinant to zero,

subscriptA to B. Moreover the layers are assumed to have?d rearranging the terms, one will obtain a fourth-order

in-plane uniaxial magnetocrystalline anisotropies. For laye

gquation inw,

A, the easy axis of such an anisotropy is taken to be along the

X axis. the corresponding energy will then be
— K sir? 8, cos ¢,. For layerB, the easy axis has an arbi-
trary direction within the plan, it makes&angle with thex

axis. Following the analysis in Ref. 15, the magnetocrystal-

line energy can be written as-Kg Sir? 6gcos (¢g—9).

Ka (Kg) is the in-plane magnetocrystalline anisotropy con-

stant for layerA (layerB); K, andKg are positive, since it is

assumed that the anisotropy axes are easy directions. Also,

can easily be seen thit, andMg must lie in the film plane

due to the strong demagnetizing field of the thin films and to

the fact that the applied magnetic field is in plane; tlids

= 0g= /2. With all these considerations, the total free en-

ergy of the system per unit ar¢kq. (1)] can be explicitly
written as

E=ta{—MaH cofa—@a) + K efa— KaCOS @p}
+tg{—MgH coga— @g) + Ky eirs— Kg COS (95— 8)}
2

The anglesp, g are given by the following two coupled
equationgthe equilibrium conditions

taAMaH sin(a—p)

=taAKa Sin 2pa+ 33 SiN(@a— @) +J2SIN2(pa— ¢B)

—J; cog @p— @) —J; COS(Pa— ¢p).

(33
and
tgMgH sin(a— ¢p)
=tgKgsin2(pg— 8) —J; SiN(pp— @g) — I, SIN 2
X(ea— @B). (3b)

AL A BB
ab 1> , [ , ,[HIHZ HiH;
w*—| aZb?| —=+
YAYB VB YA
aH> bH% aH? bH?}
+abcy| —+ —— | TabC| — + —
Ya B YA VB
_ a® b?| 2cecab| ,
it +CiCo|l 5+ |+ ——|o
A 7B YAYB

+[abHyHS+ ¢ (aH5 +bHS)]

x[abHHE+c (aH)+bHB) +(c2—c?)]=0 (4
wherea=t,M, andb=t,M,; y, andyg denote the gyro-
magnetic ratios of layeré and B, respectively. The param-
etersc; contain the coupling strengthsy=J;+2J; cos(pa

— ¢bp),C1=J1 COS(pa— ) + 23, COS(hp— bp).C,=J1 COS(ha
—¢pg)t+2J,C0S 2(hp— ), and

HY=H coga—@a) —Herat HcaCOS 0p, (52

H5=H cod a— @a) +HyaCOS 204, (5b)
HP=H coga—¢g) —Hy e+ Hkg COS (05— 9),

(50)

HE=H cosa—g) +HypcosApg—3),  (50)

whereHy et s= 2Ky et A/Ma (Hk et 8= 2Ky er /M) @and Hya
=2KA/M, (Hkg=2Kg/Mp) are the effective uniaxial and
the planar anisotropy fields for laye (layer B), respec-

In order to find the normal modes of the system, one can usgvely.

a method based on the energy and described by Smith and When the layers are not coupled,&J,=0) then

Beljers®! In this case the equations couplidgs; ,A ¢; (i

C.
=0 and Eq.(4) will reduce to (@?—y?qH"HA,) (wé

=A and B), the excursions during oscillations about the —y?gHB;HB,)=0, which, upon substituting the'; by their

equilibrium position, can be written in a matrix fortn’

expressiongEgs. (5a)—(5d)] will lead to the following two

The matrix elements consists of the second derivatives of thencoupled equations:
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2
=[H coga—@a) —H e o+ Hia COS @4l

YA

X[H coga—@p)+HkaCOS 2pp] (6a)

and
w2
'Y_B =[H cod a—¢g) —Hg erg+Hkp COS (g~ 5)]

X[H coga— ¢g) +HkgCOS A pg— ) ]. (6b)
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da= ¢pg=0° for H>Hg,, while for H<Hg,the magnetiza-
tion angles are given by Eq&3a and (3b). When the cou-
pling is antiferromagnetic, one still hag,= ¢g=0° for H
>Hg,. Moreover, for this situation, one will need to define a
critical field Hg;; below which the magnetizations will be
antiparallel under the effect of the negative couplihg
From the minimization of the energy.; can be found.
Once again the general formula fidg,;; is quite complicated;
however, it will reduce to a simpler form whethc,=Hgg
=Hy and §=90° (orthogonal anisotropy axgdn this case,
Hi is given by

Thus, in this uncoupled case, two peaks are expected to be

observed in the FMR spectra whose positions are given by

the resonance conditiofkgs. (6a) and(6b)].

IIl. SATURATION AND CRITICAL FIELDS

In this section and in the following ones, it will be as-
sumed that the applied magnetic field is alongxiais, i.e.,
a=0. As the field is increased, the magnetizatidhg and
Mg will rotate to be parallel t¢H (o= pg=0). Note, how-
ever, that for an arbitrary the magnetizations will asymp-
totically align with the applied fieldasymptotic saturation
Only for 6=0 (the easy axes in the two layers are paralle
or 6=90° (perpendicular easy axewill the magnetizations
be alongH for a finite value of the applied fiel@n this case
da= pg=0 are exact solutions of the equilibrium condi-
tions, Eqs(3a) and(3b)). This field, the saturation field ¢,
depends on the coupling strengthsandJ,, on the in-plane

1

o™ t6Mp  TaM s

—(J1—23y) —Hg. 8

It is assumed here thatfM ,>tgMg. It can be seen that the
effect of the 90°-type couplingdp<0) is to lower the criti-
cal field. For the parameters used in Sec. V, and Jor
=—2erg/cnt and §=0° and using the general formula,
H it is found to be 3.737 and 3.691 kOe fty=0 and—0.5
erglcnt, respectively. Also, for gived; andJ, valuesH y;

is found to decrease with increasidgalue (using the above

| Parameterst .y will decrease from 3.737 kOe faof=0° to

2.432 kOe for6=90° whenJ,=0, and from 3.691 to 0.967
kOe whenJ,=—0.5 erg/cri), the minimal value ofH
corresponds té=90° and is given by Eq8). Thus, for this
(antiferromagneticcoupling case, three field regions have to
be defined. IfTH<H,;;, the magnetizations are antiparallel

anisotropy field intensities and directions, as well as on thd#a=0° and¢g=180°), for Ho;<H<Hy, the magnetiza-
thicknesses and magnetizations of both layers. From th#ons makes, and ¢ angles with the applied fieltth, and

minimization of the energyls,can be found. For the simple
case where the easy axes are aligned, #&.0 and the an-
isotropy fields are equal, i.edlya=Hkg=Hg , Hgais found
to be

(@)

Hea= —(J11+2J5) M M}_HK-

When there is no biquadratic coupling,&0) and the in-
plane anisotropy is neglectedi(=0), Eq. (7) reduces to
relations found by Heinrictet al® (with M =Mpg) and
Zhanget all’ For arbitrary values oHy, and Hyg (with

¢g are given by Egs(3a and (3b)] and for H>Hg, the
magnetizations are aligned along the applied filld ¢4
=¢g=0°). This fact is well described by Heinrich and
co-worker$1°-121%and Wigen and co-workefg.g., Ref. 17

in specific situationgwhere biquadratic and in-plane anisot-
ropy are neglected In the present workH, andH,;; are
discussed for a system with biquadratic coupling and in-
plane uniaxial anisotropy with arbitrary axis directions.

IV. FMR INTENSITY

The FMR mode intensity'1’~1°27-28s defined as corre-

different He and Hyp), the saturation field is given by a spondilng to th_e area under the absorptipn line. The intensity
more complicated formula which will not be displayed here.SC defined is independent of the damping parameter value.
It can be seen from Ed7) that the effect of the biquadratic As expected, the intensity of the coupled modes depends on

coupling J, (when it is negative, which is what is usually
observed experimentallyis to increase the saturation field.

For the parameters used in the analysis discussed in Sec. V,

and forJ; = —2 erg/cnt and §=0°, H,will be equal to 4.9
and 7.7 kOe ford,=0 andJ,=—0.5 erg/cm, respectively.
Also, it can be seen from the general formula Fbg,, that

Hsaincreases with increasing)(with the same parameters as

above Hg, increases from 4.9 kOe fat=0° to 5.7 kOe for
6=90° whenJ,=0, and from 7.7 to 8.5 kOe whed,=
—0.5 erg/cm).

The saturation fieldEq. (7)] is valid for ferromagnetic
coupling @,>0) or antiferromagnetic couplingl(<0) su-
perposed to the biquadratic couplidg. WhenJ;>0, then

the coupling strength&ilinear and biquadratjcand on the
in-plane anisotropy fields.

In the present study, the applied magnetic figlds par-
allel to the film plane, along the direction, and the micro-
wave h field is along they direction. In this case, the mag-
netizations precesses in an elliptical orbit; the precession
orbit is the y-z plane. The intensity is thus given by a general
formula"*°

[/5m,dz]?
JoL(mZ+mZ)i2M]dz’

(€)

Here m denotes the time-dependent magnetization compo-
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nent for A andB. The coordinate along the thickness of the [tAmAy+thBy]2
specimen is denoted &y d=t,+tz. The FMR intensity at
fixed excitation field amplitude is expected to be propor-

tional to magnetization times volumeut the areas of both  5ne can compute all the four rf magnetization components
layers A and B are the same. Moreover, experimentally in by the use of the %4 matrix (see Sec. )l From the deter-

any one sample we will be evaluating relative mode intensiyninant of this matrix one can derived,, Ad,, Afdg, and

ties for which the areas will cancel. Consequently the dimenp 4, and noting thama,=MaA ¢a, May=MpAdg, My,
sions of the integral are (magnetization times thickngss =M ,A6,, and mg,=MgA6g. After some algebraic ma-
The magnetization componentsare assumed to be uniform njpulations, the rf magnetizations are computed and substi-

| = . (10
ta(May+ M3 ,)/2M a+tg(mg +m3,)/2M g

throughout each individual layer, the intensity of E&). will  tuted into the intensity [Eq. (10)]. The intensity can then be
then be put into the form
|
i 2abw?(aq+b)? (113
abw?(ag’+b)+byalaaH; +cy(q—1)1*+ayglbH; - c(q—1) 1%’
|
where in the computation, see the caption of Fig. 1. The solid
, A (dashedlline corresponds td,=0 (J,= — 0.5 erg/cri). The
B Yacab(aH7+¢1) + yaysCoa(bH5 +c5) curves are drawn for perpendicular in-plane anisotropy axes
a= y2b(aH}+cp)(aH5+c,) + yayeCoCra—a’bw?® in the two layers §=90°). Two modes will appear. For this

(11b ferromagnetic coupling casel{>0), the high-frequency
mode(labeled in the subsequent analysis by the subscyipt 1
When the layers are uncoupled, then=0; in this case is the optical mode; its frequency will increase &g in-
both the numerator and denominatorgrare equal to zero creases. The low-frequency mog@ribscript 2 is the acous-
(the denominator is equal to zero because of the resonantie mode; its resonant frequency will increase slightly, then
condition. To avoid this indetermination the intensity of level off to a limiting value as); becomes large. Note that
each layer must be found separately. The relation for th¢his is opposite to a fixed frequency analysis, where the

intensity of layerA is found to be lower resonant field corresponds to the optical mode for fer-
romagnetic coupling® The effect of the additional biqua-

2M ata dratic couplingd, is the decrease of the resonant frequency

la= w? ! (12) of both modes; as the bilinear coupling becomes strong, the

1+ m resonant frequency of the acoustic mode for the two cases

(with and without biquadratic couplingvill be equal(com-
whereH?”, is given by Eq.(5a), andw is the angular reso-

nant frequency. Using Eq5a) for layer A (and assuming 50 ' ‘
saturation is achieved, i.e,=0) and the resonance condi- o 57
tion [Eq. (6a)], Equation(12) can be put in a more familiar T 54
form:15:28 e
5 51
_ 2Mata(H+Hia—Hiera) 13 § 48
AT (2H +2HKA_ H|< effA) ( ) E 45 '/“'—' poeme
Note that in the presence of in-plane anisotropy, the anisot- ‘g 42 ]
ropy field Hx, appears explicitly in the intensity formula 5 39t /_——"' :
[compare Eq(12) with those of Refs. 15 and 28Similar § a6l ]

relations can be found for layd. s . .
0.0 0.5 1.0 1.5 2.0

V. DISCUSSIONS Coupling strength, Jl, (erg/cm?)

Equation(4) has been solved fdr along thex axis (« FIG. 1. Resonant frequency vs bilinear coupling strentjth
=0°). InFig. 1, the resonant frequency is plotted against thes— gg° (orthogonal anisotropy axgsSolid line: J,=0. Dashed
bilinear coupling strengttd; for H>Hg,. In all following line: J,=—0.5erg/crA. Layer A: 47Ma=10KG, Hyefa=
computations the values df are taken to be between O and —10 kOe, Hy,=0.5kOe, andy/2w=2.8 GHz/kOe. Layer B:
2 erg/cnt, while J, is —0.5 erg/cm; these are about the 47Mg=6KG, Hy.rs=—6kOe, Hys=0.5kOe, and y/2m
values reported by Gnberg! For the other parameters used = 2.9 GHz/kOe. Applied fieldd = 12 kOe.
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FMR intensity (arb. units)

-
-
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~-.
~,

.0
0.0
Coupling strength, J ’ (erg/cm?)

0.5 1.0 1.5 2.0
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2

-0.75

Intensity ratio

1.0 1.5

Coupling strength, J v (erg/cm2)

0.5

Y]
0.0

2.0

FIG. 2. FMR intensity vs bilinear coupling strength. &

=90° (orthogonal anisotropy axgsSolid line:J,=0. Dashed line:

J,=—0.5 erg/cm. Other parameters as in Fig. 1.

pare the solid and dashed lines in Fig; ile., in the strong
J, region,J, becomes negligible compared dg. This be-
havior (the decreageof the resonant frequency is the same
for all §values,(only §=90° case is shown in Fig. 1, as an
example; however, the particular way the resonant fre-
qguency varies withl; does depend on th& and § values.
The corresponding mode intensitiésys.(119 and 11b)]
are shown in Fig. 2. For a giveh value, asl, increases, the
optical (acousti¢ mode intensity will decreas@gncreasg at
some point the mode intensities will be comparable; then, a
J, becomes very strong, the optical mode intensity will go to ™.
zero while that of the acoustic mode will level off to a con-
stant value. This variation is seen for djj and § values;
however, the point of the reversal in intensity does depend o
J, and é as will be discussed below. Also the effectlfon
the intensity vs]; curve can be seen by comparing the solid
and dashed lines in Fig. 2; d9,| increases the optical

(acousti¢ mode intensity will increasédecreasge

Sometimes the difference in mode position is used to de:

[£-1,] (GHa)

FIG. 3. Difference in mode positionf{—f,) vs bilinear cou-
pling strengthJ; for differentJ, values(shown on the curvesés
=0° (parallel anisotropy axe¢sOther parameters as in Fig. 1.

18

16

14

12

10

OoN b O

0/
o
\7 //

. 4 da T
&

%5 E

\‘> N

& A

.0 0.5 1.0 1.5 2.0

Coupling strength, J i, (erg/cm?)

FIG. 4. Intensity ratio ,/1,) vs bilinear coupling strengttl;
for different J, values(shown on the curves§=0° (parallel an-
isotropy axes Other parameters as in Fig. 1.

rive the coupling strengtf? In Fig. 3, the difference in the
resonance frequencyfgr="f,—f,, is plotted againsi, for
several values aod, (the J, values are shown on the curyes
for 6=0°. The Afg vs J; curves present minima whose
positions depend on the valuesXf, however, the minimum
value of Afy is independent of,. A linear variation ofAfg
vs J; can also be observed for certalp values. Note, how-
ever, that the difference in mode position is meaningful only
E both peaks appeatr, i.e., if the intensities are not zero; thus
one may check the intensity values fitgig. 4). Also, for a
given Afg (an experimental measurement of the separation
between the two peaks in an FMR spectjuseveral values
Rf J; and J, can be obtained. Even if the biquadratic cou-
pling is fixed or is not taken into accouisee theJ,=0
curve in Fig. 3 a measured\ fg will lead to two J; values
because of the bowing of the curves. Thus deriving the cou-
pling strength from the difference in mode position Grly
can be misleading. The mode intensity values should some-
times lift this degeneracy. Experimentally the intensity ratio
is more meaningful than the absolute intensity of each mode,
and is usually used in the interpretation of the data. In Fig. 4,
the intensity ratio), /1, vs J; is shown for different values
of J, (and §=0°). The effect of the biquadratic coupling on
the mode intensity ratio is clear from this figure. Note that, as
J, increases, the intensity ratio increases from almost zero
(where the optical mode intensity is stronggr a large value
(where only acoustic mode will be detected reversal of
the mode intensities will occur. The value & where the
mode intensities are equal,(l,=1) (the reversal point
depends on the value d§, and actually corresponds to the
same value where the minimum occurs in thég vs J;
curves(see Fig. 3.

Assume now that the coupling is antiferromagnetig (
<0). For a fixed couplingJ;=—2 erg/cn?), the problem
is to see the effect of an additional biquadratic couplidg
from 0 to —0.5 erg/crd) on the FMR mode position and
intensity. In this(antiferromagnetic coupling situation, the
higher(lower) frequency mode is the acoustimptica) mode
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42 T T T T 3 - 2 T - : T T
|optlcal mode H<H |

— i crit|
N . @
T 36l acoustic mode ] = 2.8¢ ! .
<) =]
> ot
g 30 4 352.4- - 3
Q Iacoustlc mode H>H
= 2 t
g ‘B 2.0

24 . .0} |
B= optical mode §
= RS
S 48] i % 1.6} §
O -
2 > lacoustlc mode H<H ,t]

Cril

[ 12 (a) , H > Hlsat . , 1.2 1 T T T

21 0.0 0.1 0.2 0.3 0.4 0.5

\ Coupling strength, (-J 2), (erg/cm?2)
18| '

N

5 - acoustic mode FIG. 6. FMR intensity vs biquadratic coupling strengdh| for

>, 15f 4 antiferromagnetic coupling Jg=—2 erg/cn?). Dotted line: H

g =10 kOe>Hgy. Solid line:H=2 kOe<H;,. Other parameters as
2 12t | in Fig. 1.

g

[J]

f 9 optical mode .

S shown in Fig. %b). The resonant frequencies of the lower
§ 6 . mode (the optical modgand the uppetacousti¢ mode de-
g (b)) H<H crease agJ,| increases. The corresponding intensities are

crit
1 1

shown in Fig. 6(solid lineg; note that, contrary to the first
case, the intensities of both modes are nonzero and do vary
Coupling strength, (- J,), (erg/cm?) with J,. The intensity of the acoustitoptica) mode will
increase(decreasg with J,. Thus, in this case, from the

FIG. 5. Resonant frequency vs biquadratic coupling strengtrmode position and intensity, one can detect and measure the

|3, for antiferromagnetic coupling Jg=—2erg/cnf). (a) H biquadratic coupling strength.

=10 kOe>Hgy. (b) H=2 kOe<H_;;. Other parameters as in Fig.

1.

3 i L
0.0 0.1 0.2 0.3 0.4 0.5

VI. CONCLUSION

which is the opposite of the ferromagnetic coupling case de- In summary, the ferromagnetic resona€d/R) modes
scribed above(and also opposite to the resonant field are investigated for a trilayer system consisting of two ferro-
analysig?). Two situations can arise. When the applied fieldmagnetic films interacting through a nonmagnetic interlayer.
H is greater tharH,;, the magnetizations are parallel; this Included in the model are bilinedy and biquadratid, cou-
case is displayed in Figs.(@ (resonant frequengyand 6 plings and in-plane uniaxial magnetocrystalline anisotropies
(dotted line for the mode intensjtyOne can see that E¢4)  with anisotropy axis directions in the two layers making a
predicts two modes. The position of the high-frequefttg ~ angle. The saturatiorHs,) and critical H,;) fields and an
acousti¢ mode does not vary with increasifd?| [see Fig. analytical formula for the mode intensity have been found in
5(a)], while that of the low-frequencythe optical one de- terms ofd;, J,, andd. The resonant frequency and the mode
creases almost linearly. However, the latter mode has a zeiotensity are discussed as a functiondgf J,, andé. For a
intensity and the acoustic mode has a constant intefsgty  given positiveJ; (ferromagnetic coupling an additionall,

Fig. 6, dotted ling Thus, in practice, only one peak will (J,<0) will lead to an increas€a decreaseof the optical
appear in the FMR spectrum, and, since its position and infacousti¢ mode intensity. For fixed,; <0 (antiferromagnetic
tensity are constant witll,, it is hard to detect the biqua- coupling, and if the magnetizations are parallél ¥ H.,)
dratic coupling in this case. On the other hand, and for thenly the acoustic mode will appear with constant mode po-
same parameters, when the magnetizations are antiparallgifion and intensity for all, values, making it difficult to
the mode behavior is different. In Figs(bp and 6 (solid  detect any additional biquadratic coupling. On the other
lines), the applied fieldH=2 kOe, is less than the critical hand, and for the same parameters, if the magnetizations are
field He; (see Sec. I, the magnetizations will align anti- antiparallel H<Hq), then two modes are predicted;|ds|
ferromagnetically under the strong bilinedy coupling(as- increases the intensity of the acoustaptica) mode will
suming tAM,>tgMg, one will have ¢,=0° and ¢g increase(decrease while the resonant frequency of both
=180°. Two modes are expected. The mode positions arenodes will decrease.
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