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Results are reported of a detailed study of static and dynamic responses in symmetric systems
consisting of two ferromagnetic films separated by a nonferromagnetic spacer layer. A comparison
is made with experimental results for two systems grown by sputter deposition in an UHV chamber,
namely, NiFe/Cu/NiFe and Fe/Cr/Fe. First, we present model calculations where the coupling
between the magnetic films through magnetic dipolar, bilinear, and biquadratic exchange
interactions are fully taken into account, together with surface, in-plane uniaxial, and cubic
anisotropies. An analytical expression is given that can readily be used to consistently interpret
magnetoresistance, magneto-optical Kerr effect, ferromagnetic resonance, and Brillouin light
scattering (BLS) data in such trilayers. Application of the results to BLS data in
Nig;Feyo(d)/Cu(25 A)Nig,Feg(d), with d=200 and 300 A, shows that it is essential to treat the
dipolar interaction adequately in moderately thick systems. The results are also applied to interpret
very interesting data in K40 A)/Cr(s)/Fe(40 A), with 5 A<s<35 A, investigated by the four
techniques mentioned above, at room temperature. It is shown that consistent values for all magnetic
parameters can be extracted from the data with a theory that treats both static and dynamic responses
on equal footing. ©1998 American Institute of Physids§0021-897@8)00913-X]

I. INTRODUCTION with a few atomic monolayers give rise to an effective ex-
change coupling,described by an interaction energy bilinear
Brillouin light scattering(BLS) and ferromagnetic reso- iy the magnetizations of the filnfsThis bilinear interaction
nance(FMR) are among the best experimental techniques t9s characterized by an exchange constant which can be posi-
determine the interlayer exchange coupling between ferrogye o negative, corresponding to ferromagnetic or antifer-
magnetic films separated by a nonmagnetic metallic SpaceFomagnetic alignment of the neighboring magnetizations.

Measurgment of .th'S coupling as a funct'|on of spacer an(ﬂ/lore recently it was discovered that certain systems exhibit
magnetic layer thicknesses, temperature, interface propertie

: ; . "3h additional exchange coupling, modeled by a biquadratic
and various material parameters, are essential to test theorle§ . 78 S
X . . -INteraction energy;” that can make the two magnetizations
underlying the coupling mechanisms and to study bas'%li n at 90° to each other
properties of artificial structures. In addition to the interlayer gTh . di - lati for tril fruct
coupling, the BLS and FMR data also provide unique infor- € spin-wave dispersion refations for triayer structures

mation on the magnetic anisotropy and magnetization of th82ve been ACaIcuIated by several authors. The earlier
ferromagnetic layers. calculations’* made before the exchange coupling was dis-

In order to interpret the BLS and FMR data it is neces-covered, considered only the effect of the dipolar interaction

sary to have know|edge of the Spin_wave dispersion re|aon the surface and volume magnetostatic modes in the
tions. The BLS spectra provide information on the volumecoupled films. The simultaneous presence of dipolar and ex-
and surface modes with nonzero wave veatet,0, whereas change interactions complicates the problem considerably.
the FMR technique probes the surface modes in the uniformlhe equations of motion involve three components of the
g=0 limit.! The spin-wave mode configurations and disper-magnetization and the dipolar magnetic field in each layer,
sion relations are strongly dependent on the coupling bematched by the appropriate boundary conditions at the inter-
tween the magnetizations in the magnetic layers. This coufaces. The full solutions including the bilinear exchange cou-
pling arises from the dipolar stray fields and the exchangeling, but restricted to ferromagnetic alignment, were
interaction. The dipolar coupling has been a familiar mechaworked out by Hillebrandsfor an arbitrary number of mag-
nism for several decadés? It dominates the interaction be- netic layers. For a trilayer structure, formed by two magnetic
tween the magnetic layers in relatively thick structures. Withfiims separated by a nonmagnetic spacer, the dispersion re-
the advance in fabrication techniques, it has become possiblgtion is obtained from a system of 16 linear equations. This
to control the epitaxial growth layer by layer in atomic scale.requires the use of appropriate numerical tools which com-
Nearly ten years ago, it was then found that metallic spacergjicate the interpretation of the observed spectra. This fact,
added to the need to interpret data in systems with antiferro-
dElectronic mail: fma@df.ufpe.br magnetic coupling, led several authors to develop alternative
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calculations, each with its own limitations or simplifying

S
assumption$?~1° Za ‘ :
In this paper we present a calculation of the spin-wave !
dispersions for a trilayer structure with bilinear and biqua- 0 i

|
|
dratic coupling, which can readily be used to interpret BLS 1 0 E
and FMR experiments. The calculation takes into account an \< 2
applied static magnetic field in the film plane, surface and Ml ; I\TIC:
in-plane uniaxial and cubic crystalline anisotropies, and bi- . I 2 )—
linear and biquadratic exchange interactions with arbitrary / /

signs and magnitudes. The approach used is based on the - [

equations of motion for the small-signal magnetization de- x A~ o

viations from the equilibrium directions, similar to that of dl

Cochran and co-worker$:*® However, besides introducing
the biquadratic coupling, our calculation differs from Co-
chran’s by an improved treatment of the dipolar interaction,
which makes the results suitable for reasonably thick mag-
netic layers. The following section is devoted to energy con-
siderations while the spin-wave dispersion relations are de-
rived in Sec. Ill. Section IV describes details of the
experimental techniques and sample preparation. In Sec. V
the theoretical results are applied to interpret BLS and FMR
experiments in NiFe/Cu/NiFe trilayers with moderately thick
magnetic layers, for which the coupling is mainly due to the
dipolar interaction. Section VI presents a unified picture of
quite interesting magneto-optical Kerr effd6iOKE), MR,

BLS, and FMR data in a series of sputtered single-crystal
(100 Fe/Cr/Fe trilayers with varying Cr thickness. Finally,
Sec. VIl summarizes the main results.

> [100]
X

FIG. 1. Trilayer structure(upper panel and coordinate systemdower
pane) used to represent the fields and magnetizations in the two magnetic
layers. The axeg; and z, are chosen to coincide with the equilibrium

Il. ENERGY CONSIDERATIONS: STATIC PROPERTIES directions ofM; andM,.
The calculation presented here is based on the con-

tinuum approach used by Hillebrands, Cochetral, and : . :
other author€='2 The geometry and the coordinate sys,[emwhere the subscripts denote, in order, Zeeman, anisotropy,
| exchange, and dipolar terms. The Zeeman energy per unit

employed are shown in Fig. 1. We consider two magneticarea is
thin single-crystal films, 1 and 2, having cubic lattice struc-

ture. They have thicknessds andd, and are separated by a 2

nonmagnetic spacer layer with thicknessThe coordinate E.= —_Z diM;-Ho. 2
system is chosen so that tlke plane is parallel to the film =t

surface, with thex andz axes alond100] and[001] crystal The anisotropy energy has three contributidag;is the

directions, respectively. We study only the situation wherecubic magnetocrystalline energly, is an in-plane uniaxial

the external static magnetic fieht, is applied in the plane of term due to distortions introduced by mismatches between
the films, at an arbitrary anglé, with respect to th¢001]  the lattices of the films and the substrakg, is a surface
direction. In this case, the equilibrium directions of the mag-energy due to the broken cubic symmetry at the film sur-
netizations of the two filmsM; andM,, are also in thexz ~ faces. These three contributions to the energy per unit area
plane, characterized by the polar anglgsand 6,. As is  are

well known, the static and dynamic responses result from the K(g:
competition of several interactions. In general, each interac- Eaczz 1 4' (Mﬁ(Mfwa MiZXMi22+ MiZyM,Z ©)

1z

tion tries to align the magnetizations of the two magnetic [ [
films along different directions. Since there is a close rela- K()g.

. : . ! . . i -

tionship between the static conﬂgurapon and the dyngmlc Eau:_z _I:J/IT (M- 6,12, (4
response of the system, the frequencies of the magnetic ex- [ i
citations depend strongly on the equilibrium configuration of

gk - . , K
the magnetizations. Therefore our initial goal is to determine  g_=— 2 v MiZy' (5)
the equilibrium values of; and 6. [ i

The equilibrium directions o1, andM are determined \yerek () is the first-order cubic anisotropy constant of film
by the minima of the total free energy. We consider a fre§ () is the uniaxial in-plane anisotropy constant in a direc-

energy per unit area with four basic contributions: tion defined by a polar angleﬂ) ,?08) is the unit vector in
E=E,+E,+ Eext Egip, (1)  that direction, ank (" is the uniaxial surface anisotropy en-
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ergy constant. Note that the anisotropy constaﬁ@é and this paper, the equilibrium configuration was determined nu-

KE,‘) have units of erg/cthand each one is associated with anmerically by varyingd; and 6., first in steps of 5°, to locate

effective anisotropy fieldH)=2K /M, with units of Oe. the range of minimum energy, and then in steps of 0.5° to

Usually the anisotropy parameters are the same for bothbtain accurate minima values.

magnetic films, so that the superscript ¢an be dropped for Once 6, and 6, are found, we obtain normalized values

simplicity. for the magnetoresistance from
The exchange energy has the usual volume intralayer R(Ho) 1—cod6;—65)

exchange contribution plus the interlayer exchange coupling, RO) ~ 5 , (10
composed of bilineaE,,; and biquadrati&,,, terms, given
by and for the magnetization component in the field direction
MM, from
Eexa=—J1 MM, (6) M(Ho) M; cog 6~ 6)+M; cog 6, 0y) 11
Ms Mi+M, - @D

M;-M,)\?2
EeXZZJZ( Ml Vi 2) : (7)  In (10) R(0) is the resistance in the absence of the external
e magnetic field, and iri11) M is the total saturation magne-

whereJ; and J, are the so-called bilinear and biquadratic tization. These two equations will be used to fit MR and
coupling constants, which have units of ergfcrithey are  MOKE data, respectively, as presented in Sec. VI.
associated to effective exchange fieldgx)1=J1/ M;d; and
H{),=J,/M;d; with units of Oe. Note thatl;>0 andJ,
<0 correspond, respectively, to ferromagnetic and antiferro-

. ] - . . |ll. DERIVATION OF THE SPIN-WAVE DISPERSION
magnetic couplings. In the case of the biquadratic coupling,

J,>0 tends to make the magnetizations in the two films to | this section we derive the spin-wave dispersion rela-
lie at 90° to one another. As will be shown later, in sometions for the trilayer structure which are used to interpret the
systems the biquadratic coupling is sufficiently large andg|.s and FMR data. The calculation is based on the torque
dominates in the determination of the equilibrium configura-equations of motion for the continuous magnetizations of the
tion of the magnetizations, having a marked influence on th@yo magnetic films. Similar calculations have been made by
spin-wave frequencies. several author$:?° The novelty here is the introduction of
Finally, the dipolar energy has surface and volume contne piquadratic exchange coupling and the use of an im-
tributions. The surface contribution, also called demagnetizproved approximation for the dipolar coupling, which makes

ing energy, is given by the results valid for relatively thick magnetic layers.
The equation of motion for the magnetization of filris
Edemag: 2 27TdiMi2y, (8) written as
I
: . d .
which has the same form as the surface anisotropy energy — M;=y,M;xH4}, (12)

(5). The volume contribution is associated with the magnetic

field created by the spatial variations of the small-signawhere y,=g,ug/# is the gyromagnetic ratio(y;/27
magnetization. Since it contributes to the dynamics of the=2 8 GHz/kOe forg;=2) and Hﬁ_,'%f is the effective field act-
system but not to the equilibrium configuration, we leave itSing on M;. All fields and magnetizations are decomposed
discussion for Sec. lll. into a static part and a small-signal dynamic component.

If the external magnetic field is applied in the plane of  For each film we use a Cartesian coordinate system
the films and the combination of the surface anisotropy ang;y.z,, obtained from the one with the axes in thE00]
demagnetizing effects has an easy-plane character, the twiirections, by rotation about thg axis so that thez; axis
magnetizations are confined to the plane. In this case coincides with the equilibrium direction of the magnetization
M;, =0 so that the relevant energy per unit area to determin&; , as shown in the lower panel of Fig. 1. Hence, the mag-
the equilibrium configuration is, from Eq&l)—(8): netization in filmi can be written as

2 A~ A~ A~

E=D, di[—MiHocos(ai—eH)JrEK(l” Sin? 26; M= XM, MMy 2iM sz, 13

=1 4 where it is assumed thmixi, Miy <M. The transformation

_ _ from the original variables is given by
—KD cog(g;—6\)|—J, cog 6;— 6,)

Mix=Mig, sin 6,+ Mix, COS 6; , (14
+J2 COSZ( 01_02). (9) Miy:miya (15)
In simple situations the equilibrium configuration can be Miz=M, COS6,—my, sin 6, (16)

obtained analytically by equating to zero the derivatives of
the energy in Eq(9) with respect tod; and 6,. However, in  Likewise, the effective field is written as
more general situations this leads to transcendental equations ;) . N -

which cannot be solved analytically. In the cases studied in Heﬁ_xihixi+yhiy+ZiHiZi' (17)
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The effective fields corresponding to the Zeeman, anisot- J;
ropy, bilinear, and biquadratic exchange energy contribu- hﬁz(i:d-l\/l—M M, cog 01— 6)
tions E, are given by e
23,
HO= — V. (Ey /). (18 aMM, M C032(61-62)]
The calculation of the volume dipolar magnetic field is - izz My SINF(6,— 6,), (26)
more involved and requires some approximations in order to diM; '
be carried out analytically, as will be shown later. Since the J; 23,
spin-wave frequencies are determined by the linearized equa- h?yxz AVRY, mjy — TMM m;y cog 61— 6,), (27)
tions, in the transformation of the energy expressi@s(9) e e
to the new variable$13) and (17), only terms quadratic in o 1 2J,
small-signal components have to be kept. Furthermore, in the Hiz= aM cog 6, — 6;)— aM cog(6,— ). (28

calculation of the effective fields, only terms linear in small

guantities in thes; andy; components and constant in the

The treatment of the dipolar magnetic field is far more

components need to be retained. Note also that it is not ne¢dvolved and requires several approximations to be carried

essary to expand tH\diZi components intcunixi , andmiyi, as

out analytically. This field does not exist when the magneti-

prescribed in Ref. 12. It is simpler to evaluate the derivative¢alon IS uniform and lies in the film plane therefore it was

of E, with respect toM, and enter the equation of motion

with the corresponding; components of the effective fields.
From the Zeeman energy we obtain only one relevan

field component,

z _ T z
iz~ di M,

:HO COS(Gi—BH). (19)

The contributions from the cubic anisotropy energy to

the effective field are

(i)

ac Kl .
Pig =2 Mix,(3 Sirf 26— 2), (20)
1
2K
hy=——2 my, (21)
iy Mi2 iy
KD
Hiazci: — L i 20, . (22)

M;

not considered in the calculation of the equilibrium configu-
ration. However, when the magnetization deviates from equi-
ibrium, its spatial variation creates uncompensated magnetic

ipoles which in turn generate a magnetic fiblthat obeys
Maxwell's equations. This field can be calculated using the
magnetostatic approximatioW,X h=0, and defining a mag-
netic potentiatb throughh= —V®. This potential satisfies a
Poisson equation:

V2d=47V-M, (29

and can be obtained by standard boundary value problems
methods, thus providing both surface and volume contribu-
tions to the dipolar field. Gmberg has worked out the prob-
lem for two parallel magnetic films with the full boundary
conditions from Maxwell's equations but without other inter-
actions. The dipolar field couples the excitations in the two
films, giving rise to in-phase and out-of-phase surface mag-
non modes, also called, respectively, acoustic and optic
modes, propagating perpendicularly to the applied field.
However, the presence of the exchange interaction between
the films complicates the problem considerably. In order to
treat the dipolar interaction in the same context as the other
fields we follow the approach of Cochra all? in consid-

The relevant components of the uniaxial anisotropy fieldging the field produced by one film and neglecting the effect

are
au Ky (i)
hixiz MIZ S|n2( 6,— 0u )mixi, (23)
au KEJi) (i)
HE= . cos(6,— ), (24)

of the boundary conditions on the second film. Assume a
single semi-infinite film of thicknesd with surfaces in the
xz plane located ay=*d/2 with the static field applied
along thez direction. Consider also that a magnetostatic sur-
face wave propagates in tledirection, so that the deviation
of the magnetization from equilibrium is given by

M(X) =M, M (x)=M,e'e, (30)
Solution of Eq.(29) with Eg. (30) yields the following

and from the surface anisotropy energy, the only componenipolar field components in the three regions of intetést.

IS

(i)
as. 2Ks

iy—di—Miz My . (25

Finally, from the bilinear and biquadratic exchange en-

ergies we obtain the following components:

(i) Inside the film

h,=[27M,e 992(eW+e W) —47M,

—27iM e~ 992(e®—e W) ]el?X, (30)
hy=[—27iM,e 99%e¥—e"®)
—27M e 99(eW+ e~ W)]eloX, (32
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(ii) To the right of the film g=d/2) HD
Hi=Ho cog6,— 6y) + U cog(6,
hXZZW(MX_HMy)(efqd/Z_ eqdlz)e(fqeriqx)’ (33)
_ — ) —HY +47M(1-qd,/2) + DYg?
hy=2m(iMx—M,) (e~ 92— gid2)gl~ay+iax) (34)

+H5) cog 6, — 6,)
(iii) To the left of the film < —d/2)

—2H), cog(6,— 6,), (42)
— i —qd/i2_ Aqd/i2y A(qy+igx)
he=2m(My—iM,)(e™ 92— ef9?)glavrian), B9 H,= —HEZ—2M,qdy(1- qd,/2)e~ %+ 2HE, cos 6;
hy=—m(iM—M,) (e~ 992 eld2)gl~ay+ian — (36) —6,), (43)

Clearly the nature of the dipolar field introduces a spatiaHz=Hq cog 6;— 6,) + H.Y cos 4,
variation withy that complicates the problem and requires
y P p . +HY cog2(6,— 6.7)]

further approximations. Cochraet all? expand the expo-

nential functions in the small parameterg andqd to first +2mM,qd,; cod(6,— 6,)+DVg?
order, simplifying the equations considerably. It turns out
that in situations of interest this approximation is not satis-  +H cog 6;— 6,) —2HLY, cog 2(6,— 6,)], (44)

factory. Here we assume that the small-signal magnet|zat|ons 2 gs
do not vary along and replace the dipolar fields by suitable H4=Hex1 €08 61— 62) —27M1qdi(1-qd,/2)e

average§' alongy: X cog 61— O)cod 6, — 6y) — 2H 2, cog2( 6, — 6,)],
) 1 [(dy2 (45)
(hi®)= - f " hdR(y)dy, (37)
dy J-dyr2 Hs= T 27M,qd,(1—qd,/2)e % cog 6,— 6,,), (46)
di 1 dl/2+S+d2 i H6=i277|\/|1qd1(1—qd2/2)e_q5 COS{Gl— GH), (47)
g = o [ omyay. @ _ |
2 Jdy2+s and G;—Gg are given by the same expressionstas-Hg

_ _ _ with 1< 2. Note thatD () is the intralayer exchange stiffness
Integration of Eqs(31)—(36) yields the average dipolar constant for filmi, which was introduced in the usual
field in film 1, for arbitrary direction of the applied in-plane manner®'’ The upper and lower signs in Eq#6) and (47)

field H: correspond to the Stokes and anti-Stokes frequency shifts,
dip Cud respectively. As is well known'”'°these are equal in the
(hi)=—47My[1-(1-e 9%)/qd,] ferromagnetic phase but are somewhat different in the anti-
: _ _ a—qd ferromagnetic and spin-canted phases. Note that, besides the
+2m(iM oy — My ) (1—e™9%) generalization for arbitrary field direction and inclusion of
X[(1—e 9%)e~9%qd,;]coq 0;— 6y) (39  biquadratic exchange, expressiofsl)—(47) differ from
those in Ref. 12 in the dependence on the paramgtrand
(h d"’)— —4mMyy(1—e 9)/qd; + 27(iM 5+ My,) gs, and are identical only in the limit of vanishirgy; and

gs. As a result, our treatment provides a better approxima-
tion for the dipolar field, and, as will be shown in Sec. V, is
apphcable to film thicknesses of several hundred angstroms.
The solutions of Eq(41) are found by requiring that the
secular determinant vanishes. This leads to magnetic excita-
tion frequencies which are given by the zeroes of the follow-

X (1—e 9%)(1—e 9%)e"9%qd,. (40)

The final expressions are obtained by introducing the trans
formation (14)—(16) in (39) and(40) and expanding the ex-
ponential functions in the parameteyd,<<1. Similar expres-
sions follow for the dipolar field in film 2. Using the

resulting dipolar fields and the other field compongi®— ng:
(28) in Eq. (12), we obtain the appropriate equations of mo- o’ )
tion for the small-signal magnetizations in the two films. ﬁng“aw +bo+c=0, (48)

Assuming the time variation exipft), wherew is the angular
frequency, and retaining only terms to first order in smallwhere

uantities we obtain
a a=(GyH+GyHy+ GsHs+ GgHe)/ v1 72— HiH3/v5

—iwly, H, iHg H, Myy, —G,G3/v2, (49)
“Hs o Slelys o Ha 'He My | _g b=(G3GcH,+ G,G4Hs— G;GgH,— G,G3Hg)/
—iG5 Gz _iﬁ)/'}’z Gl m2X2 ) 395112 1224115 196! 14 2L3Mg)l Y1
Gs —iGg —G;  —iowly; My +(GeHzH3+G4H Hg— GsH1H4— GoHzHs)/ 2,

where and
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— 2
c=G;,GgH3H5+G1G3H H3+ GsGgHsHg (2) [2H2 4 Hy (Mot 4M o) ISP 6+ (Mo

+G5G6H2H4+G3G5H1H6+62G4H2H4 7 *

—G,G3H,H3—GG,H H + G,G,HHg. (51 +A7Meg) (He—Hy) —HE Hey
X[(2H gyt 8TM g+ H ) Si? 60— (Hy+47Meg) ]

For any given applied field, Eq48) has two real solu-
tions, corresponding to the acoustic and optic modes. Evi- (54)
dently, in order to find the frequencies one must first  Finally, when the field is increased beyond the critical
determine the equilibrium angle, as indicated previouslyvalueH.=2H.—H,, the magnetizations become aligned in
Note that the FMR technique probes the=0 modes and thez direction. In this saturated, or ferromagnetic, phase, the
since they are not influenced by the dipolar coupling theFMR frequencies are
calculation simplifies considerably. In this cast,=Hg 2
=G5=Gg=0 so that the term linear im in Eg. (48) van- (2)
ishes. This allows the FMR frequencies to be determined
analytically. Fory,;= y,= v, we have

=(Hot+Hy)(HotH+47Mep), (59

+

2
1)
(;) =(Hp+Hy,—2Hg)(Ho+Hy—2Hgt4mMey),

2
(%) =—(29/2) = J(ap/2)*—co, (52) %9

which are, again, in agreement with Ref. 15. This result
shows that the difference between the fields for resonance of
the acoustic and optic modes in the ferromagnetic phase,
observed at fixed frequency, yields a direct measurement of
ap=(G,H4+G4H,—H{H3—G1G3)g-0, the exchange coupling field. In the case of the BLS technique
the field is fixed and one observes the frequency shifts of the

_ _ two modes. One difficulty encountered in both FMR and

Co=(G1GsHiHs+ GoG4HoH, = GoG3H H; BLS is that the optic mode intensity is much smaller than

—G1G4H{H) g=0- that of the acoustic mode. In fact, as is well knoWi for

films of identical materials the intensity of the optic mode in

Let us apply the result52) to the simple case of a the fe_rromagn_etic phase is theoretically zero. Fortunately,
trilayer having two identical magnetic films, coupled through experimental films are always som_ewhat different from each
a bilinear antiferromagnetic exchange. Consider further, tha@ther and present various magnetic phases, so that although
the in-plane anisotropy is uniaxial with easy axis in the the optic mode is weak it can be observed in many situations.
direction and that the external field, is applied in this
direcFion. In this case there are three_equilibrium_phases dqv_ EXPERIMENTAL DETAILS AND SAMPLES
pending on the field value, as determined by minimizi@ig
with vanishingéy , 6,, K, andJ,. For increasing field, the A. Techniques
first phase is in the rangesOHo= yH(2Hext Hy) =Hs, The experiments were carried out with three standard
whereH,, is the absolute value of the antiferromagnetic bi'techniques, namely magneto-optic Kerr effect magnetometry
linear exchange field and, is the uniaxial anisotropy field MOKE), Brillouin light scattering spectroscofBLS), and
for both films. In this phase the magnetizations are angneéerromagnetic resonancMR). Some samples were also
antiferromagnetically, i.e.f;=0 and 6,=180°, and the jnyestigated by magnetoresistan®dR) measurements. All
FMR frequencies for the optic and acoustic modes Obta'”egamples studied are made of single crystal films as deter-
from (52) are mined by X-ray diffractometry.

The MOKE setup employs a He—Ne laser modulated in
amplitude at 50 kHz by an elasto-optic modulator placed
between crossed polarizers. Magnetic hysteresis loops were
measured in the longitudinal Kerr effect configuration, with

where

2
w
(;) =HI—HZ+ (Hy+ He) (2H +47M )

+[H(2H +47M ¢6) (2H+ 4mM g+ 4H o) the light polarized along the dc magnetic field in the film
) 21/ plane.
T He(47Me) 717, (53 The BLS measurements were carried out in the back-

scattering geometry1®?°using a Sandercock model tandem
where 4rM s=47M —H_,.. This result is identical to that Fabry—Perot interferometer with active stabilization in a (2
obtained previously by Wigert all® As the field is in- X 3)-pass configuration. The light source was a single-mode
creased beyond the spin—flop critical valdgr, the magne- stabilized argon ion laser operating at 5145 A, with incident
tizations become canted with anglés=6 and 6,= 7— 6, power in the range 60—100 mW. Light detection was made
where sind=[Hy/(2H.,—H)]. As the field increases in the by photon counting using a cooled EG&G photodetector
spin—flop phase the magnetizations rotate towardz lnds  with 40% quantum efficiency and an average dark noise of
and the FMR frequencies vary with field as 1.5 cps. The spectra were stored in 256 channels, each with a
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gate length of 1 ms. Several hundred to a few thousand in-
terferometer scans were used to record the spectra, depenc
ing on the signal intensity. All measurements were done at
room temperature with the sample between the poles of an
electromagnet, with the field in the film plane and perpen-
dicular to the incidence plane of the light beam. The sample
was mounted on a goniometer to allow for two independent
rotations: rotation around the normal as to vary the field
direction in the film plane; rotation around the field direction
to vary the incident angler and thus the spin-wave wave
numberq= 2k, sina. Magnons with wave numbers in the
range 0.X10° cm '<q<2.1x10° cm ! could then be
probed in a magnetic field varying from 0 to 6 kOe.

The FMR measurements were carried out with a home-
made microwave spectrometer employing a sweep oscillator
with frequency stabilized at the cavity resonance. The spec-+
tra were obtained by sweeping the field at fixed frequency
and monitoring the derivative of the absorption lines pro-
vided by field modulation at 1 kHz with Helmholtz coils
mounted on the cavity walls. In order to change the fre-
guency several retangular cavities were constructed to oper-
ate in the TEg, mode in the X and K microwave bands. All
measurements were made at room temperature with the field
applied in the film plane. In order to investigate the in-plane
magnetic anisotropy the sample is rotated about the normal
to its plane, maintaining the field in the plane.

(counts/s/mW)

sity

Inten

Frequency Shift (GHz)

B. Samples
FIG. 2. BLS spectra for several values of the external fidigd applied

All studies reported in this paper were carried outalong a hard magnetization axis, observed iR,/ (200 A)/Cu25 A)/
with single-crystal samples prepared at the IBM Alman-NisFei(200 A) grown onto(110MgO. The grey scale indicates the mag-
den Research Center. Two sets of trilayer samples were stufgtic field increase.
ied: Nig;Fe g(d)/Cu(25 A)/NigFeo(d) and Fe&40 A)/Cr(s)/

Fe(40 A). The films were grown by magnetron sputter depo'samples grow on thé100) plane with the F&100] along the

sit.ion in an ultrahigh vacuum chamber equipped with SiXMgO [110] direction. All samples have the same Fe layer

2-in. de magnetron sputtering SOUECgeS- The base PreSSUffiickness,d=40 A. Initial characterization of the coupling

prior to deposition was typlczajlg/z 10"° Torr and the sput- |\~ 1 ade with a Cr wedged sample, with 6<70 A. Then

ter pressure was usually3lo Torr Ar. . several samples were prepared with uniform Cr thickness
The NiFe, or permalloyPy), films have relatively large varying from 5 to 35 A, a range that corresponds to the first

thicknessesd=200 and 300 A, and provide an excellent two antiferromagnetic peaks. THa00 Fe/Cr/Fe samples

room for testin_g th_e spin-wave glispers_ion calculated with, o \iseq here to study the effect of the biquadratic coupling
various approximations for the dipolar field. The Py/Cu/Py

X X " X n the equilibrium configuration and on the spin-wave dis-
trilayers were deposited onto polished, chemically Cleanegersion
single-crystal(100) MgO, (110 MgO, and(0001) sapphire '

substrates, coated with eA)/Pt(5 A)/Cu(50 A) buffer lay- _
ers. Symmetry and protection of the top Py layer were pro‘\sliaﬁl?r?ERCEAglSN/CT?nggﬁiééERLSY THICK FILMS:
vided by a 50 A thick Cu overcoat layer. The thicknesses yrury
were primarily determined from the deposition time for each  In this section we present BLS data only (00 and
layer. The deposition rates<(2 A/s) were determined from (110 trilayers of Py¢l)/Cu(25 A)/Py(d) with d=200 and
the measured thicknesses of thick 1000 A) calibration 300 A, compare with the spin-wave theory developed in Sec.
films grown along with multilayers. The values of the layer Ill, and demonstrate the reliability of the approximations
thicknesses determined by this method were cross checkedade in the calculation of the dipolar field. This is possible
by x-ray reflectivity on selected samples. because with a Cu spacer layer 25 A thick the two Py films
The Fe/Cr/Fe trilayers were grown on MgQ@O00) sub-  have negligible exchange interaction and then the nature of
strates. Initially a Cr seed layer, at least 100 A thick, wasthe coupled modes relies on the dipolar interactfon.
deposited on the substrate at temperatures ranging up to The BLS data, as well as the FMR, reveal that while the
525 °C in order to establish epitaxy. The subsequent Fe/l00 samples are isotropic in the plane, as expected from the
Cr/Fe layers were deposited at 150—180 °C and were cappexginall cubic magnetocrystalline anisotropy of P
with a thin Cr layer. As previously reporté&?’the Fe/Cr/Fe <5 Oe), the(110 samples develop a strong uniaxial in-
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M% FIG. 4. The same as Fig(@ in isotropic(100) Nig;Fe,«(200 A)/Cu(25 A)/
10 o © L Nig;Fe; (200 A). Lines are results of calculations with E(8) (solid),
(b) theory in Ref. 12(dasheg, and theory in Ref. 3dotted.
0 1 1 N

0 30 69 %0 120 150 130 magnetic field of 1 kOe. For simplicity, the in-plane field
Field angle (deg.) angle ¢ is defined here with respect to the hard magnetiza-
FIG. 3. Magnon frequencies foq—1.73<1F cm® vs external field tion axis. In contrast to the flat isotropic behavior obge.rved in
Ho. applied along the (@ hard magnetization axis 4=0) in  MgO (100 films, the samples grown on MgQ10) exhibit a
Nig:Fe1o(200 A)/Cu(25 A)/Nig;Feo(200 A) grown onto(110MgO. Symbols  twofold symmetric response, with a maximum @t 90°,
are the BLS data: solid triangles for the lowest-order volume mode, opefhere the field is applied parallel to an easy magnetization
circles fqr the surface optic mode, and open triangles f_or the surface a.COUSt&iI’eCtion. The results above were confirmed by room-
mode. Lines are results of calculations with E48) (solid), and theory in .
Ref. 12 (dashedl (b) Frequency shift for the same magnon wave number t€Mperature angle-dependent FMR experiments. The source
andH,=1 kOe as a function of the in-plane field anglevith respect to the  Of the uniaxial in-plane anisotropy is probably the stress in-
hard axis. duced by lattice mismatcH.
Similar spectra were observed in the samples grown on
MgO (110 with the field applied along an easy magnetiza-
plane anisotrop$® Figure 2 shows representative spectra intion axis and in the samples grown on M¢@D0. However,
the low-field low-frequency region for the sample with in these cases all frequencies increase monotonically with
=200 A grown on MgQ(110), with the field applied parallel increasing field. This is seen in the dispersion relations mea-
to a hard magnetization axis. All spectra were obtained with
500 scans, with laser power 80 mW at an angle of incidence 40
of 45° corresponding to a scattering in-plane magnon wave
number of 1.7%10° cm . The spectra display intense
acoustic and optic surface modes, with equal Stokes and
anti-Stokes shifts. These modes have an apparently intrigu-
ing behavior with increasing field. The two inelastic scatter-
ing peaks first approach each other fer B <200 Oe, then
they split with increasing field. This separation reaches a
maximum at about 750 Oe and decreases monotonically as
the frequencies of both modes increase at higher field values.
Not shown in Fig. 2 is the volume mode line about 26 GHz
apart from the laser line, well outside the free spectral range.
The behavior above is not observed when the field is applied
parallel to an easy magnetization axis and, as discussed later,
is due to a large uniaxial anisotropy characteristic of the olf v oo
samples grown on Mgd110. The measurements of the 0 1 7 3 4 5 6
frequency shift versus magnetic field are shown by the sym- .
bols in the upper panel of Fig. 3. The calculated dispersion Magnetic field (kOe)
relations repr_esen_ted by the lines will be discusse_d later. The s = the same as Fig. 4 iM110 NigFe(300 A/Cu(25A)/
lower panel in Fig. 3 shows the frequency shifts as thei,re (300 A), with the field applied along an easy magnetization axis
sample is rotated around the normal to the film plane, in g¢=90°).
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sured in the isotropi€100 sample withd=200 A, shown in 25— ——
Fig. 4, and in the 300 A110 sample withH, along the easy
axis shown in Fig. 5.

In order to demonstrate the importance of the dipolar
interaction in the dynamics of the system we show in Fig. 4
the comparison of the data for t{@00) Py(200 A)/Cu(25
A)/IPy(200 A) sample with three theoretical results. The dot-
ted line represents a fit with the calculation of Gberg
which treats the dipolar coupling exactly in the limit of van-
ishing exchange and anisotropy interactions. The parameters
used for the fit are the nominal magnetic and spacer layers
thicknesses, saturation magnetizationM=9.0 kG, spec-
troscopic factorg=2.15 and spin-wave wave number
=1.73x10° cm L. The solid lines represent the results of I \
our calculation, Eq(48), using the same previous parameters PP S S PR R
and vanishing exchange and anisotropy fields. The volume 0.0 0.5 1.0 L5 2.0
mode curve.is obtained by properly incluqmg anisotropy to Wavenumber q (105 cm'l)
the usual spin-wave expression, using an intralayer exchange
stiffnessD=1.9x 10" % Oe cnf. We conclude that for this FIG. 6. BLS frequency shift vs magnon wave numbgrin (100
magnetic layer thickness and wave number, corresponding teiFe.s(300 A/Cu25 A)/Nig;Feg(300 A). Lines and symbols are as in
a productqd=0.34<1, our calculation treats the dipolar in-
teraction quite well based on its agreement with the data and

Grunberg’s resultzs. The same is not true for the calculationyens regpectively, the calculations of Ref. 3, ours and the one
of Cochraret al,™ represented in Fig. 4 by the dashed lines.jy pet 12 As clearly seen, all calculations give the same

While the two calculations give the same result for theyegt for the vanishing wave number because the dipolar and
acoustic mode, which does not depend on the coupling b&pe intralayer exchange interactions vanish in this limit.

tween the two magnetic layers, they depart from each othgrgever, agy increases, the three calculations depart from
considerably for the optic mode, which does depend on thg,ch other. While our calculation agrees quite well with ex-

coupling. _ _ ~_ periments, the results of Ref. 3 depart slightly from the data
Note that the result obtained with the approximations iNpecayse it does not take into account the intralayer exchange.
Ref. 12 becomes worse as the optic mode frequency dgyp, the other hand, the results of Ref. 12 depart considerably
creases. Again this results from the crude approximationgom the data for highy values because the approximations
made in the dipolar field expansions, since the lower thgnade in the dipolar field calculation are not satisfactory in
frequency the more important the dipolar energy is as cOMenjs range. Note, however, that since the important parameter
pared to the Zeeman contribution. This is also seen in the, the dipolar field expansion is the produwpd, the calcula-

comparison between the data for the anisotropic 200 Aion in Ref. 12 would be quite satisfactory in the high
sample on MgQ110) in Fig. 3 and the calculated dispersion range for film thicknesses<50 A.

relations. Our resulfsolid line) provides a good fit to the
data for all modes using the parametersM=9.0 kG, H,,
=0.55kOe, g=2.1, andD=2x10° Oe cnf. However,
the approach in Ref. 1@ashed lingwith the same param-
eters departs from the data for the optic mode, especially in Having established that the spin wave calculation pre-
the low frequency region. Note that we do not show in Fig. 3sented in Sec. lll treats accurately the dipolar interaction
the dispersion calculated with Grberg’s theory because it between two magnetic layers, we now apply that calculation
does not include the anisotropy energy. The departure bde investigate the exchange coupling in several sputtered
tween the theoretical approximations in Ref. 12 and datd100 Fe/Cr/Fe trilayers. Actually, for thicknesses of the fer-
becomes larger for thicker magnetic layers. This is seen imomagnetic layer smaller than about 100 A, as is the case of
Fig. 5 which shows the data for the 300 A sample on MgOthe Fe/Cr/Fe samples studied here, a higher-order approxi-
(110 and the dispersion relations calculated with our resulimation to the dipolar field is shown to play an important role.
(solid line) and with the approximations in Ref. X@ashed As will be shown, it is also essential to include the effect of
lines). the biquadratic exchange interaction.

Since the dipolar interaction becomes more important  Fe/Cr films can be prepared in single-crystal form by
with increasingqd, it is interesting to compare the three several techniques, such as molecular beam epitaxy, electron
theoretical results with the spin-wave dispersion as a funcbeam deposition, and sputterihdf Since the nature of the
tion of the wave number. This is shown in Fig. 6 for the coupling between the magnetic layers depends on the chemi-
(100 Py(300 A)y/Cu(25 A)/Py(300 A) trilayer in a constant cal composition and on the details of the microstructure,
in-plane fieldH,=1.0 kOe. The wave number is varied by Fe/Cr systems grown by different methods have become a
changing the scattering incidence angle in the range 15prototype for studies of coupling in magnetic multilayers. In
<a<60°. Again, the dotted, solid, and dashed lines repreparticular, the peculiar biquadratic coupling has been ob-

Frequency shift (GHz)

VI. BILINEAR AND BIQUADRATIC EXCHANGE IN
(100) Fe/Cr/Fe TRILAYERS
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FIG. 7. Saturation field measured with MOKE magnetometry in a Fe/Cr/lFe = 2 (b)
wedge as a function of the Cr thickng$ef. 26. The solid line is a guide 8«
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served in Fe/Cr/Fe trilayers by several auttf§ré®Here we
show that the static and dynamic properties of this systemsiG. 8. Normalized magnetization vs external fielg applied alond001]
are very sensitive to the biquadratic interaction. This fact ig64=0), in (100 Fe(40 A)/Cr(11 A)/Fe(40 A). Open circles are MOKE
used to measure both the bilinear and biquadratic Coup"ng%ata. Lines are calculateth) Calculated equilibrium magnetization angles
as a function of the spacer layer thickness in sputtét6d) fu and @ vs Ho.
Fe(40 A)/Cr(s)/Fe(40 A).

In order to determine the overall behavior of the cou-
pling as a function of spacer thickness we have done eadjelds M, andM, are aligned nearly opposite to each other
axis MOKE magnetometry measurements in a wedgednd perpendicular tély, in a canted-spin configuration. As
trilayer structure. Figure 7 shows a plot of the saturation fieldhe field increases and the Zeeman energy becomes more
as a function of the Cr layer thickness. The saturation field ismportant, the magnetizations gradually rotate towards the
defined arbitrarily as the field at which the moment reachesield. Saturation occurs at fields larger than a critical value
75% of the saturation value. Note that the coupling reachebBlsar. For identical magnetic films, this value can be ob-
the first antiferromagnetic(AF) maximum at abouts tained analytically from the condition of vanishing derivative
=10 A, crosses to ferromagnetic st 15 A, crosses back of Eq. (9) with respect tod= 6,=— 6,, and is given by
to AF ats=25A, and reaches the second AF peaksat _ _
=29 A. Since this behavior is primarily determined by the Hsar=2|Hexl + 4Hexz™ Hac, 7
bilinear exchange parametdy, it is of interest to find out where the sign- (+) occurs when the field is applied along
how the biquadratic exchange constaht varies asJ;  an easy(hard magnetization axis. The parameters above
changes witts. In order to extract accurate values fgrand  lead to a critical fieldHg,r=1.49 kOe. Note that the pres-
J, we have studied three trilayer samples having uniform Cence of a small biquadratic exchange does not change the
spacers with thickness=11, 15, and 25 A. nature of the equilibrium phadeashed line in Fig. &]. A

. positiveJ, changes the curvature of the magnetization curve

A. MOKE and FMR in (100) Fe(40 A)/Cr(11 A)/Fe(40 A) near the critical field and slightly increases the value of

Consider first, thé100) Fe/Cr/Fe sample with Cr thick- Hgay. Furthermore, notice that in the case of Figd8,7 is
nesss=11A, a value close to the first AF maximum. The no longer given by Eq(57) whenJ,=0, since saturation is
initial characterization is made with MOKE magnetometry.reached through a first-order transition.
Figure 8a) shows datdopen circlesmeasured with the field A remarkably distinct phase diagram occurs when the
along the easy001] axis. The solid line represents a theo- field H, is applied along the hardl01] axis, i.e.,f=45°.
retical fit with the calculation described in Sec. Il, using theFigure 9 shows the equilibrium angles and the magnetization
following parameters: #M=19.5kG, H,=2K;/M versus field for this case, where three distinct phases are
=0.57 kOe, H,=H=0, H.=J;/d;M=—-0.89kOe (; observed. At fields below a certain critical value of 0.5 kOe,
= —0.55 erg/cm?), Heyo=J,/d;M=0.07 kOe (J,  the magnetizations remain close to an antiferromagnetic
=0.044 erg/crh, J,/J;=—0.08. The corresponding equi- (AF) alignment along th€001] axis. At this field there is a
librium anglesé; and 6, are shown in Fig. ). The arrows sudden transition to a spin—flgi®F state. As the field in-
represent the evolution of the spacial configuration of thecreases above this value, the spins rotate towards the field
magnetizations in the Fe films towards saturation. At lowand only at 2.63 kOe the system attains saturation. Again,
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FIG. 9. Same as Fig. 8, witH, applied alond101] (8, =45°). spin—flop(SP for 0.5 kOe<H;<2.63 kOe; and saturated or

FM for Hy>2.63 kOe. The inset shows a typical spectrum at
9.5 GHz andéfy=30°, where one acoustic mode and one

note that the existence of a small positisedoes not change optic mode resonance are seen. Note that the optic mode
the nature of the phases, it only varies the curvaturgl ofs  resonance expected féto>Hgar is not observed because
Ho and changes the values of the critical fields. its intensity in the FM phase is theoretically zero. As seen in

There are three independent components in the criticaFig. 10, the behavior of the frequency versus field for both
field given in Eq.(57). It should be possible to determine the acoustic and optic modes is different in each phase. This
three field parameters from the simultaneous fittings of theesults from the fact that the frequencies of the magnetic
two magnetization curves in Figs(é8 and 9a). However, excitations depend directly on the configuration of the mag-
we find that the parameters that give the best least-square fietizations in both films, as shown by E483)—(56). As in
to the [101] data[solid line in Fig. 9a)] produce a slight Fig. 9a) the dashed line is obtained with,,,=0, keeping
departure between theory and data for {61] direction the same values for the other parameters. As expected, this
[solid line in Fig. 8a)]. The uncertainty in the value &f.,,  produces a large departure of the optic mode line from the
is considerable when its magnitude is much smaller thamata because the critical field for the SF—FM transition is
Hey- very sensitive to the value ¢i.,,. One may ask what hap-

Better accuracy in the determination of all magnetic pa{ens if we keepH.»,=0 and vary the other parameters to
rameters is achieved with BLS and FMR techniques. In ordeobtain a least-square fit to the data. The result is shown by
to obtain reliable fits between theory and experiment it isthe dotted line in Fig. 10, obtained withmM =19.5 kQOe,
necessary to measure the variation of some spin-wave quahk,.=0.53 kOe,H.,;= —0.82 kOe, andy=2.1. This shows
tity as a function of a convenient parameter. In the case othat although,,,is small, it is not possible to fit the data to
FMR one can measure the field for resonance at constatihe theory without inclusion of the biquadratic exchange en-
microwave frequency as a function of the azimuthal in-planeergy in the calculation. The estimated maximum error in the
angle 6, as the sample is rotated in its plah®:?®>%°Alter-  values of the parameters extracted from the fit is 3% based
natively, it is possible to employ several microwave cavitieson the visual departure of the curves from the least-square fit.
to vary the frequency discretely and obtain ipe 0 spin- Another way to obtain data with the FMR technique is
wave dispersion relatior’$.However, in both cases it is nec- by keeping the frequency fixed and measuring the resonance
essary to observe both acoustic and optic modes in order field for the acoustic and optic modes as the sample is rotated
extract accurate values for the exchange coupling constantabout its normal, maintaining the field in the plane. The mea-

Figure 10 shows the dispersion relations for tire 0 sured field variations with angle exhibits fourfold symmetry
modes with the magnetic fieltl, applied along the hard due to the cubic anisotropy of F&00). Figure 11 shows the
[101] axis (#y=45°). The symbols represent the data anddata obtained with a frequency of 9.5 GHz in one quadrant
the lines are theoretical results obtained with E&) with together with theoretical lines calculated with E§2). The
the same parameters used to fit the MOKE data in Hig- 9 solid line is the least-square fit obtained with parameters
As the equilibrium state, the dispersion relations are charaalmost identical to the previous values, namely:
terized by three distinct phases: AF fo®,<<0.5 kOe; 47M=19.5kOe, H,=0.57 kOe, Hey;= —0.89 kOe, Heyo
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(11) with the parameters: #M =19.0 kG, H,.=0.55 kOe,
FIG. 11. Resonance field vs in-plane field angjein (100 Fe40 A)/Cr(11 Hex1: —0.15 kOe, Hex2: 0.05 kOe. The exchange fields

A)IFe(40 A). Open circles are for the measured FMR optic mode and the _
open triangles for the acoustic mode. The solid lines are the best theoreticglorreSpond to the parameteds=—0.09 erg/crﬁ and J

fits obtained. The solid lines ife) and (b) were obtained with the exchange = 0-03 erg/cr. This relatively large biquadratic coupling is

field parametershe,; ,Hexd) = (—0.89 kOe, 0.07 kOe)a) the dasheddot-  responsible for the two first-order phase transitions that pro-

ted line was obtained with H,,,=0.07 kOe and H¢,;=—1.0 kOe duce the jumps in the data. As shown in F|g.(ﬁ)3 at HO

(—0.80 kOe). (b) the dashed(dotted line was obtained withH, _ ; o.

~ ~0.89 kOe andH, . 0.14 kOe(0 k08, 0.1 kOe the _allgnment changesofrom AF 'Fo nearly 90°; at
Hy=0.22 kOe it changes from 90° to FM alignment.

=0.07 kOe, andy=2.1. As can be seen by the dashed and 12
dotted lines in Figs. 1& and 11b), the resonance field P
increases with increasingl ., andHg,,. In order to show E
the consistency of the set of parameters extracted from this = 0.9
fit, we show in Fig. 12 the comparison between data taken at &
four other frequencies with the theoretical prediction ob- -8 0.6f
tained with the same parameter values. Even the curious §
triple peaked shape of the data at 19 GHz is very well repro- @ 0.3
duced. The dispersion relations obtained with these param- %
eters forq#0 are also in excellent agreement with the BLS = 0.0 &
data for this sample.
B. (100) Fe(40 A)/Cr(15 A)/Fe(40 A) &b 20
When the sample with Cr thickness=15 A was first % 45
investigated it was expected to have a small antiferromag- %’o
netic coupling and correspondingly small critical fields for & 0
all magnetic phase transitions. However, besides the ex- g
pected low critical fields, the data furnished by the various _g 45
techniques displayed surprisingly sudden jump as the field = ™[ 92 (b) )
varied. This was soon found to be a result of abrupt phase E-
transitions in the magnetic state produced by the relatively -90 k= . 1 - =
large biquadratic exchang&?’ Figure 13a) shows MOKE 0.0 0.1 0.2 0.3 0.4
measurements in the field range<6l;<0.4 kOe, applied Magnetic field (kOe)

along the easy axis. The circles in the inset are MR data, o _ A
obtained with a standard four-probe technique. Both dat%'G' 13. (8) Open circles: easy-axis MOKE data {00 Fe(40 A)/Cr(15
) . ) ) )Fe(40 A). Inset: open circles: corresponding magnetoresistance data.
without the coercive field are very well fitted by the theoret- ggjig jines are fits with Eqs(11) and (10), respectively.(b) Calculated
ical lines shown in Fig. 1&), obtained with Eqs(10) and  equilibrium magnetization angles vs external fielg.
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RS FIG. 15. Magnon frequencies fop=1.22< 10° cm ! vs external fieldH,,

5 10 15 20 25 applied along an easy magnetization axigif0) Fe(40 A)/Cr(15 A)/Fe(40

Frequency shift (GHz) R). Symbols are BLS data: solid triangles for the acoustic mode and open
circles for the optic mode. Solid lines are results of calculations with Eqg.

FIG. 14. Measured BLS spectra {100) Fe(40 A)/Cr(15 A)/Fe40 A) for (52 .With th_e same parameters as _in Fig. 13. The dott‘ed Iine(_a)imvere
four different values of the applied field, corresponding to different regionsObItalned W':hbHetx?: (i Tt:e cfjc;t_tedl ||nf¢s|(j|r1b) were obtained without the
of the magnetization curve shown in Fig. 13 AF phase aH,=0; (b) volume contribution to the rt dipofar fieid.

near 90° phase at 0.220 kO&) mixed-domain state at 0.225 kO&])

saturated phase at 0.230 kOe.

istic parameters used in Fig. 13. Again, there is excellent
agreement between theory and data. Note that the inversion

Steps due to first-order phase transitions are also obef the relative positions of the acoustic and optic modes at
served in the spin-wave frequency versus field data obtainethe second transitionH,~ 0.22 kOe) is predicted by theory.
with BLS. Figure 14 shows spectra obtained at several field¥he dotted lines in Fig. 18) represent the frequencies cal-
applied along th¢001] axis in the backscattering geometry culated without the contribution of the biquadratic exchange
with an incidence angle of 30°, corresponding to a magnoffield in Eqg. (48). Actually, H.,, has been kept in the energy
wave numberg=1.22<10° cm 1. The spectra were mea- expression(9), to preserve the correct ground states. The
sured with laser power of 100 mW and 2000 interferometeimost pronounced effect of the biquadratic coupling in this
scans. Only the anti-Stokes peaks are shown in Fig. 14. loase is to shift the frequency of the optic mode, downwards
the AF phase, shown in Fig. (& at zero field, the two in the AF and FM phases and upwards in the 90° central
magnon modes are separated in frequency by about 2 GHeggion. In order to further investigate the effect of the dipolar
the optic mode having higher frequency than the acousti¢oupling in the dynamics, we show in Fig. (bb by dotted
one. When the field is increased above 0.1 kOe the systelines the frequencies calculated with the same parameters,
acquires the near 90° alignment and the separation betwedyut neglect the volume contribution to the dipolar field. The
the acoustic and optic modes suddenly increases. The twgoor fit thus obtained is an indication of the important role
peaks atH,=0.220 kOe[Fig. 14b)] are 5 GHz apart. At played by the dipolar interaction, even in these thinner films.
Hy=0.230 kOe the system reaches the FM state, and th@/e finally mention that the calculated resonance field versus
acoustic mode frequency becomes higher than the optig-plane azimuth angle, with the same parameters used to
mode frequency. It is interesting to observe thatHy  obtain the solid lines in Fig. 15, is also in excellent agree-
=0.225 kOdFig. 14c)], the peaks corresponding to the 90° ment with FMR dat£®
and FM phases are simultaneously present, probably due to
the formation of a domains state.

The overall behavior of the frequency shift as a functionC' (100) Fe(40 A)/Cr(25 A)/Fe(40 A)
of the applied field is shown in Fig. 1&. Open circlegsolid The last sample studied has a Cr thicknes®5 A near
triangles represent the measured optic-modacoustic- the second AF—FM coupling transition. Figure 16 shows the
mode frequencies. The solid lines are the spin-wave fre-calculated equilibrium angleg, and 6, (upper pangl and
guencies calculated from EG8), with the same set of real- BLS data(lower pane), obtained with the field applied along
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~ 135 T ' y 25 A, respectively, corresponding to a fieti,,= —0.89,

%‘3 —0.15, and—0.036 kOe. On the other hand, the biquadratic

>~ 90 . exchange parameter does not vary muth:0.044, 0.030,

%’0 0.024 erg/crfy, or He,,=0.070, 0.050, and 0.036 kOe fer

g 45 1 =11, 15, and 25 A, respectively. The consistent experimen-
E tal support to our model calculations, provided by the

& samples and techniques discussed in this paper, has led us to

=2 0 exploit its richness in further studies. In particular, interest-

g ing phase diagrams for the equilibrium configuration of the
R 45 . e . magnetizations can be predicted. Results in this regard will

25 , . , be published elsewher?.
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