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High-resolution Brillouin light scattering and angle-dependent 9.4-GHz ferromagnetic resonance
in MBE-grown Fe/Cr/Fe on GaAs
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~Received 26 August 1996!

Exploiting the high sensitivity of a recently assembled Brillouin-light-scattering~BLS! spectrometer, we
investigate the magnetic excitations with nonvanishing in-plane wave vectork in antiferromagnetically
coupled Fe/Cr/Fe~001!, grown by molecular-beam epitaxy. The BLS spectra reveal surprisingly rich structures
not previously observed in this very sample. In addition, we use angle-dependent 9.4-GHz ferromagnetic
resonance to probe the uniform (k50) collective excitation, previously investigated at 35 GHz. The observa-
tion of the acoustic and optical modes by both techniques allowed the determination of an accurate set of
material parameters from the fit of theoretical curves to all data. While the results do not invalidate earlier
conclusions, we offer an updated model which provides an alternative explanation for the observed spectra
without the assumption of an extra effective surface anisotropy field.@S0163-1829~97!00513-4#
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I. INTRODUCTION

Ultrathin multiple films of a ferromagnetic metal with in
tervening films of a nonmagnetic material have enjoye
great deal of interest in recent years. On certain circu
stances, such films exhibit remarkable magnetoresis
effects1 which have been investigated in detail by t
magnetic-recording industry. These effects are conne
with an antiferromagnetic alignment of the magnetizations
adjacent magnetic layers in these artificial structures.2 The
Fe/Cr/Fe system is probably the most explored in this reg
In addition to the basic discoveries reported in Refs. 1 an
subsequent experimental findings include oscillatory mag
toresistance and interlayer exchange coupling as a func
of the Cr thickness,3 shorter period oscillations,4 oscillations
as a function of the Fe thickness5 and an intriguing 90-deg
coupling of the Fe films.6,7 All these findings have been e
ther predicted or followed by a number of proposed mec
nisms which represent subjects of current investigations.

In this work we revisit the Brillouin-light-scattering
~BLS! experiments in a well exercised Fe/Cr/Fe sandw
structure grown by molecular-beam epitaxy~MBE!, whose
dynamic magnetic response was originally investigated
ferromagnetic resonance8 ~FMR! and later by BLS.9 Rich
spectra have been observed at various frequencies with
FMR technique8 but, for unknown reasons, a full analysis
the optical response was not possible since only a sin
mode was observed in the previous BLS experiments.9 Here
we explore the higher sensitivity of a recently assemb
BLS spectrometer and show that the richness of the F
results8 can indeed be matched by the BLS technique.
addition, we use angle-dependent 9.4-GHz FMR to indep
dently determine the magnetic anisotropy and effective m
netization of this sample. Angle-dependent FMR has b
previously explored only at 35 GHz in the multiple
frequency experiments of Ref. 8. In contrast with the res
of Ref. 9, we demonstrate that quantitative fits to the exp
550163-1829/97/55~13!/8071~4!/$10.00
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mental data can be obtained without the use of an effec
surface anisotropy field, provided one takes into accoun
higher-order term in the approximation to the effective dip
lar field.

II. THEORETICAL CONSIDERATIONS

As mentioned above, the sample under consideration
grown by MBE and characterized at the Naval Resea
Laboratory.8 It consists of an epitaxial~100! Fe~38 Å!/Cr~13
Å!/Fe~38 Å! thin-film sandwich grown onto~100! GaAs sub-
strate coated with a 2000-Å-thick ZnSe buffer layer. Sy
metry and protection of the top iron layer were provided
a 1000-Å-thick ~100! ZnSe overcoat layer. As previousl
reported,8,9 the overall magnetic behavior of this sample
complicated. The static and dynamic responses result fro
competition of three main interactions, namely, the excha
coupling between the iron layers, the magnetocrystalline
isotropy within a layer, and the coupling between the lay
magnetizations with the external magnetic field. The int
layer exchange interaction is weakly antiferromagnetic. T
film also exhibits a small amount of uniaxial anisotrop
alongone in-plane @110# direction, in addition to the usua
cubic anisotropy of~100! Fe. In general, each of these inte
actions tries to align the magnetizations of the two iron la
ers in different ways. Our first goal is to characterize t
equilibrium position of the magnetizations as a function
the applied magnetic field. This procedure is necessary f
reliable interpretation of the excitation spectra, since ther
a close relationship between the static configuration and
dynamic response of the system. In the following, we pres
an overview of our model calculations. Details of this ana
sis will be published separately.

LetM1 andM2 be the magnetizations in the iron films o
thicknessesd1 and d2, respectively. The coordinate syste
used to characterize these vectors and the applied in-p
magneticH is shown in the inset of Fig. 1~a!. The sample
8071 © 1997 The American Physical Society
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8072 55BRIEF REPORTS
surface lies in thexz plane and each direction consider
below is characterized by an angle with respect to thez axis.
Both x andz axes are taken to be along easy-magnetiza
directions. The uniaxial anisotropy direction@101̄# bisects
the xz plane atuU5135°. For each value of the field ang
uH , the equilibrium directions ofM1 andM2 are found by
minimizing the free energy. This is done numerically
varying the angles ofM1 andM2 , respectively,u1 andu2,
first in steps of 5° to locate the range of minimum ener
and then in steps of 0.5° to obtain accurate equilibrium c
ditions. The free energy per unit area contains contributi
due to Zeeman, cubic anisotropy, the uniaxial in-plane
isotropy, and the interlayer exchange-coupling energ
Typical results are shown in Fig. 1 for two field direction
namely, uH50 @Fig. 1~a!# and uH5135° @Fig. 1~b!#. The
curves are based on a magnetic layer saturation magne
tion term 4pMs of 19.0 kG, a cubic anisotropy fieldHA of
0.52 kOe, an in-plane uniaxial anisotropy fieldHU of 0.070
kOe, an antiferromagnetic interlayer exchange fieldH1 of
20.12 kOe, a thicknesses ratiod1 /d2 of 1.08, and ag factor
of 2.12. These parameters are only slightly different fro
those used in Refs. 8 and 9 and were chosen on the bas
theoretical fits to the BLS and FMR data to be described
the next section. These differences produce no appreci
change in the fits to magnetization data. As already descr
in Refs. 8 and 9, Fig. 1~a! shows four distinct regions whe
uH50 is satisfied. These regions are separated by sud
discontinuous jumps ofM1 andM2 . As shown in Fig. 1~b!,
the number of different regions is reduced to three when
field is applied along the@101̄# direction atuH5135°. In
this case, the second transition atH'1.05 kOe is less abrup
and there is no jump, so that one might observe in a sin
field sweep first- and second-order-like transitions in
magnetizations configuration. As mentioned before,
agreement with previous analysis is essentially retained.

FIG. 1. Calculated equilibrium positions of the magnetizatio
in the two iron films,u1 ~solid line! and u2 ~dashed line!, as a
function of the applied magnetic fieldH, with ~a! H i @001# and~b!

H i @101̄#. Parameters are given in the text. The inset shows
coordinate system used in the calculations.
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key results come about when the dynamic response of
system is considered.

Since the magnetizations in each field region have diff
ent configurations, the dynamic excitation frequencies
expected to behave differently as well. The frequencies m
sured by FMR and BLS correspond to the same basic typ
magnetic excitation. The FMR technique probes excitatio
with wave numberk close to zero, whereas the BLS prob
modes with a nonvanishing in-planek value, which is deter-
mined by the experimental scattering configuration. Th
frequencies have been calculated from the linearized tor
equation,

dMn

dt
5gMn3Hn , ~1!

in the limit of small deviations ofMn from equilibrium. Here
Hn , the effective field acting on magnetizatio
Mn (n51,2), can be described by the sumHn5( IHIn ,
whereHIn is the effective field associated with the corr
sponding interaction energyEI . For the interlayer exchang
coupling, the uniaxial and cubic anisotropies, and the Z
man energies, the corresponding effective field is determi
through the relationHIn5]EI /]Mn . In order to give a full
account for the dynamical response of the system, howe
we have to consider other interactions as well. First, the
tralayer ferromagnetic exchange interaction in the Fe film
which introduces the well-known quadratic dependence
the spin-wave excitation frequencies on wave number, is p
ticularly important in the interpretation of the BLS spectr
Second, the dipole-dipole interaction between the two m
netic films, which, as usual, is taken into account in the m
netostatic approximation“3HDIP'0, allowing one to use a
magnetic scalar potentialF such that the effective dipola
field HDIP52“F. The assumption of small deviations o
the film magnetization from equilibrium results in a Poiss
equation for the scalar potential,¹2F54p“•M . Following
Cochran and coworkers,10 the dipolar field components re
sulting from the solution of this standard boundary-val
problem can be expanded in the small parametersky and
kdn . The authors in Ref. 10 keep only the first-order ter
and, as a result, terms linear iny are neglected, since the
torque average to zero when integrated across the film.
ternatively, we integrate the effective field exactly overy in
the averaging process,11 keeping the next higher-order term
in kdn . Altogether, we further reduce the resulting set of s
coupled equations to a system of only four equations
choosing independent and convenient coordinate system
each film.11 This system of four equations is then nume
cally solved for the excitation frequenciesv. As shown be-
low, this approach provides quantitative agreement with
BLS and FMR measurements without the inclusion of
additional surface anisotropy.9 The incorporation of an extra
effective surface anisotropy field is somewhat disturb
since it introduces a sort of ambiguity in regard to the effe
tive saturation magnetization value that must fit consisten
both BLS and FMR spectra. This outstanding issue seem
have not as yet been settled and our alternative appro
might be seen as an attempt to remove this defect.
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III. EXPERIMENTAL RESULTS AND ANALYSIS

The BLS measurements were carried out in the ba
scattering geometry, using a Sandercock tandem Fabry-P´rot
~FP! interferometer in a (233)-pass configuration. The ligh
source was a single-mode-stabilized argon-ion laser ope
ing at 5145 Å, with incident power of 70 mW. The samp
for these measurements, with dimensions 431 mm2, was
mounted between the poles of an electromagnet so th
could be rotated around the normal to the film plane as w
as around the applied field direction, the latter being para
to the film plane and perpendicular to the incidence plane
the light beam. The measurements were done at room
perature with an incidence angle of 35°, corresponding t
scattering in-plane spin-wave wave numberk;1.483105

cm21 and to an expansion parameterkd;0.056. The colli-
mated light beam at the output of the FP interferometer w
focused on a 40% quantum efficiency solid-state photode
tor ~EG&G, model SPCM-200! with a dark count below 2
counts/s, connected to a multichannel card in a perso
computer. With such a system, we were able to observe
missing optical mode in addition to the previously inves
gated acoustic mode,9 typically within 5–10 min scans for
each spectrum. Since the case in which the applied fiel
parallel to an easy-magnetization@100# axis was investigated
in some detail, while only qualitative agreement was fou
for the @101̄# hard direction,9 we will consider here only the
situation withuH5135°. In Fig. 2 we show three represe
tative spectra forH50.10, 0.26, and 1.10 kOe. The me
sured dispersion relation is shown by the circles~optical

FIG. 2. Measured BLS spectra in the Fe~38 Å!/Cr~13 Å!/Fe~38
Å! film for three different values of the applied fieldH i @101̄#.
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mode! and triangles~acoustic mode! in Fig. 3, the Stokes and
anti-Stokes lines being distinguished by the correspond
solid and open symbols, respectively. We note that the
sults in Fig. 3 correlate quite well with the calculated eq
librium configurations shown in Fig. 1~b!. In the low-field
region, 0,H,H1'0.15 kOe, where the magnetizations a
aligned antiparallel, the spectra are remarkably asymme
in good quantitative agreement with the theoretical res
@solid ~Stokes! and dashed~anti-Stokes! lines in Fig. 3#. As

FIG. 3. BLS spin-wave dispersion relation observed in Fe~38
Å!/Cr~13 Å!/Fe ~38 Å! with H i @101̄#, showing the behavior of
the optical~circles! and acoustic~triangles! modes as a function o
the applied field. Solid and dashed lines are results of numer
simulations of the corresponding Stokes~open symbols! and anti-
Stokes~solid symbols! lines, respectively. The asymmetry belo
0.15 kOe is a signature of the antiferromagnetic configuration of
magnetizations in the two Fe films.

FIG. 4. Upper panel: Measured FMR spectrum at 9.4 GHz w
H i @101̄#. Lower panel: Measured angle-dependent FMR re
nance fields of the acoustic~open circles! and optical~solid circles!
modes. The corresponding dashed and solid lines are resul
numerical simulations as described in the text.
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8074 55BRIEF REPORTS
the magnetizations abruptly enter the spin-flop phase
H5H1, there is a sudden squeeze of the spin-wave frequ
cies followed by an inversion of the modes positions, and
asymmetry is no longer present at higher field values. T
dispersion relation exhibits butterfly-shaped curves for b
modes forH.H1, with cusp and local minima frequencies
the saturation fieldH2'1.05 kOe.

The room-temperature angle-dependent FMR meas
ments were performed at 9.4 GHz by monitoring the deri
tive of the absorption line for a TE102 rectangular microwave
cavity with Q52500. The sample was located at the cen
of the cavity and could be externally rotated around the n
mal to the film plane. This setup differs from the one used
Ref. 8 where the sample formed a shorting plate at the en
a coaxial line. As shown in the following, the overall beha
ior of this sample has been preserved. In Fig. 4~a!, for in-
stance, we show the FMR spectrum with the in-plane fi
H i @101̄#. As in the previous 35 GHz measurements,8 it
was possible to observe several resonance lines at 9.4 G
We concentrate on the two strongest lines, which corresp
to the symmetric~acoustic! and antisymmetric~optical! pre-
cession modes.12 The other peaks correspond to the sa
precession modes, whose curvesv vs H cross the line
v/2p59.4 GHz at different values ofH. The dependence o
the in-plane resonance fields on the azimuthal angular p
tion f with respect toH is shown in Fig. 4~b! @solid ~optical
mode! and open~acoustic mode! circles# along with the cor-
responding theoretical fits@solid ~optical mode! and dashed
~acoustic mode! lines#.

We emphasize that the remarkable quantitative agreem
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of the theory with both BLS and FMR spectra shown in Fig
3 and 4 was obtained with the same set of phenomenolog
parameters with no assumption of an extra surface ani
ropy field.9 Besides the ones already mentioned, the o
additional parameter used to fit the dynamical response,
which is relevant only to the BLS experiments, is the intr
layer exchange stiffnessD52.031029 Oe cm2/rad2, since
the interlayer dipolar field is expressed in terms of oth
geometric and magnetic parameters already used. The si
taneous quantitative fits to the FMR and BLS data, the la
being achieved here at last for both@001# and @101̄# direc-
tions, might be indicative that the smallness ofkd;0.056 is
only apparent and, thus, that higher-order approximation
the dipolar field could play an important role. We leave th
provocative issue as a challenge for forthcoming works
this field.
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