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Strong antiferromagnetic interlayer exchange coupling across an insulating spacer is in increasing
demand for high-density magnetic recording. We report here on the interlayer exchange coupling of
epitaxial Fe(8 nm)/Si(t)/Fe(10 nm) trilayers as a function of Si thickness studied by ferromagnetic
resonance~FMR!, Brillouin light scattering, and magneto optic Kerr effect~MOKE! measurement
techniques. A very strong antiferromagnetic~AFM! interlayer exchange coupling (.6 erg/cm2) was
observed at a spacer Si thickness of 0.7 nm. The bilinearJ1 and biquadraticJ2 coupling constants
were determined from~i! the fitting of the angular variation of the resonance field (H res) in FMR
experiments,~ii ! the field variation of the frequencies of the Damon–Eshbach surface modes~both
optic and acoustic! in BLS measurements, and~iii ! the fitting of longitudinal MOKE hysteresis
loops. We obtain a higherH res along the easy axis than along the hard axis and the magnetizations
of the two Fe films are canted. The eightfold-like symmetry ofH res as a function of the angle
observed at room temperature is due to the competition between the Fe fourfold anisotropy and
AFM interfacial coupling energy. This behavior vanishes at low temperatures due to a strong
increase of AFM coupling~especiallyJ2) in comparison to fourfold in-plane anisotropy. From the
fitting of the temperature dependent FMR data, we obtain the temperature variation of the bilinear
and biquadratic exchange coupling constants. We distinguish the existence of canted magnetization
states at resonance by fitting the experimentalH resversusuH data to the model calculation. ©2003
American Vacuum Society.@DOI: 10.1116/1.1562181#
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I. INTRODUCTION

Studies of magnetic interactions between two ferrom
netic films separated by a nonmagnetic spacer have be
subject of extensive research for the past two decades.
ments like Cr, Cu, Ag, and Pd were extensively studied
spacers1,2 to understand the nature and strength of interla
exchange coupling. Typically the observed coupling stren
was smaller than 1 erg/cm2. For practical applications suc
as high density recording, a strong antiferromagnetic~AFM!
exchange coupling across insulating spacer material is d
able. The Fe/Si exchange coupled multilayer system i
strong potential candidate due to its unusually high anti
romagnetic exchange coupling.3–8 This coupling exhibits a
strong exponential decay versus spacer thickness.5,6 It was
suggested before that in the Fe/Si/Fe system most of th
had turned into metallic FeSi5 due to Fe diffusion.

Ferromagnetic and antiferromagnetic exchange coup
in magnetic multilayers are frequently studied by two d
namical techniques—ferromagnetic resonance~FMR! and
Brillouin light scattering~BLS!.1,2,9 The modes observed b
FMR and BLS9–11 ~acoustic and optic branches! are sensitive
to the magnetic energy within each ferromagnetic film
well as the interlayer exchange coupling across the nonm
netic spacer. In addition, the magneto optic Kerr eff
~MOKE! technique, which measures the static properties
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the material, is widely used to determine the strength of
tiferromagnetic coupling between layers. To determine fer
magnetic coupling strengths by MOKE one has to turn to
spin engineering technique similar to one developed
Parkin.12

We have studied the bilinear (J1) and biquadratic (J2)
exchange coupling of Fe/Si/Fe trilayers as a function of
thickness and temperature. We use dynamic~FMR and BLS!
and static~MOKE! techniques and the results obtained
the different techniques show good agreement. We find
tremely strong antiferromagnetic coupling at a Si thickne
of 0.7 nm for room temperature. The magnitude of the
quadratic coupling constant decreases very rapidly as
temperature increases.

II. EXPERIMENTS

Epitaxial Fe/Si/Fe trilayers, with Si thickness between 0
and 1.2 nm, were grown by molecular beam epitaxy~MBE!
on a GaAs~100!/Fe~1 nm!/Ag~150 nm! substrate-buffer sys
tem. The background pressure was better than 1029 mbar.
The deposition rate was maintained at 0.1 Å/s for both
and Si. During the depositions of Fe and Si, the substrate
kept at room temperature. The thickness and deposition
were controlled by a calibrated quartz-crystal monitor. T
samples were characterizedin situ by Auger electron spec
troscopy~AES!, low energy electron diffraction~LEED!, and
reflection high-energy electron diffraction~RHEED!. Both
11573Õ21„4…Õ1157Õ5Õ$19.00 ©2003 American Vacuum Society
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1158 Kuanr et al. : Dynamic and static measurements 1158
RHEED and LEED indicated epitaxial growth of Fe and
layers. The samples were covered with a 50 nm ZnS an
flection layer that also prevents oxidation of the top Fe lay

The magnetic properties of the exchange coupled sam
were characterized through the study of resonance fi
modes~acoustic and optic! as a function of in-plane field
angle with 24 and 35 GHz FMR spectrometers. A clos
cycle helium Dewar was used to cool the sample from ro
temperature down to 25 K. The BLS experiments were p
formed at room temperature, in the backscattering geom
with a (233) pass tandem Fabry–Perot interferomete1,9

The inelastically scattered light, corresponding to both
Stoke and the anti-Stoke, was recorded using an avala
diode and a multichannel analyzer PC card. The free spe
range of the interferometer was650 GHz. The wavelength
l5532 nm of the incident laser light together with an ang
of incidence of 45° resulted in an in-plane magnon wa
vector ki51.65(107) m21. A variable external field with a
maximum strength of 7 kOe was applied in the sample pl
and normal to the magnon wave vector. The surface mo
of acoustic and optic spin waves were recorded on both
Stokes and the anti-Stokes sides of the spectrum. In addi
we used longitudinal MOKE measurements to record
hysteresis curves of the samples at room temperature.

III. RESULTS AND DISCUSSION

Figure 1 shows the in-plane angular variation of the re
nance fields for the acoustic modes,H res(uH) for a Fe~8 nm!/
Si~1 nm!/Fe~10 nm! sample, measured at 24 GHz and
room temperature. The dots are experimental data and
solid lines are the results of theoretical calculations for
resonance field positions.9–11 The eightfold-like symmetry
for H res(uH) ~four peaks from290° to 190°) is clearly
apparent at room temperature. Surprisingly, we observe

FIG. 1. In-plane angular (uH) variation of acoustic resonance field (H res) at
room temperature~experimental;d and theoretical;—! for antiferromagneti-
cally coupled Fe~8 nm!/Si~1.0 nm!/Fe~10 nm! trilayer film studied by FMR
at 24 GHz. The insets show the Fe magnetization directions at diffe
resonance field values.
J. Vac. Sci. Technol. A, Vol. 21, No. 4, Jul ÕAug 2003
i
e-
r.
es
ld

d

r-
ry,

e
he
ral

e

e
es
e
n,
e

-

t
he
e

a

higherH resalong the direction which is normally the Fe ea
axis ~0, 690°) than along the direction which is normal
the hard axis (645°).

To interpret these data we used a rather complex dis
sion relation calculated for a strongly AFM coupled trilay
with the field applied in the sample plane.13 The equilibrium
position of the magnetization vector was obtained for ea
applied field from the total free energy9,11,13 ~Zeeman, de-
magnetizing, cubic anisotropy, and exchange coupling
ergy! expression. Our energy minimization process9,10 can be
used for any AFM exchange coupling strength and for a
magnetic state13 ~saturated or unsaturated! of the sample to
obtain the resonance field positions. The solid line in Fig
shows the results of this calculation. The coupling consta
obtained from the best fit to the experimental data areJ1

522.6 erg/cm2 and J2520.2 erg/cm2. The values of the
cubic anisotropy and magnetization obtained from the fit
close to room temperature bulk values.

The acoustic resonance seen in Fig. 1 occurs at an un
urated state, i.e., the magnetizations in the individual fil
do not point in the direction of the external static field, b
are canted. The canting angle~angle betweenM1 and M2)
obtained from the simulation is 60° when the applied field
along the easy axis (uH50°), increases to 73° whenuH

528° ~near the minimum forH res,) and then decreases t
64° for the applied field along the~usual! hard axis (uH

545°). The insets to Fig. 1 show the direction of Fe ma
netization vectorsM1 andM2 .

The observed eightfold-like symmetry is due to the stro
competition between the fourfold anisotropy energy of
and the strong antiferromagnetic coupling energy due to
Si spacer. It is easy to immediately conclude that the AF
coupling energy is stronger than the cubic energy beca
H res(0°).H res(45°).

Normally it is necessary to have measurements on b
the acoustic and optic modes in order to obtainJ1 and J2 .
Due to magnetic field limitations we were not able to me
sure the optic resonance. Nonetheless, the excellent ag
ment of the experimentalH res(uH) data with the model
calculation10,11,13demonstrates that it is possible to obtain t
coupling constantsJ1 and J2 from the angular variation of
acoustic resonance without the optic resonance becaus
Fe magnetizations in the trilayer are in a canted state.

Figure 2 showsH res(uH) data for the same sample me
sured at room temperature with the 35 GHz FMR syste
For the fields used in this experiment~4.8 to 6 kOe! bothM1
andM2 are aligned along the applied magnetic field~shown
in the inset to this figure! and one measures the norm
acoustic resonance. Therefore the eightfold-like symme
observed at 24 GHz vanishes at this frequency. Figur
shows a standard fourfold symmetry expected for~100! Fe,
with the easy-magnetization axis along 0° and hard alo
45°, and with zero uniaxial anisotropy. The solid line to t
figure was obtained from the model calculation10,11,13using a
g factor of 2.08, which yields the following magnetic param
eters;HK50.55 kOe and 4pMS521 kOe, in agreement with
24 GHz FMR results. Also, at this frequency we were n

nt



il

re
t 2

n

b

ve
a

-

e
m

c
-

this
les
The
ove

r
ut

ed

e

ling
rgy
om

e
-

K,
a

-
the

e of
the

1159 Kuanr et al. : Dynamic and static measurements 1159
able to measure the optic resonance due to the unavailab
of a strong magnetic field.

Figure 3 shows the deduced coupling coefficientsJ1 and
J2 as a function of Si spacer thickness (t) for
Fe(8 nm)/Si(t)/Fe(10 nm) trilayers. The coefficients we
obtained from room temperature FMR measurements a
GHz. We observed antiferromagnetic~AFM! exchange cou-
pling for all studied thicknesses of Si spacers. The excha
coupling constants were derived from ourH res(uH) data. At a
spacer thickness of 0.6 nm, the coupling is dominantly
quadratic; withJ1523.4 erg/cm2 and J2522.65 erg/cm2,
which is among the strongest biquadratic coupling e
found. The AFM coupling strength attained a maximum
0.7 nm spacer thickness withJ1526.5 erg/cm2 and J2

521.1 erg/cm2. Both J1 andJ2 decrease rapidly in magni
tude for larger Si thicknesses~1.0 and 1.2 nm!. It was ob-
served thatJ2 remains consistently smaller~in magnitude!
than J1 and decays faster. The strong decrease of bilin
coupling at smaller Si thickness could be explained in ter

FIG. 2. FMR H res (uH) data obtained from a 35 GHz FMR system@experi-
mental ~d! and theoretical~—!# for the Fe~8 nm!/Si~1.0 nm!/Fe~10 nm!
trilayer.

FIG. 3. Room temperature coupling strength of bilinear (J1) and biquadratic
(J2) constants as a function of Si spacer thickness.
JVST A - Vacuum, Surfaces, and Films
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of Slonczewski’s14 theory by a competition of ferromagneti
~FM! ~possibly due to pinholes! coupling and antiferromag
netic ~AFM! interlayer coupling. The fast decay ofJ2 with
increasing spacer thickness is in agreement with
mechanism,14 for example, because the number of pinho
decreases with increasing thickness of the Si spacer.
observed weak biquadratic coupling for Si thickness ab
0.8 nm is in agreement with smooth decay ofJ1 , as pre-
dicted by Slonczewski.14

Figure 4 shows theH res(uH) data for the same trilaye
sample at 25 K. The figure depicts a fourfold symmetry, b
with a higherH res along the easy axis(0°) compared to that
along the hard axis (45°). The coupling constants deriv
from the resonance fit10,11,13 are J1523.2 erg/cm2 and J2

520.82 erg/cm2 along with a small increase of the effectiv
anisotropy field value~0.67 kOe!. At 25 K, the resonance
was observed at a canted state. However, the AFM coup
energy completely dominates the cubic anisotropy ene
and therefore the eightfold-like symmetry, observed at ro
temperature, vanished at this low temperature.

Figure 5 compiles bothJ1 andJ2 coupling constants for
the Fe~8 nm!/Si~1.0 nm!/Fe~10 nm! trilayer sample from 25
to 300 K obtained from 24 GHz FMR measurements. W
observed that bothJ1 andJ2 decrease with increasing tem
perature (T). However, the temperature dependence ofJ2 is
much stronger than that ofJ1 . The biquadratic coupling in-
creases fourfold from room temperature down to 25
whereas the bilinear coupling increases only slightly by
factor of 1.25 at 25 K to its value at room temperature.

The slow decrease ofJ1 with temperature could be asso
ciated with reduced magnetization of Fe. For example,
magnetization and the linear exchange coupling constant,J1 ,
both saturate below 100 K. The temperature dependenc
J1 for insulating and metallic spacers can be described by
quantum interference model of Bruno.16 We discuss our re-
sults in the light of available theories.14–16 According to
Slonczewski,15 the increase ofJ1 andJ2 can be mediated by

FIG. 4. Acoustic resonance field (H res) vs in-plane angle (uH) ~experimen-
tal; d and theoretical;—! for Fe~8 nm!/Si~1.0 nm!/Fe~10 nm! trilayer at
25 K.
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1160 Kuanr et al. : Dynamic and static measurements 1160
loose spins present inside the spacer or adjacent to the F
interface, which can couple to both Fe layers via indir
exchange. Another possibility14 resulting in a strong decreas
of J2 with temperature can be due to thickness fluctuation
the Si spacer. This causes a competition between FM
AFM coupling for neighboring regions, which may lead to
frustration of coupling. Strijkerset al.6 favored the loose spin
model15 to interpret their data of strong exponential decay
J2 . On the contrary, Fullertonet al.3 discussed their strong
temperature dependence of biquadratic coupling data by
tial or compositional fluctuations at interfaces termed a
fluctuation mechanism by Slonczewski.14 For all known bi-
quadratic coupling mechanism, loose spin models,15 the fluc-
tuation model14 and the intrinsic higher order term16–J2 in-
creases monotonically upon cooling.

In Fig. 6 we show the magnetic field dependence of B

FIG. 5. Temperature dependence~25–300 K! of bilinear (J1) and biqua-
dratic (J2) coupling strengths for Fe~8 nm!/Si~1.0 nm!/Fe~102 nm! trilayer
film. The solid lines serve as a guide to the eye only.

FIG. 6. BLS mode frequencies vs magnetic field for the Fe~8 nm!/Si~1.0
nm!/Fe~10 nm! trilayer showing the acoustic~marked A! and optic~marked
O! branches on both Stokes and anti-Stokes sides. The plus signs (1) are
the theoretical calculation.
J. Vac. Sci. Technol. A, Vol. 21, No. 4, Jul ÕAug 2003
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mode frequencies for the Fe~8 nm!/Si~1 nm!/Fe~1 nm!
trilayer film with the magnetic field applied along the ea
axis of the film. The two modes shown here~closed circles!
are the acoustic and optic surface modes.1,9,11 In a typical
BLS spectrum the acoustic mode is identified as the hig
intensity mode and the optic mode as the lower intens
mode. The acoustic modes are marked as ‘‘A’’ and the op
modes as ‘‘O’’ in the figure. The evolution of the spectra wi
magnetic field corresponds to changes in magnetization
rections ofM1 and M2 . As the applied field is increase
from zero, the two magnetizations change from an antipa
lel configuration to a spin flop or canted state, and finally
high field to parallel alignment.

For the antiparallel alignment, the frequency of the op
mode is higher than that of the acoustic mode. A stro
asymmetry of the Stoke and the anti-Stoke spectra refl
strong AFM coupling with antiparallel alignment of Fe ma
netizations. The asymmetry and the sudden jump of m
frequencies reflect the transition of magnetization alignm
from antiparallel to spin flop at 0.6 kOe and then from sp
flop to parallel at 4.2 kOe magnetic field. In the spin flo
region, the rotation of magnetizations towards field direct
is accompanied by a crossing of the spin wave modes. F
the theoretical simulations it is identified that the cross
point of the spin wave modes corresponds to an exact
alignment betweenM1 andM2 .

At large applied fieldsM1 andM2 become parallel. In this
case the difference in frequency between the acoustic
optic modes is a measure of the exchange coupling en
between the two ferromagnetic layers. We fitted the exp
mental results to the model calculation9–11 to obtain the ex-
change coupling strengthsJ1 andJ2 . The quantitative evalu-
ation of coupling constants is done by considering
equation of motion and boundary conditions.9–11 The plus
sign (1) indicating the results of the theoretical calculatio
were generated from a Levenberg–Marquardt fit to the
perimental data. The strength ofJ1 andJ2 obtained from the
BLS data are22.62 and20.23 erg/cm2, respectively. The
BLS results and the FMR results are in good agreement
all the other samples with different Si thicknesses.

The BLS and FMR measurements above probe the
namical properties of the samples. It is important to know
the static properties can be explained using the same pa
eters that apply to the dynamical system. We used MOKE
study the static magnetization as a function of applied fie
The experimental easy and hard axis MOKE hysteresis lo
are fitted11 by considering the anisotropy (K1), bilinear (J1),
biquadratic (J2), and Zeeman energies. The hysteresis lo
are simulated by minimizing the total free energy of the s
tem with respect to the magnetization directions of the t
Fe layers for each value ofH. We can obtain bothJ1 andJ2

coupling constants due to the existence of two plateaus in
hysteresis loops and the determined values are within 5%
the FMR and BLS results.

IV. CONCLUSION
We investigated Fe/Si/Fe trilayers with strong antiferr

magnetic exchange coupling by FMR and BLS. Both tec
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1161 Kuanr et al. : Dynamic and static measurements 1161
niques provide the possibility to determine the bilinear (J1)
and biquadratic (J2) coupling constants. TheH res(uH)
curves were well understood from a theoretical calculat
suited for strong AFM coupling. The observed eightfold-li
symmetry is due to competition between strong AFM co
pling energy and cubic anisotropy energy and results in
unusual situation whereH res is higher along the~normally!
easy-axis direction compared to that along the hard axis. T
behavior vanished at low temperature where AFM coupl
energy completely dominates the anisotropy energy. At ro
temperature we obtain J1522.6 erg/cm2 and J2

520.2 erg/cm2. These results are in excellent agreem
with those obtained from fitting the mode frequencies in B
experiments. We also find the behavior ofJ1 and J2 as a
function of temperature and show that the magnitude ofJ2

decreases rapidly as the temperature increases.
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