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Temperature-dependent spin-wave behavior in CoÕCoO bilayers
studied by Brillouin light scattering

A. Ercole, W. S. Lew, G. Lauhoff,* E. T. M. Kernohan, J. Lee,† and J. A. C. Bland‡

Cavendish Laboratory, University of Cambridge, Madingley Road, Cambridge CB3 0HE, United Kingdom
~Received 5 November 1999; revised manuscript received 10 April 2000!

We report Brillouin light scattering measurements of spin-wave frequencies in exchange coupled ferromag-
net ~FM!/antiferromagnet~AF! epitaxial Co/CoO bilayer structures. The ultrathin~7 Å! CoO layer perturbs the
Co layer spin-wave frequencies and so permits a study of the influence of the AF CoO layer at the interface,
when the unidirectional anisotropy is negligible. A striking temperature dependence of the measured frequen-
cies in the cobalt layer in the range 77 to 300 K was observed which has been demonstrated to be due to
exchange coupling to the CoO layer as antiferromagnetic order develops. Furthermore, the existence of a
uniaxial anisotropy field in the range 100–300 Oe within the AF layer along the FM layer magnetization
direction was demonstrated. The ratio of the interface to the bulk AF exchange coupling strengths was found
to lie in the range 0.75 to 1.1. The observed temperature dependence of the spin-wave linewidths indicate that
locally ordered AF regions persist above the Ne´el temperature and play a central role in determining the
magnetic behavior.
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I. INTRODUCTION

Exchange biasing in strongly coupled ferromagn
antiferromagnet~FM/AF! structures is of considerable inte
est due to its relevance to magnetoresistive devices.1,2 The
effect has been attributed to the interfacial exchange inte
tion between the layers. There have been numer
studies3–7 of the exchange-biasing phenomenon since
first observation by Meiklejohn and Bean.8 Such studies have
mainly concentrated on measurements of static proper
Various theoretical models have been proposed to desc
the coupling mechanism, that include Malozemoff’s rand
field model,9 Koon’s spin-flop coupling model,10 Suhl’s
quantum mechanical approach,11 and recently Schulthess’
explanation to embrace both spin flop coupling and rand
fields.12

Antiferromagnetic materials are often more difficult
study than ferromagnets. The spin structure is accessib
neutron diffraction, which is sensitive to magnetic as well
structural order. Indeed, such measurements can also giv
magnetization of the magnetic atoms. However, these m
rials have~in laboratory fields! virtually no net magnetiza-
tion, which makes anisotropy measurements difficult. T
spin-wave energies in antiferromagnets, which are of h
energy13 and accessible to Raman spectroscopy, are sens
to exchange or anisotropy fields. This has been widely
plied to a number of materials, for example CoO,14 MnO,
MnS,15 MnF2,

16 FeF2.
17 Such experiments have shown th

the antiferromagnetic order is stabilized by the presence
truly huge anisotropies, often of complicated symmet
which may change with temperature if the crystal struct
becomes distorted.

Unfortunately, attempts to apply Raman spectroscopy
probe thin film AFs appear to have been unsuccessful, as
technique is insufficiently sensitive. Other measurem
techniques include polarized neutron reflectivity~PNR!
which have yielded important results, for example that p
PRB 620163-1829/2000/62~10!/6429~8!/$15.00
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pendicular spin configurations can arise in FM/A
structures.18 Measurement of the spin-wave properties in t
FM layer instead can provide an alternative and nondest
tive method of probing the magnetic order in the AF ind
rectly. Using Brillouin light scattering~BLS! or ferromag-
netic resonance~FMR! one can gain insight into the bulk an
interface exchange coupling via the spin-wave frequenc
There have however been few measurements of spin-w
frequencies in FM/AF bilayers. In the studies reported
date,19–23 different analyses have been employed to gain
formation on the effects of the exchange bias field and m
netic anisotropy in the AF layer. Moreover, the effects of t
exchange field and anisotropies on the spin-wave linewid
need to be further clarified.

In this paper, a detailed study of the temperature dep
dent spin-wave frequency in Co/CoO bilayers for the te
perature range 77 to 300 K is presented using the BLS te
nique. Néel temperatureTN for cobalt oxide is around 290 K
for the bulk material,25 but TN is thickness dependent in thi
films as has been demonstrated~along with a scaling law!24

and so can be reduced in sufficiently thin films. A mark
increase in the Co spin-wave frequencies with reducing te
perature in ultrathin Co/CoO bilayer structures has been
viously reported.26 This study prompted the development b
Stampset al.27 of a possible theoretical description for th
observed temperature-dependent behavior in terms of an
change coupled temperature-dependent spin-configura
from the AF layer. We choose to study structures in wh
the CoO layer is very thin~7 Å! in order to maintain an
epitaxial structure throughout the Co/CoO bilayer. For suc
thin CoO layer, theTN should be well below the lowes
studied temperature of 77 K,24 and the presence of such
thin layer therefore acts to perturb the Co spin-wave frequ
cies via the interfacial coupling. This permits a study of t
influence of the AF layer spin at the interface, in the ca
where the interfacial coupling is too weak to give rise to
unidirectional anisotropy. The experimental results will
examined both empirically and by comparison with the p
dictions of a model similar to that of Ref. 27.
6429 ©2000 The American Physical Society
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FIG. 1. Top panel: RHEED
patterns at various stages of th
sample growth~a! Si~001! sub-
strate,~b! after deposition of Cu
layer, ~c! after Co film deposition,
~d! oxidized Co surface. The angl
of incidence was approximately
1° from the surface along Si@110#
and the electron energy was 1
keV. Bottom panel: Pixel differ-
ence measured by RHEED an
converted in-plane lattice param
eter (ain) for three different stages
during sample growth. Theain of
Cu film at 1000 Å is assumed to
beain of bulk Cu. The inset shows
the intensity profiles that are fitted
with Gaussian functions.
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II. EXPERIMENTAL

A Co/CoO bilayer was grown at room temperature on
Cu/Si~001! template by molecular beam epitaxy under ult
high vacuum conditions with a base pressure of or
10210mbar. The substrates were hydrogen passivated
aqueous HF to stabilize the surface.28 After 30 Å of Co was
grown, a shutter is placed to cover half of the substrate an
30 Å Cu cap was deposited to form a control sample with
an oxide layer. The sample was then oxidized for 30 min
1023 mbar of high purity oxygen, and the shutter repo
tioned to enable the oxidized half to be capped, again w
30 Å of Cu. Figure 1 shows the reflection high-energy el
tron diffraction~RHEED! images along thê110& azimuth of
the ~a! Si~001! substrate~b! 1000 Å Cu/Si~001!, ~c! 30 Å
a
-
r
th

a
t

n
-
h
-

Co/Cu/Si~001!, and ~d! the Co layer after oxidation. After
completion of the Cu layer, sharp streaks with low bac
ground are observed. No qualitative change is observe
the RHEED pattern after completion of the Co layer. Th
agrees with the earlier finding29 that three-dimensional epi
taxial growth occurs along the@001# direction with the Cu
and Co axis rotated in-plane by 45° with respect to
Si~001! principle axis.29,30 Furthermore the intensity profile
of RHEED images are measured across the streaked spo
determine the in-plane lattice parameter as shown in Fig
The profiles are fitted with four Gaussian functions. T
measured difference in pixel position between left and ri
peaks quantitatively confirms that the Co film grows coh
ently on the Cu film. This agrees with previous finding th
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PRB 62 6431TEMPERATURE-DEPENDENT SPIN-WAVE BEHAVIOR IN . . .
Co grows coherently up to 15 ML on Cu~001!.31 After oxi-
dation, the RHEED pattern of the Co film becomes mo
spotlike. This suggests that the films are still epitaxial,
though some disorder is introduced as earlier suggeste32

The in-plane parameter for the Co film becomes smaller a
oxidation.

PNR experiments were carried out on the CRISP time
flight neutron reflectometer at the Rutherford Applet
Laboratory.33–34The samples were held at 300 K with a 70
mT magnetic field applied in-plane along the direction n
mal to the scattering plane using an electromagnet. The b
polarization has been found to be better than 96% and
data given are corrected based on previous calibration m
surements. For fitting the PNR data, the magnetic mom
and layer thicknesses are adjusted. Defects, steps, interd
sion, and local fluctuations can contribute to an effect
roughness at each interface. This has the effect of redu
the specularly reflected intensity due to diffuse scatter
which is taken into account by introducing a random Gau
ian microscopic distribution~or vertical roughness param
eter! at each interface as proposed by Nevot and Croc35

Figure 2 shows the measured and fitted spin-dependen
flectivity and spin asymmetry data for the Cu/Co/CoO/
film as a function of the neutron scattering vector (2q) per-
pendicular to the film plane. The spin asymmetry is given
(Rspin-up2Rspin-down)/(Rspin-up1Rspin-down), whereRspin-upand
Rspin-down indicate the reflectivities of the neutrons with sp
parallel ~spin-up! and antiparallel~spin-down! to the film
magnetization, respectively. Several pronounced oscillat

FIG. 2. PNR reflectivity and spin asymmetry data~symbol! and
their best fits~continuous line! for the Cu/Co/CoO/Cu film.
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are seen in both the reflectivity and spin asymmetry data
excellent fits to the data are obtained throughout the entiq
range studied. Similar quality fits are obtained to the C
Co/Cu sample. The magnetic moments, layer thicknesses
interface roughness obtained from the fits are shown in Ta
I for both the Cu/Co/Cu and Cu/Co/CoO/Cu samples. For
Co film a magnetic moment of 1.2760.08mB /atom is deter-
mined, which is slightly lower than the bulk moment o
1.74mB /atom for fcc Co or 1.71mB /atom for hcp Co at room
temperature.36 This is presumably due to the presence
residual carbon and oxygen impurities in the Co film as o
served in the Auger electron spectroscopy~AES!. Also a
mean vertical interfacial roughness of about 12 Å is obtain
from the PNR measurements. The fit to the PNR data for
oxidized Co film yields a Co layer thickness of 28 Å and
CoO layer thickness of approximately 7 Å.

Ex situ magneto-optical Kerr effect~MOKE! measure-
ments~Fig. 3! show the samples to have fourfold in-plan
anisotropy. The oxidized sample show an increased coer
ity over the control Co sample as is to be expected from
increased surface disorder shown by the RHEED meas
ments. Our BLS system uses a Sandercock 313 pass tan-
dem Fabry-Perot interferometer37 with a computer-based sta
bilization system,38 which gives high immunity to vibration.
For the low temperature measurements, the sample
mounted in a customized gas flow cryostat.

III. RESULTS AND DISCUSSION

A representative BLS spectrum taken with the sam
held at room temperature is shown in Fig. 4. For this thic
ness, only surface-type39–40 modes are observed. The broa
lines, which have been seen before in Co films41 are consid-
erably wider than the instrument response function. The
width in the oxide sample is seen to be larger still, presu
ably due to increased surface disorder or structural inho
geneities.

Measurements of the spin-wave frequency as a func
of in-plane applied field angle and strength allow the ma
netic parameters of the samples to be deduced.42 Angular
dependent results in Fig. 5 show that the predominant ani
ropy is of fourfold symmetry, as is to be expected for fcc C
The data from the control Co sample could be well mode
by assuming an anisotropy fieldKl /M52500 Oe~making
the Co@100# direction hard!, g52.30. It is necessary to in
clude a small uniaxial anisotropy field,Ku /M535 Oe. From
these results, we can deduce the value of the surface an
ropy Ks ~for a definition see, for example, Ref. 43! which is
found to be20.5 erg cm21 ~i.e., favoring in-plane magneti

TABLE I. The layer thicknesses and magnetic moments for
Cu/CO/Cu~001! and the Cu/CoO/Co/Cu~001! film as determined
from PNR measurements.

Thickness
Magnetic
moment Thickness

Magnetic
moment

Cu 5662 Å 5262 Å
CoO 762 Å
Co 3162 Å 1.2760.08mB 2862 Å 1.2760.08mB

Cu 92865Å 92865 Å
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zation!. The angle scan from the Co/CoO sample could
fitted using the layer thicknesses and Co layer magnetiza
from the PNR measurements. It is not necessary to adjus
in-plane anisotropies.Ks is found to be reduced to20.3 erg
cm21 due to the difference between the Co/CoO and Co
interfaces. If it is assumed that the two Co/Cu interfaces
the control sample are equivalent then one can infer a v
of Ks520.1 erg cm21 for the Co/CoO interface.

Spin-wave linewidths are also measured as functions
azimuth and the data is presented in Fig. 5 for an app
field of 8.5 kOe. The BLS linewidth~FWHM! is determined
from the spectra by fitting peaks with Gaussian functio
The angular dependence of the line width in both samp
shows a fourfold variation. However, for the control C
sample, this behavior follows the frequency whereas the
dized sample shows the reverse behavior. The average
wave line width shows an increase~;5 GHz! in the oxidized
sample compared to that of the control Co sample, a
characteristic of a spin disorder effect. At high fields, the l
widths are found to be substantially independent of fi
magnitude. This implies that the spin-wave damping is s
stantially due to an extrinsic mechanism.44

Figure 6 shows the temperature dependence of the s
wave frequency as the sample is cooled in steps of 25 K w
magnetic field applied along either the easy or hard crys

FIG. 3. Room temperature in-plane MOKE measureme
showing increased~a! easy- and~b! hard-axis coercivity in the Co
CoO sample.
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lographic axes. As BLS probes thermally excited spin wa
it follows that, at low temperatures, the intensity of the sc
tered signal is reduced. Typical acquisition times are aro
15 h per spectrum. The frequency can be seen to increas
the temperature is reduced as expected. Similar meas
ments for the control Co sample show no detectable varia

s

FIG. 4. Representative BLS spectrum taken at room temp
ture. The applied field was 8.5 kOe and was oriented along
Co@100# direction. The large feature in the center is due to elas
scattering from the sample. Surface-type modes are seen in bot
high frequency~anti-Stokes! and low frequency~Stokes! sides of
the spectra.

FIG. 5. Spin-wave frequencies and line widths plotted aga
in-plane field angle for the Co sample and the Co/CoO sampl
room temperature. The applied field was 8.5 kOe and the angl
incidence was 45°.
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in frequency, indicating that the cubic anisotropy is tempe
ture independent within errors, also justifying the assumpt
of a constant Co moment. Low-temperature angle-depen
scans confirm that no unidirectional anisotropy occurs as
pected.

The variation of the spin-wave peak intensity with tem
perature is shown in the upper panel of Fig. 7 for the h
axis. Similar data is obtained for the easy axis. Such inten
measurements can be sensitive to statistical noise, and
large number of measurements have been made at low
peratures where the counting statistics are poor. These
confidence that the fifteen-hour acquisition times used
sufficient. The intensity of both the Stokes and anti-Sto
lines can be seen to decrease with falling temperature.

The lower panel of Fig. 7 shows the mode line width a
function of temperature. The instrument broadening is
proximately 0.5 GHz. It is clear that a significant broaden
occurs as the temperature is reduced. As the temperatu
lowered and the AF layer begins to order magnetically,
spin waves in the FM layer begin to experience the effec
spin disorder both due to structural inhomogeneities
thermal fluctuations in the AF layer by virtue of the interfa
coupling. Linewidth studies for the unoxidized samp
showed no such behavior and accordingly, the inten
variations are found to be much smaller.

A. Mean field model

A mean field theory has been described by Stamps
co-workers.27 Some extensions to this model are necess
when working with a system with an additional strong i
plane anisotropy. The spin-wave excitations in magnetic m
terials correspond to thermally excited spin precessions,
are described by solutions to the Landau-Lifshitz~LL ! torque
equation

]M

]t
5g~M3H i !, ~1!

FIG. 6. Temperature dependence of Co spin-wave frequency
fields directed along easy~Co@110#-top curve! and hard~Co@100#-
lower curve! axes. The lines are fitted by a mean field model
described in the text. By contrast, the unoxidized sample~inset!
shows no detectable change in frequency with temperature.
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whereM is the magnetization,g is the gyromagnetic ratio
~proportional to theg factor! andH i is the sum of all fields
present in the sample which may be external in origin,
may be internal due to exchange or magnetocrystalline
isotropy.

The structure is modeled as a number of atomic lay
~see Fig. 1 of Ref. 27! and the magnetic atoms in the Co
are assumed to be layer-by-layer antiparallel, so that o
vertical coupling between layers needs to be conside
Horizontally adjacent spins are always parallel and incur
exchange energy penalty: this means only spin waves w
zero wave vectors will be considered. They axis is normal to
the films’ surfaces, and we assume an external fieldH0 is
applied in-plane along thez axis. Also, only nearest neighbo
exchange interactions are taken into account.

We may write the effective fieldH i on spinsSi in the i th
layer as is the sum of the external fields, the dipolar fiel
the anisotropy fields, as well as the exchange field from
spins in the layers above and below as

H i5
1

gmB
@Ji ,i 21Si 211Ji ,i 11Si 11#1Hi

in~Si
z/S!iz

1~Hi
out24pM !~Si

y/S!iy1Hi
xix1Hi

yiy1H0
ziz . ~2!

The symbolsg, H in, and Hout represent theg factor, the
in-plane uniaxial anisotropy field, and the out-of-pla
uniaxial anisotropy field, respectively. The parameterJm,n
represents the exchange coupling constant between themth

or

s

FIG. 7. Top panel: spin-wave peak intensity of the Co/Co
sample measured along the hard axis plotted against temperatu
the Stokes and anti-Stokes modes. Bottom panel: spin-wave
width of the Co/CoO sample plotted against temperature.
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and nth layers. This takes one of three values represen
the FM(JFM!,AF(JAF), or interface (Jint) exchange coupling
strengths.

For fcc Co, we also need to introduce a fourfold cub
anisotropy of magnitudeK1 . The anisotropy field can be
expressed as

Hani52
1

M
¹uFani, ~3!

whereFani is the cubic anisotropy energy and the gradie
operator is taken with respect to the components of the m
netization unit vector.Hani is solved for thei th layer into in-
and out-of-plane components which are, respectively,

Hi
x5

2K1,i

M
~128 sin2 f i18 sin4 f i !, ~4!

Hi
y5

2K1,j

M
~122 sin2 f i12 sin4 f i !. ~5!

All the constants are assumed to be temperature inde
dent: the temperature dependence is introduced27 by replac-
ing the spin magnitudes by their~reduced! thermal averages
using a Brillouin function approach. The temperature of
FM layers was set to absolute zero. This is equivalen
assuming thatJFM is large enough that the magnetic state
the Co layer does not change appreciably over the temp
ture range investigated.

To solve for the spin-wave mode frequencies, a harmo
time dependence is assumed for eachSi and the relationships
above are substituted into the LL equationdSi /dt5g(Si
3H i), which can then be expressed in matrix form on
terms quadratic inSx and Sy have been neglected. This
equivalent to the assumption that the spin precession am
tudes are small. The resulting matrix equation can be so
to find its eigenvalues, which give the frequencies of
various possible spin-wave modes.

The curves in Fig. 6 are the result of a fit to the mod
described above. In fitting the data, all magnetic parame
for the Co layer are fixed according to the room temperat
BLS angle and field scans results as discussed above.
exact value of theJFM is not relevant: it is large enough tha
the magnetic state of this layer does not change appreci
over the temperature range investigated.

Within the model, only the CoO magnetic paramete
have been varied to modify the predicted magnitude and
set of the temperature dependence. The critical tempera
is governed almost entirely by the value of theJAF ~found to
be 236565 Oe!. It is not necessary to includeHout or a
fourfold anisotropy in the CoO layer in order to obtain a
to the data. The assumption thatHout to be 0 for the CoO is
reasonable since the layer is quite rough~evidence from the
RHEED pattern!, so out-of-plane anisotropy is likely to b
small at this thickness. The mode frequencies are also in
sitive to the parameter of magnetizationMCoO.

The magnitude of the temperature rise is governed
both theH in and theJint : it is not possible to determine thes
parameters independently. However, if theJint is assumed to
be equal to that in the bulk AF layer~i.e., Jint5JAF! then a
value ofH in5120610 Oe is deduced for the in-plane aniso
g
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ropy of the AF layer. Despite the degeneracy in these par
eters, by varying theJint and refitting it is possible to deter
mine that 100 Oe,H in,300 Oe for the CoO and tha
0.75JAF,Jint,1.1JAF .

There have been various antiferromagnetic resona
studies of CoO.14,15 These studies have determined t
anisotropies acting in bulk samples of CoO. Note that
value of H in deduced in this experiment is two orders
magnitude smaller than any literature value. Furthermore
crystal field and anisotropies in bulk specimens are known
give rise to a CoO easy axis along the@117̄# direction.15 By
contrast, the model of Ref. 27 here achieves a good fit
assuming that the AF easy axis is parallel to the FM mag
tization.

B. Critical exponent model

In order to determine the critical temperature for the on
of the AF order we may fit both temperature dependenc
separately using a critical exponent model. Within the La
dau theory of phase transitions, it is common to assign
order parameterC to the system of interest. It is defined s
as to vary monotonically as the system changes state
tween one phase and the other having the value zero w
the system is in one phase, and unity~by convention! when
the phase change is complete. The energy of the system
then conveniently be expressed as a power series inC. If the
phase transition proceeds as a function of a temperature,
the order parameter can be described by an expression o
form

C f~T!5S 12
T

Tc
D h

5 f ~T!2 f ~`!

' f ~T!2 f ~300 K! for T,Tc , ~6!

whereTc is a critical temperature for the transition, and t
parameterh is known as the critical exponent. The termf (T)
refers to either the frequencyv(T) or the linewidthDv(T).
The approximate of the above expression is justified on
basis that bothv(T) andDv(T) are approximately tempera
ture independent by 300 K. From Eq.~6!, it is seen that the
gradient of the order parameter increases monotonically w
rising temperature untilTc is reached, at which point the
model no longer holds.

The best fits are shown in Fig. 8. The fitted values for
parameter set$Tc ,h% were found to be$207 K, 0.5% and$250
K, 0.4% for the frequency and linewidth data respective
The spin wave frequency increases monotonically from
high temperature value as the temperature is reduced. If
observed low temperature increase in frequency is ind
due to the ordering of the AF to which the FM is couple
then it follows that, as the system become completely
dered, the FM mode frequency must either saturate, or
verge. Such a divergence would suggest an infinite resto
torque, and it is difficult to see where such forces cou
originate in a closed system. We therefore conclude that
spin wave frequency will be at a maximum when the syst
is completely ordered.
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It is interesting to note that the critical temperatures
these processes are different, indicating that the increas
frequency and the line width broadening with reducing te
perature are due to different ordering processes. We
speculate on the microscopic origin of these effects. That
value ofTc for the former process is lower than that for th
latter suggests thatv(T) is governed by the magnetic orde
ing within the ‘‘bulk’’ of the AF layer, whereasDv(T) is
controlled by small ill-connected regions of the AF~prob-
ably at the interface! which are able to maintain their mag
netic order up to higher temperatures. Such regions co
spond to locally AF ordered spins, but the random relat
arrangement of these regions gives rise to the increase in
width. The individual contributions to the exchange stren
reflect statistical variations in surface roughness, oxide c
position and/or bulk structural imperfections. The total e
change strength will increase to a limiting value at low te
perature. The spin-wave line width, however, is sensitive
to the total exchange strength, but to the fluctuations in
exchange and is affected only by disordered regions of
AF layer.

FIG. 8. Best fits of critical exponent model for the frequen
and linewidth data as functions of temperature.
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IV. CONCLUSION

Epitaxial Co/CoO bilayer structures on Si~001!/Cu sub-
strates have been prepared. A room temperature characte
tion has been carried out using BLS and PNR, and a valu
20.1 erg cm21 has been found for the surface anisotro
constant for the Co/CoO interface. Low temperature B
results show a temperature dependence of the Dam
Eshbach spin-wave mode in these epitaxial fcc Co/CoO
layers. These experiments have shown that the observe
crease in frequency with reducing temperature is w
described by a model similar to that of Ref. 27. The obser
increase in mode frequency with decreasing temperatur
attributed to the onset of AF order in the CoO layer. Th
result demonstrates that interface exchange coupling occ
the absence of the unidirectional anisotropy. Ang
dependent measurements were performed but did not re
any unidirectional anisotropy as expected for such a t
CoO layer. Such a variation, if it exists, is likely to be with
the errors of the experiment.

A study of the mode line width shows a broadening w
reducing temperature. This is attributable to additional r
dom fields in the Co layer due to the CoO. Evidence for
existence of an ensemble of ordering processes prese
these samples has been presented. More fundamentally,
the room temperature data, it would appear that the damp
mechanisms are different for the Co/CoO bilayer as co
pared to the control Co sample. The angular dependenc
the line width in both samples shows a fourfold variatio
However, for the control Co sample, this behavior follow
the frequency whereas the oxidized sample seems to s
the reverse behavior. The spin-wave linewidth show a sli
increase in the oxidized sample compared to that of the c
trol Co sample, as is also characteristic of a spin disor
effect. We conclude from the clear difference in the li
width behavior of the two samples that spin disorder exists
the AF/CoO layer at the interface. Moreover, the linewid
increases as the temperature is reduced. These results
onstrate that even in the absence of an exchange bias
~giving rise to a unidirectional anisotropy! associated with
the fully AF order state, line width broadening can occur d
to the presence of the AF layer.22 Furthermore, we have
shown that there is a well-defined uniaxial anisotropy in
AF layer above the Ne´el temperature.
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