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Temperature-dependent spin-wave behavior in C£o0O bilayers
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We report Brillouin light scattering measurements of spin-wave frequencies in exchange coupled ferromag-
net(FM)/antiferromagnetAF) epitaxial Co/CoO bilayer structures. The ultratkiihA) 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 théeNemperature and play a central role in determining the
magnetic behavior.

[. INTRODUCTION pendicular spin configurations can arise in FM/AF
structures® Measurement of the spin-wave properties in the
Exchange biasing in strongly coupled ferromagnet/FM layer instead can provide an alternative and nondestruc-
antiferromagnetFM/AF) structures is of considerable inter- Ve method of probing the magnetic order in the AF indi-
est due to its relevance to magnetoresistive deviéehe rectly. Using Brillouin light scatteringBLS) or ferromag-

effect has been attributed to the interfacial exchange interadl€tc resonancé-MR) one can gan |n5|ght into the bulk an_d
tion between the layers. There have been numero interface exchange coupling via the spin-wave frequ_enC|es.
. 3lg o ) here have however been few measurements of spin-wave
;tud|e§ of the exchange-biasing phenomenon since thgrequencies in FM/AF bilayers. In the studies reported to
first observation by Meiklejohn and Be&such studies have date!®-2 different analyses have been employed to gain in-
mainly concentrated on measurements of static propertiesormation on the effects of the exchange bias field and mag-
Various theoretical models have been proposed to describetic anisotropy in the AF layer. Moreover, the effects of the
the coupling mechanism, that include Malozemoff's randomexchange field and anisotropies on the spin-wave linewidths
field model? Koon’s spin-flop coupling modéf Suhl's  need to be further clarified.
quantum mechanical approathand recently Schulthess's  In this paper, a detailed study of the temperature depen-

explanation to embrace both spin flop coupling and randon§lent spin-wave frequency in Co/CoO bilayers for the tem-
fields 12 perature range 77 to 300 K is presented using the BLS tech-

nique. Nel temperaturd ) for cobalt oxide is around 290 K

Antiferromagnetic materials are often more difficult to . e S
. ) . r the bulk materiaf® but Ty is thickness dependent in thin
study than ferromagnets. The spin structure is accessible ﬁms as has been demonstratatong with a scaling lay*

neutron diffraction, which is sensitive to magnetic as wgll aS3nd so can be reduced in sufficiently thin films. A marked
structural order. Indeed, such measurements can also give tf}g:rease in the Co spin-wave frequencies with reducing tem-
magnetization of the magnetic atoms. However, these matgerature in ultrathin Co/CoO bilayer structures has been pre-
rials have(in laboratory field$ virtually no net magnetiza- viously reported® This study prompted the development by
tion, which makes anisotropy measurements difficult. TheStampset al?’ of a possible theoretical description for the
spin-wave energies in antiferromagnets, which are of higlobserved temperature-dependent behavior in terms of an ex-
energy and accessible to Raman spectroscopy, are sensitivshange coupled temperature-dependent spin-configuration
to exchange or anisotropy fields. This has been widely apfrom the AF layer. We choose to study structures in which
plied to a number of materials, for example C8OVInO,  the CoO layer is very thif7 A) in order to maintain an
MnS® MnF,,*® FeR.” Such experiments have shown that epitaxial structure throughout the Co/CoO bilayer. For such a
the antiferromagnetic order is stabilized by the presence ahin CoO layer, theTy should be well below the lowest
truly huge anisotropies, often of complicated symmetry,studied temperature of 77 ¥ ,and the presence of such a
which may change with temperature if the crystal structurehin layer therefore acts to perturb the Co spin-wave frequen-
becomes distorted. cies via the interfacial coupling. This permits a study of the

Unfortunately, attempts to apply Raman spectroscopy tinfluence of the AF layer spin at the interface, in the case
probe thin film AFs appear to have been unsuccessful, as thghere the interfacial coupling is too weak to give rise to a
technique is insufficiently sensitive. Other measurementinidirectional anisotropy. The experimental results will be
techniques include polarized neutron reflectiviPNR) examined both empirically and by comparison with the pre-
which have yielded important results, for example that perdictions of a model similar to that of Ref. 27.
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FIG. 1. Top panel: RHEED
patterns at various stages of the
sample growth(a) Si(001) sub-
strate, (b) after deposition of Cu
layer, (c) after Co film deposition,
(d) oxidized Co surface. The angle
of incidence was approximately
1° from the surface along [€i10]
and the electron energy was 15
keV. Bottom panel: Pixel differ-
ence measured by RHEED and
converted in-plane lattice param-
eter (@;,) for three different stages

230 during sample growth. The, of
Cu film at 1000 A is assumed to
7 4136 bea;, of bulk Cu. The inset shows
the intensity profiles that are fitted
220 4 . . .
with Gaussian functions.
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Il. EXPERIMENTAL Co/Cu/S{00)), and (d) the Co layer after oxidation. After

A Co/CoO bilayer was grown at room temperature on acomplenon of the Cu layer, sharp streaks with low back-

Cu/Si001) template by molecular beam epitaxy under ultra_ground are observed. No qualltat!ve change is observed_ in
high vacuum conditions with a base pressure of orde?he RHEED pattern after completion of the Co layer. This
10 mbar. The substrates were hydrogen passivated witA9r€€S with the earlier findiRythat three-dimensional epi-
aqueous HF to stabilize the surfé@efter 30 A of Co was taxial growt.h occurs allong thig01] directipn with the Cu
grown, a shutter is placed to cover half of the substrate and @d C0 axis rotated in-plane by 45° with respect o the
30 A Cu cap was deposited to form a control sample withou$i(001) principle axis™*® Furthermore the intensity profiles
an oxide layer. The sample was then oxidized for 30 min inrof RHEED images are measured across the streaked spots to
10 3 mbar of high purity oxygen, and the shutter reposi-determine the in-plane lattice parameter as shown in Fig. 1.
tioned to enable the oxidized half to be capped, again witiffhe profiles are fitted with four Gaussian functions. The
30 A of Cu. Figure 1 shows the reflection high-energy elecimeasured difference in pixel position between left and right
tron diffraction(RHEED) images along th€110) azimuth of ~ peaks quantitatively confirms that the Co film grows coher-
the (a) Si(001) substrate(b) 1000 A Cu/S{001), (c) 30 A ently on the Cu film. This agrees with previous finding that



PRB 62 TEMPERATURE-DEPENDENT SPIN-WAVE BEHAVIORN . . . 6431

10° T T T - TABLE I. The layer thicknesses and magnetic moments for the
) Cu/CO/Cy001) and the Cu/CoO/Co/QGQ01) film as determined
; 4 SpinUp from PNR measurements.
107 F ¥ Spin Down
Magnetic Magnetic
%‘ Thickness ~ moment Thickness  moment
g 107 Cu  56:2A 52+2 A
S CoO 7=2A
o Co 31x2A  1.27+0.085 28+2A  1.27+0.08up
10° Cu  928+5A 928+5 A
10

are seen in both the reflectivity and spin asymmetry data and
excellent fits to the data are obtained throughout the eqtire
range studied. Similar quality fits are obtained to the Cu/
Co/Cu sample. The magnetic moments, layer thicknesses and
interface roughness obtained from the fits are shown in Table
| for both the Cu/Co/Cu and Cu/Co/CoO/Cu samples. For the
Co film a magnetic moment of 1.270.08ug/atom is deter-
mined, which is slightly lower than the bulk moment of
1.74ug/atom for fcc Co or 1.7&g /atom for hcp Co at room
temperaturé® This is presumably due to the presence of
residual carbon and oxygen impurities in the Co film as ob-
served in the Auger electron spectrosca\ES). Also a
N mean vertical interfacial roughness of about 12 A is obtained
. , | - from the PNR measurements. The fit to the PNR data for the
0.02 0.04 0.06 0.08 oxidized Co film yields a Co layer thickness of 28 A and a
2q (A CoO layer thickness of approximately 7 A.

q (A7) Ex situ magneto-optical Kerr effectMOKE) measure-

ments(Fig. 3) show the samples to have fourfold in-plane

Spin Asymmetry

FIG. 2. PNR reflectivity and spin asymmetry désgmbo) and

their best fits(continuous ling for the Cu/Co/CoO/Cu film. f’:misotropy. The oxidized sample S_hOW an increased coerciv-
ity over the control Co sample as is to be expected from the
Co grows coherently up to 15 ML on Q@01).3* After oxi- increased surface disorder shown by the RHEED measure-

dation, the RHEED pattern of the Co film becomes morements. Our BLS system uses a Sandercogk33pass tan-
spotlike. This suggests that the films are still epitaxial, al-dem Fabry-Perot interferometémwith a computer-based sta-
though some disorder is introduced as earlier suggééted.bilization systent® which gives high immunity to vibration.
The in-plane parameter for the Co film becomes smaller afteFor the low temperature measurements, the sample was

oxidation. mounted in a customized gas flow cryostat.
PNR experiments were carried out on the CRISP time-of-
flight neutron reflectometer at the Rutherford Appleton IIl. RESULTS AND DISCUSSION

Laboratory>*=3*The samples were held at 300 K with a 700

mT magnetic field applied in-plane along the direction nor- A representative BLS spectrum taken with the sample
mal to the scattering plane using an electromagnet. The beaheld at room temperature is shown in Fig. 4. For this thick-
polarization has been found to be better than 96% and theess, only surface-type“° modes are observed. The broad
data given are corrected based on previous calibration medines, which have been seen before in Co ffthere consid-
surements. For fitting the PNR data, the magnetic momentsrably wider than the instrument response function. The line
and layer thicknesses are adjusted. Defects, steps, interdiffwidth in the oxide sample is seen to be larger still, presum-
sion, and local fluctuations can contribute to an effectiveably due to increased surface disorder or structural inhomo-
roughness at each interface. This has the effect of reducingeneities.

the specularly reflected intensity due to diffuse scattering Measurements of the spin-wave frequency as a function
which is taken into account by introducing a random Gaussef in-plane applied field angle and strength allow the mag-
ian microscopic distributior(or vertical roughness param- netic parameters of the samples to be deddéethgular
eteh) at each interface as proposed by Nevot and C¥oce. dependent results in Fig. 5 show that the predominant anisot-
Figure 2 shows the measured and fitted spin-dependent respy is of fourfold symmetry, as is to be expected for fcc Co.
flectivity and spin asymmetry data for the Cu/Co/CoO/CuThe data from the control Co sample could be well modeled
film as a function of the neutron scattering vector)der- by assuming an anisotropy fieki,/M = —500 Oe(making
pendicular to the film plane. The spin asymmetry is given bythe C4100] direction hard, g=2.30. It is necessary to in-
(Rspin-up~ Rspin-down/ (Rspin-ug™ Rspin-down » WhereRg,inpand  clude a small uniaxial anisotropy field,,/M =35 Oe. From
Rspin-downindicate the reflectivities of the neutrons with spin these results, we can deduce the value of the surface anisot-
parallel (spin-up and antiparallel(spin-down to the film  ropy K (for a definition see, for example, Ref. &hich is
magnetization, respectively. Several pronounced oscillationfound to be—0.5 erg cm* (i.e., favoring in-plane magneti-
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FIG. 3. Room temperature in-plane MOKE measurements
showing increase@) easy- andb) hard-axis coercivity in the Co/
CoO sample.

zation. The angle scan from the Co/CoO sample could be
fitted using the layer thicknesses and Co layer magnetizatior
from the PNR measurements. It is not necessary to adjust th
in-plane anisotropies; is found to be reduced te-0.3 erg
cm™* due to the difference between the Co/CoO and Co/Culy
interfaces. If it is assumed that the two Co/Cu interfaces in©
the control sample are equivalent then one can infer a valueg
of K¢=—0.1ergcm? for the Co/CoO interface. 73
Spin-wave linewidths are also measured as functions 01§
azimuth and the data is presented in Fig. 5 for an applied$
field of 8.5 kOe. The BLS linewidtiFWHM) is determined g
from the spectra by fitting peaks with Gaussian functions.t-
The angular dependence of the line width in both samples
shows a fourfold variation. However, for the control Co
sample, this behavior follows the frequency whereas the oxi-
dized sample shows the reverse behavior. The average spit
wave line width shows an increaée5 GH2) in the oxidized
sample compared to that of the control Co sample, as is
characteristic of a spin disorder effect. At high fields, the line
widths are found to be substantially independent of field
magnitude. This implies that the spin-wave damping is sub-
stantially due to an extrinsic mechaniéfn.
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FIG. 4. Representative BLS spectrum taken at room tempera-
ture. The applied field was 8.5 kOe and was oriented along the
Cd100] direction. The large feature in the center is due to elastic
scattering from the sample. Surface-type modes are seen in both the
high frequency(anti-Stoke$ and low frequency(Stoke$ sides of
the spectra.

lographic axes. As BLS probes thermally excited spin waves
it follows that, at low temperatures, the intensity of the scat-
tered signal is reduced. Typical acquisition times are around
15 h per spectrum. The frequency can be seen to increase as
the temperature is reduced as expected. Similar measure-
ments for the control Co sample show no detectable variation
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FIG. 5. Spin-wave frequencies and line widths plotted against

Figure 6 shows the temperature dependence of the spin-plane field angle for the Co sample and the Co/CoO sample at
wave frequency as the sample is cooled in steps of 25 K witlhioom temperature. The applied field was 8.5 kOe and the angle of
magnetic field applied along either the easy or hard crystalincidence was 45°.
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FIG. 6. Temperature dependence of Co spin-wave frequency for
fields directed along easCd 110]-top curve and hard(Co100]- 22 i
lower curvg axes. The lines are fitted by a mean field model as E
described in the text. By contrast, the unoxidized santjrised 20+ 9
shows no detectable change in frequency with temperature. -li I

Line W

in frequency, indicating that the cubic anisotropy is tempera- I

ture independent within errors, also justifying the assumption Temperature (K)

of a constant Co moment. Low-temperature angle-dependent

scans confirm that no unidirectional anisotropy occurs as ex- FIG. 7. Top panel: spin-wave peak intensity of the Co/CoO

pected. sample measured along the hard axis plotted against temperature for
The variation of the spin-wave peak intensity with tem-the Stokes and anti-Stokes modes. Bottom panel: spin-wave line

perature is shown in the upper panel of Fig. 7 for the hardvidth of the Co/CoO sample plotted against temperature.

axis. Similar data is obtained for the easy axis. Such intensity

measurements can be sensitive to statistical noise, and soymere M is the magnetizationy is the gyromagnetic ratio
large number of measurements have been made at low tenroportional to theg facton andH, is the sum of all fields
peratures where the counting statistics are poor. These giYgesent in the sample which may be external in origin, or
confidence that the fifteen-hour acquisition times used arg,ay pe internal due to exchange or magnetocrystalline an-
sufficient. The intensity of both the Stokes and anti-Stokegsptropy.
lines can be seen to decrease with falling temperature. The structure is modeled as a number of atomic layers
The lower panel of Fig. 7 shows the mode line width as gsee Fig. 1 of Ref. 27and the magnetic atoms in the CoO
function of temperature. The instrument broadening is apare assumed to be layer-by-layer antiparallel, so that only
proximately 0.5 GHz. Itis clear that a significant broadeningyertical coupling between layers needs to be considered.
occurs as the temperature is reduced. As the temperature igyizontally adjacent spins are always parallel and incur no
lowered and the AF layer begins to order magnetically, thexchange energy penalty: this means only spin waves with
spin waves in the FM layer begin to experience the effect oberg wave vectors will be considered. Taxis is normal to
spin disorder both due to structural inhomogeneities anghe fiims’ surfaces, and we assume an external fitydis
thermal fluctuations in the AF layer by virtue of the interface 5ppjied in-plane along theaxis. Also, only nearest neighbor
coupling. Linewidth studies for the unoxidized sample exchange interactions are taken into account.
shqwc_ed no such behavior and accordingly, the intensity \yg may write the effective fiel#i; on spinsS in theith
variations are found to be much smaller. layer as is the sum of the external fields, the dipolar fields,
the anisotropy fields, as well as the exchange field from the

A. Mean field model spins in the layers above and below as

A mean field theory has been described by Stamps and
co-workers’’ Some extensions to this model are necessary

when working with a system with an additional strong in- Hi=——[J,i-1S-1+J,i+1S+1] +H(S/9)i,

plane anisotropy. The spin-wave excitations in magnetic ma- dre

terials correspond to thermally excited spin precessions, and +(HM=47M)(S19)iy+ Hi +Hliy+Hi,. (2)
are described by solutions to the Landau-Lifskiitz ) torque

equation

The symbolsg, H™, and H°“ represent they factor, the
in-plane uniaxial anisotropy field, and the out-of-plane
uniaxial anisotropy field, respectively. The paramelgr,

M
Y(M>Hy), & represents the exchange coupling constant betweemtine

ot
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and nth layers. This takes one of three values representingopy of the AF layer. Despite the degeneracy in these param-
the FM(Jgy),AF(JaF), O interface 0;,) exchange coupling €ters, by varying the;,, and refitting it is possible to deter-
strengths. mine that 1000e€ H"<3000e for the CoO and that
For fcc Co, we also need to introduce a fourfold cubicO.7ar<Jiy<1.1Jpg.
anisotropy of magnitudd<,. The anisotropy field can be There have been various antiferromagnetic resonance
expressed as studies of CoG*'® These studies have determined the
anisotropies acting in bulk samples of CoO. Note that the
ani_ value of H™ deduced in this experiment is two orders of
H™=— MVuFani’ 3) magnitude smaller than any literature value. Furthermore the
_ _ _ ~ crystal field and anisotropies in bulk specimens are known to
where F,y; is the cubic anisotropy energy and the gradient; e rise to a CoO easy axis along Iﬂﬁﬁ] direction’® By
operator is taken with respect to the components of the ma ontrast, the model of Ref. 27 here achieves a good fit by

netization unit vectorH®" is solved for thath layer into in- assuming that the AF easy axis is parallel to the FM magne-
and out-of-plane components which are, respectively, tization.

i+8sirt ¢y), (4) B. Critical exponent model

In order to determine the critical temperature for the onset
of the AF order we may fit both temperature dependencies
separately using a critical exponent model. Within the Lan-
dau theory of phase transitions, it is common to assign an

All the constants are assumed to be temperature indepen+der parametew to the system of interest. It is defined so
dent: the temperature dependence is introdtfced replac- as to vary monotonically as the system changes state be-
ing the spin magnitudes by thdireduced thermal averages tween one phase and the other having the value zero when
using a Brillouin function approach. The temperature of thethe system is in one phase, and ur(iy convention when
FM layers was set to absolute zero. This is equivalent tdhe phase change is complete. The energy of the system can
assuming thaflgy, is large enough that the magnetic state ofthen conveniently be expressed as a power serigs liithe
the Co layer does not change appreciably over the temperghase transition proceeds as a function of a temperature, then
ture range investigated. the order parameter can be described by an expression of the

To solve for the spin-wave mode frequencies, a harmoni¢orm
time dependence is assumed for e§chnd the relationships

i+2 sirf ¢;). (5)

above are substituted into the LL equatid/dt= y(S n

X H;), which can then be expressed in matrix form once \Pf(T)=<1—T—)

terms quadratic ir5, and S, have been neglected. This is ¢

equivalent to the assumption that the spin precession ampli- =f(T)—f()

tudes are small. The resulting matrix equation can be solved

to find its eigenvalues, which give the frequencies of the ~f(T)—f(300K) for T<T,, (6)

various possible spin-wave modes.
The curves in Fig. 6 are the result of a fit to the modelwhereT, is a critical temperature for the transition, and the
described above. In fitting the data, all magnetic parametersarameter; is known as the critical exponent. The tef{T)
for the Co layer are fixed according to the room temperaturgefers to either the frequeney(T) or the linewidthA w(T).
BLS angle and field scans results as discussed above. Th#e approximate of the above expression is justified on the
exact value of thelg, is not relevant: it is large enough that basis that botlw(T) andAw(T) are approximately tempera-
the magnetic state of this layer does not change appreciabtyre independent by 300 K. From E@), it is seen that the
over the temperature range investigated. gradient of the order parameter increases monotonically with
Within the model, only the CoO magnetic parametersrising temperature untill; is reached, at which point the
have been varied to modify the predicted magnitude and onmodel no longer holds.
set of the temperature dependence. The critical temperature The best fits are shown in Fig. 8. The fitted values for the
is governed almost entirely by the value of the (found to  parameter s€fT,, 7} were found to bg207 K, 0.5 and{250
be —365+5 0#. It is not necessary to includel® or a K, 0.4} for the frequency and linewidth data respectively.
fourfold anisotropy in the CoO layer in order to obtain a fit The spin wave frequency increases monotonically from its
to the data. The assumption thaf" to be 0 for the CoO is  high temperature value as the temperature is reduced. If the
reasonable since the layer is quite rougkidence from the observed low temperature increase in frequency is indeed
RHEED pattery so out-of-plane anisotropy is likely to be due to the ordering of the AF to which the FM is coupled,
small at this thickness. The mode frequencies are also insefhen it follows that, as the system become completely or-
sitive to the parameter of magnetizatidM,o. dered, the FM mode frequency must either saturate, or di-
The magnitude of the temperature rise is governed byerge. Such a divergence would suggest an infinite restoring
both theH™ and theJ;,,: it is not possible to determine these torque, and it is difficult to see where such forces could
parameters independently. However, if thg is assumed to  originate in a closed system. We therefore conclude that the
be equal to that in the bulk AF layére., J;,;=Jar) then a  spin wave frequency will be at a maximum when the system
value ofH"=120+10 Oe is deduced for the in-plane anisot- is completely ordered.
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o . — — e . T ] IV. CONCLUSION

Epitaxial Co/CoO bilayer structures on(®01)/Cu sub-
Hard aXi.S 7 strates have been prepared. A room temperature characteriza-
Easy axis T tion has been carried out using BLS and PNR, and a value of
—0.1 erg cm? has been found for the surface anisotropy
; constant for the Co/CoO interface. Low temperature BLS
= results show a temperature dependence of the Damon-
Eshbach spin-wave mode in these epitaxial fcc Co/CoO bi-
layers. These experiments have shown that the observed in-
crease in frequency with reducing temperature is well
- 1 described by a model similar to that of Ref. 27. The observed
increase in mode frequency with decreasing temperature is
attributed to the onset of AF order in the CoO layer. This
result demonstrates that interface exchange coupling occur in
] the absence of the unidirectional anisotropy. Angle-
1 dependent measurements were performed but did not reveal
] any unidirectional anisotropy as expected for such a thin
. CoO layer. Such a variation, if it exists, is likely to be within
the errors of the experiment.
. A study of the mode line width shows a broadening with
reducing temperature. This is attributable to additional ran-
§ dom fields in the Co layer due to the CoO. Evidence for the
T existence of an ensemble of ordering processes present in
" T these samples has been presented. More fundamentally, from
the room temperature data, it would appear that the damping
mechanisms are different for the Co/CoO bilayer as com-
pared to the control Co sample. The angular dependence of
FIG. 8. Best fits of critical exponent model for the frequency the line width in both samples shows a fourfold variation.
and linewidth data as functions of temperature. However, for the control Co sample, this behavior follows
the frequency whereas the oxidized sample seems to show
It is interesting to note that the critical temperatures forthe reverse behavior. The spin-wave linewidth show a slight
these processes are different, indicating that the increase [Acréase in the oxidized sample compared to that of the con-
frequency and the line width broadening with reducing tem-rol Co sample, as is also characteristic of a spin disorder
perature are due to different ordering processes. We ma§fféct. We conclude from the clear difference in the line
speculate on the microscopic origin of these effects. That th@idth behavior of the two samples that spin disorder exists in
value of T, for the former process is lower than that for the the AF/CoO layer at the interface. Moreover, the linewidth

latter suggests thai(T) is governed by the magnetic order- Increases as the temperature is reduced. These resqlts d_em-
ing within the “bulk” of the AF layer, whereas\ w(T) is onstrate that even in the absence of an exchange bias field

controlled by small ill-connected regions of the Aprob- (giving rise to a unidire'ctiona}l anisotropys\_ssociated with
ably at the interfacewhich are able to maintain their mag- the fully AF order state, line width broadening can occur due
netic order up to higher temperatures. Such regions corrd® the presence of the AF Igy%zr.Furthgrmor_e, we have
spond to locally AF ordered spins, but the random relativeshown that there is a well-defined uniaxial anisotropy in the
arrangement of these regions gives rise to the increase in liféF layer above the Rl temperature.

width. The individual contributions to the exchange strength

reflect statistical variations in surface roughness, oxide com-

position and/or bulk structural imperfections. The total ex- ACKNOWLEDGMENTS

change strength will increase to a limiting value at low tem-
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