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Temperature dependence of spin waves in Co /CoO bilayers

W. S. Lew, A. Ercole, G. Lauhoff,? E. T. M. Kernohan, J. Lee,” and J. A. C. Bland®
Cavendish Laboratory, University of Cambridge, Madingley Road, Cambridge CB3 OHE, United Kingdom

Brillouin light scattering measurements of spin-wave frequencies in an exchange coupled
ferromagnet/antiferromagnet epitaxial Co/CoO bilayer are reported. A striking temperature
dependence of the measured spin-wave frequencies in the cobalt layer in the range 77-300 K was
observed which has been demonstrated to be due to exchange coupling to the lfr&h@oO

layer as antiferromagnetic order develops. The temperature dependence of the spin-wave frequency
demonstrates that interface exchange coupling occurs in the absence of the unidirectional
anisotropy. A study of the mode line width shows a broadening with reducing temperature which
indicates that locally ordered antiferromagnet regions persist above tietdveperature and play

a central role in determining the magnetic behavior of the bilayer system20@L American
Institute of Physics.[DOI: 10.1063/1.1359463

Exchange biasing in strongly coupled ferromagifé)/ A Co/CoO bilayer was grown at room temperature on a
antiferromagnet(AF) structures is of considerable interest Cu/Si001) template by molecular beam epitaxy under ultra-
due to its relevance to magnetoresistive devicéke effect high vacuum conditions with a base pressure of order
has been attributed to the interfacial exchange interactiod0” °mbar. Prior to loading into the growth chamber, the
between the layers. There have been numerous sfudies substrates were chemically cleaned and etched in diluted HF
the exchange-biasing phenomenon since the first observati@elution. After 30 A of Co was grown, a shutter is placed to
by Meiklejohn and Bead Most studies have mainly concen- cover half of the substrate and a 30 A Cu cap was deposited
trated on measurements of static properties. Using Brillouiio form a control sample without an oxide layer. The sample
light scattering(BLS) one can gain insight into the bulk and Was then oxidized for 30 min in I mbar of high purity
interface exchange coupling via the spin-wave frequencie®2xygen, and the shutter repositioned to enable the oxidized
There have, however, been few measurements of spin-wa&lf to be capped, again with 30 A of Cu. Figure 1 shows the
frequencies in FM/AF bilayers reported to dafeln this  reflection high-energy electron diffractidRHEED) images
article, a detailed study of the temperature dependent spirlong the(110 azimuth of the(a) Si(001) substratetb) 1000
wave frequency in Co/CoO bilayers for the temperature® CU/Si(00D), (c) 30 A Co/Cu/S{001), and(d) the Co layer
range 77—300 K is presented using the BLS technique. Thafter oxidation. After completion of the Cu layer, sharp
Neéel temperaturdy, for cobalt oxide is around 290 K for the Streaks yvith low baquround are observed. No qualitati_ve
bulk material, bufl is thickness dependent in thin films, as change is observed in the RHEED pattern after completion
has been demonstratednd so can be reduced in sufficiently
thin films. A marked increase in the Co spin-wave frequen-
cies with reducing temperature has been previously reported
for ultrathin Co/CoO bilayer structures. This study prompted
the development by Stamps, Camley, and Hiékefna pos-
sible theoretical description for the observed temperature de
pendent behavior in terms of an exchange coupled temperz
ture dependent spin configuration from the AF layer. We
choose to study structures in which the CoO layer is very
thin (7 A) in order to maintain an epitaxial structure through-
out the Co/CoO bilayer. For such a thin CoO layer, The (a) (b)
should be well below the lowest studied temperature 77 K,
and the presence of such a thin layer therefore acts to pertur
the Co spin-wave frequencies via the interfacial coupling.
This permits a study of the influence of the AF layer spin at
the interface, in the case where the interfacial coupling is too
weak to give rise to a unidirectional anisotropy.
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TABLE I. The layer thicknesses and magnetic moments for the Cu/Co/ T T T T T T T T, - T
Cu(001) and the Cu/CoO/Co/Q00Y) film as determined from PNR mea- 80 o sor -
surements. 5.1
70 T . %0 Co 4
Magnetic Magnetic - § ol sample
Thickness moment Thickness moment N 604 & i
I = -
Cu 56+2 A 52+2 A o E op " *
CoO 7+2 A 5 50 - 100 150 200 250 300
Co 312 A 1.27+0.08ug 28+2A  1.27+0.08up S ColCo0O T Temperature (K)
Cu 928:5 A 928+5 A o 40 -
e sample x
304 LS -
J x L= w
of the Co layer. This agrees with the earlier finding that 204 i
three-dimensional epitaxial growth occurs along {h@1] — —r
direction with the Cu and Co axis rotated in plane by 45° S0 100 150 200 250 300

with respect to the $001) principle axis. After oxidation, Temperature (K)

the_ RHEED pattern of t,he Co fllm_ bec_om?S more spot IIke'FIG. 3. Temperature-dependent spin-wave frequency of the Co/CoO sample

This suggests that the films are still epitaxial, although someor fields directed along the ¢100] axis. Inset show that of the control Co

disorder is introduced.The in-plane parameter for the Co sample.

film becomes smaller after oxidation.

Polarized neutron reflectivityPNR) experiments were

carried out on the CRISP time-of-flight neutron reflectometeruses a 33 pass tandem Fabry-Re interferometer with a

at the Rutherford Appleton Laboratoly The samples were computer-based stabilization systéhior the low tempera-

held at room temperature with a 7000 Oe magnetic fieldure measurements, the sample was mounted in a customized

applied in plane along the direction normal to the scatteringontinuous flow cryostat.

plane using an electromagnet. For fitting the PNR data, the In these epitaxial fcc Co/CoO bilayer structures, the

magnetic moments and layer thicknesses are adjusted. Sewamon—Eshbach spin-wave modes of the Co layer are ob-

eral pronounced oscillations are seen in both the reflectivitperved. Measurements of the spin-wave frequency as a func-

and spin asymmetry data and excellent fits to the data ariéon of in-plane applied field angle were carried out and the

obtained throughout the enticerange studied. Similar qual- angular dependent results reveal that the predominant anisot-

ity fits are obtained to the Cu/Co/Cu sample. The magneticopy in the bilayer system is of fourfold symmety/ The

moments, layer thicknesses, and interface roughness olata from the control Co sample could be well modeled by

tained from the fits are shown in Table | for both the Cu/assuming a bulk Co momerK,; /M = —500 Oe, and includ-

Co/Cu and Cu/Co/CoO/Cu sample. The fit to the PNR datang a small uniaxial anisotropy fieldS,/M =35 0Oe. From

for the oxidized Co film yields a Co layer thickness of 28 A these results, the value of the surface anisotréy,can be

and a CoO layer thickness of approximately 7 Bx situ  deduced which is found to be 0.5 ergcm* favoring in-

magneto-optical Kerr effect measurements show the samplggane magnetization. The angle scan from the Co/CoO

to have fourfold in-plane anisotropy. The oxidized samplesample could be fitted using the layer thicknesses and Co

shows an increased coercivitiFig. 2 over the control Co layer magnetization from the PNR measuremeiits. is

sample as is to be expected from the increased surface difsund to be reduced te-0.3 erg cm® due to the difference

order shown by the RHEED measurements. Our BLS systerhetween the Co/CoO and Co/Cu interfaces. If it is assumed
that the two Co/Cu interfaces in the control sample
are equivalent, then one can infer a value &

' ‘ ’ =—0.1ergcm? for the Co/CoO interface.

101 Figure 3 shows the temperature dependence of the spin-
= wave frequency as the sample is cooled in steps of 25 K with
S osl magnetic field applied along the hard crystallographic axis.
Cufj As BLS probes thermally excited spin waves it follows that,
é at low temperatures, the intensity of the scattered signal is
s 0o0r reduced. The frequency can be seen to increase as the tem-
E perature is reduced as expected. Similar measurements for
S 05k the control Co sample show no detectable variation in fre-
g quency. Low temperature angle-dependent measurements
Z were performed but were unable to detect any unidirectional

1or anisotropy as expected for such thin CoO layers. Such a

: ' : : ' variation, if it exists, is likely to be within the errors of the

-2000 -1000 0 1000 2000

experiment. Due to the finite size effécg completely or-
dered AF layer is not achieved in the CoO film at 290 K
FIG. 2. In-plane MOKE measurements at room temperature showing in¥Which greatly ex<_:eed§N at this temperature. Ther_efore: as
creased coercivity in the Co/CoO sample along thg1Q@] hard axis. the temperature is reduced and the AF layer begins to order

H (Oe)
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el — T T y T T clude from the clear difference in the linewidth behavior of
- I I ] the two samples that spin disorder exists in the AF CoO layer
I I | at the interface. The microscopic origin of these effects is not
% I J yet clear but we may speculate that locally ordered AF spins
I in random arrangement regions in the AF layer give rise to
I . the increase in linewidth.
I In conclusion, we have shown that even in the absence
21 of an exchange bias field associated with the fully AF order
04 I A state in the ultrathin CoO layer, a spin-wave frequency in-
I I ] crease and linewidth broadening can occur due to the onset
' 360

241

Line Width (GHz)

- of AF order in the CoO layer. This result demonstrates that
interface exchange coupling occurs in the absence of the uni-
directional anisotropy.

50 ) 160 ' 1%0 ) 260 ) 2%[!
Temperature (K)

FIG. 4. Temperature-dependent spin-wave linewidth of the Co/CoO sample. The aUthor_S acknowledge the support of EPSRIE)
and the Cambridge Commonwealth Trust. They are grateful
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magnetically, the spin waves in the FM layer begin to expePNR measurements.
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