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Spin-wave hybridization and magnetic anisotropies in a thick bcc cobalt film
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Magnetic anisotropies of a 357 A thick Co film were examined using Brillouin light scattering. The Co has
bcc structure, and was found to have a significant fourfold anisotropy in addition to a strong uniaxial anisot-
ropy. This film is one of the thickest bcc Co structures and we find that the surfage=ahtulk spin waves
have comparable frequencies and are strongly mixed. Unusual behavior of the scattering intensities suggest the
possible presence of inhomogeneous internal fields that result in a different dependence for the bulk mode
frequencies on field orientation than for the surface mp86163-182@06)09242-9

The Co bece structure has received a great deal of atten- The calculations involve the following steps'* (1)
tion, with some controversy regarding the stability of the bccfinding the equilibrium orientation of the magnetization de-
state’ 3 Predictions exist for a metastable bcc phase, with dermined by competition between anisotropies and the ap-
large exchange splitting between majority and minority spinplied magnetic field{2) forming equations of motion from
bands, and also as a state forced by substrate mattifihg. torques acting on the spins deviated slightly from equilib-
this paper we report magnetization, exchange, and anisotrogim; and (3) solving the linearized equations of motion,
parameters for one of the thickest existing bcc Co films, agogether with appropriate electromagnetic and exchange

determined using Brillouin light scattering methdds. boundary conditions, for the frequencies of long wavelength
Previous examinations of bcc Co films revealed uniaxialspin waves in a film geometry. . _
anisotropies for 202 and 216 A thicknes&eBhese films The presence of anisotropy fields within the film cause the

were grown or(100) and(110) substrates and displayed sig- magnetization in general to be noncolinear with when the
nificantly different magnitudes for anisotropies. The resultdield is not applied along a symmetry directibhThe equi-
were consistent with a possible magnetoelastic origin for théibrium orientation of the magnetization is found by mini-
anisotropy arising from lattice mismatch at the interface withmizing the total energy with respect ¢ Assuming the film
the substrate. Although a fourfold anisotropy consistent witiis magnetized in-plane, the energyfor the static orientation
a cubic symmetry was observed in one film, its magnitudds given by

was small.
Our present results indicate a much larger negative four- E=—-HiMgcoq py— @)+ (K,/4)
fold anisotropy in addition to a large uniaxial anisotropy. . .
Furthermore, curious Stokes/anti-Stokes ratios for strongly X[1-sir$+(3/4)si2¢]-K,cos'¢. (1)

hybridized surface anth=1 bulk modes suggest possible
surface “pinning” effects that could be caused by inhomo-
geneities in the internal effective fields near the surfaes.
The sample was a single crystal 357 A film @fL0) bcc
Co grown on GaAs by molecular-beam epitaxy¥he film
thickness was determined by x-ray fluorescence to within [100]
+5%. Results obtained with x-ray diffractib@nd surface-
enhanced x-ray-absorption fine-structdreEXAFS) studies
were consistent with a bcc structure. Brillouin spectra were
taken at room temperature using 100 mW mpolarized s
5145 A laser at 30° angle of incidence. Theolarized ‘\_4’ M
backscattered light was analyzed with a six-pass tandem
Fabry-Peot interferometer. a
Spin-wave frequencies and scattering intensities were
measured in three different series of experiments: as a func-
tion of orientation anglep,, between the applied field and
the[100] direction and as a function of field along hard and  FG, 1. Scattering geometry. The anglg measures the orien-
easy directiongthe geometry is shown in Fig).1The mag-  tation of the in-plane applied fieltl, relative to the[100] direc-
netization was measured using a superconducting quantufign. The angle between the magnetization and 18] direction is
interference devicéSQUID) magnetometer and®Ms was  given by 4. The in-plane propagation wave vectqris always
found to be 14.3+ 0.7 kG at room temperature. perpendicular to the field.

This energy is appropriate ft10 surfaces wher&, is the
fourfold crystalline anisotropy anH, is a uniaxial in-plane
anisotropy. An additional uniaxial out-of-plane anisotropy
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FIG. 2. Magnetic field ki) dependence of the three lowest  F|G. 3. In-plane angular dependengg of the surface and two
spin-wave frequencies. The main figure shows the frequencies qhwest bulk spin-wave frequencies. The applied magnetic field is
modes wherH, is along the hard axi110] and the inset shows 3.0 kOe and the angle of incidenégwas 30°. The dotted lines are
whenH, is parallel to the easy ax{©01]. The angle of incidence calculations using the same parameters as in Fig. 2. The calculated
6, was 30°. The dotted lines are calculations usingMis=14.3 mode profiles fn,) are shown forg,=0°, 45°, and 90°.
kG, K;=-45x10° erg/cn?, K =9.0x10° erglcn?, _ o
Kp=—22x10° erglcnt, g=2.1, andA=1.4x10"° erg/cm. The magnetization not being aligned along the field direction.
modes are labeleB,, C, andD for reference. Calculated mode The magnetization is entirely along the hard direction only
profiles (m,) are also shown as functions of position in the floi ~ for field strengths greater than 2.4 kOe. This critical field
thicknessh). The dotted line is the zero amplitude reference. Thecoincides with a slight dip in the spin-wave frequencies. The
profiles are shown foH,=0.0, 2.4, and 5.0 kOe. value of 2.4 kOe is consistent with the hard direction satura-

tion field found from hysteresis loop measurements. We also
Kp is also included in our description, but assumed to benote that one can show using Hd) that the saturation field
small such that the equilibrium magnetization is in the filmin the hard direction is given by &(,—K;)/Mg. Using the
plane due to the demagnetizating energy of the film geomparameters given above, this equals 2.37 kOe, which is in
etry (i.e., Kp<—27M32). The full equations of motion are good agreement with the magnetization and light scattering
given in Ref. 8. measurements.

Using the SQUID determined value forM g, the ex- Profiles are also shown in Fig. 2 for three modes labeled
change constard, gyromagnetic ratioy, and anisotropies B,, C, andD at different fields. The profiles show how the
K1, Ky, Kp were adjusted to provide a best fit to all the amplitudes of thex components of the fluctuating magneti-
light scattering data. Each parameter controls a different aszation, m,, vary as a function of position in the film. The
pect of the spin-wave frequencies. For example, the quantitypnodeB, has a much weaker scattering intensity and is iden-
2A/M g controls the relative frequencies of the different bulk tified as a higher orden=2 bulk mode. For the parameters
modes, and small negative valueskod lower the frequen- listed above, examination of the profiles shows that the low-
cies of all modes. The best fit parameter set was determinegbst frequency mod® is surfacelike and mod€ is the
to be 1.4<10°® erg/cm for A, 2.9 GHz/kOe for y, n=1 bulk mode. The inset in Fig. 2 shows the spin-wave
—4.5x 10 erg/en® for K;, 9.0x10° erg/cn? for K, and  frequencies as a function &f,, applied along the easy axis.
—2.2x10° erg/cen? for K, . Calculations using the above The three modes increase approximately linearly with field
parameter set are depicted in the same figures by dotteshd the slope in controlled by.
lines. The error on the measured frequencies is aboit The data and calculations in Fig. 3 are for a constant
GHz. applied field of 3.0 kOe that is sufficient to saturate the

Spin-wave frequencies as a functiontdf applied along sample withH, in the hard directionat ¢,=90°). Mode
easy and hard directions are shown in Fig. 2. The low fieldorofiles are again shown for thecomponent of the magne-
behavior forH, applied in the hard direction is due to the tization. The hybridization between tf@ and D modes is
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ambiguous, but between 0.5 and 3 kOe, p€aklearly in-
J-"'-.. H, /[110] creases in intensity. This can be understood by considering
// C“ H =5.0 kOe \ how the surface mode depends on propagation direction. At
Ay b ~ low fields the magnetization is not aligned along the field
,:' 4 ,-"C\ and at zero field is perpendicular to the field direction. The
Py ‘\w 4.0 e N scattering geometry however always measures spin waves
A with the propagation perpendicular to the field. Thus near
/,-' b _ A zero field, the spin waves propagate parallel to the magneti-
} 3.0 ¢ SN zation.
e’ (;\D““M \\““fD'C S The most prominent feature in Brillouin spectra from fer-
RS\ . VA romagnets is the Damon-Eshbach surface mode which only
e O N am 2.0 ‘\J N exists for a limited range of propagation directions around
! ' perpendicular to the magnetization. A surface localized
;' W A mode is therefore not expected for small fields applied in the
P | ~h hard direction, and will only be observed in our scattering
'C A\, 15 fN geometry for large fields when the magnetization aligns
! 4' Dv et C R along the field. In this case the largest peak observed at small
VR D fields (less than 1.5 kOeis thus then=0 bulk mode.
p ., 1.0 NIV AYE! These features are not entirely consistent with the inten-
T :WJ e N sities measured for different fields. We can see this by ex-
o amining the negative frequency shifted anti-Stokes peaks in

-

G L 05 0 A terms of the calculated profiles shown in Fig. 2. The profiles
AR
rernr” \”‘,D :)"'/ T suggest that the lowest frequency mddeshould have the
C -/.‘O 0 C largest intensity for all fields. This is because the amplitude
o N M Lo of mode D varies the least across the film thickness. The
measured anti-Stokes spectra in Fig. 4 instead show the
- - -i0 0 10 20 30 . . .
30 20 middle frequency peakQ) to have the largest intensity for
Frequency Shift (GHz) fields greater than 0.5 kOe. Note that the Stokes/anti-Stokes

ratio for modeC increases with increasing field. This is be-

FIG. 4. Brillouin spectra of the 357 A thick bcec Co film for cause modeC becomes localized to the surface and means
different magnetic fields applied along the hard akikl0] direc-  that the Stokes intensity for pedk is less than the Stokes
tion). Note the shift of the maximum intensity from peBkto peak  intensity for peakD.
C as the field increases. Additional difficulties appeared when we examined the
intensities as a function of the anglg, at fixed field'® The
measured intensities indicated that the lowest frequency
ode had the largest intensity fop,<<45° and for
°< py<90°, the middle frequency peak was observed to
ave the largest intensity. This behavior is not consistent
with the mode profiles in Fig. 3 which show that the lowest
frequency peak should have the largest scattering intensity

largest for¢y near 90°. The behavior of the spin-wave fre-
guencies withg, provides the primary evidence for a four-
fold anisotropy. The maximum in the frequencies at O ancJI
180° with a single minimum at 90° show a dominant second,
order uniaxial anisotropyK,. The sharpness of the mini-
mum implies contributions from a higher order anisotropy.

Reproduction of the data around the minimum requires 3or all angles.

negativeK,. A negativeK, places the fourfold easy axes g pehavior would be consistent with a surface mode
along[111] directions and the fourfold hard axes along thetnat was much less sensitive #, than the bulk modes. If
principle directions. For this orientation of the surface, ag0, then neawp,;=90° then=1 bulk mode could have a
[111] direction at 55° from th¢100] direction. This means frequency lower than the surface mode, a frequency degen-
that Mg prefers to stay near thgl11] direction even for erate with the surface mode near 80° and 110°, and a fre-
¢y fairly far from 55°.M g therefore aligns along the field in quency higher than the surface mode for all other angles.
the hard direction only forgy near 90°. The result is a One way to have this kind of behavior would be for the
narrow dip between 75° and 105° in Fig. 3, wheavks internal fields near the surfaces to be different from those in
swings into the hard direction. The constaft is still an  the middle of the film. This would give rise to torques acting
order of magnitude smaller thag, so additional structure on spins near the surfaces that would shift the frequencies of
due to the fourfold symmetry oK, is not visible on this the bulk modes by “pinning” the spins near the surfaces.
scale. The observable hard and easy directions for the maghe energy shift is primarily through the exchange contribu-
netization are therefore determined by the uniaxial anisottion, and so the bulk modes are more strongly affected by
ropy K, . pinning than the surface modeé.

The fits to the data presented in Figs. 2 and 3 are reason- Bulk mode pinning would also affect interpretation of the
able within the error of the measurements. Difficulties appeafrequency versus field experiments. For small fields the mag-
however when we attempt to understand the scattering intemetization is aligned mostly in the easy direction parallel to
sities. The intensities for the field along the hard direction aréhe wave vector. For these low fields, the largest intensity
shown in Fig. 4 for different values d¢i,. At low fields and mode should be the uniform mode and have the lowest fre-
high fields the identification of individual peaks becomesquency. As the field increases and the magnetization moves
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into the hard direction, pinning could lower the frequency ofregions with different effective internal fields. In some re-
the n=1 bulk mode below that of the surface mode, thusgions the surface mode could have a higher frequency than
leading to the middle frequency mode having the largest inthe n=1 bulk mode, and the reverse in other regions. This
tensity. would tend to blur the distinction between the low frequency
We tested this idea by including a small surface anisotC andD peaks in terms of their relative Stokes/anti-Stokes
ropy K, in the frequency calculation. We are able in fact tointensity ratios. Thus an alternative or additional explanation
fit the data shown in Figs. 2 and 3 equally well, within ex- for the behavior of the observed intensities may involve a

perimental error, using eitheKy,=—0.15 erglcnt or  gistribution of effective anisotropy fields that vary either in
Kep=0 andK,=—2.2x10° erg/cn?. Unfortunately, calcu- magnitude or direction.

lated intensities (using the method of Cochran and

b T X A theoretical description for spin waves with a distribu-
Dutcher™®) with simple surface pinning terms did not repro-

tion of anisotropies would introduce additional parameters

du%sebfotﬂrfge S;ﬁ{‘;ﬁ/:r;d %r:etlrhsetr?tkg:t\l;(teeer;sltﬂzsc':alculationimo the model. Although this would allow us to reproduce
q g the measured intensities and frequencies, the amount of

and the data in Fig. 4 for the anti-Stokes processes only. The . L . . g
calculated Stokesg peak intensities did ﬁot agree wit)r/1 th vailable data does not justify the inclusion of additional

measuredC and D peak intensities for fields below 1.5 parameters in order to obtain a better fit. We note however
kOel6 "~ that some evidence for inhomogeneous magnetic properties

A possible explanation for this discrepancy in the mea_e}lready exists.. Neutron scattering experiments on bcc Qo
sured and calculated intensities may be linked with the unfilms grown directly on GaAs substrates suggest spatial
usually large linewidths sometimes observed in the spectrdariations in the magnetic mometitThese variations in the
Previous work suggests that Brillouin light scattering lin- Magnetic moment could appear as changes in the effective
ewidths can narrow for certain orientations of the magnetiinternal fields.
zation if there is a distribution of anisotropi¥sThe well In summary, we have examined the magnetic properties
defined peaks in Fig. 4, which occur for cases where thef a 357 A thick bee Co film using Brillouin light scattering.
magnetization is oriented between 0° and 90° from[ft@®] A large in-plane uniaxial anisotropy with the easy axis along
axis may be due to reduced linewidths arising from a distrithe [001] direction and a fourfold anisotropy were found.
bution of anisotropies. Unusual light scattering intensities were observed that may

Such a distribution would also mean that the Stokes/antiindicate a distribution of anisotropies and surface pinning
Stokes ratios represent averages over spin waves traveling fields in the Co film.
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