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We utilize Brillouin light scattering to investigate the magnetic properties of the hexagonal-close-packed as
well as the body- and face-centered cubic phases of elemental cobalt stabilized as thin epilayers. Expressions
for the dependence of the surface and bulk magnons on applied magnetic field and in-plane propagation
direction yield the exchange stiffness constantD, saturation magnetizationM , and magnetic anisotropy fields
of the cobalt atoms synthesized in these distinct crystal structures. Estimates ofD andM are also calculated
from the electronic band structure for the different crystalline phases. Satisfactory agreement is found between
theory and experiment. The implications of these results towards our understanding of magnetic properties of
itinerant ferromagnets are discussed.

INTRODUCTION

Recent advances in molecular beam epitaxy~MBE! meth-
ods have enabled growth of different~stable as well as meta-
stable! phases of given atomic species in thin film
geometries.1,2 The synthesis usually relies on special growth
procedures that secure the desired crystalline order to an un-
derlying substrate template surface. The availability of dif-
ferent structural phases of a specific material becomes espe-
cially valuable in the case of ferromagnetic metals, since the
energy difference between two distinct crystal structures is
often comparable to energies associated with magnetic
effects.3 The 3d transition metals Fe, Co, and Ni are particu-
larly interesting in this regard. They are relatively simple
ferromagnets that can be stabilized in different crystal struc-
tures, and their magnetic properties are largely determined
by well-localized 3d orbitals lying mainly within the
Wigner-Seitz ~WS! sphere whose radii are comparable to
interatomic spacings. Thus structural order in these elemen-
tal ferromagnets can be expected to influence magnetic and
configurational energies in important ways, with magnetism
playing an important role in determining the ground-state
crystal structure. Because of this interplay between bonding
and magnetism, the transition-metal ferromagnets are also
excellent model systems to test current electronic structure
calculations, especially those that compare the magnetic
properties of a given atom in different crystalline environ-
ments.

The very existence of local magnetic moments in transi-
tion metals indicates that the interaction between itinerant
electrons is complicated. Thus, even when acting predomi-
nantly delocalized, correlation effects among thed electrons
should not be overlooked. Within a Stoner model for itiner-
ant magnetism, a spin magnetic moment develops if the gain
in exchange energy is larger than the loss in kinetic energy.
In the case of 3d ferromagnets, this magnetization per unit

volume (M ) leads to a nearly filled set of majority 3d bands,
while the minority 3d band is partially filled.4 The exchange
splitting in bulk hcp Co, for instance, is 1 eV, yielding a spin
magnetic moment of1.57mB.

5 The exchange stiffness con-
stant (D), which is related to the spin susceptibility
x(q,v), determines the long-wavelength low-frequency
magnon dispersion\v5Dq2. D is hence another important
quantity that is a direct measure of the stability of the mag-
netic phase.6 Magnetic anisotropies~surface and volume
contributions!, which determine how the energy of the sys-
tem varies when the direction ofM changes, also play cru-
cial roles in stabilizing long-range ferromagnetic order in
laminar geometries.7

In this study we focus on cobalt since it is the only 3d
transition-metal element to be stabilized in the naturally oc-
curring hexagonal-close-packed phase as well as in face- and
body-centered-cubic configurations. The thin-film geometry
in which such phases are available is especially attractive for
investigating their magnetic excitations through Brillouin
light scattering since the quantized wave vector normal to the
film moves the bulk magnon well into the exchange regime.
We exploit this technique to determine important magnetic
parameters (D, M , and anisotropies! of the three phases of
cobalt. Since for small momentum and energy the spin sus-
ceptibility x(q,v) is dominated by the spin-wave pole, the
exchange stiffness constant can be calculated rigorously
from knowledge of the spin-dependent band structure.6

Moreover, the imaginary part ofx(q,v) is observed by light
scattering from spin waves. We determine theoretical esti-
mates forD from self-consistent local density approximation
~LDA ! solution of a linearized muffin-tin-orbital~LMTO!
band structure calculation.5 The density functional calcula-
tions within the LDA also provide results for the magnetic
moment for each of the three phases, thus allowing compari-
son to measured values of these parameters in the three crys-
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talline phases. We find good agreement between theory and
experiment.

EXPERIMENTAL DETAILS

Several single crystalline Co films were grown by MBE
methods, and the different phases were stabilized via growth
on specific substrates and buffer layers as described in detail
in Refs. 1,2. Two bcc cobalt films of different orientations
were grown. One of these films, labeled bcc-A, was~100!
oriented and 216 Å thick, while the second film, bcc-B, was
~110! with a thickness of 202 Å. Both films were grown on
GaAs substrates.1 The two fcc films, fcc-A and fcc-B, were,
respectively, 1150-Å-thick@~110! orientation# and 1050-Å-
thick @~100! orientation# films grown on a sequence of de-
signed~primarily Cu, Ag, and Pt! seed layers.2 The 1000-Å-
thick film of ~0001! hcp Co was stabilized on 100 Å Cu~111!
deposited on 10 Å Pt~111! on basal plane sapphire.2 The
structure of each epilayer was confirmed through x-ray
diffraction,2 while surface-enhanced x-ray-absorption fine-
structure~EXAFS! studies8 were also used to establish the
bcc structure. The average magnetic moment of the films
was measured at room temperature with a superconducting

quantum interference device~SQUID! magnetometer. The
Brillouin measurements were performed at room temperature
using a six-pass tandem Fabry-Pe´rot interferometer in a
backscattering geometry.9 P-polarized light of about 100
mW in a single-mode 5145-Å laser line was focused onto the
samples with a typical sampling time of about 2 h. The angle
of incidence,u i , of the incident photons, measured to an
accuracy of62°, was set between 20° and 40°. The spin-
wave excitations were analyzed in the depolarized configu-
ration in order to suppress phonon signals. In our Brillouin
measurements,q, the in-plane magnon wave vector, was al-
ways perpendicular to the applied magnetic fieldH, which
lay parallel to the plane of the film.

Since the magnon frequencies are dependent on the ex-
change as well as anisotropy fields, the magnetic field as well
as directional dependence of the surface and bulk magnons
was determined.10 Two independent light scattering experi-
ments were thus carried out on each sample. In the first, the
sample was rotated in finite steps about the film normal such
that q systematically lay along different in-plane directions;
a constant magnetic field of 1.5 or 2.0 kOe was applied. In

FIG. 1. Brillouin spectra at room temperature from~100! bcc,
~110! fcc, and~0001! hcp cobalt films at an angle of incidence of
40° in a field of 2 kOe. The labelS identifies the surface magnon
and Bn the quantized bulk magnons. The thickness of each film
(h) is identified.

FIG. 2. ~a! Magnetic field dependence of the surface (vS) and
bulk (vB1) magnon frequencies in the~100!-oriented bcc cobalt
film bcc-A. ~b! In-plane magnon dispersion withf being the in-
plane angle between@001# direction and the external magnetic field.
The solid lines through the data are a fit utilizing parameters dis-
cussed in the text.
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this case the frequencies (vS ,vB) of the surface and bulk
spin waves were determined at each propagation direction. In
the second experiment, the magnetic field was aligned along
one of the crystalline axis„ @001# for bcc ~100! Co, @ 1̄10# for
bcc ~110!, @011# for fcc ~100!, @ 1̄11# for fcc ~110! Co, and
@1000# for hcp Co…. The magnon frequencies were measured
as a function ofH in this geometry for each film.

RESULTS

Typical Brillouin spectra of spin waves from films of the
bcc, fcc, and hcp phases are shown in Fig. 1 for an applied
field of 2.0 kOe. Figure 1~a! shows a spectrum from the
216-Å ~001!-oriented sample bcc-A. The surface (S) and
n51 bulk (B1) magnons are clearly observed. Figures 1~b!
and 1~c! show corresponding modes from fcc-B and hcp Co
films. Being thicker (; 1000 Å! than the bcc epilayer, the
Brillouin spectra from the fcc and hcp films reveal several
bulk magnons (n51, 2, 3, 4, and 5!. Figures 2~a! and 2~b!
summarize the field and inplane directional dependence of

vS andvB1 in film bcc-A. Heref is defined as the in-plane
angle betweenH and the crystallographic@001# direction for
the bcc and fcc films, and@1000# direction for the hcp film.
Since in the thin-film geometry the bulk magnon frequencies
are dominated by the exchange interaction, the difference
between the frequencies ofB1 andS in Fig. 2~a! is particu-
larly sensitive to the exchange stiffness constantD, while the
slope of the curves controls the gyromagnetic ratio (g). The
approximately 1-GHz difference in the frequency ofS be-
tweenf50 and 90° in Fig. 2~b! indicates the presence of a
weak uniaxial anisotropy contribution to the surface magnon
dispersion in this bcc cobalt epilayer. The solid curves
through the data in Fig. 2 are fits based on the description
presented below and were determined self-consistently by
fitting the v-vs-H andv-vs-f data in Figs. 2~a! and 2~b!,
respectively.

Figures 3~a! and 3~b! summarize the field and in-plane
directional dependence of the magnon frequencies in the
fcc-A Co film. The dispersion for this~110!-oriented fcc Co
epilayer exhibits@Fig. 3~b!# an approximate fourfold symme-
try with the data, revealing the two in-plane directions@001#

FIG. 3. ~a! Magnetic field dependence of the surface (vS) and
bulk (vB125) magnon frequencies in the~110!-oriented fcc cobalt
film. ~b! In-plane magnon dispersion withf being the in-plane
angle between@001# direction and the external magnetic field. The
solid lines through the data are a fit utilizing parameters discussed
in the text.

FIG. 4. ~a! Magnetic field dependence of the surface (vS) and
bulk (vB125) magnon frequencies in the~0001! oriented hcp cobalt
film. ~b! In-plane magnon dispersion withf being the in-plane
angle between@1000# direction and the external magnetic field. The
solid lines through the data are a fit utilizing parameters discussed
in the text.
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(f50°) and @ 1̄10# (f590°) being magnetically inequiva-
lent with frequency differences of about 2 GHz along these
directions. The data for the hcp structure@Figs. 4~a! and 4~b!
are similar to that of fcc cobalt, although, within experimen-
tal uncertainty, no in-plane anisotropy is observed in this
case in the magnon frequencies for varying directions ofq.
As in Fig. 2, the fits to the data from the fcc and hcp films
were each determined self-consistently to fit the field and
f dependence ofvS andvB . The results are shown as solid
lines in Figs. 3 and 4.

The theory used to fit the Brillouin data has been dis-
cussed in detail in Refs. 11–16. The important fields contrib-
uting to the spin-wave frequencies are the magnetic anisotro-
pies, dipolar exchange, and external applied field.
Frequencies of the surface and bulk modes can be calculated
for this ferromagnetic films including exchange interactions
in a continuum limit that is valid for long-wavelength spin-
wave excitations. The theory of dipole-exchange behavior
invokes Maxwell’s equation of magnetostatics and equations
of motion for the time and spatially varying magnetization
mW . These equations have the form

d

dt
mW 5g~mW 1MW !3~HW eff1hW d!, ~1!

whereM is the static magnetization,g the gyromagnetic
ratio, andhd is the dipolar magnetic field. The effective mag-
netic fieldHeff contains the static magnetic fieldH, the ex-
change@(D/M )¹2mW #, and anisotropy fieldsHa that nor-
mally have contributions from magnetocrystalline, surface/
interfacial, and magnetoelastic terms. The geometry for the
spin-wave dispersion calculations was chosen so that thex
axis lies normal to both film surfaces and the axis of satura-
tion magnetization which was selected to lie alongz. The
anisotropy fields depend not only upon the specific crystal
structure, but also on the orientation of the film. The compo-
nents ofdmW /dt for the ~100!-grown cubic film are

dmx

dt
5gHH1S 2K1

M D @122sin2~2w!#

1S 2Ku

M D ~122sin2w!1Dk2Jmy2gMhy , ~2a!

dmy

dt
5gHH1S 2K1

M D @12 1
2 sin

2~2w!#

1S 2Ku

M D cos2w1S 2Kp

M D1Dk2Jmx1gMhx ,

~2b!

for ~110!-grown cubic film

dmx

dt
5gHH1S 2K1

M D $12 1
2 @sin2w13sin2~2w!#%

1S 2Ku

M D ~122sin2w!1Dk2Jmy2gMhy , ~3a!

dmy

dt
52gHH1S 2K1

M D $12@2sin2w1 3
8 sin

2~2w!#%

1S 2Ku

M D cos2w1S 2Kp

M D1Dk2Jmx1gMhx ,

~3b!

and for ~0001! hcp film

dmx

dt
5gFH1

36Ku

M
cos~6w!1Dk2Gmy2gMhy , ~4a!

dmy

dt
52gFH2

2K18

M
1S 6Ku

M D cos~6w!1Dk2Gmx1gMhx ,

~4b!

wherek is the wave vector of the spin waves. In the above
equations,K1 is the first-order fourfold magnetocrystalline
anisotropy, andKu andKp are in- and out-of-plane uniaxial
anisotropies respectively.K18 is the first-order anisotropy
constant of the hcp structure where the anisotropy energy
density is given byK1sin

2u, whereu is the angle the mag-
netization makes with the hexagonal axis. In our convention,
Ku.0 puts an in-plane easy axis along@001# for the bcc and
fcc films and along@1000# for the hcp films.Kp is defined
such that 2Kp /M14pM,0 for an out-of-plane easy axis.
After linearization, the two coupled equations formW are
solved together with general exchange boundary conditions11

and the continuity ofhy ,bx(5hx14pmx) at x50 and h,
whereh is the film thickness. A superposition of six solu-
tions formi is required to satisfy these conditions.

The magnon branches of the spin-wave manifold obtained
from such a treatment are the surface localized Damon-
Eshbach excitationS and quantized bulk magnonsBn whose
wave vector normal to the film surface is given approxi-
mately bykBn5n(p/h), wheren51,2, . . . .These modes
are evident in Fig. 1 whereS is characterized by the well-
known asymmetry in Stokes–anti-Stokes ratio, while the
bulk excitations correspond to magnonsB1–B5 whose fre-
quencies depend strongly on film thickness throughkBn . The
self-consistent fits to the field and directional dependent Bril-
louin data are shown as solid lines in Figs. 2–4, and the
resulting parameters~exchange stiffness constant, magnetic
moment, and anisotropic fields! are summarized in Table I.
The values for the magnetization determined from fits to the
Brillouin data are in good agreement with those measured
directly with the SQUID magnetometer. The errors in ex-
change stiffnessD and magnetic momentm were each de-
termined by fitting the experimental data within their error
ranges, while other parameters were held constant.

We note that because of the presence of anisotropic fields
in the thin films, the magnetization at low fields may not
rotate uniformly with external magnetic field. In this case the
direction of M needs to be determined consistently as an
input parameter to the spin-wave frequency calculation. This
is determined by minimizing the free energy with respect to
the angle made byMW and the easy axis. In our case, since the
measurements were mostly carried out at fields at or above
1.0 kOe and the anisotropies were relatively weak, we found
no significant difference in the fits to the Brillouin data be-
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tween those that consider such deviations ofMW and those
where the magnetization tracks the external field.

Prior to discussing our results, we now describe theoreti-
cal estimates of the exchange stiffnessD and the magnetiza-
tion M . Our calculations are based on previous work by
Edwards and Muniz6 who determined an explicit formula for
D within a multiband random-phase-approximation ap-
proach. Their result forD takes the form

~N↑2N↓!D5
1

3 (
nk

@Bn↓~k!Nnk↓1Bn↑~k!Nnk↑#

2
1

3 (
mnk

Cmn~k!
Nnk↑2Nmk↓
Emk↓2Enk↑

, ~5!

where

Bns~k!5
1

2 (
mm8

@¹2Vmm8
~k!#anms* ~k!anm8s~k!,

Cmn~k!5(
a

uAmn
a ~k!u2, ~6!

with

Amn
a ~k!5 (

mm8

]Vmm8
~k!

]ka
amm↓* ~k!anm8↑

~k! ~a5x,y,z!.

~7!

HereN↑ andN↓ are the total number of electrons with
spin-up and spin-down.Vmm8(k) are the spin-independent
Hamiltonian matrix elements between atomic orbitalsm,m8
Bloch states,Nnks are the local density approximation
~LDA ! occupation number associated with bandn, wave
vector k, and spins, and the one-electron LDA energies
Enks andanks are the eigenvalues and eigenvectors of the
LDA equations

(
n

Hmn
s ~k!anns~k!5Enks~k!anms~k!. ~8!

Hmn
s (k) is the spin-dependent Hamiltonian matrix ele-

ments. BothHmn
s (k) andVmm8(k) were obtained from self-

consistent band structure calculations. The band structures
were calculated with the linear muffin-tin orbital within the
atomic sphere approximation~LMTO-ASA! method with
combined correction included and using the von Barth–
Hedin parametrization of the exchange correlation potential.5

Unlike previous studies,6 we did not parametrize the para-
magnetic bands to obtain the exchange splitting. Instead,
spin-polarized calculations were used, resulting in more re-
alistic exchange splittings. The advantage of our calculations
is that there were no adjustable parameters. The lattice con-
stants needed for the calculation for each of the crystalline
phases were chosen to be 2.807 Å for bcc Co, 3.536 Å for
fcc Co, anda52.506 Å andc54.065 Å for hcp Co, which
are consistent with the measured values for these
constants.1,2 The band structure we determined for the three
different phases of cobalt also permit their respective spin
moments to be evaluated. The summation overk was carried
out using the tetrahedral method.5 In order to ensure conver-
gence of all parameters involved in our calculations, we used
up to 1015, 1012, and 954k points in the irreducible Bril-
louin zone for the bcc, fcc, and hcp structures, respectively.
The calculated values forD andM are summarized in Table
I along with our experimental findings for these quantities
and the magnetic anisotropies.

DISCUSSION

We first focus on the exchange stiffnessD for the three
phases of cobalt. Our experimental results establish approxi-
mately the same value ofD of about 435 meV Å2 for all
three phases, thus indicating thatD is largely insensitive to
the lattice structure. This feature, namely, that the exchange
stiffness of the Co films is not especially susceptible to the
particular crystalline order, is also borne out in theoretical
estimates ofD which lie between 710 and 810 meV Å2 for
the three distinct crystal structures. Although the magnitudes
of D that we calculate are larger than the measured stiffness
in each of the phases, the theory does corroborate the experi-
mental finding thatD is not particularly influenced by the
local crystal structure. The discrepancy between theory and
experiment in the magnitude ofD probably lies largely in the
calculations. The main source of error is the extreme sensi-
tivity of D to the exchange splittingdEex between majority

TABLE I. Magnetic parameters for the different Co films.D expt @Dcalc# andmspin/mB ~expt! @(mspin/mB) ~calc!# are, respectively, the
measured~calculated! values for the exchange constant and magnetic moment per unit volume.K1 ,Ku , andKp are the measured magne-
tocrystalline and in-plane and out-of-plane uniaxial anisotropies. An asterisk indicates that for the hcp film the magnetocrystalline constant
is K18•g is the gyromagnetic ratio.

Dexpt Dcalc K1 Ku Kp g
~meV Å2) ~meV Å2) mspin/mb ~expt! mspin/mB ~calc! (105 erg/cm3) (105 erg/cm3) (105 erg/cm3) ~GHz/kOe!

fcc Co~100! 466616 808 1.6860.06 1.66 25.060.2 0.060.1 0.060.1 2.9060.02
fcc Co~110! 466616 808 1.6860.06 1.66 26.060.2 0.060.1 0.060.1 2.9260.02
hcp Co~0001! 435635 712 1.6860.06 1.57 34*64 0.060.1 NAa 2.6060.02
bcc Co~110! 430622 764 1.2660.06 1.70 0.060.1 26.260.5 8.060.5 2.8060.02
bcc Co~100! 428622 764 1.3660.06 1.70 20.260.1 20.8560.5 23.660.1 2.8060.02

aNA: nonapplicable.
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and minority bands.6 We have found that a 1% modification
in the exchange splitting leads to a 10% change inD. Errors
in the theoretical estimates fordEex vary from 10% to 50%
and are in large due to the neglect of dynamic correlation
effects among electrons in the open 3d shell.5 Accounting for
such correlation effects is still a field of active research and
beyond our present ability.

What are the implications of the insensitivity ofD to local
crystalline order in this 3d transition metal? In one extreme
of the quantum theoretical description of magnetism, the lo-
calized model, each electron remains in the vicinity of an
atom and the intra-atomic electron-electron interactions de-
termine the magnetic moment. In the other extreme where
the electrons are not bound to individual atoms, the collec-
tion of itinerant electrons interact with each other, leading to
magnetic order. Experimental spin-wave spectra throughout
this range have been observed. In the case of transition met-
als like cobalt, although the 3d electrons are spatially local-
ized, itinerant models are found to be valid since the band-
width is comparable to effective electron-electron interaction
strength. If the Heisenberg description were valid, then in the
local moment picture, one obtains an exchange constant
D5zJSr2/\g. Here,z is the number of nearest neighbors at
a distancer possessing spinS coupled by an exchangeJ.
Since the gyromagnetic ratiog, S, and the nearest neighbor
distances are very similar in the different phases, this leaves
the only parameter which varies in going from fcc Co to hcp
Co to bcc Co is the coordination numberz. Hence, within
the local moment picture,D should simply scale withz
(z hcp5zfcc512, zbcc58), which is not found. While the de-
tails of the band structure depend strongly on the crystal
structure, the summation over the whole Brillouin zone av-
erages out these differences and the closeness of the final
calculated results forD reflects the similarity of the overall
electronic structure of the three phases. We therefore con-
clude that exchange stiffness in the 3d ferromagnet cobalt is
well described by an itinerant description of magnetism with
electron-electron correlations stabilizing the magnetic order.

In an earlier publication,9 we reported on the exchange
constant in a 357-Å bcc Co film, one of the thickest known
bcc Co structures.17 In this case the light scattering data
yielded an exchange constant which was in fact approxi-
mately 2/3~ratio of bcc to hcp coordination number! of the
value ofD in the bulk hcp phase, behavior consistent with a
local moment ferromagnet. While it has not been possible to
fabricate other bcc Co films of this thickness, thinner films
(; 200 Å! can, as in the present study, be readily produced.
The fact that the two bcc films used in this study have dif-
ferent orientations and the result of our electronic structure
calculations lend weight to our conclusion regarding the itin-
erant nature of the magnetism in cobalt.

Turning to the saturation magnetizationM or, equiva-
lently, the magnetic moment per unit volume,mspin/mB , we
find good agreement between theory and experiment~Table I
for fcc cobalt. The agreement for bcc cobalt is, however, not
as satisfactory with the measured valuem spin'1.30mB , be-
ing smaller than the value 1.70mB predicted from band struc-
ture calculations. We suspect that the reduction in the satu-
ration magnetization in the bcc Co epilayers arises from
migration of Ga and As from the GaAs substrate into the
metal film. Evidence for a smaller average magnetic moment

per atom in bcc cobalt films grown on GaAs has been pre-
viously reported from neutron scattering measurements.18 In
these experiments it was shown thatM varied with depth
within a 100-Å film with the segment near the metal/GaAs
interface, acquiring a significantly depressed average mo-
ment per atom due to As poisoning of the epilayer. If a
similar reduction occurs in our two 200-Å-thick bcc Co
films, it would lead to an effective magnetization of about
1.35mB averaged over the entire film; this moment agrees
well with measurement. The measured value ofmspin ~1.71
mB) of the hcp film is the same as in fcc Co and 8% larger
than the calculated value. The overall good agreement be-
tween calculated and measured values ofM in the fcc and
hcp films therefore confirms earlier findings5 that the LMTO-
ASA method provides a satisfactory description of the many
aspects of the electronic structure of the narrow-band Co
epilayers stabilized in distinct crystalline phases.

While the magnitude ofM is a measure of thespinmag-
netic moment in the Co films investigated~orbital moment is
much smaller19!, magnetic anisotropy determines how the
energy of the system varies when the direction ofM
changes. The direction of~interface! induced anisotropies in
ultrathin magnetic films is currently of special interest for
applications in magneto-optical technologies. Contributions
to the anisotropy normally stem from shape effects, local
atomic environment~crystallinity! that arises from the spin-
orbit interaction, and magnetoelastic effects which are espe-
cially relevant in supported thin films and overlayers.20 For
the relatively large thickness of our films, surface anisotropy
contributions are negligible. The effective anisotropy energy
thus primarily arises from demagnetization (KD522pM2

in thin films!, magnetocrystalline (K1), and magnetoelastic
(KME) contributions.

Magnetoelastic effects depend on strains along particular
crystallographic directions, the magnetoelastic tensor, and
elastic constants of the film. For our hcp and fcc Co films
whose film thickness are large~1000 Å!, the strains are neg-
ligible and therefore magnetoelastic effects can be safely ne-
glected. While strain can account for uniaxial anisotropies,
the insignificant strains in the hcp and fcc films would sup-
press contributions fromKu andKp indicated in Eqs.~2!–~4!
if they are magnetoelastic in origin. This is evident in Table
I whereKu andKp are found to be zero for these films. On
the other hand, the bcc Co films were stabilized to thick-
nesses of only about 200 Å. In this instance the predicted
film-substrate lattice mismatch strain (;0.25%! is, though
small, finite. It was recently shown21 that, with elastic con-
stants determined from phonon dispersion measurements on
the same films, magnetoelastic interactions driven by lattice
mismatch can give rise to uniaxial anisotropiesKu andKp of
the order given in Table I for the two bcc cobalt layers.

For the fcc films, the crystalline anisotropy constantsK1
determined from the Brillouin data are the same within the
experimental error as those deduced from other experimental
probes of the same Co films.22 For the hcp film the crystal-
line anisotropy energy density is given byK18sin

2u, where
u is the angle the magnetization makes with the hexagonal
axis. The value ofK18 we have deduced from the~0001! hcp
film is in good agreement with its value in Ref. 22. The lack
of in-plane anisotropy in the Brillouin frequencies of the
bulk and surface magnons in the hcp film@Fig. 4~b!# is con-
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sistent with the high symmetry of the hexagonal~0001!
atomic plane. TheK1’s we have determined for the two bcc
Co films used in our investigation are smaller than that given
in Ref. 23. The smallerK1 in our bcc-A sample was also
confirmed by an independent ferromagnetic resonance
~FMR! measurement of the same film. For bulk 3d transition
metals, calculations of magnetic anisotropy often differ from
measured values by orders of magnitude, occasionally even
yielding the wrong sign.20 We hence did not attempt to cal-
culate the anisotropies.

CONCLUSIONS

In summary, we have carried out Brillouin light scattering
measurements on thin films of the hexagonal and cubic
phases of cobalt which have become available through ad-
vances in MBE-growth techniques. These experiments have
provided for the exchange stiffnessD, saturation magnetiza-

tionM , and the anisotropy fields in the distinct crystal struc-
tures. Comparisons between measured values ofD andM
and those calculated from the electronic band structure of the
fcc, hcp, and bcc phases using theoretical descriptions of
dynamical spin fluctuations are found to be in satisfactory
agreement. These results verify the itinerant nature of the
3d electrons known to be responsible for magnetism in these
ferromagnets.
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