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Brillouin study of long-wavelength spin waves in quasimonatomic Co films with uniaxial
perpendicular magnetic anisotropy

Akihiro Murayama,* Kyoko Hyomi, James Eickmann, and Charles M. Falco
Optical Sciences Center and Surface Science Division of Arizona Research Laboratories, University of Arizona, Tucson, Arizon

~Received 28 June 1999!

We have observed spin-wave Brillouin light scattering from ultrathin Co/Au/Cu~111! films with Co thick-
nessestCo down to 1 monolayer~ML ! and with a 1-ML Au interlayer. The detection of a well-defined
spin-wave spectrum and the field dependence of its frequency show directly long-range collective and ferro-
magnetic ordering in these films at room temperature. From the field dependence of the spin-wave frequency,
we derive uniaxial perpendicular magnetic anisotropy constants as a function oftCo with various overlayer
materials, including Cu, Pd, and Au. With a Cu overlayer, we observe that the first-order perpendicular
anisotropyKu

(1) obeys well a linear relation betweenKu
(1)tCo and tCo for tCô 1.5 ML, which indicates a

constant contribution of the interface anisotropy of 0.16 mJ/m2 in addition to the volume anisotropy of 0.73
MJ/m3. With an Au or a Pd overlayer, we find that both the interface and volume anisotropies are significantly
larger than those with the Cu overlayer. We quantify magnetic inhomogeneities from the field dependence of
the spectrum width. With the Au or Pd overlayer,Ku

(1) shows a steep decrease with decreasingtCo for tCo

,3.0 ML, which agrees well with a significant increase in the structure-related magnetic inhomogeneity. We
show directly that long-ranged ferromagnetic ordering exists, with the perpendicular anisotropy, in our quasi-
monatomic Co films thinner than 1.5 ML.Ku

(1) for each overlayer tends to be zero at 1 ML of Co, accompanied
by heavy damping of the spin wave. In addition, we find the second-order perpendicular anisotropy is still
maintained with a comparable value toKu

(1) in such quasimonatomic Co films, indicating significant deforma-
tion of the uniaxial anisotropy.
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I. INTRODUCTION

The properties of long-wavelength spin-wave excitatio
in monatomic or two-dimensional 3d ferromagnet films are
one of the most important subjects in modern magnetis1

Monatomic Co/Cu~100! films were extensively studied an
ferromagnetic ordering was reported at room tempera
~RT!.2,3 Spin-wave Brillouin light scattering also was ob
served from such monatomic films.4 The spin-wave Brillouin
scattering technique is a very useful method for study
long-wavelength spin-wave excitations, since the wavelen
of the spin wave detected by this scattering is compara
with that of the visible light used for the excitation, that
several hundred nanometers. In addition, the sensitivity
the light scattering is sufficient for the detection of sp
waves in ultrathin films less than a few monolayers~ML’s !.
However, in contrast to the above, the Curie tempera
(TC) was reported by one group to be much lower than
for 1.5-ML-thick Co/Cu~100!.5 Therefore, the results depen
on film quality, which means that effects of the microscop
structure and its inhomogeneity on the magnetism should
taken into account for subsequent studies of monato
films. Moreover, effects of magnetic anisotropy on lon
ranged magnetic ordering are important. Theoretical w
showed that long-range ordering cannot be sustained at fi
temperature in a two-dimensional Heisenberg system.6 How-
ever, later work pointed out that magnetic anisotropy wo
stabilize magnetic ordering as well as dipole interactions.7–10

Experimentally, anin situ Brillouin study showed that ferro
magnetic ordering in ultrathin Co/Cu~001! films indeed was
stabilized by an in-plane anisotropy, and that where the
PRB 610163-1829/2000/61~13!/8984~9!/$15.00
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plane anisotropy vanished it did so with accompany
elimination of the magnetization.11

More recently, Kerr hysteresis measurements showed
TC was above or near RT in Co/Cu~111! films even with
thicknesses close to 1 ML,12 offering a good opportunity to
study magnetism in quasimonatomic films at RT. In our p
vious study, we found Co/Au/Cu/Si~111! epitaxial films
showed the narrowest width of the spin-wave Brillouin spe
trum when grown with a 1-ML Au interlayer.13 This shows
directly a high degree of magnetic uniformity, which
needed for magnetic studies of quasimonatomic Co films

From the field dependence of the spin-wave energy,
can determine magnetic properties such as magn
anisotropies. In addition, we found that the field-depend
line broadening of the spin-wave spectrum allowed us
quantify magnetic inhomogeneities simultaneously.14 In the
present paper, we study long-wavelength spin-wave B
louin scattering in Co/Au/Cu~111! films with Co thicknesses
tCo down to 1 ML and with 1 ML of an Au interlayer where
the thickness was calibrated by determining the numbe
deposited atoms using Rutherford backscattering spec
copy ~RBS!. To examine effects of an overlayer material, w
deposit simultaneously Cu, Pd, or Au on graded thicknes
of Co under identical ultrahigh vacuum conditions using
movable shutter. The magnetic anisotropy constants as
as the magnetic inhomogeneities are derived as a functio
tCo. In this paper, we discuss magnetic properties, includ
the long-wavelength magnetic ordering and magne
anisotropies in quasimonatomic Co/Au/Cu~111! films with a
Cu, Pd, or Au overlayer, and their relationship to the ma
netic inhomogeneities.
8984 ©2000 The American Physical Society
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II. EXPERIMENT

Details of the sample preparation and Brillouin measu
ment are described elsewhere,14,15 so we only describe
briefly the experimental procedure which is especially i
portant for this study. The geometry for our matrix samp
is illustrated in Fig. 1. Films were deposited on a 737 re-
constructed Si~111! surface by molecular beam epitaxy.
4.00-nm-thick Cu buffer layer first was deposited at RT, f
lowed by 0.23 nm of an Au interlayer. Next, a graded wed
of Co ranging from 0 to 1.43 nm was prepared using
computer-controlled movable shutter. After the formation
this Co wedge, the substrate was rotated 90°, and the t
materials of the overlayer were deposited with the followi
procedure. First, two-thirds of the surface area of the
wedge was covered with the shutter and a 2.00-nm-thick
overlayer was deposited on the uncovered portion of the
After forming this Cu overlayer on one-third of the samp
the shutter was moved to cover only one-third of the
wedge and then a 3.00-nm-thick Au layer was deposited
addition to forming the Au overlayer on the center one-th
of the sample, the Au also formed a protective covering
the initial Cu overlayer. The Au protective layer for the C
overlayer was necessary since we observed oxide forma
on a bare Cu surface. Next, the substrate was rotated 1
The part of the Co wedge with the Au and Au/Cu overlay
was covered with the shutter again and finally a 3.50-n
thick Pd overlayer was deposited on the remaining bare
Electron-beam guns controlled by optical-feedback monit
were used for the depositions with rates of 0.04 nm/sec
Cu, and 0.01 nm/sec for Au, Co, and Pd, which were de
mined with an absolute accuracy within610% using RBS.
We controlled the film thickness by means of the deposit
time, that is, the number of deposited atoms. The aver
number of monolayers was calculated using bulk values
the lattice constants. Also, we independently confirmed

FIG. 1. Geometry of our graded Co-wedge samples. The th
nesses are in the range 0–1.43 nm corresponding to 0–7 ML,
Cu, Au, or Pd overlayers~see text!. The thickness for each over
layer is 2.00 nm for Cu followed by a 3.00-nm Au protective lay
3.00 nm for Au, and 3.50 nm for Pd. The inset shows the ba
scattering configuration for the spin-wave Brillouin experiment.
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Co thickness using a planar sample withtCo510 ML by
means of both a low-angle x-ray diffraction and a cro
sectional high-resolution transmission electron microsc
~TEM! image. These results showed an interface roughn
of 1 ML for this 10-ML film of Co. The thickness distribu
tion also was evaluated by RBS and was within62% for the
wedge. We also usedin situ reflected high-energy electro
diffraction ~RHEED! and Auger electron spectroscop
~AES! to evaluate the film structure and quality.

A tandem 6(313)-pass Fabry-Perot interferometer w
usedex situto detect the spin-wave scattering at RT. A bac
scattering geometry was used with an incidence angle of
as shown in Fig. 1. Thef number of the collecting lens wa
1.2 and the beam radius of incident laser light was 0.7 m
The radius of the focused spot was estimated as a few ten
micrometers after adjusting the focal point using a mic
scope. A solid-state detector with a quantum efficiency
44% and the dark count of 2.2 counts/sec was used.
incident laser power was 200 mW. Any damage of the fi
was not seen with this incident power, in addition to t
repeatability of the spin-wave spectrum. The full width
half maximum~FWHM! of the Rayleigh peak was 0.5 GH
and the free spectral range was 37.5 GHz. All the Brillou
data were measured using a single specimen with ma
samples, as shown in Fig. 1. The thickness gradient of the
wedge was 3 mm/ML, which was sufficiently larger than t
light spot for the Brillouin excitation. This meant that thick
ness variations across the beam were negligible. The sa
tion magnetization Ms at RT was measured using
38-mm2 planar samples by a highly sensitive vibratin
sample magnetometer~VSM! with a sensitivity of 2
31026 emu.

III. RESULTS

A. Sample quality

We observe narrow-streak RHEED patterns throu
deposition of each layer, which indicates an epitaxial
~111! structure with high crystallinity and a flat surfac
Since it was difficult to distinguish the Co~0001! stacking
from Co~111! using this RHEED technique, we confirme
directly the Co~0001! stacking on a 1-ML Au interlayer by
means of a cross-sectional high-resolution TEM image. T
formation of a 1.5-nm-thick Cu silicide with the crystal plan
rotated 30° around the@111# axis from the Si substrate i
observed during the initial growth of the Cu buffer layer,
agreement with previous results using TEM.16 The average
in-plane lattice constant of Au on the Cu buffer layer i
creases monotonically with increasing Au thickness up t
ML, at which point it has attained its bulk value. We als
find that the Co layer is expanded by the Au interlayer14

Figure 2 shows the lattice constant of Co and the spec
beam intensity of RHEED as a function oftCo. With the
combination of the incidence angle of 0.5° and the accele
tion voltage of 15 kV, the skin depth of thee beam is esti-
mated to be less than several a˚ngstroms. As can be seen, th
Co layer is expanded due to its epitaxial growth on the
interlayer, and the lattice constant can be well expressed
1/tCo dependence except for initial two data points. ThistCo
dependence can be understood as a relaxation of m
strain,17 and the critical thicknesstc at which point the misfit
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8986 PRB 61MURAYAMA, HYOMI, EICKMANN, AND FALCO
strain starts to relax is nearly equal to 0 ML. On the oth
hand, a strong oscillation of the specular beam intensity
function of tCo is not observed, which shows that the grow
mode of Co/Au/Cu~111! is not a layer-by-layer growth. The
RHEED oscillation was also not to be observed for C
Cu~111! films.12 However, the specular beam intensity fro
our ultrathin Co even with a thickness of 1 ML is relative
high, equivalent to that from Co with a thickness of seve
ML’s. After the deposition of several ML’s of Co, the inten
sity starts to increase, saturating at 10 ML. Therefore,
conclude that the film quality of our quasimonatomic Co
not significantly degraded, in comparison with that of seve
ML’s of Co, while the structural imperfections such as voi
and island formation in part can be expected. ThistCo depen-
dence of the RHEED intensity is qualitatively different fro
that of Co/Cu~111! reported in Ref. 12, where the specul
beam intensity decreased steeply with increasingtCo. This
difference of thetCo dependence of the RHEED intensity
possibly due to the use of the Au interlayer in our samp
In addition, AES analysis reveals no contamination in the
layer within a sensitivity of 3%.

Figure 3 showsMs results as a function oftCo for each
overlayer. With a Cu overlayer, the bulk value ofMs is

FIG. 2. ~a! In-plane lattice constant of Co grown on Au/Cu~111!
with 1 ML Au and ~b! specular beam intensity of RHEED as
function of Co thickness. These data were obtained from inten
line scans of RHEED images, with the lattice constant calibrated
the lattice spacing of the Si~737! substrate surface. RHEED image
were continually captured in a planar sample. The direction of the

beam was closely parallel to the@11̄0# axis. The bulk lattice con-
stants areafcc Au50.2884 nm andahcp Co50.2507 nm, respectively.
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obtained fortCô 1.3 ML. However, for Pd or Au overlayers
a monotonic decrease inMs with decreasingtCo for tCo
,2.5 ML is observed, in addition to a small contribution
magnetization of 531026 emu/cm2 possibly due to the mag
netic polarization of the overlayer material near the up
interface between Co and the overlayer.

Figure 4 shows spin-wave Brillouin spectra from ultrath
Co films, 1%tCo%2 ML, with a Cu overlayer. The sharp
peak directly indicates a well-defined spin-wave excitation
RT with a wavelength of 376 nm, which is accessible by t
laser light of the wavelength of 532 nm and an inciden
angle of 45° to the film surface in this experiment. As can
seen, we find the spin-wave scattering intensity from Co w
tCo,1.1 ML is significantly lower than that withtCo
^1.1 ML for this Cu overlayer. We note that we did n
observe a spin-wave spectrum from Co withtCo%1.1 ML
with either Pd or Au overlayers. Therefore, this suggests
this 1.1 ML is a critical thickness for the observation
well-defined spin-wave excitations.

B. Calculation procedure

Before discussing experimental results for the field dep
dence of the spin-wave Brillouin frequency, we first descr
our calculation procedure. We have included effects of b
the dipole and exchange fields in the calculation of sp

ty
y

FIG. 3. Saturation magnetizationMs multiplied by the thickness
of Co, tCo, as a function oftCo, with ~a! a Cu overlayer~2.00 nm
with 3.00-nm-thick Au! and~b! a Pd~3.50 nm! or an Au overlayer
~3.00 nm!. The solid line is a linear fit of ~a! MstCo

5(1422 Gauss)tCo for Cu and ~b! MstCo5(1422 Gauss)tCo15
31026 emu/cm2 for Pd or Au, where the bulk value of Co is 142
Gauss at RT.
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PRB 61 8987BRILLOUIN STUDY OF LONG-WAVELENGTH SPIN . . .
wave frequency, which are caused by a fluctuation of
magnetization due to the surface spin wave observed by
light scattering method. Both corrections are a function
tCo and are necessary for precise discussion of thetCo depen-
dence of magnetic properties. We apply the procedure
Cochranet al. for the spin-wave calculation18 to our system.
A magnetic thin film with thicknessd lies in thexz plane.
The external fieldH is applied along thex axis, f is the
angle of the magnetizationM with respect to thex axis,u is
the angle of the magnetization with respect to thez axis, j
and h are small angles of deviation of the magnetizati
from its equilibrium position, andz is the equilibrium direc-
tion of the magnetization vector. The equations of motion
small deviation of the magnetization can be expressed
follows,

M ḣ52g]E/]j1Th , ~1!

M j̇5g]E/]h1Tj , ~2!

whereTh and Tj are the torque per unit area generated
the field due to the small deviation of the magnetization a
g5gueu/2 mc. We obtain expressions for the torque as f
lows,

FIG. 4. Spin-wave Brillouin spectra from ultrathin Co films wit
various thicknesses down to;1 ML, with a Cu overlayer with the
thickness of 2.00 nm. An external field of 8 kOe was applied p
allel to the film plane. The free spectral range was 37.5 GHz,
each spectrum was accumulated using 1024 channels with
dwell time of 2 sec/channel. An arrow indicates the anti-Sto
spin-wave Brillouin peak. A weak peak due to a surface acou
phonon is also indicated, which cannot be eliminated by the cr
polarization configuration.
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Th54pM2 cos2 f~12qd/2!hg, ~3!

Tj522pM2qdjg, ~4!

whereq is the wave vector of the spin wave, which is pa
allel to thez axis. The free energy per unit volume of th
system can be expanded for smallj andh as follows:

E5E01~Ejjj
212Ejhjh1Ehhh2!/2. ~5!

Sincej andh are characterized by time and space variatio
aseivt andeiqx,

~v/g!25~EjjEhh2Ejh
2 !/M212pqd~Ehh2Ejj cos2 f!

1O„~qd!2
…. ~6!

An exchange field is included to the torque equations in
same manner. The additional term caused by the excha
contribution can be expressed using an exchange stiffn
constantA as follows:

2Aq2@Ehh1Ejj12pM2qd~12cos2 f!#/M21O„~Aq!2
….
~7!

The equilibrium position of the magnetization can be deriv
from angular differential of the free energy and, as a res
u5p/2 in this system. Neglecting higher order term
O„(qd)2

… andO„(Aq)2
…, we obtain

~v/g!25~EuuEff2Euf
2 !/Ms

212pqd~Eff2Euu cos2 f!

12Aq2@Euu1Eff12pMs
2qd~12cos2 f!#/Ms

2,

~8!

where the second and third terms correspond to the dip
and exchange contributions, respectively.

The free energy per unit volume of the system can
expressed asE5EZeeman1Emagnetostatic1Eanisotropy. Within
our experimental resolution of 0.2 GHz fortCô 2.0 ML and
0.5 GHz for tCo,2.0 ML, respectively, in the Co/Au/
Cu~111! plane, the spin-wave frequency is independent
the angle between the in-plane crystal axis and the app
field. Thus the in-plane crystal anisotropy is omitted fro
our calculation, and the uniaxial anisotropy contribution p
unit volume is expressed in the free energy asEanisotropy

52Ku
(1) sin2 f2Ku

(2) sin4 f. A positive value of each anisot
ropy constant indicates perpendicular anisotropy. Theref

E52HMs cosf1~2pMs
2!sin2 f2Ku

~1! sin2 f

2Ku
~2! sin4 f. ~9!

Since the demagnetizing factor is not equal to 1 for ultrat
films thinner than several ML’s, an effective magnetizati
field is also introduced as follows,

~4pD'Ms!eff54pD'Ms22Ku
~1!/Ms , ~10!

where D' , the effective demagnetizing factor, is nume
cally calculated for a fcc~111! or hcp ~0001! plane.19–21 If
this effective magnetization field is negative,Ms is oriented
perpendicular to the film plane without an external fie
When the applied in-plane field is equal to (4pD'Ms)eff ,
the effective field acting on the precessing magnetizat
vanishes. For applied fields larger thanu(4pD'Ms)effu the
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8988 PRB 61MURAYAMA, HYOMI, EICKMANN, AND FALCO
magnetization is oriented parallel to the external field in
film plane. Finally, the spin-wave frequency was calcula
as a function ofH using Eq.~8!. Figure 5 shows an exampl
for the calculation made for 2 ML of Co with an Au ove
layer. The effect of the intralayer exchange interaction on
spin-wave frequency appears, which is similar to the cal
lation result obtained by Stamps and Hillebrands.23 As can
be seen, the effects of both the dipole and exchange field
not so significant for this ultrathin film. We are able to fit th
measured field dependence of the spin-wave frequenc
each sample using the above procedure.

C. Results and discussion

The field dependence of the spin-wave frequency for
trathin Co films thinner than 2 ML with a Cu overlayer
shown in Fig. 6. As can be seen, the spin-wave freque
increases monotonically with increasing field, showing t
the magnetization is in the film plane. This field depende
of the spin-wave energy shows a ferromagnetic behavio
the magnetization in these quasimonatomic Co films. On
other hand, with Pd or Au overlayers, an effect of the p
pendicular anisotropy becomes more apparent in this u
thin film region. The field dependence of the spin-wave f
quency for a Pd overlayer is shown in Fig. 7. A minimum
the spin-wave frequency exists, indicating a critical fieldHcrit
at which the magnetization starts to incline toward an out-
plane position as the field decreases. Also, the effective fi
acting on the magnetization in the absence of exchange
minimum at Hcrit . As described above, the existence of
frequency that does not reach zero at the minimum atHcrit is
attributed to the dipole and exchange energy contributio
When the external field is less thanHcrit , the spin-wave fre-
quency increases with decreasing field, which is interpre

FIG. 5. An example of the spin-wave calculation as a funct
of external field, which is made for 0.408-nm-thick Co with a 3.0
nm-thick Au overlayer. Parameters are as follows:Ms51394 G,g
51.94, (4pD'Ms)eff525.30 kOe, A52.8531026 erg/cm ~Refs.
22 and 23!, andKu

(2)50. The dotted line shows the result witho
dipole and exchange contributions. The effects of dipole~dashed
line!, or dipole and exchange fields~solid line! are also indicated.
The inset shows the detailed field dependence of the spin-w
frequency around the critical field of 5.30 kOe.
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as the magnetization inclining from the film plane under
weak external field due to the strong perpendicular anis
ropy. In addition, the contribution ofKu

(2) is also included.
The angle between the magnetization and the film plan
determined by the competition between the perpendicular
isotropy and the in-plane external field. The contribution
Ku

(2) appears in the field dependence of the spin-wave

ve

FIG. 6. Field dependence of spin-wave Brillouin frequency
various thicknesses of ultrathin Co films with 2.00-nm-thick C
overlayers. The solid lines show the least-squares fit for the fi
dependence of the spin-wave frequency, where the anisotropy
stants and theg factor are the fitting parameters. A monotonic i
crease in the spin-wave energy with increasing field indicates
the magnetization is in-plane.

FIG. 7. Field dependence of the spin-wave Brillouin frequen
in quasimonatomic Co films with a 3.50-nm-thick Pd overlay
The solid lines are the calculated best fits. The critical field appe
as a minimum of the frequency, where the transition between
plane and out-of-plane magnetizations occurs. Below this field,
magnetization inclines from the film plane due to the perpendicu
anisotropy. As discussed in the text, the nonzero behavior of
frequency at the critical field is due to both the dipole and excha
contributions, depending on the Co thickness.
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PRB 61 8989BRILLOUIN STUDY OF LONG-WAVELENGTH SPIN . . .
quency belowHcrit , with tCo,2.5 ML for a Pd or an Au
overlayer, where the strong perpendicular anisotropy gi
(4pD'Ms)eff,0.

From the field dependence of the spin-wave frequen
we derive magnetic parameters as a function oftCo for each
overlayer, including theKu

(1) , Ku
(2) , andg factor. Figure 8

shows the result forKu
(1) , where the product ofKu

(1)tCo is
plotted as a function oftCo. We observe a linear relation fo
each overlayer, except for the ultrathin-film region. This l
ear relation indicates the existence of an interface anisotr
that can be phenomenologically represented asKu

(1)tCo

5Ku,I
(1)1Ku,V

(1) tCo, where the first term is the sum of the in
terface anisotropy and theKu,V term is the volume anisot
ropy. From this linearity we can determine the value of
terface anisotropy from the intercept on the vertical axis,
well as the volume anisotropy from the gradient. The eff
of misfit strain on the anisotropy has been discussed pr
ously based on a critical layer thicknesstc between coheren
and incoherent film growth in the epitaxial system
follows:24,25

KI5KN1Kl , KV5KMC22pMs
2 for tCo.tc

~11!

KI5KN , KV5KMC1KME22pMs
2 for tCo,tc ,

~12!

whereKN is the Néel-type surface anisotropy andKl is the
magnetoelastic contribution in the interface anisotropy. Si
tc is nearly equal to 0 ML in our films, Eq.~11! is applicable.
This agrees with our experimental result in part, whereKV

FIG. 8. Product of the perpendicular anisotropy constantKu
(1)

determined from spin-wave measurements andtCo as a function of
tCo, with various overlayer materials. The thickness for each ov
layer is 2.00 nm for Cu with 3.00-nm-thick Au, 3.00 nm for Au, an
3.50 nm for Pd. Solid lines are least square fits fortCô 1.5 ML for
the Cu overlayer and fortCô 3 ML for the Pd or Au overlayer.
From the linearityKu

(1)tCo5Ku,I
(1)1Ku,V

(1) tCo, the interface anisotropy
Ku,I

(1) and the volume anisotropyKu,V
(1) are determined asKu,I

(1)

50.16 mJ/m2 and Ku,V
(1) 50.73 MJ/m3 for the Cu overlayer,Ku,I

(1)

50.43 mJ/m2 and Ku,V
(1) 50.95 MJ/m3 for the Au overlayer, and

Ku,I
(1)50.55 mJ/m2 and Ku,V

(1) 50.88 MJ/m3 for the Pd overlayer, re-
spectively. Experimental errors are less than 0.04 mJ/m2.
s

y,

py

-
s
t
i-

e

50.73 MJ/m3 found for the Cu overlayer is comparable wi
the value of 0.56 MJ/m3 determined for well-characterize
hcp Co.26 This indicates that the crystallinity of Co is stab
and bulklike for tCô 1.5 ML with a Cu overlayer and also
the interface-induced misfit strain does not significantly
fect the volume anisotropy. Additionally, the constant val
of KI means the atomic-scale quality of the interface is id
tical for tCô 1.5 ML.

On the other hand, capping with a Pd or an Au overla
results in aKV that is significantly higher than that with Cu
as well asKI . The only possible source for this increase
the volume anisotropy is the additional strain due to
deposition of Pd or Au on Co, since the lattice constants
Pd and Au are markedly larger than that of Co~8% and 14%
larger, respectively!. Previous RHEED analysis showed th
Au growth on Co was incoherent and stress-free for cov
ages greater than 1 ML.27 If we assume the Pd or Au over
layer induces dislocation-free and thus thickne
independent strain inside Co, Eq.~12! shows it is reasonable
to apply the framework of strain-modified volume anisotro
to the result. For the increase in the interface anisotropy w
the Pd or Au overlayer, additional formation of dislocatio
near the upper interface between Co and the overlayer ca
pointed out as a possible origin, in addition to the change
KN . This dislocation formation means a thickness-depend
strain relaxation will occur, and this can contribute toKI . In
addition, as can be seen from Fig. 8,Ku

(1) starts to degrade
from linearity at 3 ML of Co with a Pd or Au overlayer. Thi
critical thickness of Co for the degradation of anisotropy
slightly larger than that for the degradation ofMs . This deg-
radation of Ku

(1) was previously observed below sever
ML’s of Co in Co/Au multilayers and the effect of misfi
strain was discussed.17,28 However, in our single films,tc is
close to 0 ML and it does not agree with the thickness
which the anisotropy starts to degrade. Also, as sho
above, we find that the Co thickness at whichKu

(1) starts to
degrade depends strongly on the overlayer material.

Next we show effects of structural and resultant magne
inhomogeneities on the magnetic anisotropy. As shown in
inset of Fig. 9, we see a field-dependent broadening of
spectrum widthD f aroundHcrit . This behavior is quantita-
tively explained by assuming a distribution of the effecti
magnetization field as follows:

D f 5D f 01D~4pD'Ms!eff$] f /]~4pD'Ms!eff%, ~13!

where f is the spin-wave frequency. The value
(4pD'Ms)eff is determined from the fitting for the spin
wave frequency. The termD f 0 indicates the field-
independent width, possibly due to structure-related inhom
geneities such as defects. The termD(4pD'Ms)eff means
the degree of distribution of the effective magnetization fie
that is,Ku

(1) . We find that these parameters depend stron
on tCo in our single-crystal films. The result for an Au ove
layer is shown in Fig. 9. As can be seen,D f 0 starts to in-
crease rapidly below 3 ML of Co, which coincides well wit
the deviation ofKu

(1) from linearity as shown in Fig. 8. We
obtained a similar dependence for Pd overlayers. Theref
we conclude that the significant degradation ofKu

(1) is due to
the degradation of the film structure resulting from capp
with the Au or Pd overlayer. We note that the effect of an A
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or Pd overlayer onKu
(1) is different betweentCô 3 ML and

tCo,3 ML. The former thickness range shows large const
volume and interface anisotropies, while the latter ran
shows a degradation of those anisotropies. Therefore,
conclude fortCô 3 ML, the epitaxial growth of the over
layer causes both a thickness-independent strain an
thickness-dependent dislocation formation near the uppe
terface of Co, which are responsible for the magnetoela
volume anisotropy and the interface anisotropy, respectiv
From our Brillouin result for tCô 3 ML, the structure-
related inhomogeneity is relatively small and constant, wh
means that the effects of additional strain are uniform a
thus can contribute to the enhancement of anisotropies
contrast, fortCo,3 ML, the additional strain and dislocatio
formation are significantly inhomogeneous. Therefore,
fects and/or an inhomogeneous distortion of the lattice st
ture of Co is responsible for the degradation ofKu

(1) . In
Co/Au superlattices with 2-nm-thick Co, detailed x-ray d
fraction studies indicated a total interface roughness of61.5
ML.29 Consistent with this, our structural results using x-r
and TEM studies show the thickness fluctuation of61 ML
for 10 ML of Co. Therefore, atomic-scale structural inhom
geneities, such as defects, atomic steps, voids, and pa
island formation, should play an important role for the de
radation of the interface anisotropy in these ultrathin fil
thinner than 3 ML. Moreover, in this ultrathin-film region
thickness fluctuations as61 ML cause variations in anisotro
pies and saturation magnetization due to the change inTC .
Therefore, it is suggested that the magnetic parameters
tained, such as anisotropy constants, represent an avera
unknown variations. On the other hand, theoretical work p
dicted the significant broadening of the spin-wave band
the order of 10 GHz due to thickness variations such as
ML in ultrathin films.30 The effects of structural imperfec
tions on the spin-wave mode were examined, and thickn
variations were found to cause a considerable distribution

FIG. 9. Parameters indicating magnetic inhomogeneities,D f 0

and D(4pD'Ms)eff , as a function oftCo, which are determined
from the field dependence of the spectrum width~as shown in in-
set!.
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the effective anisotropy fields. Our experimental result wit
Cu overlayer shows that the spectrum width is not sign
cantly increased with decreasing thickness down to 1.2 M
Therefore, we conclude that thickness variations in our ul
thin films are not noticeable, from the viewpoint of the lon
wavelength spin wave, although such variations should
taken into account. In addition, we note that our direct o
servation of a well-defined spin-wave Brillouin spectrum a
its field dependence ensure the existence of ferromagn
ordering in these ultrathin films. Therefore, our quasimo
tomic Co films withtCô 1.2 ML are continuous over a rang
of at least several hundred nanometers. In addition, if
assume the relatively uniform structure composed of disc
nected magnetic regions, such as a stripe and a plate
long-wavelength spin wave can be detected by this Brillo
scattering, where such disconnected regions are longer
the wavelength of the spin wave of 380 nm. This localiz
spin wave coupled with the magnetostatic interaction mi
have a frequency similar to that of the uniform or surfa
mode in the continuous film. Unfortunately, we could n
observe the wave-vector dependence of the spin-wave
quency with our experimental resolution in these ultrath
films, due to the small number of the film thickness. On t
other hand,D(4pD'Ms)eff tends to increase gradually wit
decreasingtCo. This quantitative result indicates that the di
tribution of Ku

(1) increases gradually with decreasingtCo.
Next, we discuss thetCo dependence ofKu

(1) for quasi-
monatomic films thinner than 1.5 ML. As discussed abo
the tCo dependence ofKu

(1) for tCô 1.5 ML with Cu overlay-
ers can be well explained by the presence of a constant v
of interface anisotropy in addition to the bulklike value
volume anisotropy. However, fortCo,1.5 ML, Ku

(1) as well
as Ms decreases rapidly with decreasingtCo. In addition to
structural imperfections as discussed above, the influenc
the reduction ofTC due to two-dimensionality should b
taken into consideration for such decreases in bothKu

(1) and
Ms .

Unfortunately, in our experiment, the values ofA obtained
from the fitting of the field dependence of the spin-wa
frequency have large experimental errors~several tens of
percent! for quasimonatomic films thinner than 1.5 ML
Here, the effect of the exchange contribution is rather sm
for the field dependence of the spin-wave frequency,
shown in Fig. 5, and is equivalent to our experimental re
lution of 0.5 GHz for such quasimonatomic films. Hence,
is not appropriate to discuss the role and change of the
change interaction among Co atoms inside the film, altho
this exchange interaction is essentially important. Howev
as can be seen,Ku

(1) for each overlayer tends to be zero at
ML of Co, accompanied by significant damping of the sp
wave. It was previously found that ferromagnetic orderi
vanished at a critical thickness of 1.6 ML in Co/Cu~100!, at
which thickness the in-plane anisotropy vanish
simultaneously.11 The in-plane anisotropy was pointed out
be canceled by the competition between the surface and
ume anisotropy with opposite signs, and concluded to st
lize ferromagnetic ordering in the Co/Cu~100! system. On
the other hand, the role of dipole interactions for the stab
zation of ferromagnetic ordering was also discussed in
two-dimensional Heisenberg system.4 Although both effects
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are experimentally difficult to separate, our experimental
sult shows directly that long-range ferromagnetic order
with perpendicularanisotropy exists at RT in quasimon
tomic Co/Au/Cu~111! films with thicknesses less than 1
ML. In this thickness range, these ultrathin films can be c
sidered as well-defined two-dimensional systems.12

Finally, we discuss the behavior of the higher-order p
pendicular ansiotropyKu

(2) . From our fitting results for the
field dependence of the spin-wave frequency, the contr
tion of Ku

(2) appears in the low-field branch of the spin wa
belowHcrit for tCo,2.5 ML with either Pd or Au overlayers
This result is shown in Fig. 10 for the Pd overlayer whi
has the largestKu

(2) . We find thatKu
(2) is still maintained in

the quasimonatomic thickness region, whereasKu
(1) shows a

significant degradation. Actually, the strength ofKu
(2) be-

comes comparable to that ofKu
(1) for tCo%1.5 ML. This

means a significant deformation of the symmetry of
uniaxial anisotropy. Previously, we found thatKu

(2) for 5 ML
of Co increased monotonically with increasing misfit stra
while Ku

(1) showed nonmonotonic dependence of the mi
strain.14 In addition, we recently observed an increase in
interface contribution ofKu

(2) with increasing misfit strain.31

Therefore, we conclude thatKu
(2) observed in these ultrathi

FIG. 10. Product of the second-order perpendicular anisotr
constantKu

(2) determined from the low-field branch of the fie
dependence of spin-wave frequency andtCo, as a function oftCo,
with a Pd overlayer.
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films is due to the interface anisotropy induced by the e
taxial strain. This interpretation is consistent with the expe
mental fact thatKu

(2) is maintained in quasimonatomic C
films thinner than 2 ML, since the first or second layer
initial Co is strongly expanded in-plane by the epitax
growth on the Au interlayer.

IV. SUMMARY

We used a spin-wave Brillouin light scattering techniq
to study magnetic properties in quasimonatomic Co/A
Cu~111! films with a 1-ML Au interlayer and with Cu, Pd, o
Au overlayers. We observed well-defined spin-wave B
louin spectra in ultrathin Co films withtCo down to 1 ML.
The field dependence of the spin-wave frequency dire
shows long-range collective and ferromagnetic ordering
these films at room temperature. We derived uniaxial perp
dicular magnetic anisotropy constants as a function oftCo
from the field dependence of the spin-wave frequency. Fr
the linear relation betweenKu

(1)tCo and tCo with tCo

^1.5 ML for Cu overlayers ortCô 3.0 ML for Pd or Au
overlayers, both the constant interface and volume aniso
pies are determined. With the Au or Pd overlayers, we fi
that both anisotropies are significantly larger than those w
the Cu overlayer, due to additional strain induced by
overlayer. With Au or Pd overlayers,Ku

(1) shows a steep
decrease with decreasingtCo for tCo%2.5 ML, which agrees
well with the significant increase in the structure-relat
magnetic inhomogeneity. We show that long-range fer
magnetic ordering exists with a perpendicular anisotropy
quasimonatomic Co films which is expected as a tw
dimensional Heisenberg system. Finally,Ku

(1) for all overlay-
ers vanishes at 1 ML of Co, accompanied by significa
damping of the spin wave, as well as reduction of saturat
magnetization. In addition, we find that the second-order p
pendicular anisotropy is still maintained in such quasimo
tomic Co films.
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