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Underlayer-induced perpendicular magnetic anisotropy in ultrathin Co/Au/Cu„111… films:
A spin-wave Brillouin-scattering study

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, Arizona 85721
~Received 2 February 1998; revised manuscript received 23 April 1998!

We have used spin-wave Brillouin scattering to study the perpendicular magnetic anisotropy of ultrathin
Co/Au/Cu~111! films with various thicknesses of Au underlayer. From the field dependence of the spin-wave
frequency we find that the second-order~fourth power! uniaxial perpendicular anisotropy increases monotoni-
cally with increasing Au-underlayer thickness ranging from 0 to 5 monolayers~ML !, while the first-order
~second power! anisotropy shows a nonmonotonic increase with a minimum at 1 ML Au. The ratio of the
second-order anisotropy constant to the first one also increases with increasing Au thickness, from 0.01 to 0.07.
We observe saturation for both the perpendicular anisotropy constants for a 5 ML Au underlayer, which
coincides with saturation of expansion of the in-plane Co lattice due to the coherent growth of Co at the
interface between the Co and Au underlayer. When the thickness of Au is further increased beyond 5 ML, we
find an anisotropy-independent increase in coercivity on the polar-Kerr hysteresis curves. We also have ob-
served a field-dependent broadening of the spin-wave Brillouin spectrum around a critical field between
out-of-plane and in-plane magnetizations, which we explain by assuming a distribution of the first-order
perpendicular anisotropy. As the result, the normalized distribution of the first-order anisotropy is shown to
have a minimum at 1 ML Au thickness. We believe the observed Au-thickness dependences of the perpen-
dicular anisotropy and of the distribution are characteristic behaviors due to an atomic-scale transition of the
underlayer materials from Cu to Au.@S0163-1829~98!07237-3#
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I. INTRODUCTION

Magnetic anisotropy in ultrathin films and superlattices
of considerable interest, since the contribution of the m
tiple surfaces and interfaces to the anisotropy is importan
those artificial structures.1 Uniaxial perpendicular anisotrop
can be as high as 107 erg/cm3 in superlattices composed o
Co and nonmagnetic transition metals such as Pd, Pt,
Au. Because of this, studies of these materials are of inte
both for fundamental understanding of magnetism, as we
for potential applications in ultrahigh density magnetic
cording. Experimental studies on the material dependen2

and the effect of crystal symmetry,3 as well as theoretica
work based on the electronic structure, have been previo
presented.4 In addition, the characteristic dependence of
perpendicular anisotropy on the thickness of the nonm
netic transition-metal overlayer has been studied.5,6 A sharp
maximum in the anisotropy was found for an overlay
thickness of 1 monolayer~ML ! and the maximum also ha
been observed using different overlayer materials, includ
Cu, Ag, Au, and Pd. This latter observation suggests an
fect of electronic structure, rather than an effect of stra
since the lattice constants of those overlayer materials
significantly different. Another experiment found that th
perpendicular anisotropy in Co grown on an Au-underla
has a minimum at 1 ML of the Au.7 This effect is opposite to
the overlayer-thickness dependence of the perpendicula
isotropy. These anomalous behaviors of the perpendic
anisotropy show that detailed studies of ferromagnetic sin
layers stacked with transition-metal layers are needed f
better understanding of the effects of atomic-scale interfa
PRB 580163-1829/98/58~13!/8596~9!/$15.00
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on the anisotropy. Thus far Co films stacked with relative
thick Au films have been extensively investigated, as a ty
cal material-combination exhibiting a large perpendicu
anisotropy.8,9 However, even in the Co/Au system, studi
with varying thickness of Au, which significantly affects th
strain in the Co,10 have not yet been sufficiently conducte

In this article, we report detailed spin-wave Brillouin
scattering studies of the Au-underlayer dependence of
uniaxial perpendicular anisotropy in molecular-beam-epita
~MBE! -grown Co/Au/Cu~111! single-crystal films. The
spin-wave energy of a surface mode observed in a typ
Brillouin experiment is sensitive to the surface anisotropy11

The spin-wave frequency in 3-ML-thick Fe single laye
with a strong perpendicular anisotropy has been quan
tively examined as a function of external field and the co
tribution of the second-order~fourth power! perpendicular
anisotropy has been pointed out.12 In situ Brillouin measure-
ments have studied the effect of a Cu overlayer on the
face anisotropy in Co~001!/Cu ultrathin films.13 Recently, the
contribution of tetragonal misfit strain to a crystalline anis
ropy has been investigated in fcc Co~110!/Cu.14 However, in
contrast with those lattice systems, the uniaxial perpend
lar anisotropy in an ultrathin Co~0001! or Co~111! single
layer with sixfold symmetry has not been examined su
ciently. As well as reporting our measurements, this pa
discusses the physical origin of the Au-thickness depende
of the perpendicular anisotropy observed based on our st
tural analysis. In addition, we show that the spin-wave B
louin spectrum is sensitive to magnetic inhomogeneities
depend on the Au underlayer in those Co films. Also,
distribution of perpendicular anisotropy is derived from t
field dependence of the spin-wave spectrum width.
8596 © 1998 The American Physical Society
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II. EXPERIMENT

Films were deposited in our modified Perkin-Elmer MB
system6 under ultrahigh vacuum~UHV! conditions with a
base pressure better than 1310210 Torr. Single-crystal
Si~111! wafers of diameter 76 mm were cleaned using h
drogen fluoride and used as substrates. The Si subst
were annealed at 750 °C under UHV to show a 737 recon-
structed surface. A 4.00-nm-thick Cu-buffer layer was d
posited after cooling the substrate to room temperature. A
depositing the Cu-buffer layer, two types of Au underlaye
were prepared. One type was a step-wedged Au underl
with thicknesses ranging from 0 to 3.2 ML and with th
length of 8.9 mm for each step fabricated using a compu
controlled step-movable shutter. This method allowed us
make ultrathin Au films with various thicknesses under ide
tical deposition conditions. Another type of Au underlay
was a continuous wedge with graded thickness from 1 to
ML. This wedge increased in thickness by 1 ML every
mm, with the length of 3 mm chosen to be much larger th
the 0.1 mm diameter light spot used in the Brillouin me
surements. After deposition of wedged Au underlaye
single Co films with thicknesses of 5 ML~for the step-
wedged Au! and 6 ML ~for the continuous wedge! were
grown. As shown latter, these thicknesses of the Co lay
were carefully chosen to be appropriate for the observa
of the transition between in-plane and out-of-plane magn
zations with varying external field. Finally, an Au overlay
of 3.50 nm was deposited to prevent oxidation of the Co. T
Au and Co films were all deposited at room temperatu
Electron-beam evaporators controlled by optical-feedb
monitors were used for the depositions with rates of 0
nm/s~Cu!, 0.01 nm/s~Au!, and 0.01 nm/s~Co!, respectively,
which were determined with an absolute accuracy wit
610% using Rutherford backscattering spectroscopy~RBS!.
The thickness distribution for the wedge samples on the
mm diameter substrate was within 5% of the designed th
ness, without substrate rotation. Substrate rotation during
deposition of the Cu-buffer layer, Co, and Au overlayer
sured thickness variations less than 1%. Those thickness
tributions also were determined by RBS.

To evaluate the film quality and structure, reflection hig
energy electron diffraction~RHEED! and Auger electron
spectroscopy~AES! were usedin situ. Films for the RHEED
analysis were deposited using planar, rather than wedged
underlayers, since our experimental setup did not allow u
focus the electron beam of RHEED on each ML step of
Au underlayer. During the deposition, RHEED images w
digitized using a CCD camera and captured by a compu
Each image was taken at a time interval of 7 s, which co
sponded to a thickness resolution of 0.3 ML. To check
chemical purity of the Co layers, AES was used on Co fil
with various thicknesses ranging from 3 to 9 ML on a A
Cu/Si~111! surface. This sample allowed us to analyze
thickness dependence of the film quality of the Co, instea
using a depth profiling technique with ion irradiation wi
the resultant heavy interface mixing.

After growth of films, we measuredex situBrillouin light
scattering to study the spin-wave spectrum in those Au/
Au/Cu/Si~111! samples. The excitation light source was t
linear- and vertical-polarized single mode of a diode-pump
-
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and frequency-doubled Nd:YAG laser with emission wav
length of 532 nm and with output power of 200 mW.
backscattering geometry was used to collect the inela
polarized-scattered light normal to the incident vertic
mode, which allowed us to detect only the scattering lig
due to the spin waves. An incident angle of the laser lig
and a collecting angle of the scattering from the sample s
face were 45 degrees. A tandem six-pass (313) Fabry-Perot
interferometer and a solid state detector with quantum e
ciency of 44% and dark count of 2.2 cps were used for
detection of the spin-wave spectrum. Instrumental spect
width was measured to be 0.5 GHz. An external magn
field was applied up to 11.6 kOe parallel to the film pla
and normal to the polarization of the incident laser light.
addition to this Brillouin measurement,ex situ polar-Kerr
hysteresis curves were measured using external fields u
10 kOe.

III. RESULTS AND DISCUSSION

A. Film growth and structure

For Cu-buffer layers deposited without substrate heat
RHEED indicates a structural transformation from C
silicide15 with poor crystallinity into a well defined fcc-~111!
plane at a coverage of 1.5 nm. RHEED patterns then sh
narrow streaks for Cu-buffer layers thicker than 1.5 nm,
well as for the Au underlayer, Co, and Au overlayer. The
results indicate that the fcc-~111! structure with high crystal-
linity and flat surface is epitaxially grown through each
the layers. A rotation of 30 degrees around the@111# axis is
observed between the Si substrate and the Cu-buffer la
which agrees with a previous result obtained by transmiss
electron microscopy.15 It should be noted that in our RHEED
analysis it is difficult to specify the stacking faults and d
tinguish possible hcp-~0002! stacking from fcc-~111! stack-
ing of the ultrathin Co single layer. Previous work has sho
that after forming the Cu fcc-~111! surface an average lattic
constant of the Au layer on the Cu-buffer layer increas
monotonically with increasing Au thickness ranging from
to 5 ML, at which point it has reached the bulk value.10 We
find that the Co growth on this Au underlayer is coherent
the interface, and that the lattice constants of Co layers
expanded by the Au underlayer. Hence, the lattice expan
of Co layers also saturates with the 5-ML-thick Au unde
layer. The strain in Co is maximum at the Co/Au interfa
and relaxes gradually as the Co thickness increases. An
ample of these features is shown in Fig. 1, taken from qu
titative measurements of the in-plane lattice spacing. T
intensity of the specular diffraction from the Co layer is re
tively low at the beginning of the deposition and increas
gradually with increasing Co thickness. Oscillations in inte
sity of the specular beam are not observed during the
growth of Co on Au underlayers. We note that our previo
RHEED analysis showed that Au growth on Co was incoh
ent and stress free for Au coverages larger than 1 ML.6

In AES analysis, the intensity ratios of the Co to the A
underlayer as well as to the Cu of the buffer layer incre
monotonically with increasing Co thickness. Moreover, w
cannot see any signal from theLMM or KLL transition of Si
in our Co films. Hence, we conclude that any contaminat
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of Au, Cu, or Si into Co magnetic layers is negligible, in o
films deposited without intentional substrate heating.

B. Step-wedged Au underlayer with thicknesses
from 0 to 3 ML

Figure 2 shows the spin-wave frequency as a function
the in-plane magnetic field for 5-ML-thick Co films wit
various thicknesses of the Au underlayer. The lowest u
form spin-wave mode was used for the fitting calculatio
taking into account both the direction of the magnetizat
and the contribution of the second-order~fourth power!
uniaxial perpendicular anisotropy.12 In ultrathin ferromag-
netic films, the energy of the uniform mode is very close
that of the surface mode which has a wave-number ve
parallel to the film surface and is accessible by the excita
light. In our Co/Au/Cu~111! films, the spin-wave frequenc
is found to be independent of the angle between the in-p
crystal axis and the applied field. This indicates directly t
the effect of the in-plane anisotropy field on the spin-wa
frequency is less than our 0.5 GHz instrumental spectr
width. Hence, the in-plane crystal anisotropy is omitted
the following calculation. The first and second terms
uniaxial anisotropy constants,Ku

(1) andKu
(2) , are included in

the free energy per unit of the system, as follows:

E52HMscosa1~2pMs
2!

3sin2a2Ku
~1!sin2a2Ku

~2!sin4a. ~1!

FIG. 1. In-plane lattice constant obtained from intensity li
scans of RHEED images as a function of film thickness, with a
ML Au underlayer. Materials deposited are indicated on the figu
The lattice constant is calibrated by the lattice spacing of the S
37) substrate surface. In the inset, the lattice constant of the
underlayer surface is shown as a function of the Au-underla
thickness. The bulk metal lattice spacings areaCu50.2556 nm,
ahcp-Co50.2507 nm, andaAu50.2884 nm, respectively. The lattic
spacings quoted are for room temperature~295 K!.
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The external fieldH is applied along the film plane anda is
the angle of the saturation magnetizationMs with respect to
the film plane. In this definition, a positive value of ea
anisotropy constant indicates a preferred perpendicular
entation for the magnetization. The equilibrium position
the Ms is derived by taking the angular differential of Eq
~1!. An effective magnetization density is also introduced

~4pD'Ms!eff54pD'Ms22Ku
~1!/Ms , ~2!

whereD' , the effective demagnetizing factor, is equal to
for a 5-ML-thick fcc-~111! or hcp-~0001! plane.16–18 If the
effective magnetization density is negative,Ms is oriented
perpendicular to the film plane in zero applied field. Ho

2
.
7
u-
r

FIG. 2. Magnetic-field dependence of the spin-wave freque
in 5 ML Co films for various thicknesses of the Au underlaye
Solid line is the calculated best fit. Dotted line is a calculation ma
without aKu

(2) term @see Eq.~1!#.



s with

PRB 58 8599UNDERLAYER-INDUCED PERPENDICULAR MAGNETIC . . .
TABLE I. Results of the best fitted calculations for the field dependence of spin-wave Brillouin frequency, in 5-ML-thick Co film
various thicknesses of Au underlayers. Coercivity on polar-Kerr hysteresis curves is also listed.

Au underlayer Polar-Kerr Spin-wave Brillouin scattering
Thickness

~ML !
Coercivity

~Oe! g factor
(4pD'MS)eff

~kOe!
2Ku

(2)/MS

~kOe!
Ku

(1)

(107 erg/cm3)
Ku

(2)

(106 erg/cm3)
Ku

(1)1Ku
(2)

(107 erg/cm3) Ku
(2)/Ku

(1)

0 192 1.98 23.19 0.12 1.50 0.17 1.52 0.011
0.5 106 2.09 22.15 0.24 1.42 0.34 1.45 0.024
1.1 95 2.09 22.43 0.19 1.44 0.27 1.47 0.019
1.6 105 2.01 25.15 0.32 1.64 0.46 1.69 0.028
2.1 122 1.94 26.98 0.44 1.77 0.63 1.83 0.036
2.7 170 1.85 28.23 0.80 1.86 1.10 1.97 0.059
3.2 220 1.76 28.86 0.94 1.90 1.30 2.03 0.068
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ever, for applied fields larger thanu(4pD'Ms)effu the mag-
netization is oriented parallel to the external field in the fi
plane.

The spin-wave frequency is obtained using the gen
equation derived by Smit and Belgers19 and the field depen
dence of the spin-wave frequency in each sample can
entirely explained by this fitting. We also have attempted
evaluate the effects of both dipole and exchange fields on
spin-wave frequency in the ultrathin Co film, which a
caused by fluctuations of the magnetization due to the s
wave excitation observed using this light-scattering meth
For this purpose, we modified the spin-wave theory ass
ing in-plane magnetization,20 to be applicable for films hav
ing out-of-plane magnetization due to a uniaxial perpendi
lar anisotropy. In a Co film of thickness only 5 ML, th
contribution of the dipole field to the spin-wave frequency
in the range 0.1–0.5 GHz, which depends on the exte
field and the effective magnetization. Also, the exchan
contribution is below 0.1 GHz. These results justify negle
ing the dipole and exchange effects on the spin-wave en
in the fitting procedure described above. In films without t
Au underlayer, the spin-wave frequency tends to be cons
at 4 GHz around the critical field, which indicates the effe
of domain formation should be considered. Although bel
the critical field, the formation of stripe-type domains mig
be possible even in these ultrathin Co films, there is no
perimental evidence from our fitting results to support
effect of domain formation on the spin-wave energy.

Results of our calculations of spin-wave frequencies
listed in Table I. Also listed are coercivitiesHc determined
from polar-Kerr hysteresis curves.Hc shows a minimum at a
Au thickness of 1 ML. Using a vibrating sample magne
meter~VSM! having low circuit noise and with samples c
into 838 mm2, we have confirmed directly that within65%
the values ofMs are 1370 G for our 5-ML-thick Co single
layers with various thicknesses of Au underlayer. Since
is comparable with that of pure Co, the bulk value of 1422
is used for the calculation of the anisotropy constants. T
first and second terms of perpendicular anisotropy,Ku

(1) and
Ku

(2) , are shown in Fig. 3, as a function of Au thickness.
can be seen,Ku

(1) shows a minimum anisotropy for an A
thickness near 1 ML. This result agrees with our previo
measurement of a total perpendicular anisotropy in
stacking system, in which a polar-Kerr hysteresis techni
with an external field parallel to the hard magnetization
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rection was used.7 In contrast,Ku
(2) shows a monotonic in-

crease with increasing Au thickness, rather than a minim
as seen inKu

(1) . As shown in Table I, the ratio betweenKu
(1)

andKu
(2) shows a monotonic increase from 0.01 to 0.07 w

increasing Au thickness, remaining much smaller than
value of 0.4 characteristic of bulk hcp-Co. Theg factor ob-
tained from our fitting procedure shows a maximum of 2.
around 1 ML of Au, which is close to the 2.2 of bulk Co
Previously, the effect of a strong perpendicular anisotropy
the g factor was observed in a Brillouin-scattering expe
ment on a Fe/Cu~001! sample.12 In that experiment, a value

FIG. 3. Perpendicular magnetic anisotropy constantsKu
(1) ~a!

and Ku
(2) ~b! as a function of the Au-underlayer thickness det

mined from fitting the data using Eq.~1! for the angular dependenc
of the magnetic free energy. Solid lines are guides for the eye.
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of g51.84 was obtained. In our experiments, on ultrathin
samples with a range of anisotropies theg factor appears to
be well correlated with the value ofKu

(1) as well as with the
total perpendicular anisotropyKu

(1)1Ku
(2) .

C. Continuous wedge Au underlayer

Figure 4 shows spin-wave frequencies as a function of
Au underlayer thickness in a gradual-wedge sample wit
ML of Co. With an applied field of 7.3 kOe, the magnetiz
tion is in-plane and the spin wave on the upper branch ab
the critical field can be observed. Hence, this spin-wave
quency depends on theg value and effective magnetizatio
field. Decreasing the Au thickness below 5 ML causes
spin-wave frequency to increase, which we showed in
previous section originates from an decrease inKu

(1) and a
increase in theg value. The spin-wave frequency saturat
for Au thicknesses greater than 5 ML. This saturation
rectly indicates the saturation ofKu

(1) and of the resultantg
value, since theMs does not change with the Au thicknes
Moreover, this saturation coincides with the saturation of
in-plane lattice expansion of Co at 5 ML of Au, as describ
earlier in Sec. III A. With a field of 3.1 kOe, in which th
spin-wave frequency depends on bothKu

(1) andKu
(2) , satura-

tion of the spin-wave frequency at 5 ML of Au is also o
served in Fig. 4. On the lower branch of the spin wave
fields below the critical field, the change in the spin-wa
frequency below 5 ML of Au is directly related to the chan
in Ku

(1) andKu
(2) . These results are confirmed by fitting ca

FIG. 4. Spin-wave frequency vs the Au-underlayer thickness
a 6 ML Co film deposited on a gradual wedge of Au underlay
External fields of 7.3 kOe~a! and 3.1 kOe~b! were applied parallel
to the film surface in order to maintain the magnetization in-pla
and out-of-plane, respectively.
o

e
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culations for the field dependence of spin-wave frequenc
this gradual wedge sample for Au thicknesses of 4, 5, and
ML. Therefore, we conclude that the increases of bothKu

(1)

andKu
(2) above 1 ML of Au are dominated by magnetoelas

effects due to the coherent growth of Co at the Co/Au int
face.

Values of the coercive field,Hc as a function of the Au
thickness, derived from polar-Kerr hysteresis curves,
shown in Fig. 5. As can be seen,Hc gradually increases with
increasing Au thickness, showing no signs of saturat
above 5 ML. This Au-underlayer dependence ofHc cannot
be explained by the Au thickness dependence of the per
dicular anisotropies measured in our spin-wave experime
Therefore, pinning and/or nucleation effects on domain m
tion in the magnetization reversal process should be ta
into account. Such domain formation effects in the magn
zation reversal was observed in an Au/Co/Au sandwich fi
with 3-nm-thick Au films.21 Detailed structural analyses in
cluding an observation of the surface morphology of the
underlayer are necessary for a full understanding of the
crease in theHc with Au thickness.

D. Field-dependent width of spin-wave Brillouin spectrum
and magnetic inhomogeneity

As can be seen from Fig. 6, the spectrum widthDv ex-
hibits a field-dependent line broadening of the spin-wa
Brillouin spectrum at the critical field for which the equilib
rium magnetization lies just in-plane. This behavior is qua
titatively explained by assuming a distribution of the effe
tive magnetization fields, as follows:

Dv5Dv01D~4pD'Ms!eff$]v/]~4pD'Ms!eff%, ~3!

wherev is the observed spin-wave frequency. In this calc
lation the value of (4pD'Ms)eff determined from the field
dependence of the spin-wave frequency is used. Here,Dv0
indicates the field-independent width due to structural in
mogeneities andD(4pD'Ms)eff is the distribution of effec-
tive magnetization fields, that is, the distribution ofKu

(1) val-

r
.

e

FIG. 5. Coercivity obtained from polar-Kerr hysteresis curves
the Au underlayer thickness in 6 ML of Co. Au thicknesses we
varied using a gradual-wedged Au underlayer.
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ues. Since we have confirmed thatMs has the bulk value
independent of the Au-underlayer thickness, and the th
ness distribution of planar Co deposited is within 1
D(4pD'Ms)eff is mainly caused by the distribution ofKu

(1) .
As can be seen from the solid lines in Fig. 6, the calculat

FIG. 6. Magnetic-field dependence of full width at half max
mum ~FWHM! of a spin-wave Brillouin spectrum for 5 ML Co
films with various thicknesses of Au underlayer. Solid lines are
best fit calculations~see text!.
k-
,

n

agrees very well with the data, especially above the criti
field. Below the critical field, the scattering light intensity
considerably lower than that above the critical field due
the out-of-plane magnetization,22 and thus measurement o
the experimental width becomes less accurate. Also, in
sample without an Au underlayer, the effect of domain fo
mation may decrease the spectrum width at the critical fie
As shown in Fig. 7, we find that the parameters ofDv0 and
D(4pD'Ms)eff depend strongly on the thickness of the A
underlayer in our single-crystal films. Inserting only a 0
ML-thick Au underlayer results in a significant reduction
both Dv0 andD(4pD'Ms)eff .

The reduction ofDv0 , the field-independent line width
with increasing Au thickness indicates a marked impro
ment in the structure-related magnetic uniformity of the
layer.23 In the Co/Cu/Si~111! system, the Co was reported t
show hcp-~0002! stacking.24 On the other hand, superlattic
samples of Co/Cu~111! showed fcc-~111! structure with
small amounts of hcp,25 while hcp-~0002! was identified in
Co/Au~111! superlattices.26 Hence, the structure of Co
grown on Cu~111! grown without heating is unstable and
assumed to have considerable stacking faults. Howeve
appears from our measurements that these stacking fault

e

FIG. 7. Field-independent spectrum widthDv0 ~a!, and the pa-
rameter D(4pD'Ms)eff ~b! as a function of the Au-underlaye
thickness. The latter parameter characterizes the inhomogen
distribution of the perpendicular anisotropy. These parameters w
determined from a fitting calculation for the field-dependent li
broadening of the spin-wave Brillouin scattering~see text!. Solid
lines are guides for the eye.
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eliminated by the ultrathin Au interlayer and that the hc
~0002! planes are stabilized. This interpretation agrees w
our experimental result that the spectrum widthDv0 in Co/
Cu~111! films does not depend on the Co thickness, at le
in the range from 4 to 11 ML, since the density of stacki
faults does not significantly depend on the thickness. O
structural imperfections, such as the island formation, sho
depend on the Co thickness.

The Au-thickness dependence ofD(4pD'Ms)eff in the
bottom curve of Fig. 7 indicates that the distribution of pe
pendicular anisotropyKu

(1) is strongly affected by the Au
thickness. From the angular dependence of the absorp
width in ferromagnetic resonance~FMR! measurements, th
anisotropy distribution due to the dispersion ofc-axis crys-
tallites was obtained in polycrystalline Co films sandwich
by Au.27 Also, the angular dependence of FMR line broa
ening was used to determine variations in the perpendic
effective field from in Fe~001!/Cu films.28 It should be noted
that the anisotropy distribution discussed here is obtai
from a relatively microscopic area less than 100mm in di-
ameter, which is meaningfully less than the film area use
a standard microwave FMR experiments. As can be s
from Fig. 7, a decrease in theD(4pD'Ms)eff occurs for a
0.5 ML Au-underlayer thickness in our single-crystal film
and coincides with an abrupt decrease inDv0 . Therefore,
we attribute this reduction of the anisotropy distribution to
significant elimination of stacking faults and possibly of t
reduction in contamination by a fcc-~111! phase. However
the increase inD(4pD'Ms)eff with increasing Au thickness
above 0.5 ML does not agree with the behavior ofDv0 ,
which will be discussed later.

E. Discussion

To evaluate the contribution of underlayer-induced str
to the uniaxial perpendicular anisotropy in the Co films,
estimate a total perpendicular anisotropyKu

(Total) using a
magnetocrystalline anisotropyKMC , a magnetoelastic aniso
ropy KME , and a shape anisotropy, as follows:

Ku
~Total!5KMC1KME22pMs

2. ~4!

The magnetoelastic anisotropy for Co~0002! film is calcu-
lated from

KME52@C111C1222~C13!
2/C33#~lA1lB!«, ~5!

whereCi j is an elastic constant andl is a magnetostriction
constant.25 Since the in-plane strain« in Co depends on the
Co thickness, we use strain values obtained from RHE
measurements of the actual lattice spacing of 5-ML-thick C
Two values ofKMC are used in the calculation: one is th
sum of the first- and second-order crystalline anisotropy
bulk hcp-Co, another is the first-order anisotropy of bu
hcp-Co. The reason to refer to the latter value is that
second-order anisotropy is experimentally shown to be s
eral % of the first one. Additional strain due to the upp
interface between Co and Au is not considered, since
growth of the Au overlayer on the Co was shown to
incoherent and stress free.6 The result of this calculation is
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compared with experimental values determined from
spin-wave experiment in Fig. 8. Here, the experimental va
of Ku

(Total) is plotted, where

Ku
~Total!5Ku

~1!1Ku
~2!22pMs

2. ~6!

For values ofKu
(Total).0, the anisotropy energy favors

perpendicular orientation for the magnetization dens
rather than an in-plane orientation, and the resulting e
axis of the magnetization is perpendicular to the film pla
There are two minimum energy states for a perpendicu
magnetization and an in-plane magnetization. The sys
can reach the lowest energy state via incoherent rota
through the potential barrier between these minimum ene
states. As can be seen from Fig. 8, without the Au underla
the calculated value of total anisotropy indicates in-pla
easy-axis magnetization. This is a consequence of the la
mismatch between Co and Cu being a relatively small 1
However, the experimental value indicates perpendicu
easy axis. Hence, it appears an additional interface per
dicular anisotropy at the lower Co/Cu and upper Au/Co
terfaces may sustain the perpendicular total anisotropy
served. For Au underlayers thicker than 1 ML, the A
thickness dependence of the total anisotropy obtai
experimentally qualitatively agrees with the calculated d
pendence. This is consistent with the increase in the perp
dicular anisotropy above 1 ML of Au being mainly due
the magnetoelastic effect caused by the Au underlayer.

FIG. 8. Total anisotropy vs the Au-underlayer thickness. Clos
circles are experimental values obtained from anisotropy const
Ku

(1) andKu
(2) , usingKu

(Total)5Ku
(1)1Ku

(2)22pMs
2. Closed squares

are calculated values usingKu
(Total)5KMC1KME22pMs

2, where the
magnetoelastic anisotropyKME is evaluated based on the actu
in-plane strain determined from RHEED images and the sum of
first- and second-order crystalline anisotropy of bulk hcp-Co is u
for the crystalline anisotropyKMC . Closed triangles are calculate
values usingKMC without the second-order anisotropy~see text!.
Dotted and solid lines are guides for the eye.
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The transition region between Cu and Au underlayer
very interesting. In our structural analysis using RHEED,
anomalous effect in the Au-thickness dependence of the
tice spacing and specular beam intensity is observed aro
1 ML of Au. As shown above, we observe abrupt decrea
in Dv0 andD(4pD'Ms)eff at 0.5 ML of Au, both showing
marked improvement in the structural inhomogeneity and
anisotropy distribution. Therefore, we cannot attribute
minimum of Ku

(1) to a degradation ofKMC , since the reduc-
tion of the stacking fault density or the elimination of a fc
~111! phase should increase the perpendicular anisotropy
single-crystal Co film. Other possible effects that could d
grade the perpendicular anisotropy are interfacial mixing
the Co/Au interface and interfacial roughness due to p
wetting of Co on Au that is, island formation.8 Additionally,
hybridization of the electronic structure between Co a
transition metals has been proposed as a possible mecha
to affect the interface anisotropy.4,5,29 Since the role of the
interface anisotropy on the total perpendicular anisotrop
important, and further investigation is in progress to elu
date the effect of the Au underlayer on this anisotropy.

Recently, a systematic study of Co/Mn superlattices
vealed a structural transition from fcc-~111! to hcp-~0002!
Co with increasing Mn thickness.30 From the angular depen
dence of FMR fields, the contribution ofKu

(2) was found to
be negligible in the fcc phase, and the hcp phase in the
nm-thick Co superlattice was found to have the ratio
Ku

(2)/Ku
(1)50.05. These results are consistent with our res

that Co films deposited directly on Cu, which contain t
fcc-~111! phase, have a small value ofKu

(2)/Ku
(1) . However,

from the analysis of our Co/Au stacking system, we note t
the effect of strain on theKu

(2) term should be taken into
account for a full understanding of the Au-underlayer dep
dence of the ratioKu

(2)/Ku
(1) .

Finally, we discuss the physical origin of the increase
the distribution ofKu

(1) values with increasing Au thicknes
above 1 ML. The parameterD(4pD'Ms)eff characterizes
the extent of the anisotropy distribution, which is the wid
of a steplike function describing the distribution. Hence, t
value is independent of the intensity of the anisotropy.
clarify this point, in Fig. 9 we plot a normalized distributio
of Ku

(1) obtained from the value ofD(4pD'Ms)eff . A simi-
lar dependence on Au thickness of the normalized distri
tion (DKu

(1)/Ku
(1)) is exhibited by the variation o

D(4pD'Ms)eff shown in Fig. 7. The distribution of perpen
dicular anisotropy can be related to the angular dispersio
thec axis of single-crystal Co. For example, from an analy
of x-ray data for Co/Pd superlattices, it was shown that
width of the rocking curves increased with increasing
thickness, due to the large lattice mismatch between Co
Pd.31 However, our RHEED results for Co/Au films sho
that sharp and narrow streak patterns are maintained thro
out the deposition of Co. Also, the Co-thickness depende
of the RHEED intensity is similar for different thicknesses
Au. These results do not indicate a significant change in
dispersion of Co crystallite orientations and further effo
are necessary to elucidate the Au dependence of the Co
tice structure. On the other hand, nonuniform strain is a p
sible explanation for the increase in the anisotropy distri
s
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tion, since the effect of strain on the perpendicu
anisotropy becomes important above 1 ML of Au.

IV. SUMMARY

We have studied perpendicular magnetic anisotropy in
trathin Co/Au~111! films with varying thicknesses of the Au
underlayer by spin-wave Brillouin scattering. We explain t
field dependence of the spin-wave frequency by a calcula
that includes both the first-~second power! and second-orde
~fourth power! uniaxial perpendicular anisotropies. We fin
that the second-order perpendicular anisotropy increa
monotonically with increasing Au-underlayer thickness ran
ing from 0 to 5 ML, while the first-order anisotropy shows
nonmonotonic increase with a minimum at 1 ML. The ra
of the second-order anisotropy constant to the first one
significantly less than the bulk value, and also increases w
increasing Au thickness. Saturation of both the first- a
second-order anisotropies for a 5 ML Au underlayer agrees
well with the saturation of expansion of the in-plane Co l
tice due to the coherent growth of Co at the Co/Au interfa
Also, we observed a field-dependent broadening of the s
wave Brillouin spectra around a critical field between out-
plane and in-plane magnetizations. We interpret this bro
ening as due to a distribution of the first-order anisotro
depending on the thickness of Au underlayer. As a result,
distribution of the first-order anisotropy is shown to have
minimum at 1 ML of Au. The physical origins of the Au
underlayer dependence of the perpendicular anisotropy
the distribution have been discussed mainly based on
structural analysis using RHEED.
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FIG. 9. Normalized anisotropy distributionDKu
(1)/Ku

(1) obtained
from D(4pD'Ms)eff as a function of the Au-underlayer thicknes
The solid line is a guide for the eye.
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