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Strain dependence of the interface perpendicular magnetic anisotropy
in epitaxial Co/Au/Cu„111… films
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~Received 17 March 1999!

We observe a systematic increase in interface perpendicular magnetic anisotropy~PMA! with increasing
Au-interlayer thicknesstAu ranging from 1 to 5 ML in Cu/Co/Au/Cu~111!, where misfit strain in Co due to the
epitaxial growth increases with increasingtAu . In addition, we have found an unexpected suppression of this
variation of interface PMA with the use of Au overlayers instead of Cu. Also, the volume PMA significantly
increases with the Au overlayer.@S0163-1829~99!04646-9#
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I. INTRODUCTION

Surface and interface magnetic anisotropy has rema
one of the most important subjects in modern magneti
This anisotropy is largely a function of the quality and pe
fection of the surface or interface, and recent progress
deposition technology has allowed us to investigate such
isotropy in ultrathin films with samples controlled on th
atomic scale.1 The presence of Ne´el-type surface anisotrop
based on the crystal symmetry and the magneto-elastic e
have been extensively discussed in many types of magn
films and superlattices stacked with nonmagnetic layers.
uniaxial perpendicular magnetic anisotropy~PMA! is espe-
cially important, because of its large strength and the po
tial for storage applications in addition to its basic symmet

In Co/Pd superlattices, the interface PMA was found to
independent of the crystal orientation of the Co.2 The inter-
face PMA in Co/Au films also has been studie
extensively.3,4 When Co is epitaxially grown on Au a larg
strain develops due to the lattice mismatch of 14% betw
Co and Au, as well as the sharp interface due to the ins
bility of Co into Au. Hence a magneto-elastic origin has be
proposed to explain the large PMA of Co/Au superlattice5

The effect of strain on the interface PMA also has been
cussed from the Co-thickness dependence of the PMA
comparison with other stacking systems such as Co/Ag
Co/Cu.6–8 The strain dependence of the interface anisotro
is key to distinguishing between possible physical origi
such as structural and electronic effects. However, a sys
atic study of these materials while solely changing the str
has not been previously presented.

Our experimental results show that the in-plane latt
constant of Au on a Cu-buffer layer increases with increas
Au thickness, and that a subsequent Co layer can be epi
ally grown on that Au surface. Therefore, the Co/Au/C
stacking system offers a good opportunity to systematic
investigate the effect of strain on the interface PMA. In th
paper, we report the results on single-crystal Co/Au/Cu~111!
films preparedsimultaneouslywith varying Au-interlayer
thicknesstAu and Co thicknesstCo. This has allowed us to
examine the effect of strain on the interface PMA und
identical preparation conditions. We evaluate the interf
anisotropy from thetCo dependence of the PMA, which w
PRB 600163-1829/99/60~22!/15245~6!/$15.00
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determine by means of a spin-wave Brillouin technique t
ing into account a dipole field depending ontCo. In addition,
two types of overlayers consisting of Cu and Au are co
pared to examine the effect of overlayer material.

II. EXPERIMENT

We deposited films by molecular beam epitaxy, with
base pressure of 1310210 Torr. HF-cleaned Si~111! wafers
were used as a substrate and annealed at 750 °C to sh
737-reconstructed surface. After cooling to room tempe
ture, we deposited a 4.00 nm-thick Cu-buffer layer and v
ied tAu from 0 to 5 ML using a step-movable shutter. Afte
the Au-stepped wedge, the substrate was rotated by 90°
a Co-stepped wedge varying in thickness from 4 to 10 M
was deposited in the same manner to provide a matrix
samples of differenttAu and tCo. For one set of samples,
Cu overlayer of 3.00 nm was deposited. Finally, a 3.50 n
thick Au layer was deposited to prevent oxidation for bo
samples with and without the Cu overlayer. The A
protective layer for the Cu overlayer was necessary, since

FIG. 1. Matrix sample geometry for the Au-overlayer/~Cu-
overlayer!/Co stepped-wedge~4–10 ML!/Au stepped-wedge~0–5
ML !/Cu buffer-layer/Si~111! system.
15 245 ©1999 The American Physical Society
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observed oxide formation on a bare Cu surface. Geom
for our matrix sample is shown in Fig. 1. The depositi
rates of the Au and Co both were 0.01 nm/sec, which w
calibrated with an absolute accuracy of610% using Ruther-
ford backscattering spectroscopy~RBS!. RBS also confirmed
the thickness distribution was within62% for one of the
wedge samples. We usedin situ reflected high energy elec
tron diffraction ~RHEED! and Auger electron spectroscop
~AES! for the evaluation of the film structure and qualit
Magnetic properties were evaluated byex situ spin-wave
Brillouin scattering, the details of which were describ
elsewhere.9 Saturation magnetizationMs was measured by a
vibrating sample magnetometer~VSM!.

III. RESULTS AND DISCUSSION

RHEED observations show narrow and sharp streak
terns indicating that the fcc-~111! structure with high crys-
tallinity and flat surfaces are epitaxially grown through ea
of the layers. Continual RHEED observations for fcc-@11̄0#

of Cu and Au, or hcp-@112̄0# of Co were performed using
other planar samples, where the stacking of hcp-~0002!
planes were identified in Co deposited on the Au interla
rather than fcc-~111! planes by a cross-sectional hig
resolution TEM. The skin-depth of thee-beam used for
RHEED was estimated to be less than several Å with in
dence angle of 0.5° and acceleration voltage of 15 kV.
observe the formation of Cu-silicide at the Cu/Si interfa
and a rotation of 30° around the@111# axis between the S
substrate and Cu-buffer layer.10 Quantitative analysis of the
RHEED patterns shows that the average in-plane lattice c
stant of Au on the Cu-buffer layer increases monotonica
with increasingtAu up to 5 ML at which point it has attaine
its bulk value. We find the in-plane lattice constant of the
layer also is expanded by the Au interlayer up to 5 ML a
then saturates. Figure 2 shows the in-plane strain in Co
function of tCo, which is derived from digitized RHEED
images captured during the film growth. As can be seen,
strain in the Co layer is maximum at the Co/Au interface a
gradually relaxes with increasingtCo, which can be ex-
pressed by the 1/tCo law and understood as the relaxation
misfit strain.11 On the other hand, the narrow streak patte
for Co indicate the good crystallinity of the Co layers. Fro
the line width of the streak, the in-plane correlation length
estimated as a few nm. However, we could not observ
clear oscillation of the specular beam intensity of t
RHEED as a function of Co thickness during the growth
Co films. Such a lack of RHEED oscillations was previous
reported in Co/Cu~111!, while they were observed in
Co/Cu~100! prepared under identical conditions.12 In addi-
tion, in epitaxial Co/Au superlattices, detailed x-ray diffra
tion showed an interface roughness of 1.5 ML.4 Therefore,
we conclude that the surface of Co~0002! is not sufficiently
perfect to detect RHEED oscillations and it is an intrins
structural property of this plane. However, we would no
that we prepared matrix samples with systematically diff
ent misfit strain under identical preparation conditions a
then we discussed the strain dependence of the anisotr
AES analysis revealed no contamination of the Co la
within the sensitivity of 3%.

Figure 3 shows the spin-wave frequency as a function
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magnetic field in 5- and 10-ML-thick Co films. We hav
included effects of both the dipole and exchange fields in
calculation of spin-wave frequency, which are caused b
fluctuation of the magnetization due to the surface spin-w
observed by this light scattering method. The dipole corr
tion is important since it is largely a function oftCo. For this
purpose, we modify the spin-wave theory by Cochranet al.13

to be applicable for a magnetic film having out-of-pla
magnetization due to a uniaxial PMA. We describe brie
the procedure for the calculation. A magnetic thin film wi
the thicknessd lies in xz plane. The external fieldH is ap-
plied along thex axis andf is the angle of the magnetizatio
M with respect to thex axis. u is the angle of the magneti
zation with respect to thez axis.j andh are small angles of
deviation of the magnetization from its equilibrium positio
z is the equilibrium direction of the magnetization vecto
The equations of motion for the small deviation of the ma
netization can be expressed, as 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/2mc. We apply Cochran’s procedure to our syste
and obtain expressions for the torque, as follows:

FIG. 2. In-plane strain of Co grown on Au/Cu~111! as a func-
tion of Co thickness with various thicknesses of Au interlaye
These data were obtained from intensity line scans of RHEED
ages as shown in the inset, with the lattice constant calibrated by
lattice spacing of the Si~737! substrate surface. RHEED image
were continually captured in planar samples. The direction of the

beam was closely parallel to the@11̄0# axis of Cu~111! plane. The
bulk lattice constants are afcc-Cu50.2556 nm, afcc-Au

50.2884 nm, andahcp-Co50.2507 nm, respectively. The dat
points at Co thickness50 nm correspond to the surface of a C
buffer layer or Au interlayers just before the Co layer starts to gro
It notes that clear oscillations of the specular beam intensity co
not be observed~see text!.
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Th54pM2 cos2 f~12qd/2!hg, ~3!

Tj522pM2q dj g. ~4!

q is the wave vector of the spin wave, which is parallel to t
z axis. The free energy per unit of the system can be
panded for smallj andh, as follows:

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

j andh are characterized by time and space variations aseivt

andeiqx. Therefore,

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

1O@~qd!2#. ~6!

The equilibrium position of the magnetization is deriv
from angular differential of the free energy and thusu
5p/2 in this system. With neglecting higher orderO„qd…2,
we obtain,

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

212pqd~Eff2Euu cos2 f!.
~7!

The second term corresponds to the dipole contribution.
free energy per unit of the system can be expressed aE
5EZeeman1Emagnetostatic1Eanisotropy. Within our experimental
resolution of 0.2 GHz, in the Co/Au/Cu~111! plane the spin-
wave frequency is independent of the angle between the
plane crystal axis and the applied field. Thus the in-pla
crystal anisotropy can be omitted from our calculation,
which the uniaxial anisotropy contribution is expressed
the free energy as follows,Eanisotropy52Ku

(1) sin2 f

FIG. 3. Magnetic field dependence of the spin-wave Brillou
frequency in Co films sandwiched between a 3 ML Au-interlayer
and an Au-overlayer. The inset shows the Brillouin spectrum fr
5 ML of Co, where the transition between in-plane and out-of-pla
magnetization appears at a critical field of 5.8 kOe. Below this fie
the magnetization inclines from the film plane due to the perp
dicular anisotropy. Solid lines are best-fitted calculations. Nonz
behavior of the spin-wave frequency appears at zero field~10 ML!
or at the critical field~5 ML!, mainly due to the dipole contribution
depending on the Co thickness.
e
x-

e

n-
e

2Ku
(2) sin4 f. A positive value of each anisotropy consta

indicates perpendicular anisotropy. Therefore,

E52HMs cosf1~2pMs
2!sin2 f2Ku

~1! sin2f

2Ku
~2! sin4 f. ~8!

The spin-wave frequency is finally calculated by torq
equations of the precession of magnetization under effec
fields taking account of the exchange field in addition to
dipole contribution. We are able to fit the measured fie
dependence of the spin-wave frequency in each sample u
the above procedure.

From the field dependence of spin-wave frequency,
derive the first- and second-order anisotropy constantsKu

(1)

andKu
(2) . The results forKu

(1) for varioustAu in Cu/Co/Au/
Cu~111! are shown in Fig. 4, where the product ofKu

(1)tCo is
plotted as a function oftCo. We observe a linear relation fo
each Au interlayer. This indicates the existence of an in
face anisotropy that can be phenomenologically represe
asKu

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

(1) tCo, where the first term is the sum o
the interface anisotropy and theKu,V term is the volume
anisotropy.1 From this linearity we can determine the valu
of interface anisotropy from the intercept on the vertical ax
A slight deviation from linearity fortCo%1 nm is commonly
observed in Co/Au superlattices, and effects of strain a
misfit dislocation have been discussed by others.3,5,7 As can
be seen in Fig. 4, we find a systematic variation of the int
face PMA with tAu . Above 1 ML of Au, the interface PMA
monotonically increases with increasingtAu, which coincides
with the monotonic increase in the in-plane strain of Co. T

e
,
-
o

FIG. 4. Product of perpendicular anisotropy constantKu
(1) ob-

tained from spin-wave measurements andtCo as a function oftCo,
with varioustAu and withCu overlayers. Solid lines are least squar
fits for tCô 1.0 nm. Experimental errors are less than 0.04 mJ/2.
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effect of misfit strain on the anisotropy has been discus
previously based on a critical layer thicknesstc between co-
herent and incoherent film growth in the epitaxial system
follows:6,14

KI5KN1Kl ,

KV5KMC for tCo.tc , ~9!

KI5KN ,

KV5KMC1KME for tCo,tc . ~10!

Above tc , the magneto-elastic contributionKl is included in
the interface anisotropy, whereKN is the Néel-type surface
anisotropy. The volume anisotropyKV without the shape an
isotropy 22pMs

2 is shown as a magneto-crystalline anis
ropy KMC . Below tc , the magneto-elastic anisotropyKME is
added toKV . Sincetc is nearly equal to 0 ML, as shown i
Fig. 2, Eq.~9! for the KI is applicable. This agrees with ou
experimental result, where the interface PMA increases w
increasing misfit strain. Therefore, we conclude that the
terface PMA depends on the interface strain in this Cu/
Au/Cu~111! system. The relation between the in-plane mis
straine and the interface anisotropy constantKu,I

(1) is shown
in Fig. 5. As shown in the inset, the strain is well express
by the equation,

e5~a/tCo!1b, ~11!

except for the initial few ML’s of Co. The constanta indi-
cates the amplitude of thickness dependence of the m
strain near the lower Co/Au interface, andb is the thickness-
independent strain. Therefore, the formera can contribute to
the interface anisotropy through the magnetoelastic effec

FIG. 5. Interface perpendicular anisotropy constantKu,I
(1) as a

function of strain parametera, which is determined from the
1/tCo dependence of in-plane strain~the inset and see text!. With Au
interlayers, the good proportionality of the interface anisotropy
the strain is observed.
d

s

-

th
-
/

t

d
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discussed above. In fact, it is clearly shown thate increases
monotonically with increasinga in our Cu/Co/Au/Cu~111!
system. It should be noted that the value ofb is less than
0.2% for this system and thus is negligible, while that
1.1% for the Cu/Co/Cu~111! system. On the other hand,KV
shows a constant value for values oftAu^1 ML. This indi-
cates the crystallinity of Co is stable fortAu^1 ML and also
the interface-induced misfit strain does not significantly
fect theKV in those Co films thicker than several ML’s dis
cussed here.

The interface PMA,KI50.85 mJ/m2 in Co directly grown
on Cu is markedly higher thanKI50.34– 0.72 mJ/m2 of Co
deposited on thin Au interlayers, although the strain in
former is much smaller than that in the latter. Actually, t
in-plane lattice constant in Cu/Co/Cu is constant in the ra
of tCo%2.5 nm that we examined, and thus the growth mo
is coherent. Therefore, we conclude the intrinsicKN
50.43 mJ/m2 at the Co/Cu interface is higher than that at t
Co/Au interface. Also, we demonstrate that theKV
50.14 MJ/m3 in Cu/Co/Cu is abruptly transformed intoKV
50.49 MJ/m3 in Cu/Co/Au with only one ML of Au inter-
layer. It should be noted that the value ofKV in Cu/Co/Au is
in the range 0.5–0.6 MJ/m3, which is comparable with the
value of 0.56 MJ/m3 recently determined in well-
characterized hcp-Co.15 The meaningfully smaller value o
KV in Cu/Co/Cu is possibly due to the fcc phase and sli
contamination of other planes like~100! and ~110!.16,17

Next, we show the dramatic effects of an overlayer on
PMA. As shown in Fig. 6, with the use of an Au overlay
instead of Cu, we find that the variety of interface PM
values observed with the Cu overlayer is strongly su
pressed. The upper limit ofKI50.96 mJ/m2 at tAu55 ML is

o

FIG. 6. Plot ofKu
(1)tCo vs tCo with varioustAu and with anAu

overlayer. The inset shows the higher anisotropy contributi
Ku

(2)tCo as a function oftCo.
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not changed by the Au overlayer, although the interface
isotropy with thinner Au interlayers significantly increas
by a factor of 1.4–2. Also, the interface anisotropy of C
directly deposited on Cu decreases toKI50.72 mJ/m2 with
the Au overlayer. Simply adding or subtracting a const
value of KN difference between the Au and Cu overlaye
KN

(Co/Au)2KN
(Co/Cu), cannot explain this suppression of th

tAu dependence of interface anisotropy with the Au ov
layer. It should be noted that the upper limit ofKI

51.1 mJ/m2 including theKu
(2) contribution is comparable

with the value of interface anisotropy reported in Co/A
superlattices.1,7 This significant change in the perpendicul
anisotropy due to the Au overlayer is also confirmed
means of a magnetization curve using a VSM. Figure
shows a typical example for 5 ML of Co with 1 ML of th
Au interlayer with Cu or Au overlayer, in which the extern
field is applied along with the film plane. Here, the produ
of the total anisotropyKu

Total including the in-plane shap
anisotropy and the Co thickness is determined by the s
wave Brillouin asKu

TotaltCo520.49 mJ/m2 ~in-plane magne-
tization without external field! for the Cu overlayer, and
Ku

TotaltCo50.06 mJ/m2 ~perpendicular magnetization withou
external field! for the Au overlayer, respectively. Therefor
a significant change in the magnetization curve for the
plane direction can be seen, as shown in Fig. 7. The easy
for the magnetization is in-plane for the Cu overlayer. On
other hand, the magnetization curve for the Au overla
indicates the hard axis for the magnetization, since a Po
Kerr measurement with applying the field normal to the fi
plane shows a square hysteresis curve. This result sho
good agreement with the observation using the Brillouin
the significant change in the perpendicular anisotropy du
the Au overlayer. A possible explanation for this change
the variation of interface anisotropy is the additional form
tion of dislocation and thickness-dependent strain in Co
to the Au coverage. We observe Moire´ fringes in a Co layer
with Au overlayer using a high-resolution cross-sectio
TEM ~JEOL JEM2010!, as shown in Fig. 8. These fringe
can be caused by structural domains with different latt
constants and with formation of dislocations. The fringes
local and the spacings of the fringes are not uniform. Ho

FIG. 7. Magnetization curves measured using a VSM, for 5 M
of Co with 1 ML of the Au interlayer with the Cu~a dotted line! or
Au overlayer~a solid line!. The external field is applied along wit
the film plane.
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ever, the typical value of the spacing is in the range 0.8–
nm, which corresponds to local strain of 12–20 %, if t
fringes are made of a strained and a non-strained dom
This observation supports the presence of a deformatio
the lattice structure and the additional strain in Co after c
ping with an Au overlayer. Previously RHEED analys
showed that Au growth on Co was incoherent and stress
for coverages greater than 1 ML.18 Therefore, the magneto
elastic effect due to the Au overlayer on the interface PM
was not taken into consideration.7,8 Our finding is that the
additional strain and misfit dislocation of Co caused by
Au overlayer is rather inhomogeneous and the relaxation
the strain occurs locally, even though good epitaxial grow
can be continually observed in the Au overlayer by means
RHEED. This feature of the additional strain and its rela
ation is apparently different from the misfit strain of C
grown on the underlayer with larger lattice constant. In a
dition, the magnitude of the volume anisotropy significan
increases, e.g., fromKV50.57 MJ/m3 to 0.78 MJ/m3 for tAu
55 ML. If we assume that the Au overlayer induce
dislocation-free and thus thickness-independent strain in
Co in addition to the dislocation formation around the inte
face, Eq.~10! shows it is reasonable to apply this framewo
of strain-modified volume anisotropy to our experimental
sult. Our experimental results in single ultrathin films may
general in superlattice samples. The strain dependence o
interface PMA and the effects of overlayer-induced loc
strain can be observed, if we separate the effect of unifo
strain throughout the superlattice structure.

Finally, we comment on the behavior of the higher ord
PMA, Ku

(2) . From our fitting of the field dependence of th
spin-wave frequency, the contribution ofKu

(2) appears in thin
Co films. The value ofKu

(2) is relatively small, ranging from
1 to 9% ofKu

(1) . However, we find thatKu
(2) increases with

decreasingtCo and shows the interface contribution. We al
observe a systematic increase in theKu

(2) with increasing
tAu , even with the Au overlayer, as shown in the inset
Fig. 6.

IV. SUMMARY

In this paper, we prepared simultaneously epitaxia
grown Co/Au/Cu~111! films with varying tCo andtAu . From

FIG. 8. Cross-sectional TEM images for 10 ML of Co with th
Au-overlayer~a!,~b!, in comparison with that with the Cu-overlaye
~c!. For the Au overlayer, local and inhomogeneous Moire´ fringes
can be seen~indicated by an arrow and see text!.
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the field dependence of the spin-wave Brillouin frequen
we found a strain-induced increase in the interface perp
dicular anisotropy in Cu/Co/Au/Cu~111!. Moreover, we
found that such variations of the interface anisotropy
strongly suppressed by the use of an Au overlayer instea
Cu. At the same time, we observe an increase in the volu
anisotropy. These unexpected effects of the Au overla
motivate the investigation of the form of strain in epitaxi
films after formingoverlayer, and related magnetic phenom
y,
en-

re
of

me
er
l
-

ena in metallic ultrathin films with large mismatch of th
lattice constants.
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