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We have studied the transition from perpendicular to in-plane magnetization in a ferromagnetically coupled
epitaxial Co/Ni/Cu~001! structure. Perpendicular magnetic anisotropy~PMA! up to 661.5 Å Co thickness is
observed. The value of the uniaxial Co volume anisotropy (KV

Co), which comes entirely from the shape
anisotropy contribution, is explained by the absence of strain in the Co film, leading to a vanishing magneto-
elastic anisotropy contribution toKV

Co as evidenced by reflection high-energy electron diffraction results. We
conclude that the critical thickness for PMA in this system can be controlled via strain in the Co film.
@S0163-1829~97!50734-X#

The phenomenological explanation for the occurrence of
perpendicular magnetic anisotropy1 ~PMA! in ultrathin films
is the competition of the volume anisotropy which favors an
in-plane easy axis and the symmetry breaking surface/
interface anisotropy2 which favors PMA. Studies of PMA
have mainly used magnetic films grown on a nonmagnetic
metal3,4 and multilayers with nonmagnetic spacers5,6 in order
to increase the surface/interface effects. Multilayers in which
both types of layers are ferromagnetic~FM! have not been a
popular choice because the interface anisotropy has to over-
come an additional shape anisotropy, namely that of the sec-
ond ferromagnetic layer. The PMA of fcc@111# textured
Co/Ni multilayers is one of the exceptions to the above ar-
gument and is explained by the contribution of the interface
between ultrathin closed-packed layers.7 Another example of
PMA shown in FM/FM layers has been reported for fcc/fct
metastable Fe/15 ML Ni/Cu~001! structures.8 Until now the
engineering of PMA has mainly concentrated on finding
symmetry breaking surface/interface anisotropies by using
different combinations of film and substrate. However little
attention has been paid to extending the critical thickness
(tc

PMA) for PMA, which is another important factor for tech-
nical applications. Therefore while an epitaxial Cu/25 Å Ni/
Cu~001! structure shows PMA, epitaxial Cu/Ni~17 Å!/Co
~2–10 Å!/Ni ~8 Å!/Cu~001! structures did not show PMA
although the interface anisotropy (KS

Co/Ni) of Co and Ni was
found to prefer PMA and 2 Å Co wasinferred as the value
for tc

PMA .9 This finding was explained to result from an ex-
traordinarily large Co volume anisotropy (KV

Co), associated
with a magnetoelastic anisotropy due to strain.

The present work is based on the recognition thattc
PMA in

the Ni/Co system can be extended by decreasing the absolute
value ofKV

Co. This can be realized by minimizing the lattice
misfit between fcc Co and Ni. The in-plane lattice parameter
of Ni can in principle be controlled continuously by growing
the Ni film on Cu~001! beyond the coherent growth region.
In this paper we report our observation of the PMA of an fcc
Cu/Co step-wedge/60 Å Ni/1000 Å Cu/Si~001! structure.
Our findings suggest a way of controllingtc

PMA in this system
by controlling the strain in the magnetic film.

The Si~001! substrate was etched in diluted HF solution
for 12 minutes prior to loading into the growth chamber and

annealed for 2 hours at;200 °C after overnight bake-out.
The base pressure of the chamber was 6310210 mbar and
during deposition increased to 331029 mbar. Cu buffer lay-
ers were grown at;15 Å/min using an electron beam
heated Mo crucible while Co and Ni films were grown at 1
;1.5 Å/min by electron beam evaporation. A 60 Å Ni/1000
Å Cu buffer was prepared on the Si~001! substrate and a
step-wedged (0;27 Å) Co epitaxial film was grown on it. A
30-Å Cu capping layer was further deposited forex situmea-
surements. The film thickness was estimated using a quartz
crystal monitor close to the sample position. The cleanliness
of the film was confirmed by Auger electron spectroscopy
after completion of each film growth.

The reflection high energy electron diffraction~RHEED!
images were taken with a CCD camera during film growth.
RHEED patterns confirmed the earlier finding10 that three-
dimensional epitaxial growth occurs along the@001# direc-
tion with the Cu and Ni cubic axes rotated in-plane by 45°
with respect to the Si~001! principal axes. Figure 1 shows a
typical RHEED picture taken after the completion of the
growth of the corresponding layer along two different Cu
azimuths. After 1000 Å Cu deposition, sharp streaks with
low background were observed in the RHEED pattern. No
qualitative change of the RHEED pattern was observed dur-
ing the subsequent Ni and Co growth, revealing that the
structure of an overlying Co film has an fcc structure and the
same cubic axis direction as in Cu and Ni. This epitaxial
relationship between Co and Ni is expected because the lat-
tice mismatch between fcc Ni and fcc Co is very small~a0
53.56 Å for the fcc Co phase anda053.52 Å for fcc Ni!
and both films have an fcc~001! surface when grown on
Cu~001!.10,11

Figure 2 shows magneto optic Kerr effect~MOKE! hys-
teresis loops with varying Co thickness. In the polar MOKE
measurements the light was incident at 90° to the surface and
for the longitudinal MOKE it was at 45° to the surface and
along the^100& Ni azimuth. The MOKE loops of a 60 Å
Ni/Cu~001! (tCo50 Å) show PMA as reported by other
groups.10,12 It is clear that the easy axis of this system is
perpendicular to the surface up to 4 Å Co thickness and in
the plane at 8 Å Co thickness. The in-plane MOKE loops
with 0 and 4 Å Cooverlayers show strong hysteresis behav-
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ior. This hysteresis is due to the sensitivity of the longitudi-
nal MOKE geometry to the perpendicular component of the
magnetization. As the magnetic field decreases from satura-
tion, the magnetization starts to rotate towards the easy axis
which is the surface normal. Therefore, the perpendicular
component of magnetization is also recorded in the longitu-
dinal geometry.

The magnetic anisotropy was determined using polar
MOKE measurements for the Co thickness range where the
magnetization was in the plane. We assume that the Co and
Ni are very strongly ferromagnetically coupled, i.e., the cou-
pling strength is much larger than all relevant anisotropy

fields. We follow a phenomenological model, in which the
second-order magnetic anisotropy constant (K1) of the
whole structure is described as

K1D5KV
CotCo12KS* , ~1!

where

2KS* 5KS
Co/Ni1KS

Ni/Cu1KS
Co/Cu1KV

NitNi ~2!

andD, tCo, andtNi are the total thickness of magnetic films
(D5tCo1tNi), Co thickness, and Ni thickness, respectively.
A similar expression arises for the fourth-order anisotropy
constant (K2). But the effective magnetic anisotropy con-
stant of the whole structure (Keff) has contributions from
both the second-order and fourth-order cubic anisotropy con-
stants. The strong curvature of the polar loop at 8 and 12 Å
in the polar geometry of Fig. 2 suggests thatK2 is not neg-
ligible compared toK1 and from the loop shape we infer that
the K2 contribution is more important in the 8 Å Cothan in
the 12 Å Co film. The out-of-planeM -H relation for films
with in-plane easy axis is

H52
2K1

MS
S M

MS
D2

4K2

MS
S M

MS
D 3

, ~3!

where the saturation field is obtained whenM5MS and the
effective magnetization (MS) of this system is given by

MS5
MS

CotCo1MS
NitNi

tCo1tNi , ~4!

whereMS
Co andMS

Ni are assumed to be the bulk gnetization
of Co and Ni.K1 andK2 are estimated by fitting the normal-
ized M -H loop to a constrained polynomial function (y
5a1x1a3x3) in the range20.95MS,M,0.95MS ~see Fig.
3!. Figure 4 shows the separate contributionsK1D andK2D
to the effective anisotropy and straight lines obtained by a
least-squares fit to data points. As expected,K1 becomes
dominant with increasing Co thickness. We obtain the criti-
cal thickness (tc

PMA,Co) of Co in this system whenK1D50
andKV

Co is determined by the slope of the straight line. The
intercept with the vertical axis gives 2KS*
50.8360.099 erg/cm250.8360.099 mJ/m2 for this system,
which should depend ontNi @see Eq.~2!#. The critical thick-
ness tc

PMA,Co56.1561.25 Å of this system is larger and

FIG. 1. RHEED images of 1000 Å Cu/Si~001!, 60 Å Ni/1000 Å
Cu/Si~001!, and 12 Å Co/1000 Å Cu/Si~001!. Qualitatively, there is
not much difference, confirming the epitaxial relationship among
them.

FIG. 2. Polar MOKE~left! and in-plane MOKE alonĝ10& di-
rection~right! loops for different Co thicknesses. The magnetic field
ranges~x axis! are different for each geometry depending on the
direction of the easy axis of magnetization.

FIG. 3. Normalized polarM -H curves and fitted curves@see text
including Eq.~3!#.
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KV
Co52~13.560.95!3106 erg/cm3521.3560.095 MJ/m3 is

much smaller than the corresponding values for the Ni/Co/
Ni/Cu~001! system.9 In particular our value forKV

Co is the
same as that of the shape anisotropy (21.27 MJ/m3) within
experimental error, which is consistent with the result of the
work of Kramset al. on single crystal Co/Cu~001! films.13

Polarized neutron reflection magnetometry measurements on
a similar structure@Cu/22 Å Co/11 Å Cu/53 Å Ni/Cu/
Si~001!# yield 94% of the bulk magnetization for Co,14 sug-
gesting that the Co film is likely to have a magnetization
close to the bulk value in the structure investigated here.

The difference in strain within the Co film between our
system and Ni/Co/Ni/Cu~001! ~Ref. 9! not only explains the
different values forKV

Co but also suggests a way of control-
ling the critical thickness for PMA in this system. The Ni/
Cu~001! structures without Co layers in both systems show
PMA. Johnsonet al.9 limited the Ni thickness below the
critical thickness in order to maintain coherent growth for
both Ni and Ni/Co/Ni on Cu~001!. ThereforeKV

Co of their
Co film has two main contributions~shape anisotropy
1magnetoelastic anisotropy!. But our value ofKV

Co suggests
that the overlying epitaxial Co films in our system do not
experience any strain within experimental error although
there is a difference in the ideal lattice constant between fcc
Co and fcc Ni. In order to confirm the absence of strain,
leading to a vanishing magnetoelastic anisotropy contribu-
tion in the Co films, we determined the in-plane lattice pa-
rameters (ain) from the streaks in the RHEED images
through a line-shape analysis. Figure 5 shows the results of
this analysis, in which the left axis represents the directly
measured pixel difference of the right and left peaks in the
inset and the right axis is a real space value. The inset shows
the RHEED intensity profile for a 1000 Å Cu/Si~001! struc-
ture and its fitted curve. We have used 4 Gaussian functions
for fitting. We can see a clear difference inain between Cu

and Ni but no difference between Ni and Co. The fact that
the same value ofain was measured for Ni and Co can be
interpreted in two ways. The first is the coherent growth of a
Co film on the Ni/Cu~001! structure within the Co thickness
range measured by RHEED. The second is thatain of the 60
Å Ni film is the same asain of the ideal fcc Co, so no further
changes inain are observed. This second view is directly
confirmed within experimental error if we convert the mea-
sured pixel differences into real space values by assuming
that theain of 1000 Å Cu is the ideal bulk value~3.61 Å!
~right axis of Fig. 5!. The convertedain of Ni and Co is 3.56
Å which is the lattice constant of an fcc Co structure. The
results of our RHEED analysis are also strongly supported
by the strain relaxation argument for the incoherent film
growth region. In the incoherent growth region, the residual
straine can be expressed ase5htc /t, whereh is the lattice
misfit and tc is the critical thickness of coherent growth.15

After 60 Å Ni growth on a Cu single crystal, theain of Ni
reaches the value of 3.54 Å if 14 Å~Ref. 16! is assumed as
tc , which is the ideal value within 0.5%. We also found in
our earlier work17 that theain of an epitaxial 60-Å-Ni film on
600 Å Cu/Si~001! is 3.5560.010 Å. Therefore we conclude
that the Co films on 60 Å Ni do not experience any strain
within experimental error and the measured value ofKV

Co can
be explained in this way.

In conclusion, we have studied the transition from perpen-
dicular to in-plane magnetization in the epitaxial Co/60 Å
Ni/Cu~001! system. The value ofKV

Co, which comes entirely
from the shape anisotropy contribution, is explained by the
absence of strain in the Co film as evidenced by our RHEED
studies. Our study suggests that the critical thickness for
PMA in this system can be controlled via strain in the film.

This work was partly supported by the ESPRIT program
of the EC~SPIDER! and EPSRC~UK!.

FIG. 4. The product of effective anisotropy constant (Keff) and
total magnetic layer thicknessD, plotted as a function of Co thick-
ness. From the least-squares fit~straight line! to the data points of
K1D, 2KS* (50.8360.099 erg/cm2), KV

Co@52(1.3560.095)
3107 erg/cm3#, and tc

PMA,Co(56.1561.25 Å) have been deter-
mined.

FIG. 5. Pixel difference measured by RHEED~left axis! and
converted in-plane lattice parameter~ain , right axis! vs Co thick-
ness. Theain of Cu film at 1000 Å is assumed to beain of bulk Cu.
The inset shows the intensity profile of a 1000 Å Cu/Si and a result
of curve fitting to it.
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