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Correlation between structure and magnetic anisotropies of Co on Cu„110…
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Magnetic anisotropies of molecular-beam-epitaxy-grown fcc Co~110! films on Cu~110! single-crystal sub-
strates have been determined by using Brillouin light scattering and have been correlated with the structural
properties determined by low-energy electron diffraction and scanning tunneling microscopy~STM!. Three
regimes of film growth and associated anisotropy behavior are identified: coherent growth in the Co film
thickness regime of up to 13 Å, in-plane anisotropic strain relaxation between 13 and about 50 Å and in-plane
isotropic strain relaxation above 50 Å. The structural origin of the transition between anisotropic and isotropic
strain relaxation was studied using STM. In the regime of anisotropic strain relaxation long Co stripes with a

preferential@11̄0#-orientation are observed, which in the isotropic strain relaxation regime are interrupted in the
perpendicular in-plane direction to form isotropic islands. In the Co film thickness regime below 50 Å an
unexpected suppression of the magnetocrystalline anisotropy contribution is observed. Symmetry reflections
based on a crystal-field formalism and discussed within the context of band theory, which explicitly takes
tetragonal misfit strains into account, reproduce the experimentally observed anomalies despite the fact that the
thick Co films are quite rough.@S0163-1829~98!03810-7#
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I. INTRODUCTION

Magnetic anisotropies in a thin ferromagnetic film are s
nificantly modified compared to those in the respective b
material. This is due to changes of the structural symmetr
the film caused by misfit strains as well as due to the occ
rence of surface anisotropy contributions. The large fract
of atoms located at surface or interface sites are in a redu
symmetry atomic environment generating lower-order
isotropy contributions of the Ne´el type1 at each of these sites
It is therefore not surprising that large interface anisotrop
are found, which exceed the magnetocrystalline bulk ani
ropy, which is the leading anisotropy contribution existing
an infinite 3d transition-metal medium, by several orders
magnitude. In performing the transition from a bulk mediu
to a thin film, it is therefore of great interest to follow th
magnetocrystalline anisotropy and to investigate its tra
tion into thin-film anisotropies. Presumably due to its we
contribution in thin films in the presence of large lower-ord
film anisotropies the magnetocrystalline bulk anisotropy
not been investigated so far in this regime.2

The aim of this paper is to investigate the thickness
pendence of all contributing magnetic anisotropies
fcc~110!-oriented epitaxial Co films with respect to their or
gin and symmetry. A clear evolution of the strain depe
dence of all magnetic anisotropy contributions is found in
regimes of pseudomorphic growth and lattice relaxation
570163-1829/98/57~10!/5870~9!/$15.00
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to dislocation formation. The development of magnetic bu
anisotropies is highlighted by the sudden onset of the m
netocrystalline anisotropy to its full bulk value near a C
film thickness of 50 Å. All salient properties of the thickne
dependence of the magnetic anisotropies are discu
within symmetry reflections based on the crystal-field fo
malism which explicitly takes tetragonal misfit strains in
account. With decreasing film thickness we obtain a tra
formation of cubic anisotropy into in-plane and out-of-pla
uniaxial contributions with increasing uniaxial distortion
the unit cell caused by increasing misfit strain.

Magnetic anisotropies in epitaxial fcc Co films have pr
viously been studied for the~001!, ~1 1 13!, and ~111!
orientations.2–15 Although for Co~001! films all contributing
anisotropies were quantitatively determined, an identificat
in terms of magnetoelastic or magnetocrystalline contri
tions could not be performed due to the higher-order nat
of the observed anisotropies.8 For Co ~1 1 13! films the
uniaxial in-plane anisotropy was identified as being of ma
netoelastic origin due to the elastic strain fields caused by
substrate-film lattice mismatch.13 The observed perpendicu
lar anisotropy contributions could not be further identifi
both in the Co~001! and the Co~1 1 13! systems. In particu-
lar, in both systems no identification of any magnetocrys
line bulk anisotropy contribution could be made.

To separate the magnetoelastic, the magnetocrystal
and the Ne´el-type interface anisotropy contributions a co
5870 © 1998 The American Physical Society
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57 5871CORRELATION BETWEEN STRUCTURE AND MAGNETIC . . .
figuration must be chosen, in which these anisotropy con
butions appear with characteristically different symmetr
and film thickness dependences. This is best achieved in
case of the~110! orientation. In this case the magnetoelas
anisotropy and the Ne´el-type anisotropy are of twofold sym
metry whereas the magnetocrystalline anisotropy has b
twofold and fourfold symmetry contributions@~001!-fourfold
symmetry rotated into the~110! reference frame#. The easy
axes of the magnetocrystalline anisotropy are the^111&
axes,3,4,17four of which are contained in the~110! surface. A
symmetry analysis of the free-energy density permits a se
ration of all these anisotropy contributions. In addition, Ne´el
interface and magnetoelastic anisotropies can be separat
follows: Néel-type anisotropy contributions, converted in
bulk anisotropy contributions16 show a characteristic depen
dence on the inverse film thickness, independent of
growth mode of the film. Chappert and Bruno18 have pro-
posed that lattice misfit strains may contribute via magne
elastic interaction to the volume anisotropy in coherent str
tures, i.e., in the pseudomorphic growth regime, and to
thickness-dependent anisotropy terms in incoherent st
tures, since for the latter the strain relaxation is thickn
dependent. From a combined study of coherent and inco
ent growth regimes the respective magnetoelastic and N´el-
type anisotropy contributions can be separated.

For symmetry reasons both the lowest-order in-plane
terface and the magnetoelastic anisotropy contribution h
either the@001# or the@11̄0# axis as the symmetry axis in th
film plane. On the other hand, for thick fcc Co films th
^111& axes are the easy axes of the magnetocrysta
anisotropy.3,4,17 All these axes are contained in the~110!
surface. Therefore an analysis of the spin-wave freque
measured as a function of the in-plane direction of the ex
nal field yields information about all relevant anisotropies
should be noted here that it has been shown that~110!-
oriented Co layers in the fcc structure~instead of hcp! can be
grown with thicknesses exceeding 1000 Å.20

To separate the different magnetic anisotropy contri
tions in terms of magnetoelastic, magnetocrystalline,
Néel-type anisotropy contributions it is essential to know
much as possible about the structural properties of the
Co films and how they change their morphology with i
creasing thickness. This knowledge leads to a correlation
tween magnetic anisotropy behavior and the growth of
film, i.e., pseudomorphism and strain relaxation due to d
location formation. Therefore detailed studies of scann
tunneling microscopy~STM! and low-energy electron dif
fraction ~LEED! have been used to check the film morph
ogy and structure, respectively. The aim of this paper is
show the evolution of the structural properties with incre
ing film thickness and the resulting magnetic anisotropy
havior.

II. EXPERIMENTAL

The samples used in the present study were molecu
beam-epitaxy-grown in ultrahigh vacuum at a base pres
lower than 10210 mbar with deposition rates of 0.3 Å/s fo
Co and 0.2 Å/s for Cu, controlled by quartz crystal thickne
monitors. The error in determining the absolute layer thi
nesses is estimated to be less than 5%. The Cu~110! single-
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crystal substrates were prepared by Ar1 sputtering and an-
nealing cycles. Auger electron spectroscopy was used
check the cleanliness of the substrates and the films. The
layers were prepared by withdrawing an eclipsing shu
during deposition, thus creating a wedge-shaped layer wi
well-defined slope for the thin-film thickness range 0–40
For larger film thicknesses of up to 150 Å staircase-sha
layers~Fig. 1! were prepared. In this way the same grow
conditions are achieved in a wide range of film thicknes
for the samples.

Structural studies of the substrate and of the films of d
ferent thicknesses were performed by low-energy elect
diffraction ~LEED! and scanning tunneling microscop
~STM!. From LEED-I~V! measurements a tetragonally di
torted fcc crystal structure is inferred for the investigat
thickness regime. To obtain symmetrical Co/Cu interfac
the Co layers were covered with a 12 Å thick Cu cover lay
Finally, a 25 Å thick protective Au layer was deposited~not
shown in Fig. 1!. To study the dependence of the anisotr
pies on the misfit induced strain a series of samples
prepared with Cu62Ni38 buffer layers~see Fig. 1! to reduce
the lattice mismatch from -2% to -1% and therefore the
plane strain in the films.

Brillouin light-scattering measurements were perform
in backscattering geometry at room temperature usin
computer controlled~313!-pass tandem Fabry-Perot inte
ferometer with spectral ranges chosen between 30 and
GHz as described elsewhere.21 The incident laser light~514.5
nm Ar1-line! was focused onto the sample with an angle
incidence of 45° and a power of 100–200 mW. An extern
field of 0.5–10 kOe was applied parallel to the film pla
and perpendicular to the scattering plane. In order to s
press signals from surface phonons the backscattered
was detected by a photomultiplier in the depolarized c
figuration.

To determine the anisotropy constants we consider a
coordinate system oriented such that thex̂ 1 and x̂ 2 axes are
parallel to the film plane along the@001# and@11̄0# direction
with the x̂ 3 axis normal to the film plane;x̂ 18, x̂ 28 and x̂ 38
are the unit vectors in the corresponding coordinate sys
oriented along the principal crystallographic axes. We
scribe the properties of the magnetic anisotropies by~i! as-
suming cubic symmetry of the film, represented by a cu
magnetocrystalline anisotropy constant of fourth order,K1,
~ii ! describing the misfit induced tetragonal distortions fro

FIG. 1. Schematic sketch of the samples. To test the strain
pendence one series of samples is prepared with Cu62Ni38 buffer
layers reducing the lattice mismatch from -2% to -1%.
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FIG. 2. LEED pattern of~a! a Cu~110! single crystal and~b! for a deposited Co layer of 3–4 Å,~c! 20 Å, ~d,e! 30 Å, and~f! 130 Å. The
electron beam energy was chosen to be 148 eV except in~e! ~110 eV!.
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cubic symmetry by two additional uniaxial anisotropy co
tributions of second orderK in-planeandKout-of-plane, which are
further composed of thickness-independent and -depen
terms, K in-plane52Kp1 (2/d) kp and Kout-of-plane
5Ks1 (2/d) ks , with d the film thickness. The magnetoela
tic anisotropy depends onK in-plane and Kout-of-plane, whereas
Néel-type anisotropies only enterks . With aW the direction
unit vector of the magnetization with componentsax , ay ,
andaz expressed in the film coordinate system orax8, ay8,
and az8 expressed in the crystallographic reference fram
the free anisotropy energy is then expressed as

Fani5K1~ax8
2 ay8

2
1ay8

2 az8
2

1az8
2 ax8

2
!

1K in-planeax
22Kout-of-planeaz

2 . ~1!

It is observed that the shape anisotropy causes the mag
zation to lie in the film plane for the investigated Co thic
ness range~8–150 Å!. Therefore we can setaz 5 0 to es-
tablish the static in-plane equilibrium direction.

We determined all anisotropy constants contained in
~1! by use of Brillouin light scattering from thermally excite
dipolar spin waves propagating along the film pla
~Damon-Eshbach modes!.5,8,10,13,23Due to the precession o
the magnetic moments, forming the spin wave, the torq
acting on the magnetization, i.e., the two anisotropy fi
components perpendicular to the mean direction of magn
zation, are probed. The spin-wave frequencies are fur
sensitive to the magnitudes and directions of the magne
tion and of the spin-wave wave vector as well as to the fi
thickness. Explicitly
nt
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with spin-wave frequencyv, gyromagnetic ratiog, satura-
tion magnetizationMs , applied magnetic fieldH, exchange
constantA, spin-wave vectorq5(quu ,q'), demagnetizing
factor f , film thicknessd, and anglesw, wH , wq andu as in
Fig. 5~a!. Details of the underlying theory, which is used in
least-squares fit of the measured spin-wave frequencies
the anisotropy constants as free parameters, are desc
elsewhere.5,23,24

III. STRUCTURE

We now discuss the structural properties of the
Co~110! films relevant for the interpretation of the magne
anisotropies in the next section. Figure 2~a! shows a LEED
pattern of a well prepared Cu~110! single crystal at an elec
tron beam energy of 148 eV. The sharpness and brightne
the LEED reflections indicate a well ordered and smo
surface. After deposition of 3–4 Å Co@Fig. 2~b!# the LEED
pattern has changed greatly. The reflections are very br
and diffuse. This is indicative of the formation of islands
this nominal thickness of 2 monolayers~ML !. Figure 3~a!
shows the corresponding STM image of a 3 Å thick Co film
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57 5873CORRELATION BETWEEN STRUCTURE AND MAGNETIC . . .
on a Cu~110! single crystal. Monoatomic steps of th
Cu~110! single crystal along the@001# direction are clearly
seen. The deposited Co atoms diffuse to the step edges
create 2–3 ML high stripe-shaped islands oriented paralle
the @11̄0# direction. The broad LEED reflections in Fig. 2~b!
are due to the large surface roughness in this thickness
gime. With further deposition of up to 20 Å Co@Fig. 2~c!#
the LEED reflections resharpen, but we observe a strea
of the LEED reflections along the@001# direction. This result
indicates that the lattice periodicity along the@11̄0# direction
~small width of the reflections! is the same as in the sub
strate, but along the@001# direction ~large width of the re-
flections! an additional structural order with a broad dist
bution ~no well defined periodicity! takes place due to islan
formation. These LEED patterns can be explained in te
of an anisotropic surface diffusion of the deposited ato
resulting in anisotropic island shapes. This hypothesis is
roborated by the STM image of a 20 Å thick Co film@Fig.
3~b!#. Strongly stripe-shaped islands with a uniform heig
are observed. Parallel to the stripe shaped islands~parallel to
the @11̄0# direction! the lattice periodicities of the Co film
and the Cu substrate are the same, but perpendicular to
stripe shaped islands~parallel to the@001# direction! an ad-
ditional periodicity arises due to the regular island sepa
tions resulting in a broadening of the LEED reflections alo
this direction. On further increasing the Co film thickness
30 Å @Fig. 2~d!# we find a broadening of the LEED reflec
tions along the@11̄0# direction as well. This means that a
additional distribution of islands occurs in that crystall
graphic direction. Changing the primary electron energy
110 eV @~Fig. 2~e!# we observe a distinct splitting of th
LEED spots along@11̄0#. The Co films exhibit an additional
induced periodic island arrangement of narrow periodic
distribution along the@11̄0# direction. In the STM image for
a 30 Å thick Co film @Fig. 3~c!# we find in addition to the
stripe-shaped islands a regular monoatomic step array
the step edges parallel to the@001# direction. Since the ter-
race widths in this direction are very regular we find a sp
ting of the corresponding LEED reflections in Fig. 2~e!. With
further increasing the Co film thickness to 130 Å@Fig. 2~f!#
we obtain very broad but nearly isotropic LEED reflection

FIG. 3. STM images for a deposited Co film thickness of~a! 3
Å, ~b! 20 Å, ~c! 30 Å, and~d! 130 Å on a Cu~110! single-crystal
substrate.
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The layer is now rough, but nearly isotropic in-plane whi
is also well reproduced by the STM images@Fig. 3~d!#. The
surface roughness is very large with an exposed surfac
about 10 ML. The island shape in this thickness regime
squarelike. Therefore we expect a nearly fourfold symme
cal behavior of the corresponding shape- and magnetoel
anisotropy contributions.

The epitaxial growth of the Co/Cu~110! system is quali-
tatively not as well defined as compared to the Co/Cu~001!
system,25,26 but better than for the~111! orientation.27–29 In
conclusion a small regime of pseudomorphic growth for
film thicknesses below 14 Å is followed by an intermedia
thickness regime dominated by strongly striped island sha
resulting in an anisotropically relaxed strain within the fil
plane, which is further followed by a gradual transition ne
50 Å into a pure island growth and square-shaped isla
with in-plane isotropic strain.

IV. MAGNETIC ANISOTROPIES

To investigate the different anisotropy contributions
the fcc Co~110! films we have performed Brillouin light-
scattering~BLS! measurements. The spin-wave frequenc
are measured as a function of the crystallographic in-pl
direction in an applied field of 3 kOe, which is high enoug
to saturate the magnetization in the hard in-plane magne
tion direction. The anisotropy constants are determined
fitting the spin-wave frequencies to Eq.~2! with the anisot-
ropy constants contained in Eq.~1! as free fitting parameters

Figure 4 shows a set of four typical BLS spectra for a
film thickness of 20 Å as a function of the in-plane ang
wH , between the direction of the external magnetic field w
respect to the@001# direction. In the center of each spectru
the dominating peak of elastically scattered light is seen.

FIG. 4. Spin-wave spectra for a 20 Å thick Co film as a functi
of the in-plane anglewH between the direction of the applied ma
netic field of 3 kOe and the@001# direction@see sketch in Fig. 5~a!#.
The experimental parameters are laser power5200 mW, free spec-
tral range~FSR!560 GHz, 200 channels per FSR, dwell time p
channel and scan51 ms, 2000 scans per spectrum.
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5874 57J. FASSBENDERet al.
a frequency shift between 30 and 40 GHz the Dam
Eshbach spin wave22 is clearly observed. ForwH50° ~@001#
direction! andwH590° ~@11̄0# direction! we find the highest
and lowest spin-wave frequency values, respectively, in
cating the easy and hard magnetization direction. By fitt
the position of the spin-wave frequencies and plotting th
as a function of the in-plane anglewH for different Co film
thicknesses we obtain the data displayed in Fig. 5.

For dCo520 Å the spin-wave frequencies display a tw
fold behavior as a function ofwH . The maxima of the spin-
wave frequencies, indicating the easy magnetization di
tions, are found atwH 5 0°, 180° and 360°~along ^001&
directions! clearly exhibiting a twofold in-plane symmetr
with the easy axis of magnetization along the^001& axes.
With increasing film thickness the pattern changes dra
cally. In the thickness regime between 40 and 60 Å
maxima of the spin wave frequencies and therefore the e
magnetization direction switch from thê001& axes toward
the ^111& axes. FordCo5100 Å the maxima of the spin-wav
frequencies found at the in-plane^111& axes are a clear sig
nature for the presence of a dominating magnetocrysta
anisotropy~pseudo-fourfold symmetry!. A detailed analysis,
performed by fitting simultaneously the uniaxial anisotro

FIG. 5. ~a! Experimental geometry.~b! Measured spin wave
frequencies of 20–100 Å thick Co films on a Cu~110! single crystal
covered by a 12 Å thick Cu overlayer as a function of the in-pla
anglewH of the applied filed with respect to the@001# direction at
an applied field of 3 kOe. The in-plane crystallographic directio
are indicated by dashed lines. For clarity the spin-wave frequen
of each series are shifted~maximum variation: 30.0–38.6 GHz fo
dCo 5 20 Å; 20.0–25.1 Ghz fordCo5100 Å!.
-
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e

constantsK in-plane, Kout-of-plane and the cubic bulk magneto
crystalline anisotropy constantK1, yields as a function of
film thickness the data displayed in Fig. 6.

Figure 6~a! shows the effective out-of-plane anisotrop
constant,Kout-of-plane, multiplied by the Co film thicknessd
as a function ofd. Such a plot yields the bulk anisotrop
contributions as slopes and the interface anisotropy contr
tions as the~extrapolated! intercepts with the ordinate. A
least two different thickness regimes can be identified. In
thickness regime between 13 and 50 Å we find a posit
slope inKout-of-plane•d, indicating a large thickness-depende
magnetoelastic anisotropy contribution due to progress
strain relaxation. The mechanism of this anisotropy behav
is the anisotropic strain relaxation observed in the LEED a
STM data ~see Figs. 2 and 3!. For dCo. 50 Å we find a
reduction in slope which we interpret as the onset of
complete elastic and isotropic relaxation of the film as e
pected for larger thicknesses. In this regime we find that
anisotropy remains constant and nonzero (Kout-of-plane•d
scales withd). This finding points to a morphology-induce
anisotropy contribution caused by, e.g., residual strains
three-dimensional dislocation network which might persist
very large film thicknesses, or to a reduced demagnetiza
factor caused by the onset of columnar growth in this thi
ness regime@see Fig. 3~d!#.

The structural information is paralleled by the observ
effective in-plane anisotropy constant,K in-plane•d, which is

e

s
es

FIG. 6. ~a! Effective out-of-plane anisotropy constan
Kout-of-plane, and~b! effective in-plane anisotropy constant,K in-plane,
multiplied with the Co film thicknessd as a function ofd. ~c!
magnetocrystalline anisotropy constantK1 as a function ofd. The
dashed lines are guide lines to the eye. The three different sym
denote three different samples.
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57 5875CORRELATION BETWEEN STRUCTURE AND MAGNETIC . . .
displayed as a function ofd in Fig. 6~b!. Assuming a mag-
netoelastic origin of the in-plane anisotropy,K in-plane•d is
proportional to the in-plane strain. The maximum absol
values of this anisotropy contribution are observed in
thickness regime between 50 and 70 Å. From the struct
analysis we conclude that the elastic anisotropy in the
plane strain has a maximum in this thickness regime
caused by the maximum anisotropy in the stripe shape of
Co islands @see Figs. 3~b! and 3~c!#. The two different
staircase-type samples show a slightly different behavior
thicknesses larger than 50 Å@Fig. 6~b!#. Although both
samples were prepared using the same recipe, the a
amount of strain relaxation seems to be very sensitive
minute details of the growth process.

In the thickness regime below 13 Å, the intercept f
d50 has a value of 2ks5(21.860.4) erg/cm2. Since there
are two Co/Cu interfaces this corresponds to a Ne´el interface
anisotropy of (20.960.2) erg/cm2 favoring in-plane mag-
netization. This confirms the orientational dependence of
interface anisotropy, which was reported to be (0.1560.04)
erg/cm2 for the ~001! orientation8,12 and (0.1760.05)
erg/cm2 for the ~111! orientation.14,30–32We may associate
the magnetoelastic anisotropy contributionKS

me with KS by
the difference in the slopes between the regimes of pse
morphic growth (dCo,13 Å! and anisotropic strain relax
ation due to misfit formation~13 Å ,dCo, 50 Å!. In the
latter regime the obtained value ofKS

me5(2.260.3)3107

erg/cm3 is in close agreement with the value
KS

me51.73107 erg/cm3 calculated using bulk magnetostric
tion constants.33 Equivalently, we can identify the differenc
in intercept of the extrapolated linear fits of cohere
@2ks5(21.860.4) erg/cm2] and ~partially! incoherent
growth @2ks5(24.660.2) erg/cm2] with a misfit interface
anisotropy of (1.460.3) erg/cm2 as discussed in Refs
18,19.

Figure 6~c! shows the magnetocrystalline anisotropy co
stantK1 as a function of the film thicknessd. FordCo. 50 Å
a thickness independent value ofK152(0.8560.05)3106

erg/cm3 is found which agrees with literature values for f
Co.2–4 For a Co film thickness below 50 Å we find a sudd
breakdown of the magnetocrystalline anisotropy. This bre
down coincides with the maximum absolute value of t
uniaxial in-plane anisotropy. This leads to the conclus
that the breakdown of the magnetocrystalline anisotropy
correlated with the in-plane anisotropy and therefore depe
on the in-plane strain of the Co films.

To gain further insight, Co~110! films have been grown
onto a 60 Å Cu62Ni38 buffer layer deposited onto a~110!-
oriented Cu single-crystal substrate. Since the Cu62Ni38
buffer layer is relaxed the in-plane strain components
reduced by about a factor of 2 due to the smaller latt
mismatch of -1% between the CuNi buffer layer and the
layer.

The misfit strain enters via tetragonal distortions t
uniaxial anisotropy contributions. Hence, as expected, for
Co film grown on the CuNi buffer layer the transition thic
nesses between the different anisotropy regimes are sh
with respect to the Co film grown directly onto the Cu~110!
substrate. More surprisingly we find that the onset of
suppression of the magnetocrystalline anisotropy is shifte
e
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larger thicknesses~Fig. 7!: We find 50 Å for Co films on
Cu~110!, whereas we find the onset at about 100 Å for C
films on the CuNi buffer layer. A doubling of the critica
thickness for reducing the strain by a factor of 2 is in go
agreement with the usual model of the strain relaxat
process.18 We conclude that the misfit strain also enters t
magnetocrystalline anisotropy.

An important consequence is that the different anisotro
energy contributions are not independent from each othe
presumed in Eq.~1!. Since the microscopic origin of all con
tributing anisotropy terms is the electronic band struct
and explicitly the spin-orbit coupling, one should also n
expect this. As a consequence whenever the above desc
model is applied one has to think about its validity. O
experiments show clear evidence for this. In the followi
section we will discuss the phenomenon of the suppres
of the magnetocrystalline anisotropy within symmetry refle
tions based on a crystal-field formalism, which explicit
takes into account tetragonal distortions.

V. SYMMETRY REFLECTIONS

The experimental data presented in the previous sect
demonstrate that the presence of a uniaxial strain in the
films strongly suppresses the cubic magnetocrystalline
isotropy. We now outline a model which provides new i
sight into the relationship between the second-order
fourth-order anisotropies.

The main problem of a suitable theoretical model for c
culating magnetic anisotropies from first principles is t
high-energy resolution required. In principle there are t
different approaches—calculations based on the electr
band structure34–40 and phenomenological models.1,41,42The
Néel model1 examines the magnetic anisotropy that is dev
oped as a function of the angle made by the magnetizatio
a pair of sites and the line joining them. When this
summed over all the neighbors a cubic anisotropy is de
oped for a bulk crystal and surface anisotropy for those s
at the surface. The approach which is used here parallels
band-structure approach and recasts this into a form whic
commonly used for magnetic insulators. This was develo
because it is hard to do a real band theoretic calcula
which has sufficient accuracy to reproduce the cubic ani

FIG. 7. Magnetocrystalline anisotropy constantK1 as a function
of the Co film thickness for Co films with (d) and without
Cu62Ni38 buffer layer (s).
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ropy reliably although there has been a recent advance in
respect.43

In a perturbation approach to a calculation of the anis
ropy using a first-principles method one calculates the b
statesEk

l which are filled up by the correct number of ele
trons to define the Fermi level. The ground-state energ
found by adding up all the energies of the occupied states
the presence of strains the Brillouin zone is distorted aw
from cubic. The spin-orbit coupling may now be consider
as a perturbation, as it has the symmetry of the lattice it w
cause admixtures only of states which have the samek value
~but different values ofl). In second order it can give rise t
a uniaxial anisotropy, and the cubic anisotropy first appe
in fourth order. The new ground-state energy is found~by
summing up the energies of the occupied states! for selected
directions of magnetization and the magnetic anisotropy
found by subtraction. The approximate method which h
been used here has inverted the order ofk sum over the
Brillouin zone and application of the perturbation produc
by the spin-orbit coupling. The sum over thek states for a
given bandl will give rise to a state which transforms lik
one of the irreducible representations of the crystalline po
group. We work in the representations of the point group a
takes the lattice symmetry fully into account. The wave fun
tions relevant to our analysis are the 3d states, which are
x8y8, y8z8, x8z8, x822y82, and 3z822r 2 with x8,y8,z8 the
Cartesian coordinates of the electrons in the crystallogra
reference frame andr 25x821y821z82. The surface norma
is along z85(x81y8)/A2. We consider a Hamiltonian in
terms of Steven’s operators44 in the form

H5A~ l x8
4

1 l y8
4

1 l z8
4

!1X~ l x81 l y8!
2, ~3!

whereA andX are the cubic and uniaxial energy paramete
respectively. From Eq.~3! it is apparent that we consider
uniaxial distortion of the unit cell along the growth directio
~which is caused by strain!, parametrized by the uniaxia
energy parameterX, in addition to cubic symmetry, de
scribed by the cubic energy parameterA. We calculate
anisotropies in the usual way by including the spin-orbit co
pling as a perturbation.45 Assuming that the exchange spli
ting is very large compared to the spin-orbit coupling w
may write the perturbation for the magnetization along
axis n as

ESO5jlW •sW'j l n/2. ~4!

The anisotropy energy is found by calculating the chan
in the ground-state energy for different directionsn, as a
power series in the spin-orbit coupling constantj. Hence, we
obtain expressions for the anisotropy energy to both sec
and fourth order inj.

The uniaxial energy parameterX is by definition propor-
tional to the misfit straine. Chappert and Bruno18 and also
den Broederet al.46 argue thate is inversely proportional to
the film thickness and so we plot the anisotropies as fu
tions of A/X which is therefore proportional to the film
thickness. The experimental data and the calculated anis
pies are plotted in Fig. 8.

Figure 8 shows the magnetocrystalline anisotropy c
stant K1 ~a!, the effective in-plane anisotropy consta
is
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K in-plane ~b!, and effective out-of-plane anisotropy consta
Kout-of-plane ~c! of the experimental data~left panel! as a func-
tion of the Co film thickness and the calculation~right panel!
as a function of the ratio of the cubic and uniaxial ener
parametersA/X. For the model calculation the parametersA
andj are chosen such that~i! K1 approaches its experimenta
value for large thicknesses, and~ii ! we obtain the correct
value for Kout-of-plane in the limit X@A. We haveA/j58.8
andj58 meV/Co. Our value ofj is approximately 10% of
that used by Cinalet al.37,38 Given the simplicity of our
model in which effects of the spin-orbit coupling will b
overestimated, we regard this as satisfactory.

Within our calculation the onset of the suppression of
magnetocrystalline anisotropy is correlated with the ma
mum absolute value of the uniaxial in-plane anisotropy c
stant@Fig. 8 ~b!# and a notable change in the uniaxial out-o
plane anisotropy@Fig. 8 ~c!#. This is in fact a good agreemen
with the experimental data. The physical origin can be
plained as follows: The fourth-order anisotropy energy d
pends uponj4/~excitation energy! 3, where the relevant exci
tation energy is some combination ofX and A: Hence for
X50, K 1 is proportional toj4/A 3, but for X@A we find
K1 is proportional toj4/X3. This qualitative behavior of the
model is independent of the sign ofA or X and hence of our

FIG. 8. Left panel: Experimental values~see Fig. 6!: ~a! mag-
netocrystalline anisotropy constantK1; ~b! effective in-plane anisot-
ropy constantK in-plane; and ~c! effective out-of-plane anisotropy
constant,Kout-of-plane; all plotted as a function of the Co film thick
ness,d. Right panel:~a! Calculated cubic anisotropy constantK1;
~b! second-order in-plane anisotropy constant,K in-plane; and ~c!
second-order out-of-plane anisotropy constantKout-of-plane, as a
function of the ratio of the cubic and uniaxial energy paramet
A/X, which is proportional tod.
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crystal-field ground state that we impose. However, in or
for the cubic anisotropy to have the correct sign we ta
A.0. In this way we can understand that all anisotropy co
tributions change their behavior nearA/X'1. In this regime
the transition from the uniaxial to the cubic symmetr
dominated regime takes place. For the magnitude of
uniaxial in-plane anisotropy constantK in-plane, we find a dis-
crepancy of one order of magnitude between experiment
theory. With the LEED and STM data in mind~Figs. 2 and
3! this is not surprising. The model described in this sect
assumes an isotropic strain relaxation, which is not fulfill
in the experiment. Since we found anisotropic strain rel
ation, additional uniaxial in-plane strain components can
cur giving rise to a modified uniaxial in-plane anisotrop
contribution, which might account for the discrepancy b
tween theory and experiment.

VI. CONCLUSION

We have determined all anisotropy contributions pres
in the epitaxial system Co/Cu~110!. The structural origin of
most of these anisotropy contributions was identified. W
have identified the thickness regimes of pseudomorp
growth, anisotropic, and isotropic strain relaxation in t
structure and the corresponding magnetic anisotropies of
y
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Co films. A strong suppression of the magnetocrystalline
isotropy below a critical thickness of 50 Å was determin
and was found to depend on the uniaxial growth-induc
misfit strain. The origin was discussed within symmetry r
flections. The transition from the uniaxial, strain-dominat
thickness regime to a cubic, more bulklike behavior is sho
experimentally in full agreement with model calculation
All anisotropy contributions change as a function of strain

From our model calculations and the presented exp
mental evidence we conclude that a linear superposition
independent anisotropy terms in the free anisotropy ene
as it is often assumed to be valid, needs to be carefully te
for each system, in particular in the presence of higher-or
anisotropy terms. This is not surprising taking into accou
that all anisotropy contributions originate from the same m
croscopic origin, namely the spin-orbit coupling.
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