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Epitaxial strain and magnetic anisotropy in ultrathin Co films on W(110)
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The role of epitaxial strain for the anisotropies of ultrathin films is studied experimentally for the case
of Co(0001) films on W(110), based on the measurement of anisotropies using torsion oscillation magne-
tometry combined with measurement of the strain by high-angular-resolution low-energy electron
diffraction. Up to a thickness of t =2 nm, the films grow in a state of constant strain, governed by pseu-

domorphism in the direction ( [1100]Co~~[110]W),which results in a true volume-type strain anisotropy.
Above 2 nm, a relaxation of strain is observed which scales roughly with 1/t and therefore results in an

apparently surface-type contribution to strain anisotropy, superimposed on a reduced volume contribu-
tion. In-plane and out-of-plane volume and surface-strain anisotropies are calculated from the observed
strain. For the four anisotropy constants, their calculated differences between the two regimes above
and below 2 nm agree with their differences as determined by magnetometry.

I. INTRODUCTION

Magnetism in ultrathin films is characterized by strong
and specific anisotropies. The evaluation of their origin
is one of the major current issues in magnetic materials.
At least three types of anisotropies are superimposed on
the usual magnetocrystalline anisotropy: The ubiquitous
shape anisotropy which forces the film magnetization
into the film plane, Neel-type magnetic surface (interface)
anisotropy (MSA) resulting from the broken symmetry in
the surface (interface), ' and strain anisotropy resulting
from the epitaxial strain, which in turn is induced in the
epitaxial film by interaction with a misfitting substrate.
Most attention has been given during the last years to
MSA, in particular for the case of "perpendicular"
MSA, which supports perpendicular magnetization
and may, in ultrathin films, even overcome shape anisot-
ropy and then result in perpendicular magnetization.
However, perpendicular magnetization can be induced by
strain anisotropies as well. The present paper is con-
cerned with the question in how far strain anisotropies in
ultrathin films can be separated from the experimental
data and in how far they can be explained, using concepts
of bulk magnetoelasticity, from the strain which is deter-
mined by independent measurement.

For the separation of difFerent anisotropy contribu-
tions, one starts from the fact that MSA is proportional
to the film area A, virtually independent of magnetic film

thickness t. It is therefore common use to separate MSA
by plotting the total film anisotropy versus t, or the an-
isotropy density versus 1/t, and then to obtain MSA
from the axial section or from the slope, respectively.
However, other anisotropies also contain contributions
which scale with 1/t and therefore appear phenomeno-
logically as surface contributions. Two types of such ap-
parent surface anisotropies can be simulated by volume-

type anisotropies which scale with 1/t. (i) The decrease
of magnetization with decreasing t, at finite temperatures,
being proportional to 1/t, results in a magnetostatic
shape contribution to MSA (Refs. 9 and 10) which is

roughly proportional to temperature T. It is discussed in
detail in Sec. V A below. (ii) The elastic strain in epitaxi-
al films frequently relaxes with increasing thickness t fol-
lowing 1/t, at least in some range of thickness and to
some approximation. Chappert and Bruno" noted that
this results in a magnetoelastic strain relaxation contribu-
tion to MSA. This strain relaxation contribution, which
is an apparent MSA too, must be clearly distinguished
from the true magnetoelastic strain contribution to MSA
which has been discussed recently by O'Handley and co-
workers. ' ' It results if magnetoelastic coupling
coefficients at surfaces are substantially difFerent from
their bulk values. The understanding of this O'Handley-
type magnetoelastic strain contribution, which can be
considered as a strain-induced contributi. on to the true
Neel-type MSA, is in a pioneering state. In the case of
our films, the available data do not allow its separation
from the zero strain Neel-type MSA. We therefore
dispense with its separate treatment and consider it as
part of the Neel-type MSA. Some minor discrepancies in
the final results may be connected with this contribution,
as will be discussed in Sec. VI.

Strain anisotropies in ultrathin films may show up phe-
nomenologically either as volume anisotropies for thick-
ness regimes of constant strain, or as apparent surface-
type strain relaxation anisotropies in regimes of relaxing
strain. For their separation from true Neel-type MSA, it
therefore turned out to be useful to study medium misfit
epitaxial systems like Ni on Cu (fN;c„= —2.5%) or Co
on Cu (fC,C„=—1.8% ), for which the growing films are
pseudomorphic (coherent) with the substrate up to some
critical thickness t„' ' somewhere between 1 and 2
nm for Ni and Co on Cu (depending on the crystallo-
graphic orientation). For t (t„ the films are in a state of
constant strain, independent on t. Strain anisotropies
then are pure volume type. Strain relaxation contribu-
tions to MSA are absent, the Neel -type MSA is left and
can be determined in this pseudomorphic range. For
t) t„strain relaxation MSA is superimposed. A com-
parison of both ranges then allows one to determine both
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contributions to MSA. This method of separating the
bare Neel-type MSA was applied first to Co on Cu(111).'

It has been applied recently in careful studies of Ni on
Cu(111) (Ref. 6) and Cu(100), ' resulting in a clear sepa-
ration of Neel-type and magnetoelastic strain relaxation
contributions to MSA. The experimental values of the
latter agreed in sign and in order of magnitude with esti-
mates derived from standard elasticity models of strain
relaxation above t, . An independent measurement of the
relaxing strain however was not intended in these studies.

In the present work, we extend this method of separat-
ing different MSA contributions by comparing pseu-
domorphic with relaxing regimes of film thickness in two
directions: First we combine the magnetometric mea-
surement of the anisotropies with an independent mea-
surement of the strain, by high-angular-resolution low-
energy electron diffraction (HR-LEED), and subsequent
calculation of strain anisotropies, to be compared with
the measured values. Second, we extend the analysis to a
system in which both out-of-plane and in-plane ani-
sotropies are present, given by Co on W(110). It will be
shown that in this system, like in Ni on Cu, a regime of
constant strain is available which extends up to t =2 nm.
This again enables the separation of strain relaxation
MSA from true Neel-type and magnetostatic shape con-
tributions. We finally end up with a comparative discus-
sion of experimental results for in-plane and out-of-plane,
volume and surface-type magnetic strain anisotropies in
our film system with theoretical values, calculated in-
dependently from the measured strain.

Our present work is related to the pioneering work of
Lee et QI. ' who analyzed magnetic anisotropies in
Co/Au(111) and Co/Cu(111) superlattices based on mea-
surement of the strain which was done by x-ray tech-
niques. Different from our work, they could not use a
thickness-regime of constant strain, which is not avail-
able in superlattices. In addition, in-plane anisotropies
were absent in their homosymmetric epitaxial system.

Our paper is organized as follows: After a short
description of the experimental conditions in Sec. II, we
discuss in Sec. III growth and structure of the films and
their quantitative evaluation using HR-LEED, ending up
in a quantitative strain model. This strain model enables
the calculation of strain anisotropies which is given in
Sec. IV. The experimental determination of the ani-
sotropies by torsion oscillation magnetometry [TOM
(Ref. 9)] is presented in Sec. V, which includes a discus-
sion of the magnetostatic shape contribution MSA and a
comparison of calculated and measured strain anisotro-
pies. The final discussion and our conclusions are given
in Sec. VI.

II. EXPERIMENTAL

The experiments were performed in two separate UHV
systems, both equipped with a torsion oscillation magne-
tometer [TOM (Ref. 9)] working in situ in UHV and in
external fields up to 0.4 T, with multiple evaporation
sources for preparation of epitaxial sandwiches composed
of several metals, and with LEED and Auger electron
spectroscopy for structural testing. The two UHV sys-
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FIG. 1. Magnetic saturation moment m, of Co(0001) films on
W(110), plotted alternatively versus thickness t or versus the
change A~& of the period of a simultaneously covered quartz-
oscillator thickness monitor.

III. GRDVVTH, STRUCTURE, AND STRAIN STATE

Co films were prepared at RT with growth rates of the
order of 0.1 nm/min on atomically smooth and clean

tems differ in the following facilities: In the first one [U-
TOM I (Ref. 9)] magnetometry is possible during film
growth, but at T ~ 300 K only, and the structure can be
tested by LEED spot profile analysis using a HR-LEED
system. The second system [U-TOM II (Ref. 21)] is
designed for TOM at lowered temepratures; magne-
tometry and film growth must be performed in separate
stages of the system; standard LEED is available. Al-
though all preparations and measurements of this study
were done at room temperature (RT), we used both sys-
tems because at present they are equipped with W(110)
crystals in different orientations. In U-TOM I, in which
most experiments were performed, the external field is
oriented along [110]W, in U-TOM II along [001]W. Be-
cause the easy in-plane axis of the Co films is along
([1100]Co~~[110]W),we used samples in U-TOM I for
the measurement of magnetic moment and of out-of-
plane anisotropies from easy axis loops. The samples in
U-TOM II in turn were used to observe hard-axis loops
and to obtain in-plane anisotropies from them.

The thickness t of the Co films was determined in both
systems with an accuracy below 0.1 ML by simultaneous
evaporation of metals onto the sample and onto a water-
cooled 10 MHz quartz oscillator crystal. This monitor
was calibrated using TOM in the following way: The
magnetic saturation moment m, of the growing film was
measured simultaneously with the change h~& of the
period of the quartz oscillator, see Fig. l. As expected, a
linear dependence was observed. An increase of film
thickness means an increase of the inner volume sections,
with virtually constant (magnetic) properties of the sur-
faces. The linear increase therefore is connected with the
bulk magnetization at RT, J, =1.82 T. Using the
well-known film area A, we were able to determine
b.t =km, /(J, 2 ) and therefore to unambiguously cali-
brate h~& versus t.
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W(110) substrates, which were oriented with an accuracy
better than 0.1' with respect to the surface normal. We
followed the strain state of Co films on W(110) using
HR-LEED up to a Co film thickness t =6 nm, alterna-
tively speaking up to a number of (bulk) Co monolayers
D =t/0. 20 nm=30 ML. Up to roughly D =4 ML
(t =0.8 nm), we confirmed structural findings which have
been reported previously: All films grew in the
Nishiyama-Wassermann orientation, that means with the
hexagonal base plane Co(0001) parallel to W(110), and
[1120]Co~~[001]W. Figure 2 shows a superposition of un-
distorted bulk planes W(110) and Co(0001) in this orien-
tation. For the description of the films, we use a Carte-
sian system with the x axis along ([1120]Co~~ [001]W),
the y axis along ([1100]Co ~([110]W), and the z axis
along the film normal. Using the lattice parameters
a~=0.3165 nm and a«=0. 2507 nm, we obtain along
the x axis a misfit f„=(az,—aw)/aw= —20. 8%%uo and
along the y axis a lower misfit f =(/3ac, —&2aw)/
v'2aw= —3.0%, both between bulk materials. Up to
D =0.7 ML, the Co films show the (1 X 1) LEED pattern
of the W(110) substrate. Accordingly, the Co film starts
growing as a pseudomorphic monolayer. It is thermo-
dynamically stable up to the desorption temperature of
1300 K.

In the range between 1 and 4 ML Co, we observed the
same LEED pattern as reported previously. It is
shown schematically in Fig. 3. Along the y axis, no split-
ting could be observed in this range. The films therefore
are pseudomorphic in the y direction, with a homogene-
ous strain Ezz= —(&3az, —v'2aw)/&3ac, =+3.08%.
In the x direction, we followed the strain state by measur-

ing, using HR-LEED, the satellite splitting, given by
b2/b, as indicated in Fig. 3. From this, one easily calcu-
lates the strain Eii=[awbi/ac, b2 —1]. Near the mono-
layer, we confirmed the previously reported locking into
a commensurate state with b I ..b2 =4:5, resulting in
Eii=+1.00%. The monolayer is expanded in both in-
plane directions. Above the monolayer, Knoppe and
Bauer reported a constant ratio bl.b2=3.6:4.6 for 2
ML ~a ~4 ML, without giving an explanation for its
magnitude. Using the enhanced sensitivity and accuracy
of our HR-LEED, we could follow the satellites up to
D =8 ML. Again, we found a constant (and slightly
more accurate) value bi b2=.3.56:4.56, up to D =8 ML.
Corresponding data of cl& are included in Fig. 4. We ob-
tain a mean value c, i i

= —1.45%%uo in this regime.
Beyond 8 ML, the satellites became invisible.

therefore could not be followed from the satellite split-
ting. The strain below and above 8 ML could however be
followed for the case of the y direction, by measuring the
spot distance b3, see Fig. 3. The strain c22 can be easily
calculated from b3. The result is included in Fig. 4. As
expected, e2z is constant in the regime up to t =1.8 nm,

X

t. 1120] Co

[001]W

b2

0 a co
00 b3

-P ac.

I110]W

I. 1100] Co

&»w

0
FIG. 2. Comparison of atomic positions in W(110) (solid cir-

cles ) and Co(0001) (open circles 0). The figure shows posi-
tions in bulk lattice planes in Nishiyama-Wassermann orienta-
tion, [1120]Co~~[001]W. The misfits of Co with respect to W
in the x and in the y direction are given by f„
=(ace aw)/aw= 20.8% and f~=(&3aco &2aw)/&2aw
= —3.O%%u~, respectively.

FIG. 3. Di6raction pattern of Co(0001) on W(110) in the re-
gime between 1 and 4 monolayers Co, schematic. Spots of the
W(110) substrate indicated by solid circles (), spots of the dis-
torted Co(0001) 61m by open circles (o), additional spots by
crosses ( X ).
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and therefore can conveniently be normalized there to
the pseudomorphic strain Ezz= +3.08%. This has been
done in Fig. 4. Above 2.0 nm, we observed a continuous
outward shift of b3, showing up in Fig. 4 as a relaxation
of czar towards zero. This strain relaxation could be fitted
by

FIG. 4. Strain c, in an epitaxial Co(0001) film on W(110)
versus thickness t. Experimental data for E» along [1120]Co
and Ez2 along [1100]Co are fitted by full lines using the strain
model of Sec. III. Representation of the model completed by
dotted lines.

(4)33 [( C11C13+C12C13)/(C11C33 C 13 )]E32

Using elastic constants c ) )
=30.7 X 10' Nm

c&2=16 5X10' Nm, c&3=10 3X10' Nm, and

c33 =35.8 X 10' Nm, we obtain E33 = —0.45% and
E11=—1.50%%uo. The excellent agreement of the latter
with the experimental value E»= —1.45% confirms its
interpretation as a Poisson answer to c.22, and therefore
the applicability of continuum linear elasticity theory to
our films. We conclude that the theoretical values of
both c» and F33 can be calculated from c22 both below
and above t, .

As a result of the measurements and of the considera-
tions given above we then obtain the following quantita-
tive strain model:

(I) For 0.4 nm & t ( t, =2.0 nm we obtain E"'=const
1E

with E)) — 1.50%, c,22 =+3.08%%uo, c33
—0.45%.

(II) For t) t, =2.0 nm, the strain components are
given by

E22=3.08%[0.19+0.81(2.0 nm/t)] . E', ,
'"=E',

,"[a+(1 a)(t, /t )]—, (5)

As seen in Fig. 4, the relaxing strain for large t crosses
the constant strain c22=3 ~ 08% of the pseudomorphic re-
gime at a critical film thickness t, =2 nm, which is the
upper limit of the pseudomorphic regime of constant
strain.

It should be noted that all strain measurements strictly
speaking are measurements of surface strain, because
they are performed using HR-LEED. However ver
general energetic rules tell us that the cores of misfit
dislocation are situated in the very interface, that means
in the first or probably in the second monolayer of the
growing films. It is therefore reasonable to identify the
measured in-plane surface strain with the mean strain of
the film, because the in-plane strain is expected to be
homogeneous along the surface normal. This is assumed
in what follows.

The strain information coming directly from our mea-
surements can be completed in a straightforward manner
as follows. Omitting from the present discussion the

f
monolayer, we may distinguish two regimes (I) a regim
o constant strain for 0.4 nm ~ t (2 nm, and (II) a regime
of strain relaxation for t )2 nm. In regime (I), the driv-
ing force for the constant strain is obviously the pseu-
domorphism along the y direction, resulting in
c2z= +3.08%. It is then tempting to interpret the con-
stant strain c.» = —1.45%%uo as a Poisson-type contraction
resulting from the imposed expansion c.2z. We check this
interpretation by calculating both Poisson contractions
c.» and c,33 using linear elasticity theory. By minimizing
the elastic energy density

with a=0. 19.
This model is visualized in Fig. 4. It will be used below

for the calculation of strain anisotropies. It should be
emphasized that Eq. (5) includes a constant residual
strain contribution of 0.19X c,'.,

". which persists virtually
for infinite t. The physical reason for this contribution is
some energy barrier against the formation of a residual
group of misfit dislocations which would be required to
accommodate the residual infinite range epitaxial strain.
Such a virtually constant epitaxial strain in thick films,
superimposed on the leading 1/t contribution, has been
reported previously for the cases of Ni on Cu(111) (Ref.
5) and of Ni on Cu(100). ' We guess that it is a quite gen-
eral consequence of the nonequilibrium properties of
even the best epitaxial structures, which always are
artificial, and that it could be detected in many other
films by sufficiently careful measurements. Magnetically,
it must show up in a volume-type contribution to strain
anisotropy. This contribution is neglected in the
Chappert-Bruno model" of strain-relaxation-induced
MSA because the model is based on equilibrium con-
siderations. Strain-relaxation-induced MSA therefore is
overestimated in this model, at the expense of a long-
range volume-type strain anisotropy, which is neglected
in the equilibrium model, but is typical for real films be-
cause they are artificial nonequilibrium structures.

IV. STRAIN ANISQTRQPY

The calculation of magnetoelastic coupling energy for
a given strain, that means of magnetic strain anisotro py
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is a straightforward but tedious task, even in the usual
second-order approximation, in which it has been solved
for the present case of Co(0001) by Bruno. ' Higher-
order approximations are not available, to our
knowledge. The unavoidable omission of fourth-order
terms is a severe restriction because fourth-order terms
are needed both for the description of crystalline volume
anisotropies and of Neel-type surface anisotropies.
For the magnetoelastic energy density we write in this
second-order approximation

f '=K 'cos 8+K~ 'sin icos y,
where 8 and y are the polar angle of magnetization direc-
tion with respect to the surface normal (z axis), and its
azimuth with respect to the x axis [1120]Co, respective-
ly. We assume that the strain tensor is diagonal in the
Cartesian system of Fig. 2. With the usual magnetoelas-
tic constants B;, we then obtain from Bruno's work an
out-of-plane magnetoelastic anisotropy constant

~1E22 +2E33 +3(ell+S22)

contributions of course disappear in the initial regime I of
constant strain. For comparison with the experiments to
be described in the next section, we include the
di8'erences b,K '=5K '(II)—b,K '(I) between the con-
stants in both regimes.

V. MAGNETOMETRY AND EVALUATION
OF ANISOTROPIKS

Actual film anisotropies, to be compared with the data
calculated from the observed strain, were measured in
situ by torsion oscillation magnetometry (TOM). 5'36'33 In
this method, we observe small amplitude torsion oscilla-
tions of the sample, near its equilibrium orientation with
the magnetization parallel to the external magnetic field
H. We measure a magnetic torque constant R as a func-
tion of H. This torque constant R is determined by the
magnetic moment component nz of the film along the
field, by the saturation moment m„and by the second
derivative Fzz(8, p) of the free energy with respect to the
polar angle 8 of the magnetization. Using an anisotropy
field given by

and an in-plane anisotropy constant

E22)

Using Eq. (5), we write

~me ~ me+ ( 1 /t )It me (9a)
R /H =m /( 1+H /H, „;,) .

Hanis tM ~ s
(8)

one obtains

(10)

and

~me It me+ ( 1 /t )g me
p U~p S,P (9b)

TABLE I. Out-of-plane anisotropy constants for Co films on
W(110). Constants are given separately for thickness regimes (I)
(t (2 nm) and II (t & 2 nm). For the definition of the constants
see Eqs. (7), (9a), (22), and (23). Magnetoelastic anisotropy con-
stants K„' (line 1) of the volume and K, ' (line 3) of the surfaces
are calculated from the strain model of Sec. III. Experimental
aniSOtrOPy COnStantS (K, +K, 4yz) (liIle 2) and (K&+K&4yz) (line

4) of volume and surface, respectively, are determined by TOM.
The point of comparison is the difference hK for each constant
between the values in regimes (I) and (II), respectively. Note the
good agreement between the theoretical and the experimental
differences, in particular for the volume constants.

as superpositions of appropriate volume and surface con-
tributions. Taking the elastic constants and magneto-
striction constants of bulk Co, one obtains
81=—0.81 X 10 J/m, 82 = —2.90X 10 J/m3,
B3=2.82 X 10 J/m . Using these values, and the strain
values from the model of the last section, we obtain the
magnetoelastic anisotropy constants K, ' and K, ' which
are shown in Table I for both regimes I and II. Surface

This relation is exact for the case of an easy-axis loop,
with m =m, . For the case of a hard-axis loop, Eq. (11)
gives m =m (H) to a good approximation.

In the present Co(0001) films, the easy axis was orient-
ed along ([1100]Co i~ [110]W) (y axis of Fig. 2), which
was the field axis in U-TOM I. Accordingly, magnetic
saturation moment m, and the out-of-plane anisotropy
fields H,„;, were determined in U-TOM I from easy-axis
loops. The in-plane anisotropy was determined from
hard-axis loops measured in U-TOM II.

We start our presentation in subsection (A) with the
measurement and discussion of the magnetic moment.
Quantitative evaluation will show that there is a strong
decrease of m, and therefore of shape anisotropy with de-
creasing t, showing up as a magnetostatic shape contribu-
tion to surface anisotropy. We discuss the determination
of anisotropies in general in subsection (B).

A. Magnetic moment and the magnetostatic shape
contribution to MSA

The magnetic saturation moment m, of Co films on
W(110), measured at room temperature, is shown in Fig.
1 versus t. As seen in particular from the inset, m, fol-
lows a relation

Regime I Regime II
t&2 nm t&2 nm

m, =J, A(r td), — (12)

K me

2 K, +K„4y,

3 K me

4 K, +K, 4y,

(10' J/m')

(mJ/m )

—3.3
—7.6

0.0
0.1

—0.7
—4.7

—0.5
—0.7

2.6
2.9

—0.5
—0.8

with an axial section td =0.18 nm, corresponding
Dd =0.9 "dead layers. "J, is the bulk saturation magneti-
zation. For t ) td, the mean magnetization J (t)
=m, /( At) therefore is given by

(13)
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A decrease of magnetization with decreasing thickness
according to Eqs. (12) and (13) is typical for thin
films. ' ' The correction term J, td ./t is the origin of an
apparent surface-type contribution to shape anisotropy.
The total magnetostatic energy (shape anisotropy) per
area is given by

F /A = [(1/2po) IJ (z)dz]cos 8, (14)

where J(z) is the local magnetization. For the discussion
of I', we first note that td can be caused either by a devi-
ation of the ground-state magnetic moment per atom in
the surface from its bulk value ("surface efFect" ) or by the
enhanced thermal decrease of magnetization in thin films
("size effect"). For the present case of Co, there is strong
evidence of a far-reaching stability of the magnetic sur-
face moment with respect to changes in the environ-
ment, that means a small surface e8'ect, which we
neglect. For the resulting case of the bare size e6'ect, it is
well known that Dd is proportional to temperature T.
The present value Dd=0. 9 ML is of the same order of
magnitude as has been observed previously' for the bare
size effect in NiFe(111) on Cu(111) at the relative temper-
ature of the present experiment, 0.22 T, [Dd =0.6 ML
(Ref. 17)]. Of course, F depends on the details of the
spatial structure J(z). The situation is easy for ultrathin
films with roughly D ~ 4 ML, for which the decrease of
magnetization is homogeneous along the surface normal,
as a result of strong exchange interactions. This results
in jJ (z)dz =(J) t Fortuna. tely, the same relation ap-

plies for D )4 ML and T=300 K because the relative
deviations of J(z) from the mean value are small. As a
result, the shape anisotropy per area for our films is given
in general in a very good approximation by

for the case of Ni films on Re, ' it was a negligible correc-
tion of only 0.04 mJ/m per interface, because of the low
magnetization of Ni. In Fe films it is probably small, be-
cause the negative side contribution may be compensated
to some degree by a positive surface contribution, result-
ing from the surface enhancement of magnetic moment.
For the present case of Co films, where the magnetization
is both large and virtually unchanged in the surface, the
magnetostatic shape contribution to MSA is of consider-
able magnitude. It has been mostly neglected so far in
the literature and should be included in the future discus-
sion.

B. Measurement and evaluation of anisotroyies

where the second- and fourth-order anisotropy constants
are composed of volume and surface contributions ac-
cording to

L = [(J, /2po)+K, ]+(1/t )K, , (18)

As in our previous analysis of magnetic anisotropies of
Fe(110) interfaces, we use a fourth-order approximation
both for the volume and for the surface contributions of
F(8,y). Using directional cosines Pi =sin8 cosy,
pz=sin8. sing, and p3=cosB, we write for the free energy
per volume

(1/V)F(6, y) = [Lp3+ K~p, ]

+ [K4 y P'iPz+K4y. PÃ~+K4 .P'iP3]

(17)

F /A = [(J, /2@0)t (J, /po)td—

+ (J, td /2@0) /t ]cos 8 . (15)
and

K, =K, +(1/t)K„, (19)

The first term in the brackets represents the usual
shape anisotropy, which is proportional to t and is con-
nected with the bulk saturation magnetization J, . The
third term can be mostly neglected. The second term is
independent on t, as the true Neel-type MSA. In a phe-
nomenological sense, it is therefore a magnetic shape con-
tribution to MSA. As the magnetization change is com-
posed by surface and size contributions, this magnetostat-
ic shape contribution of MSA is composed of a true sur-
face contribution, which is independent on T, and an ap-
parent one, the size contribution, which is proportional
to T. Independently of this distribution, the shape con-
tribution to MSA is given by

K4;k =K„4;k+(1/t)K, 4;k, (20)

(1/A)F~~(vr/2, m /2) =2[L+K4, ]t .

Using Eqs. (18) and (20), this becomes

(21)

respectively.
For determining the out-of-plane anisotropy, we ob™

serve small amplitude oscillations with the magnetization
along the easy axis [1100]Co (y axis), that means for
B=y=n/2, and therefore measure Fzz(n/2, m/2). As.
has been shown in Ref. 33 [Eq. (13a)], the second deriva-
tive per area then is given by

K,'"= (J, /po)td . — (16) (1/3 )Fgg(vr/2, m/2) = [(J, /po)+2(. K„+K,4, ) ]t
In our samples, it amounts to —0.47 mJ/m for the film,
or to —0.23 mJ/m per interface. It may be overestimat-
ed a bit by completely attributing td to a size eff'ect (in the
limit of the pure surface e6'ect, K,'" would be reduced by a
factor of 2). Even then, K,'" would be of the standard or-
der of MSA and therefore cannot be neglected in our
case. For comparison, in the first paper in which the
magnetostatic shape contribution to MSA was addressed,

+2(K, +K, y, ) 4. (22)

In the present case, K, =K,"+K, ' is composed of a
crystalline contribution K," and a magnetoelastic one,
K„'. Similarly, K, =E, '+K,'"+E, ' is composed of
Neel-type, shape, and magnetoelastic contributions E, ',
K,'", and K, ', respectively.

Accordingly, we finally obtain
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( I /2 )F~q(~/2, ~/2)
= [(J, /po)+2(K +K, '+K„~,) ]t

+2(K,N'+K,s"+K; +K„„). (23)

Equations (22) and (23) are the basis for our evaluation
of out-of-plane anisotropies. Note that a separation into
different contributions is possible only for the second-
order constants, whereas the fourth-order constants
X, 4„, and X,4, contain all contributions, including the
magnetoelastic one, which is out of the range of our
quadratic approximation in Eq. (6). Experimental results
for (I/A)Fz&(m/2, m/2) versus t are shown in Fig. 5.
As expected from the strain measurements, we observe
two linear sections in regimes (I) (t &2 nm) and (II)
(t &2nm), respectively. Volume and surface anisotropies
can be taken for both regimes from slope and axial sec-
tions. Results for K, +Kp 4yz and K, +K+ 4yz obtained
using Eq. (22), are included in Table I. The numerical
values are obtained from a fit including the last term in
the brackets of Eq. (15), which does not show up in the
figure.

There is no reason why magnetocrystalline, shape, and
Neel contributions to MSA should be different in both re-
gimes, because it is only the strain state that makes their
difference. Accordingly, the differences both of volume
and surface anisotropies are expected to be differences in
their strain contributions. The point of comparison be-
tween our experimentally determined anisotropies (lines 2
and 4 in Table I) and the strain anisotropies calculated
from the measured strain (lines 1 and 3) is therefore given
by their respective differences from both regimes. These
differences AE between respective contributions of out-
of-plane anisotropies from both regimes are included in
the last column of Table I. We note a remarkably good
agreement of AIC„' as calculated from strain with the
corresponding b, (K, +K, 4, ) from magnetometry, and
fair agreement of the surface anisotropy changes b,K, '
with 5(K, +K, ~, ).

For the case of in-plane anisotropies, rough estimates
only can be presented. They result from measurements in
U-TOM II with the external field along the hard axis

([1120]co
~
~[001]W) (x axis in Fig. 2). The problem of

evaluating the in-plane anisotropies is explained by com-
parison of the hard-axis loops shown in Figs. 6(a) and
6(b). For the case of the 51 layers film in Fig. 6(a), the
in-plane anisotropy field H~ =2(K +K4 ~ )/J, is small in

comparison with the available external field. According-
ly, the crossing of the initial linear section of the loop
(R /H)/m, with the saturation hyperbola (R /H)/m,
=1/(1+H/H, „;,) [see Eq. (11)]at H can be determined
easily. For the case of the 7.9 layers film in Fig. 6(b), sat-
uration could not be attained. A rough measure only of
H can be obtained in this and similar cases by the sec-
tion of the initial slope with (R /H )/m, = 1 [for the case
of Fig. 6(b) we obtain poH~ =0.4 T]. Experimental
values of

(1/A)F (vr/2, vr/2)=2(K +Kq„)t
=2(K„~+K„~„)t

+2(K, +K, 4„) (24)

1
I I

W/51 Co/UHV

0.5—

(a)

I

04
I

-0.2
po H (T)

I

0.2 0.4

versus t are shown in Fig. 7. Again, the two regimes
below and above t =2 nm can be distinguished. Evalua-
tion of the two straight lines results in the in-plane an-
isotropy constants for both regimes which are collected
in Table II in connection with the calculated values of
their magnetoelastic components. As for the out-of-plane
anisotropies, the point of comparison between theory and

1
I I

W/7. 9 Co/UHV

E

2
10

5 -0.5—

(b

0

6
t (nm)

I

10

FIG. 5. Out-of-plane anisotropy (1/A )I'qz(~/2, m/2) versus
t for Co films on W(110).

0.2 0.4-0.4 -0.2 0
po H {T)

FIG. 6. Hard-axis magnetization loops (R /H)/m, versus H
for two Co films on W(110), consisting of (a) 51 and (b) 7.9
monolayers, respectively. Solid circles represent true measure-
ments, open circles are obtained by inversion from closed ones.
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1.5—
W(110}/Co / UHV

1

0 5

0 /

10

FIG. 7. In-plane anisotropy (1/A )F~~(m/2, m/2) versus t for
Co films on W{110).

experiment must be the difference of anisotropy constants
in both regimes. As shown by the last column, the agree-
ment between calculated and measured values for those
differences is again surprisingly good.

VI. DISCUSSION, SUMMARY, AND CONCLUSIONS

It was the main intention of the present paper to check
in how far strain-induced magnetic anisotropies in ul-
trathin films can be separated from other anisotropy con-
tributions and in how far they can be explained from the
independently measured strain, using concepts of stan-
dard magnetoelastic continuum theory. As an experimen-
tal sample, we chose Co films on W(110), which offer the
opportunity of analyzing both in-plane and out-of-plane
anisotropies. The system provides a thickness-regime
t (2 nm of constant strain (regime I), in which the strain
anisotropies are constant too, that means they appear as
true volume-type anisotropies, and therefore can easily be
separated from the true Neel-type and shape contribu-

1 Eme
U, P

2 E:,~+X, 4 y

(10 J/m ) 3.7
2.5

0.8
0.3

—2.9
—2.2

3 E.me
S,P

4 E,p+E, 4„y

(mJ/m ) 0.0
0.0

0.6
0.3

0.6
0.3

TABLE II. In-plane anisotropy constants for Co films in
W(110). Constants are given separately for thickness regimes (I)
(t & 2 nm) and II (t & 2 nm). For the definition of the constants
see Eqs. (8), {9b),and (24). Magnetoelastic anisotropy constants
E, ~ (line 1) of the volume and E,~ (line 3) of the surfaces are
calculated from the strain model of Sec. III. Experimental an-

isotropy constants (E,p+E 4 y ) (line 2) and (E,~+E, 4„~ ) (line
4) of volume and surface, respectively, are determined by TOM.
The point of comparison is the difference AE for each constant
between the values in regimes (I) and (II), respectively. Note the
good agreement between the theoretical and the experimental
differences, in particular for the volume constants.

Regime I Regime II
t &2 nm t &2 nrn

tions to MSA. For t) 2 nm (regime II), the relaxing
strain induces a relaxing strain anisotropy which is
roughly proportional to I /t and therefore shows up as an
apparent MSA. Being physically a relaxing volume an-
isotropy, this contribution cannot be separated, in the re-
laxation regime II, from the Neel contribution E, ', and
is therefore treated as a relaxing strain contribution EC,

'
to the phenomenologically defined MSA.

The main results of our study are contained in Tables I
and II. Before discussing them, we recall the limitations
of our phenomenological ansatz of anisotropies: (i) For
the description of strain anisotropies, only the second-
order ansatz of Eq. (6) is available; higher-order terms are
neglected. (ii) The dependence of the true Neel-type
MSA on strain, as discussed by O'Handley, could not be
included. (iii) Whereas the Co films can be assumed to be
mainly hcp type, some tendency to stacking faults must
be considered. As discussed by Lee et al. ,

' magneto-
crystalline anisotropies in hcp Co react sensitively on
stacking faults, and the hcp values therefore must be tak-
en with care, whereas the magnetoelastic constants react
comparatively insensitively.

Having these limitations in mind, let us first discuss the
out-of-plane anisotropies, given in Table I. Because
Neel-type surface anisotropies of our films are unknown,
and volume anisotropies are uncertain in view of limita-
tion (iii), we cannot extract experimental values of the
strain contributions from the experimental anisotropies
given in Table I, lines 2 and 4, which could be compared
with their values as calculated from measured strain,
given in lines 1 and 3, respectively. The point of compar-
ison therefore is given by the differences AE of anisotro-
py constants between regimes I and II, which we expect
to result from the magnetoelastic contributions only. In
comparing the experimental values of hE from lines 2
and 4 with the calculated ones in lines 1 and 3, we state a
quite good agreement. The remaining minor differences
can easily be explained from unknown corrections by
higher-order contributions of f ' and from an unknown
O'Handley-type dependence of E, on strain. If we in-
stead take the magnetoelastic constants from lines
1 as granted, we can determine (K, +K, 4~, K, ')—= —4. 3X10 J/m (from regime I) or —4.0X10 J/m
(from regime II). The agreement of both values is good.
However, they deviate from what one would expect as a
crystalline contribution in terms of usual anisotropy
constants E, and E2 of hcp Co,
(K +K '4y, )=( Ki —2K, )= —7—.2X10' J/m'. ' Ap-
parently, E 4y E 4y +E 4y contains a magnetoelastic
contribution EU 4yz in addition to the magnetocrystalline
contribution E,'4„,. A modification of E, by stacking
faults must be considered too. In a similar way,
we obtain from lines 3 and 4 values for (K, '+K,'"
+K, 4, ) =(K, +K, ~, —K, '). Using K,'"= —0.5 m J/m
from Sec. V A, we obtain (K, '+K, &z, )=0.6
mJ/m (from regime I) or 0.3 mJ/m (from regime II).
The difFerences may be connected with limitations (i) and
(ii).

The in-plane anisotropies given in Table II can be dis-
cussed in a similar way. Again, the point of comparison
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is given by the respective differences of anisotropy con-
stants between regimes I and II. Again, the agreement
between the experimental differences in lines 2 and 4 and
the calculated ones in lines 1 and 3, respectively, is quite
good. In-plane magnetocrystalline volume anisotropies
are absent in our samples because of the sixfold in-plane
symmetry. The in-plane volume anisotropies therefore
should be of pure magnetoelastic origin, which apparent-
ly is not the case, as seen from comparison of lines l and
2 in Table II. The differences between K, ' in line 1 and
(K, +K, 4„) in line 2 might be explained from higher-
order contributions off

In conclusion, we analyzed the strain state in Co films
on W(110) by HR-LEED. We established, for increasing
thickness, a regime I of constant strain, followed by a re-
gime II of relaxing strain. From this strain, magnetic
strain anisotropies, both in-plane and out-of-plane, were
calculated using standard magnetoelasticity theory. They
show up in regime I as true volume anisotropies, in re-
gime II as apparent surface anisotropies, superimposed

by residual volume anisotropies. For comparison, we
measured both in-plane and out-of-plane anisotropies us-
ing torsion oscillation magnetometry. Whereas it was not
possible to extract the bare strain anisotropies from the
measured film anisotropies, to be compared with the cal-
culated ones, we took advantage of the fact that at the
transition between regime I and II only the strain corn-
ponents of the film anisotropies are changed. According-
ly, we had to compare calculated and measured values of
the changes of anisotropies between the two regimes. We
found reasonable agreement of those differences for in-
plane, out-of-plane volume and surface anisotropy contri-
butions. For the minor differences, possible causes were
discussed.
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