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Using Brillouin light scattering, the properties of magnetic anisotropies
in ultrathin epitaxial Co films grown on single-crystal Cu substrates are in-

vestigated. All relevant magnetic anisotropy contributions are determined,
in situ in an ultrahigh vacuum system for the (001)-oriented films, as well
as ex silu for other film orientations, which are covered with a Cu cap layer.
For (001)-oriented films we find a large in-plane anisotropy contribution of
fourfold symmetry. For this contribution the volume and the surface part
cancel to zero at the same thickness as found for the onset of ferromagnetic
order. This finding is indicative for a stabilization of ferromagnetic order in
Co/Cu(001) by in-plane anisotropy contributions. In (1 1 13)-oriented films,
which are composed of (001)-terraces aligned along the [1101-direction and
spaced by 6.5 atomic distances, an additional uniaxial in-plane anisotropy
contribution is found which is identified as being of magneto-elastic ori-
gin. For (110)-oriented films three ranges of thickness dependence of the
in-plane and out-of-plane anisotropy contributions are found which correlate
in the thin-film regime with the growth properties. (111)-oriented films show
a linear dependence of the perpendicular anisotropy on the reciprocal film
thickness over the full investigated thickness range of 2 to 20 Å .
PACS numbers: 75.30.Gw, 75.30.Pd, 75.30.Ds, 78.35.+c

1. Introduction

Magnetic properties of ultrathin films of 3d transition metals are inherently
determined by magnetic anisotropies which are found to be larger by up to three
orders of magnitude in energy per atom compared to the corresponding bulk ma-
terials. However, although the experimental database on anisotropy constants is
steadily increasing, little is known up to now about the origin of the observed
large anisotropy values and their interplay with other magnetic properties like
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the Curie temperature or the critical minimum thickness for ferromagnetic or-
der. Among the currently discussed anisotropy mechanisms, apart from the shape
anisotropy, contributions from Neel-type surface anisotropies [1], contributions
form magneto-elastic interactions due to elastic strains [2] and magnetocrystalline
anisotropy contributions are considered.

In this paper we investigate all magnetic anisotropy contributions found in
Co layers of various orientations prepared on single-crystal Cu substrates. We will
show that in-plane anisotropy contributions are closely connected to the mech-
anism for stabilizing ferromagnetic order at room temperature for Co films of
(100)-orientation. Specific information is obtained from Co (1 1 13)-oriented films
which can be regarded as (001)-oriented films tilted by an angle of 6.2° about
the in-plane [110] axis: due to the induced twofold in-plane symmetry, an addi-
tional in-plane uniaxial anisotropy contribution is found and identified as being of
magneto-elastic origin caused by the elastic strain fields generated by the lattice
mismatch at the substrate—film interface. Finally, we discuss the presence of bulk
magnetocrystalline anisotropies and its disappearance for thin films which can be
studied in (110)-oriented films.

The experimental method of choice is Brillouin light scattering from ther-
mally activated spin waves. Due to the precession of the magnetic moments, form-
ing the spin wave, the torques acting on the magnetization, i.e. the two anisotropy
field components perpendicular to the mean direction of magnetization, are sensed.
The spin wave frequencies are further sensitive to the magnitudes and directions
of the magnetization and the spin-wave wave vector as well as to the film thick-
ness. Compared to static and macroscopic methods Brillouin light scattering has
the specific advantage of measurements with high local resolution (laser spot is

=100 μm in diameter) as well as monolayer sensitivity.

2. Anisotropies in ultrathin magnetic layers

Magnetic anisotropies reflect to a large degree the symmetry of the system as
well as acting symmetry breaking mechanisms. We distinguish between the shape
anisotropy, the magnetocrystalline anisotropy due to a coupling of the magneti-
zation to the crystallographic symmetry (symmetry of electronic band structure),
surface anisotropies due to the lack of translational symmetry along the film nor-
mal, as well as magneto-elastic anisotropies due to elastic strain fields, which break
the crystallographic symmetry and result in a lower symmetry class of the films.
The coordinate system is chosen such that the i-axis is aligned along the film
normal and the i-axis is parallel to the lowest-indexed in-plane direction. In the
following we write the free magnetic energy density, F, in terms of direction cosines
a= of the saturation magnetization, Ms , which are the components of the unit vec-
tor a pointing into the direction of M. We denote volume anisotropies by upper
case letters and surface anisotropies by lower case letters. If appropriate, the rota-
tional symmetry of an anisotropy constant about a symmetry axis is denoted by
a superscript in brackets.

The magnetocrystalline anisotropy is caused by the coupling of the free en-
ergy, Fani, of the magnetization as a function of the direction of M to the crystal-
lographic symmetry due to spin—orbit coupling. In cubic symmetry Fani is given by
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with K1 the anisotropy constant, which is of fourth order, and with ai, the direction
cosines of the magnetization, here defined with respect to the crystallographic
(100) principal axes. Surface anisotropies arise due to the broken translational
symmetry along the film normal. Due to the pair bonding model of Neel [1, 3]
they can be calculated by performing the dipolar sums of the magnetic moments
located at the interfaces, although the obtained values do not well agree, even in
sign, with experimental results. In lowest orders the free surface energy density,

σsurf is given by

with ks the out-of-plane anisotropy constant. The constants k 2) and k 4) describe
the first two non-vanishing orders of the in-plane surface anisotropy. They are of
second and fourth order in αi and they correspond to two- and fourfold symmetry
about the film normal, respectively. The signs are chosen in the usual way, i.e., a
positive sign of ks indicates a corresponding easy axis perpendicular to the film
and a positive sign of k 2) and k 4) indicates that the [100] direction is hard. Since
the second term in Eq. (2) is of second order in i, it only exists for surfaces of
not higher than twofold symmetry.

If the film thickness is smaller than the static exchange correlation length
(^ 50 A for Co) the magnetization is homogeneous across the film. Then the sur-
face torques caused by surface anisotropies acting on the moments located at the
surfaces can be converted to volume torques acting on the entire film magnetiza-
tion. This corresponds to a replacement of the surface energy density, σsurf, with
the volume energy density

with the factor of two counting the two surfaces of the film. Rado [4] and Gradmann
et al. [5] give estimates for the range of validity for Eq. (3).

Magneto-elastic anisotropies arise from in-plane strains caused by the lattice
mismatch at the substrate—film interface. We consider the case that the elastic
strains ej are not released due to, e.g., formation of misfit dislocations.

With εi the strain components in the film, bij the magneto-elastic tensor and
i the magnetization direction cosines for axes xi , the free magneto-elastic energy
density is given by

The tensor constants bijki as well as those of the elastic constants, cijkl, needed
to calculate bijkl from magnetostriction constants, are rotated from the crystallo-
graphic reference frame into the oriented layer frame. At the substrate—film inter-
face the strains must accommodate the in-plane mismatch

with a s (af) the lattice parameter of the substrate (film). The out-of-plane strain
e33 is obtained by minimizing the free elastic energy in the film
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All other strain components are zero. The strain-induced anisotropy contributions
are obtained from Eq. (4) by a comparison to a general anisotropy energy expres-
sion of the form

with Kp(Ks) the strain-induced uniaxial in-plane (out-of-plane) anisotropy con-
stant. The signs in Eq. (7) are chosen following the usual convention that a positive
sign denotes a hard (easy) axis for the in-plane (out-of-plane) anisotropy constant.
Equation (7) is formally close to Eq. (2), which describes surface anisotropies, since
in both cases the lowest non-vanishing orders are of second order. The results for
different types of film orientations are tabulated in Refs. [6, 7].

For ultrathin Co films of two- or fourfold symmetry about the surface normal,
the free energy contribution, Fani, due to anisotropies is expressed in the lowest
order as

O and are the polar and azimuthal angle of the direction of magnetization, M.
Here is measured against the in-plane [100]-axis. The first term on the right
hand side is the in-plane anisotropy of twofold symmetry about the film normal
with the angle φ0 measuring a possible incline of the uniaxial reference axis to the
[1001-axis. The second term is the corresponding term due to a fourfold symmetry
and the last term is the out-of-plane anisotropy. All terms are further splitted
between volume and surface contributions.

3. Spin waves in ultrathin magnetic layers

In thin ferromagnetic films, at room temperature, there exists a thermally
activated, so-called Damon—Eshbach spin wave excitation. Its energy is primarily
determined by the dipolar spin—spin interaction, since the wavelength of the order
of 3000 A is large compared to interatomic distances [8]. If the product of the film
thickness d and the wave vector q11 is small compared to unity, the frequency w of
the mode can analytically be expressed as [9]:

Here Fan i is the magnetic free anisotropy energy, and — φq is the angle between
the direction of magnetization and the spin-wave wave vector.

From Eq. (9) it follows that the Damon—Eshbach mode is sensitive to the
product g||d, the strength and direction of the applied field, the saturation mag-
netization, and, in particular, to anisotropy contributions. Due to the latter an
investigation of the Damon—Eshbach mode is very suitable to yield information
about the anisotropy contributions present in magnetic films.
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4. Sample preparation and characterization

All (001)- and (1 1 13)-oriented samples were prepared in an ultrahigh vac-
uum chamber of base pressure better than 5 x 10 -11 mbar by e- -beam evapora-
tion at a pressure of 2 x 10 -1° mbar. The details are reported elsewhere [10, 11].
Special emphasis was placed on the preparation of smooth films with minimum
interdiffusion at the Co/Cu interface. In the case of the (001)-orientation, films of
3 ML (monolayers) thickness were prepared at different deposition temperatures,
Tdep , between 20°C and 140°C, yielding the best results at Tdep = 85°C. For the
latter deposition temperature the Auger-intensity ratio of the signals from the
Co 656 eV and 716 eV lines to those of the Cu 849 eV and 920 eV lines has a
maximum indicating a uniform film with minimum interdiffusion and maximum
interface smoothness. From the spin wave spectra it is found that the "magnetic
quality" of the films is also best at Tdep = 85°C. For this deposition temperature
the magnetization is found to rotate as a function of field strength in the most
uniform way from the easy [1101-direction into the hard [1001-direction along which
the external field is applied (see below). For the (1 1 13) film orientation the op-
timum deposition temperature is 300 K. The (110)- and (111)-oriented films were
grown in the form of wedge-shaped samples at room temperature at the Philips
Research Laboratories in a manner similar to that described in Ref. [12].

5. Experimental

The Brillouin light scattering measurements of the spin wave excitations
were performed in situ for (001)-oriented films at room temperature focusing the

= 5145 Å laser light of an Ar+ ion laser of up to 120 mW intensity through
a viewport onto the sample and collecting through the same viewport the in-
elastically scattered light in backscattering geometry. The maximum strength of
the external field applied parallel to the film plane and perpendicular to the
spin-wave wave vector was 1.8 kOe. The measurements for other orientations
were performed in the same geometry ex situ in an applied field of up to 20 kOe.
The frequency analysis was performed using a computer-controlled automated
high-contrast (3 d- 3)-pass tandem Fabry—Perot interferometer [13]. The measure-
ment time per spectrum was typically 30-120 min. The wave vector q of spin waves
tested in the experiment was 1.73 x 10 5 cm -1 . In addition, the magnetic hysteresis
loop was measured in situ with the transverse magneto-optic Kerr effect using a

He—Ne laser.

6. Co/Cu(111): perpendicular anisotropy

We first discuss results on Co (111)-oriented films, which exhibit large aniso-
tropies with the film normal as the easy axis. Figure 1 shows the measured
spin wave frequency, v, as a function of the film thickness measured on a sin-
gle wedge-shaped sample. An extrapolation of the data to v = 0 yields a critical
thickness, de = 3 A, below which the assumed magnetization orientation (parallel
to the film plane) is not stable at the given applied field strength. From the exper-
imental data the bulk hexagonal anisotropy constant, Khex, and the out-of-plane
surface anisotropy constant, k? ) , are obtained by a least squares fit of Eq. (9)
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Fig. 1. Measured (circles) and fitted (full line) spin wave frequencies for Co(111) films
on Cu(111) in an external field of 12 kOe applied parallel to the film plane.

TABLE
Obtained anisotropy constants for the (001)-, (1 1 13)- and (111)-orientations. A cover layer
is noted in brackets. The parameters are defined in the body of the text. Ki ex is the usually
defined hexagonal Co bulk anisotropy constant used for the (111)-orientation.
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to the experimental frequency values. We obtain K 1(hex) = 8.2 x 10 6 erg/cm3
and k$ = 0.13 erg/cm 2 [14]. Independent measurements of the anisotropy of the
wedge-shaped sample were performed using the magneto-optic Kerr effect [14].
The Brillouin light scattering results and the magneto-optic Kerr measurements
provide values for K1 and kg in close agreemeht (see Table). Our results indi-
cate a somewhat larger interface anisotropy, but a considerable reduced volume
anisotropy contribution compared to recent results of Kohlhepp et al. [15]. The spin
wave frequencies are found to be isotropic as a function of the in-plane direction
of the applied field, indicating that there are no in-plane anisotropy contributions.

7. Co/Cu(001): stabilization of ferromagnetic order
by in-plane anisotropies

We now address a problem of great interest. Will magnetic anisotropies sta-
bilize ferromagnetic order in ultrathin films? According to the theorem of Mermin
and Wagner [16] a ferromagnetic ground state cannot exist at finite temperatures in
an isotropic two-dimensional Heisenberg system with short-range interactions. Sev-
eral mechanisms have been proposed to account for the experimentally observed
existence of ferromagnetic order in two-dimensional systems [17-21]. Among the
mechanisms the stabilization of ferromagnetic order due to dipolar interactions or
due to magnetic anisotropies are currently discussed most.

In the following we discuss the determination of all relevant magnetic vol-
ume and surface anisotropy contributions at room temperature in ultrathin epi-
taxial (001)-oriented films of fcc Co on Cu(001) substrates by means of Brillouin
light scattering [10, 22]. We show evidence that in this system magnetic in-plane
anisotropy contributions stabilize ferromagnetic order at room temperature.

In the in situ light scattering experiments the external magnetic field of up
to 1.8 kOe is applied in the film plane along the magnetic hard [100] axis.

Ferromagnetic order is observed for film thickness d larger than do

1.6f 0.3 ML for uncovered Co films and dc = 1.9f 0.3 ML for Cu covered Co films
[10, 22]. We identify the onset of ferromagnetic order by the existence of a rema-
nent magnetization resulting in a coercive field, which is tested by magneto-optical
Kerr effect, as well as by the existence of spin waves at zero applied fields [23].
The obtained coercive field is (81 ± 14) Oe for the uncovered film and (66± 11) Oe
for the covered film.

In situ magneto-optical Kerr effect measurements of the remanent field as a
function of the in-plane direction of the external field clearly show that the acting
in-plane anisotropies are of fourfold symmetry about the film normal in the lowest
order, i.e. the first right hand side term in Eq. (8) and thus I" 2) and kV ) are zero.

By applying the external magnetic field along the magnetic hard [100]-axis,
one can probe the magnetic anisotropies by studying the rotation of the magne-
tization with increasing field into the direction of the applied field via the cor-
responding change in the spin wave frequency. Upon increasing the applied field
the spin wave frequency first decreases due to the change in 0, until a critical
field strength, Hcrit, is reached. For H > Hcrit, the magnetization and the applied
field are collinear and the spin wave frequency increases nearly linear with further
increasing field. Hcrit is a measure of the in-plane anisotropy.
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For the films considered here the product of the film thickness d and the wave
vector q11 is small compared to unity. Therefore we may use Eq. (9) for calculating
the spin wave frequency of the Damon—Eshbach mode. From a least squares fit of
Eq. (9) to the measured spin wave frequencies as a function of the applied field and
the Co film thickness the saturation magnetization and the anisotropy constants

k4), k4)andksare determined. For all studied films withd > dothe saturation
magnetization does not deviate from the bulk value of 17.9 kG within the limit of
accuracy of 5%. The result is corroborated by finding a linear increase in the Kerr
rotation angle with increasing film thickness measured in silu on the same films
as used for the light scattering studies.

Fig. 2. Measured values of the in-plane anisotropy of fourfold symmetry, K;4)  plane
(upper part), and the out-of-plane anisotropy, Kout —of —plane (lower part), multiplied
with the film thickness, d, as a function of d in ML for Co/Cu(001) without (open
circles) and with (full circles) a 2 ML Cu cover layer. A fit to the theory is shown for
data of Co/Cu(001) (full line) and for data of Cu/Co/Cu(001) (dashed line).

Figure 2 shows the obtained anisotropy values as a function of film thickness
for uncovered Co films (open symbols) and Co films covered with 2 ML Cu (closed
symbols). In the upper part the total in-plane anisotropy multiplied with the film
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thickness d,

In these graphs the slopes are determined by the volume anisotropy constants,
and the intercepts with the y-axis are equal to twice the corresponding surface
anisotropy constants. From the fit to the experimental data we find K(2) = 0
both for the uncovered and covered films. The average value of ks = (-0.46 ±
0.09) erg/cm2 for uncovered Co films changes to ks = (0.15 ± 0.04) erg/cm 2 upon
covering the Co films by 2 ML Cu. The negative sign indicates that the surface
normal is a magnetic hard axis for this anisotropy contribution.

Of particular interest are the properties of Kin_plane. From the slope and
the intercept of the straight lines in Fig. 2 we yield for the volume (./4 4) ) and
the surface k 4)) contribution values of Kp(4) = (-2.3 ± 0.15) x 10 6 erg/cm3

and Kp4) = (0.034 ± 0.004) erg/cm2 for the uncovered films, and Kp(4) = (-2.2 ±
0.15) x 10 6 erg/cm3 and 14.4) = (0.031f 0.003) erg/cm 2 for the Co layers covered
with 2 ML Cu. Due to their opposite sign, the contributions of Kp(4) and 14.4) to

Kin—plane cancel each other at d± = (1.7 ± 0.3) ML for the uncovered films and
at dc = (1.6 ± 0.3) ML for the Cu covered films. We would like to point out
that ac = dc within the experimental error for both covered and uncovered Co
films, although both quantities are determined by independent experiments. The
obtained anisotropy values are summarized in Table.

Assuming that the Co films covered by 2 ML Cu have symmetric surfaces
with the same anisotropy constants, the Co surface anisotropy constants are inde-
pendently accessible for the vacuum and the Cu side by comparing the data of the
uncovered to the covered Co films. Since Kin—plane does not significantly change
upon covering the Co layer by Cu, both the Co/Cu and Co/vacuum surface have
the same value of k 4) = (0.032 ± 0.003) erg/cm 2 . The out-of-plane anisotropy
constant, ks , was found to be ks = (-1.06 ± 0.17) erg/cm2 for the Co/vacuum
interface and ks = (0.15 ± 0.04) erg/cm 2 for the Co/Cu interface (see also Table).

From the observed agreement between the critical thickness for ferromag-
netic order, dc , with the thickness dc+,at which the contributions to the in-plane
anisotropy cancel, it is concluded that the symmetry breaking interaction for stabi-
lizing ferromagnetic order in Co(001) films at room temperature is indeed given by
the magnetic in-plane anisotropy contribution [10, 22]. It should be pointed out
that this argument is backed by the fact that dc may also be obtained from an
extrapolation of Kin_plane(d) from data with film thicknesses significantly larger
than dc , thus ruling out structural and/or magnetic percolation effects near d.
The out-of-plane anisotropy, described by the thickness independent parameter ks

does not support the stabilization. The data clearly indicate that in contrast to
the critical thickness, dc , and to the in-plane anisotropy constant Kin—plane, ks is
very sensitive to the presence of a Cu overlayer.

The origin of ks and Kin_plane, in particular their different sensitivity to the
presence of a Cu overlayer, is presently not well understood. The thickness-inde-

4)pendent part of Kin—plane, described by Kp , can likely be identified as being
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magnetocrystalline in origin due to its sign and magnitude (see below). However,
in order to compare Kp(4) to a crystalline anisotropy of cubic symmetry appropri-
ate for (100)-oriented Co films of larger thickness, a thickness-independent uniaxial
perpendicular anisotropy contribution of appropriate size must be considered in
Eq. (8) in order to make the volume anisotropy contribution invariant against all
cubic symmetry transformations. No evidence has been found for such a contri-
bution from the light scattering data for the investigated film thickness regime of
1ML< d< 10ML.

It might be speculated that the values of ks and Kin—plane are due to the
elastic strain fields parallel to the film induced by the lattice mismatch of 1.9% at 
the Co/Cu interface. Hence the values of ks and Kin—plane would be proportional
to the interface strain. An estimate for the out-of-plane magneto-elastic anisotropy
yields values of the same order of magnitude, in particular the same sign as mea-
sured for ks . For this estimate the fcc Co magnetostriction constants extrapolated
for Co rich fcc Pd—Co alloys were used [24]. However, since the Co strains are not
expected to largely change upon coverage with a Cu overlayer the finding of a very
sensitive dependence of ks on a Cu overlayer is in contradiction to the assumption
of magneto-elastic contributions to k s . In order to estimate a magneto-elastic con-
tribution to Kin—plane, higher order magnetostriction constants would have to be
included which are not available and which would need to be very large, which is
unlikely. On the other hand, ks may be related to the spacing between the surface
Co layer and the underlying atomic Co layer which is known to be very sensitive to
the Cu overlayer. Detailed total energy calculations are highly desirable to clarify
the origin of these anisotropies in this two-dimensional model system.

8. Co/Cu(1113): induced uniaxial anisotropy
Additional information regarding the physical origin of thin film anisotropies

is obtained by studying Co films on (1113)-oriented Cu substrates [22]. In this
system the (001)-surface is tilted by an angle of 6.2° about the in-plane [110] axis.
The (1 1 13)-surface consists of (001)-oriented terraces with average width of 6.5
atomic distances, separated by monoatomic steps aligned with the [110]-axis. Here,
due to the induced twofold in-plane symmetry, an additional in-plane uniaxial
anisotropy contribution, described by the constant p2 ) is found. The easy axis
was found to lie along the steps (Φ0 = 45° in Eq. (8)) [25].

By use of Eq. (8) the measured spin wave frequencies were fitted using Eq. (9)
with the anisotropy constants as fit parameters. In the least squares fit much care
has been taken to control the errors and correlations between the parameters.
Performing the same type of analysis as in the case of Co(100) films, critical
thicknesses are deduced from the data, at which the corresponding volume and
surface anisotropies cancel to zero. For the twofold anisotropy this thickness is

dc(2) = (2.9 ± 0.5) ML for the uniaxial anisotropy and dc 4) ML for the fourfold
anisotropy. We find that within the experimental error dc 2) = dc4) = dc with dc the
independently determined minimum thickness of 2 ML for the onset of ferromag-
netic order [26]. We would like to point out that although. the film growth mode is
very different for the (1113) surface orientation compared to the (001)-orientation
[10, 11, 27] the critical thickness for the onset of ferromagnetic order is the same
within the error margins for both orientations.
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From the data analysis we find for the twofold in-plane anisotropy Kp(2) =
(6.0 ± 0.7) x 10 5 erg/cm3 and kp^ 1 = (-0.009 ± 0.002) erg/cm( 2), and for the
fourfold contribution K14) = (-6.5 ± 0.2) x 10( 5 ) erg/cm3 and kp4) (0.012 ±
0.002) erg/cm 2 .

For d >dc 2)the [110] direction (parallel to the steps) is the easy axis for
Kin(2)- planeand ford >d41the in-plane approximate (110)-directions are the easy
axes for K(n) plane • For Kout—of—plane no surface dependent contribution, k8 , was
found, whereas the volume part was found to be K8 = (-5.0 ± 0.6) x 10 6 erg/cm3 .
The negative sign indicates that the surface normal is a magnetic hard axis.

We now show that both Kp(2) and Kp(2) are caused by magneto-elastic in-
teraction due to the elastic strain field originating from the lattice mismatch at
the Co/Cu interface. In a continuum approach we assume a smooth film, i.e.,
we neglect the stepped surface structure. Our approach is valid since the step dis-
tance of 6.5 atomic distances is much smaller than the static coherence length over
which the magnetic moments might vary in direction. In the (1 1 13) orientation
the magneto-elastic tensor, bijkl, appearing in Eq. (4) must be rotated from the
crystallographic reference frame into the film coordinate system with the cartesian
axes aligned along the [110]-, [13 13 2]- and [1 1 131-axes which are the approximate
[110]-, [110]- and [0011-axes (i.e. here by 6.2° about the [1101-axis). In the film co-
ordinate system only the diagonal strain components ε ii are nonzero. The tensor
components of the magneto-elastic tensor are obtained [6] from the magnetostric-
tion constants λ100 and λ111 of fcc Co extrapolated from Co-rich CoPd alloys [24],
as well as from the elastic constants of bulk fcc Co [28].

Figure 3 shows the obtained results. The values of the magneto-elastic aniso-

Fig. 3. Calculated in-plane (Kp(2)) magneto-elastic anisotropy contributions as a func-
tion of the tilt angle a, by which the surface is rotated about the in-plane [1101-axis
out of the (001)-orientation. The (1 1 13)-orientation is marked by a dashed line. The
experimental value for the (1 1 13)-orientation is shown as well.
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tropy constant KP(2) are plotted as a function of the tilt angle a, by which the
surface is rotated about the [1101-axis. For α = 0, i.e. for (100)-orientation, the
in-plane constant, Kp(2), is zero for symmetry reasons. With increasing tilt 4 2)

increases. The experimental value of Kp (2) for the (1 113)-orientation (α = 6.2°) is
shown as well. It agrees with the calculated value within a factor of two, which is
a rather good agreement taking into account the uncertainty in the estimates of
the magnetostriction constants as well as the approximation of using bulk elastic
constants for the film. We therefore conclude that this anisotropy contribution is
indeed caused by magneto-elastic interaction.

A careful investigation of Eq. (4) shows that the value and sign of Kp(2) de-
pend very sensitively on a possible strain relaxation. A relaxation of the lattice
parameter in the in-plane direction perpendicular to the steps, as recently proposed
[26], by 3% with no relaxation perpendicular to the steps would cancel Kp(2)), and a
further relaxation would reverse the sign. From the low-energy electron diffraction
(LEED) data we estimate that this type of relaxation is not present in our films
although a relaxation of 3% is at the limit of resolution. We would also like to em-
phasize that in addition to the magneto-elastic contribution to the volume in-plane
anisotropies, surface contributions might be caused by the large density of aligned
steps on the surface [29], which might account for the experimentally observed
value of the in-plane uniaxial surface anisotropy contribution, 42) . However, a
quantitative analysis of this contribution is presently out of reach.

9. Co/Cu(110): evolution of magnetocrystalline bulk anisotropies

In the film orientations previously discussed no hard evidence for the presence
of magnetocrystalline anisotropies, as present in the bulk materials, was found.
Magnetocrystalline contributions might be partly present in the "background"
anisotropy contributions which could not further be identified in the film orienta-
tions discussed above.

In order to clarify this point (110)-oriented Co films prepared on Cu(110)
were studied. The (110)-surface contains the [001]-, [110]- and [111]—directions.
Any in-plane surface anisotropy contribution would have either the [001]- or the
[110]-axis as the symmetry axis for symmetry reasons. On the other hand, in fcc
Co the magnetocrystalline bulk anisotropy favors the (111)-axes as the easy axes
of magnetization. A study of the spin wave frequencies as a measure of the free
energy of the system as a function of the in-plane direction of the applied field,
OH, thus can provide information about the contributing anisotropies.

Figure 4 shows the measured spin wave frequencies as a function of OH in an
applied field of 3 kOe for film thicknesses of 20 A and 100 A. For duo = 20 A max-
ima in the spin wave frequencies, which indicate the easy axis of magnetization,
are found at OH equal to 0°, 180° and 360° clearly exhibiting a twofold in-plane
symmetry. For dc. = 100 A maxima are found at the in-plane (111)-directions
as a clear fingerprint for the presence of magnetocrystalline anisotropies. A de-
tailed analysis, performed by fitting simultaneously K(2)in- plane,Kout—of—planeand
the cubic magnetocrystalline bulk anisotropy constant, K1, yields a value of K1 =
—8.8 x 10 5 erg/cm3 in consistency with the high-temperature bulk value of fcc Co.
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Fig. 4. Dependence of the measured spin wave frequencies on the in-plane direction
of the external field of 3 kOe. (Cu/Co/Cu(110)) maxima in the spin wave frequencies
indicate an easy direction of the magnetization.

For duo > 50 Å the value of K1 was found to be independent of film thickness. For
smaller film thicknesses K 1 converges rapidly to zero. For film thicknesses below
40 Å the value of K1 is reduced to about 10% of its thick-film value.

10. Conclusions

In conclusion we have determined all contributing anisotropies in (111)-,
(100)-, (1 1 13)- and (110)-oriented Co films. In Co(1113), due to the induced
twofold symmetry, a uniaxial in-plane anisotropy contribution is found in addition
to the anisotropies found in (001)-oriented films. The origin of this anisotropy
was found to be magneto-elastic. In addition, the out-of-plane volume anisotropy
contribution was found to be consistent with a magneto-elastic origin, although
other mechanisms like a magnetocrystalline contribution might contribute as well.

The obtained results offer access to the origin of the stabilization of ferromag-
netic order in (001)- and (1 1 13)-oriented films. As first discovered for (001)-ori-
ented Co layers the stabilization mechanism is closely connected to the in-plane
anisotropy. We find the same result both for the in-plane anisotropy contributions
of twofold and fourfold symmetry. Since the former could be identified as being of
magneto-elastic origin the elastic strain fields are likely to provide the driving force
for the stabilization of ferromagnetic order in ultrathin Co films. Unfortunately,
the origin of the in-plane anisotropy contribution of fourfold symmetry is inacces-
sible since higher-order magnetostriction constants of fcc Co would be required for
a calculation of this contribution.

Magnetocrystalline bulk anisotropy contributions were identified in (110)-
-oriented Co films of film thicknesses larger than 50 Å . The suppression of this
anisotropy contribution for smaller film thicknesses is presently not understood. It
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might be indicative for the presence of coherent resonance phenomena of electronic
states in ultrathin films.
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