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Mo/Cos0001d /Mos110d epitaxial films were grown by molecular beam epitaxy in ultrahigh vacuum on

s112̄0d orienteda-Al2O3 substrates. Co grows on Mo(110) in the Nishiyama-Wassermann orientation, i.e.,

f11̄00gCoi f11̄0gMo. Low energy electron diffraction reveals a lateral expansive strain of the Co film indepen-
dent of the thickness. Magnetic anisotropies were obtained from hard-axis magnetization loops measured by
Kerr magnetometry in longitudinal and polar geometry. Magnetic interface anisotropies are very small
s,0.04 mJ/m2d. Deviations of the volume-type in-planesKv,p=0.79 MJ/m3d and out-of-plane sKv=
−9.5 MJ/m3d anisotropies from bulk values for hexagonal-close-packed Co are attributed to magnetoelastic
anisotropies.
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I. INTRODUCTION

The origin of magnetic anisotropies is a topic of current
interest. The relation between magnetic anisotropies and the
anisotropy of the orbital moment1 was confirmed by recent
experimental investigations.2–4 Both anisotropies are induced
by the spin-orbit coupling that nowadays can be routinely
considered in theoretical approaches leading to an under-
standing of this phenomenon beyond the phenomenological
description.5,6 The high symmetry of bulk materials usually
quenches orbital moments and magnetic anisotropies to a
large extent. This is no longer true for magnetic anisotropies
that are induced by the interaction of ultrathin films with the
substrate. In addition to the shape anisotropy two types of
anisotropies dominate the magnetic anisotropies of ultrathin
films: Néel-type7 magnetic interface anisotropy originating
from the symmetry breaking spin-orbit coupling at the inter-
face and magnetoelastic anisotropy resulting from the epitax-
ial strain.8,9

The body-centered-cubic(bcc)(110) surfaces of W and
Mo are very suitable substrates for growing magnetic thin
films, as their free surface enthalpy is high and interdiffusion
or surface alloying generally do not occur. Both metals can
be classified as early transition metals with similar chemical
properties and moreover they have almost the same lattice
constants. Contrarily, the magnetic anisotropies for
Fe/Mos110d and Fe/Ws110d films behave completely differ-

ent. While the magnetic easy axis is directed alongf11̄0g for
ultrathin Fe/Ws110d films,10 the magnetic anisotropy prefers
the [001] easy axis for Fe/Mos110d films.11 This difference
was attributed to the Néel type interface anisotropy.11 Mag-

netic anisotropies for Co/Ws110d favor the f11̄0g easy
axis,12 similar to the case of Fe/Ws110d. For the case of
Co/Ws110d, the contribution of magnetoelastic anisotropies
could be isolated, and were explained by bulk magnetostric-
tion properties.12 However, the validity of bulk magnetostric-
tion properties for ultrathin films is questionable.13–16 Direct
measurements of the magnetoelastic coupling coefficients
using the bending cantilever technique,14 revealed that mag-
netoelastic coefficients strongly depend on the strain, and

considerably deviate from bulk values for strain values of the
order of a few percent.14,15Large strain values of this size are
typical for thin epitaxial metallic films. Moreover, in order to
get a full picture of the thin films magnetic anisotropies, the
role of thermal excitations in magnetic anisotropy has to
be considered.15,17 For Co films, a discussion of magnetic
anisotropies may be even more complicated due to possible
stacking faults in hcp layer stacks, as shown for
Co/Ws001d.18,19

The present paper concerns magnetic anisotropies in the
Co/Mos110d system. As we show, the comparison of W(110)
and Mo(110) substrates provides an important insight into
the role of strain induced and spin-orbit coupling induced
magnetic anisotropies. We have examined the anisotropies in
ultrathin Co/Mos110d films using films of varying thickness.
While the magnetic surface anisotropy(MSA) is propor-
tional to the film areaA, the volume type anisotropies in-
crease likeAt, where t denotes the film thickness. In our
phenomenological definition MSA then includes all aniso-
tropy contributions which are proportional toA.

Contributions from the MSA can be separated from the
volume-type anisotropies by plotting the total film anisotropy
versust and then to obtain the MSA from the axial section.
The Néel-type interface anisotropy contributes exclusively to
the MSA. The strain induced anisotropy may contribute to
both MSA and volume-type anisotropy, because the epitaxial
strain frequently relaxes following an approximate 1/t - law,
at least in some range of thickness.20,21 In thickness regimes
with constant strain the magnetoelastic anisotropy contrib-
utes to the volume-type anisotropy, only, while in regimes of
relaxing strain it appears as an MSA.

We present a measurement of the MSA of Co/Mos110d
using a wedge shaped sample of continuously varying thick-
ness. The epitaxial strain for Co on Mo(110) is investigated
in greater detail than previous measurements22,23 and proves
to be different to the Co/Ws110d system. The uniaxial in-
plane anisotropy is determined from hard-axis loops mea-
sured by Kerr magnetometry. The magnetization component
along the external field could be isolated from the nonlinear
Kerr contributions resulting from a mixing of longitudinal
and transversal components,24,25using Kerr signals measured
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at two different polarization angles. We will show that the
Néel-type MSA caused by the spin-orbit coupling at the in-
terface is smalls,0.04 mJ/m2d and that in-plane volume
anisotropies are likely caused by epitaxial strain. Bulk mag-
netostriction properties of Co do not explain quantitatively
the observed magnetic anisotropies.

II. EXPERIMENT

The Mo(110) surface was prepared by the epitaxial

growth of Mo ona-plane s112̄0d a-Al2O3 substrates using
ultrahigh vacuum electron-beam evaporation. A
250-nm-thick Mo seed layer was deposited at 1000 K. The
deposition rate for the Mo seed layer was 0.5 nm/min as
measured by a quartz monitor. Before the Co was deposited,
the Mo film was cleaned by repeated cycles of flashing in
2310−8 mbar oxygen atmosphere up to 1300 K, followed by
flashing at 1800 K. The cleanness of the surface was checked
by Auger electron spectroscopy. Structural measurements us-
ing low energy electron diffraction(LEED) reveals a Mo

bcc(110) surface with thef11̄1g axis parallel to thef1̄100g
direction of the Al2O3 substrate.26–28 The prepared Mo sur-
faces are of the high quality. They are comparable to single
crystal surfaces, as determined by scanning tunneling mi-
croscopy(STM)(see Fig. 1). The surface of the Mo seed
layers reveals monoatomic terraces of the widths between 10
and 100 nm, and the steps density of the surface is similar to
a single crystal surface.29,30

The Co films were deposited starting 2 min after the sub-
strate was flashed. The substrate temperature was<600 K at
the beginning of deposition at a constant growth rate of
0.5 nm/min and decreasing during the growth of thicker
films. A wedges0–10 nmd with a total length of 5 mm was
prepared using a shadow mask. Forex situmeasurements the
films were protected against corrosion with a 3-nm-thick Mo
capping, deposited at room temperature.

Magnetic properties were measured by analyzing the lon-
gitudinal Kerr rotation ofs- and sp-polarized light of a
670 nm laserdiode, with the external field applied along the

easy sf11̄0gd and hard([001]) axis in the film plane. The

angle of incidence was adjusted to 45° with respect to the
film normal. In addition we obtained data for the out-of-
plane anisotropy from the Kerr rotation in polar geometry
with the field applied perpendicular to the surface. In this
case the angle of incidence was minimizeds,1°d.

III. GROWTH AND EPITAXIAL STRAIN

Co grows on Mo(110) in the Nishiyama-Wassermann ori-
entation, i.e., with the hexagonal base plane Co(0001) paral-

lel to Mo(110) and f11̄00gCoi f11̄0gMo.22,23 Figure 2 shows
a superposition of the undistorted bulk planes Mo(110) and
Co(0001) in this orientation and Fig. 3 the corresponding
electron diffraction patterns. For the description of the film
we use a Cartesian system with thex axis along[001]Mo, the

y axis alongf11̄0gMo, and thez axis along the film normal.
Using the lattice parametersaMo=0.3147 nm andaCo
=0.2507 nm,31 we obtain along thex axis a misfit fx=saCo

−aMod /aMo=−0.203 and along they axis a smaller misfitfy

=sÎ3aCo−Î2aMod /Î2aMo=−0.024, both between bulk mate-
rials.

For a quantitative analysis of the epitaxial strain, we de-
termined the spot distancesb1, b2, andb3 as indicated in Fig.
3 from a series of LEED patterns measured at a fixed elec-
tron energy as a function of the sample position, i.e., as a
function of the Co thickness of our wedge-shaped sample.
The reference values from the Mo(110) substrate,b1 and
b3,Mo were taken from an uncoated area of the Mo(110) sur-

FIG. 1. 2003200 nm2 STM images of the Mo(110) seed layer

prepared ona-plane s112̄0d a-Al2O3 substrate, taken at different
places of the same sample. Terraces with widths between 10 and
50 nm are separated by steps of monoatomic height(a). One can
also find broad terraces with the widths even up to 100 nm(b). The
surface of the Mo films are qualitatively similar to a single crystal
surface.

FIG. 2. Comparison of atomic positions in Mo(110) (solid
circles) and Co(0001) (open circles). The figure shows positions in
bulk lattice planes in Nishiyama-Wassermann orientation, i.e.,

f11̄00gCoi f11̄0gMo. The misfits of Co with respect to Mo in thex
and y direction are given byfx=saCo−aMod /aMo=−0.203 andfy

=sÎ3aCo−Î2aMod /Î2aMo=−0.024.
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face. From the ratiob2/b1 one calculates the straine11
=saMob1/aCob2−1d along thex axis. The strain along they
axis is determined according toe22=sÎ2aMob3,Mo/Î3aCob3

−1d. Despite very thin film thicknesses below 1 nm, the lat-
eral strains show no dependence on the Co thickness within
the error limits (see Fig. 4). Mean values for the lateral
strains aree11= +0.010±0.002 ande22= +0.025±0.002(6
signs refer to standard deviation of the mean value, error of
individual data are not considered). The value fore22 can be
explained by pseudomorphic growth along they axis. From
bulk lattice constants one would obtaine22=−sÎ3aCo

−Î2aMod /Î3aCo= +0.025 in excellent agreement with the ex-
perimental value. The strain along thex axis is slightly larger
than the value expected from a locking into a commensurate
state withb1:b2=4:5 that would result ine= +0.004. The
expansion of the Co(0001) plane in both directions is in
agreement with a previous investigation22 only for very thin
films. For thicker films a compressive strain along thex axis
was observed, previously.22 It cannot be excluded that this
discrepancy is due to different growth parameters. The ex-
pansion is constant up to a thickness oft=10 nm in contrast
to the relaxation observed for the case of Co/Ws110d start-
ing at t=2 nm.12 An increase of the critical thickness for the

onset of relaxation for the case of Co/Mos110d can be ex-
pected since the misfitsfy=−0.024d is slightly smaller than in
the case of Co/Ws110d sfy=−0.03d.

IV. MAGNETOMETRY

Magnetization loops as measured withs-polarized light
are shown in Fig. 5 for the field applied along thex, y, andz
direction. The easy axis loops measured with the field ap-

plied alongf11̄0g shows a sudden jump at the coercive field
and a residual linear increase at larger fields. The linear in-
crease could be caused by a canted magnetization with an
easy axis tilted out of the film plane. However, in this case
one would expect a similar linear increase for hard axis loops
and a remnant signal for the polar loops both in contrast to
the experimental observation. Therefore, we assume that the
linear increase is caused by an effective polar Kerr rotation
that in turn is due to a small misalignment between external
field and the in-plane direction. In the following the linear
sections are treated as a linear background signal and sub-
tracted from the Kerr loops.

The polar loops with the field perpendicular to the surface
reveal no remnant signal, thus confirming the in-plane easy
axis. Saturation can be achieved for all film thicknesses for
external fieldsm0H,1 T. We define an out-of-plane fieldHs
from the crossing of the initial linear section of the magne-
tization loop with the saturation signal. For a thickness oft
=10 nm the absolute value of the polar Kerr rotation is ex-
tremely larges1.5 mradd compared to the longitudinal Kerr
rotation for the same thicknesss0.12 mradd.

The evaluation of the in-plane hard-axis loops for the de-
termiation of in-plane MSA is difficult at first sight, since the
magnetization loops deviate considerable from the expected
reversible behavior. For the evaluation we start from the Kerr
rotation uK

s sHd measured withs-polarized light. A similar,
nonreversible loop was observed by Osgoodet al.24,25 and

FIG. 3. LEED diffraction patterns of Mo(110) (a) and
Cos0001d /Mos110d (b), incident energysEi =65.4 eVd.

FIG. 4. The latteral strainse11 ande22 in an epitaxial Co(0001)
film on Mo(110) vs thicknesst. Mean values fore11 and e22 are
indicated by dashed and full lines, respectively. The error bars for
individual data points are depicted only at the last points, for clarity.
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explained by a nonlinear contribution to the longitudinal
Kerr rotation:

uK
s = aml + bmlmt, s1d

resulting from the product of the longitudinal and tranversal
magnetization componentsml andmt. In order to extract the
longitudinal component, we measured the Kerr rotation with
the polarization adjusted betweens- and p-polarizationsspd
in such a way thatuK

sps−Hd=uK
sps+Hd for H larger than the

saturation field[see Fig. 6(b)]. ThenuK
spsHd is proportional to

the transversal componentmt.
32 We calculate the longitudinal

component from the formula

mlsHd ~ uK
s sHd

1

1 + rmtsHd
, s2d

wherer =b/a determines the ratio between the regular lon-
gitudinal Kerr rotation and the nonlinear term. This ratio is
related to the optical constants(see Refs. 24 and 25). We
adjust the constant 0.2, r ,0.3 such that the irreversible
jumps in Fig. 6(c) disappear.

The transversal componentmt shows values with opposite
sign for increasing and decreasing field. This indicates that
the magnetization reversal process is dominated by a homo-
geneouss2pd rotation of the magnetization vector rather than
by domain wall movement. This behavior is typical for sys-
tems with a strong uniaxial anisotropy. The value of the
uniaxial anisotropy term is calculated from the anisotropy
field Hp determined by the crossing of the initial slope and
the saturation value. Data taken from a wedge sample for
varying Co thickness are summarized in Fig. 7. For small
thicknesses the polar Kerr rotation at saturationuK,s follows
the relation uK,s=Cst− tdd with an axial section td
=s0.1±0.2d nm. If one assumes a proportionality between
uK,s and the magnetic moment per area,td corresponds to a
magnetic moment equivalent ofDd=0.5 ML (monolayers).
This value can be caused by a change of electronic structure
at the interface(surface effect) or by a thermally induced
decrease of magnetization(size effect).10 For Co/Ws110d
films a similar value ofDd=0.9 ML was determined.12 For
thicker films the Kerr rotation approaches asymptotically a
saturation valuefuK,s~1−exps−t / tldg indicating the finite
penetration deptht670 nm=s8.8±0.1d nm of the light.

V. EVALUATION OF ANISOTROPIES

We use a fourth order approximation for the volume- and
surface-type anisotropy contributions to the free energy

FIG. 5. Magnetization curves as measured with Kerr magnetom-

etry for fields applied along the in-plane easy axisf11̄0gMo [(a) and
(d)], in-plane hard axis[001]Mo [(b) and(e)], and out-of-plane axis
[110]Mo [(c) and(f)] for Co/Mos110d films capped with 3 nm Mo.
Co film thicknessest as indicated in the figure. The Kerr rotationuK

was measured fors-polarized light.

FIG. 6. Longitudinal Kerr rotationuK
s sHd measured with

s-polarized light(a) for a 5-nm-thick Co/Mos110d film capped with
3 nm Mo. The longitudinal Kerr rotationuK

spsHd measured for
sp-polarized light(b) is proportional to the transversal magnetiza-
tion component. The longitudinal magnetization componentmlsHd
(c) is obtained using Eq.(2) (see text).
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Fsu ,fd in order to keep the compatibility to a previous
analysis.33 Using directional cosinesb1=sinu cosf, b2
=sinu sinf, andb3=cosu we write for the free energy per
volume

s1/VdFsu,fd = sLb3
2 + Kpb1

2d + sK4xyb1
2b2

2 + K4yzb2
2b3

2

+ K4xzb1
2b3

2d, s3d

where the second and fourth order anisotropy constants are
composed of volume- and surface-type contributions accord-
ing to

L = Js
2/2m0 + Kv + s1/tdKs, s4d

Kp = Kv,p + s1/tdKs,p, s5d

and

K4ik = Kv,4ik + s1/tdKs,4ik. s6d

Anisotropy constants are in general obtained from the initial
slopes of the hard axis loops that are determined by the sec-
ond derivatives of the free energyFuusu ,fd and Fffsu ,fd
close to the easy axisf ,u=p /2, given by

1

A
FuuSp

2
,
p

2
D = 2F Js

2

2m0
+ sKv + Kv,4yzdGt + 2sKs + Ks,4yzd,

s7d

1

A
FffSp

2
,
p

2
D = 2sKv,p + Kv,4xydt + 2sKs,p + Ks,4xyd. s8d

The second order constants can be separated into different
contributions. The out-of-plane and in-plane volume-type an-
isotropy constantsKv=Kv

cr+Kv
me and Kv,p=Kv,p

cr +Kv,p
me are

composed of a crystalline contributionKv
cr, Kv,p

cr and a mag-
netoelastic oneKv

me, Kv,p
me. The surface-type out-of-plane and

in-plane contributions are the sum of a Néel-type and a mag-
netoelastic anisotropy:Ks=Ks

Ne+Ks
me andKs,p=Ks,p

Ne+Ks,p
me, re-

spectively. Additional contributions from the shape aniso-
tropy to the MSA, as discussed in Ref. 12, are neglected
here.

We note that for the in-plane anisotropy there is no need
for considering fourth order terms since all magnetization
loops can be explained by second order anisotropy only. This
fact can be directly illustrated by comparing the derivatives
of the out-of-plane and the in-plane hard axis magnetization
loops, shown in Fig. 8. In general, for the hard axis magne-
tization loops where contribution of higher order anisotropy
terms are negligible, a linear behavior forMsHd and a con-
stant value fordM /dH is expected. Close to saturation, the
averaging over a larger area in combination with local de-
fects of the film usually lead to a smearing out of the ex-

FIG. 7. Saturation valueuK,s (a) of the polar Kerr rotation and
the out-of-planeHs (b) and in-planeHp (c) anisotropy fields as a
function of the thicknesst. Values were taken from a wedge sample
3 nm Mo/0–10 nm Co/Mos110d.

FIG. 8. Examples of hard axis
magnetizations loops measured in
polar (a) and in longitudinal(b)
geometry. The derivatives of the
measured loops in(a) and (b) are
shown below in(c) and (d), re-
spectively. A comparison of, the
simulation of the out-of-plane
magnetization curve(a) and its
derivative(c), with experiment di-
rectly demonstrates the impor-
tance of the contribution of the
4th-order terms to the anisotropy
for the out-of-plane meas
urements.
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pected kink at saturation. This shows up in Fig. 8(d) as a
continuous decrease of the derivative. The derivative of the
out-of-plane curve[Fig. 8(c)] qualitatively deviates from this
behavior. The derivative shows a step atm0H= ±0.6 Tesla
that can only be explained by an adiditional fourth order
anisotropy term.

Consequently we fitted the magnetization curves with a
model that takes into account second and fourth order
anisotropies. From the fit we obtain the anisotropy constants
L and K4yz as shown in Fig. 9. Both valuesLt and K4yzt
describing the total anisotropy per area increase linearly at
least for 2, t,8 nm. Systematic deviations to lower aniso-
tropy values are observed fort,2 nm. This fact is more
pronounced in the plot ofHsstd (Fig. 7). It might be attrib-
uted to changes of the strain«33 perpendicular to the film
plane that could not be measured in this experiment. Values
for volume sKv ,Kv,4yzd and surfacesKs,Ks,4yzd anisotropies
as obtained from linear fits are given in Table I.Kv is ob-
tained from the slope ofLstdt by subtracting the shape aniso-
tropy Js

2/2m0.

Experimental results for the in-plane anisotropy are ob-
tained from the saturation fieldHp. The fourth order con-
stants can be neglected, i.e.,K4xy=0, because the in-plane
hard axis curves show no significant deviation from a linear
increase until saturation is reached[see Figs. 8(b) and 8(d)].
In this caseHp is related toFffsp /2 ,p /2d according to
Hp=Fffsp /2 ,p /2d /JsAt=2Kp/Js. We plotKpt as a function
of t (see Fig. 10) in order to separate surface and volume
contributions. Fort,5 nm Kpt increases linearly with in-
creasing thickness. Values forKv,p andKs,p derived from the
slope and the axial section of a linear fit are summarized in
Table I. Fort.5 nm the anisotropy takes on values smaller
than expected from a constant volume contribution. This in-
dicates an onset of strain relaxation that is beyond the accu-
racy of our structural investigation.

VI. DISCUSSION

Epitaxial strains in our Co/Ws110d films persist up to a
thickness of 10 nm. This observation is quite surprising be-
cause gradual strain relaxation to very small values has been
observed for Co/Ws110d films with thicknesses larger than
2 nm.12 For Fe on W(110) and Mo(110) the epitaxial strain
relaxes within the first 3–4 monolayers to values less than
1%.30,34 Because the strain shows no significant thickness
dependence between 1 and 10 nm, the magnetoelastic aniso-
tropy contributes only to the volume anisotropy and not to
the MSA.

Our experimental values for the MSA are small compared
to values reported for many other thin film systems.10 Par-
ticularly small is the out-of-plane interface anisotropy con-
stantKs for the Mo/Co/Mos110d system in comparison to
the constant reported for Co/Ws110d films sKs

=0.1 mJ m−2d.12 Néel-type MSA is attributed to the spin-
orbit coupling of magnetic atoms at the interface. The spin-
orbit coupling scales with the nuclear charge. Therefore, one
might expect a larger MSA for the W than for the Mo inter-
face. However, one should note that contributions to the out-
of-plane MSA might originate from magnetoelastic contribu-
tions even for constant strain, if the magnetoelastic coupling
coefficients at surfaces are different from their bulk
values.14–16,18Moreover, we neglect the role of thermal ex-
citations on the determination of the MSA from room tem-
perature measurements,17 which showed up to be important
for Ni films. For the case of Co films the Curie temperature

FIG. 9. Out-of-plane anisotropy constants of second orderLt
and fourth orderK4yzt vs t for Co/Mos110d capped with Mo.D
denotes the thickness in monolayers.

TABLE I. Experimental values for in-plane and out-of-plane
anisotropy constants for Co films on Mo(110), capped by Mo. Con-
stants are determined for the thickness regiont,3 nm. The mag-
netoelastic constantKv

me is obtained fromKv=Kv
me+Kv

cr assuming
that Kv

cr=−sK1+K2d takes on the bulk value of hexagonal-close-
packed(hcp) Co. Values obtained from bulk values for crystalline
and magnetoelastic constants of hcp Co are given for comparison in
the right column.

Mo/Cos0001d /Mos110d bulk hcp Co

Kv,p s105 J m−3d +0.79±0.02 +1.2

Kv s105 J m−3d −9.4±0.1 ,−14.8

Kv
me −3.2±0.1 ,−7.9

Kv,4yz −1.15±0.07 −1.2

Ks,p mJ m−2 +0.04±0.01

Ks mJ m−2 −0.01±0.01

Ks,4yz −0.03±0.02

FIG. 10. In-plane anisotropy constantKpt vs t for Co/Mos110d
capped with Mo.D denotes the thickness in monolayers.
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is considerably higher and the temperature effect might be
less severe.

The in-plane volume anisotropyKv,p contains no contri-
bution from the crystal anisotropy because of the sixfold
in-plane symmetry.Kv,p should be of pure magnetoelastic
origin, i.e., Kv,p=Kv,p

me. The out-of-plane volume anisotropy
Kv=Kv

cr+Kv
me contains crystal and magnetoelastic anisotropy.

We extractKv
me by subtracting the bulk value for hcp Co,

which is in our notationKv
cr=−sK1+K2d=−6.23105 J m−3.

The fourth order constantKv,4yz coincides with the bulk
value for hcp CoKv,4yz=−K2=−1.23105 J m−3. This fact
confirms that the film grows mostly hcp and not face-
centered-cubic(fcc).

In order to compare the experimental values for magneto-
elastic anisotropy contributions we calculate in-plane and
out-of-plane magnetoelastic constants according to Refs. 12
and 35:

Kv
me= − B1e22 − B2e33 − B3se11 + e22d, s9d

Kv,p
me = B1se11 − e22d. s10d

Using magnetostriction constants and elastic constants of
bulk hcp Co one obtainsB1=−0.813107 J m−3, B2=−2.90
3107 J m−3, and B1= +2.823107 J m−3. Using the strain
values determined in Sec. III we obtainKv,p

me= +1.2
3105 J m−3 in rough agreement with the experimental value.
Kv

me cannot be determined straightforwardly because we
could not determinee33. One would expect a Poisson-type
compression resulting from the lateral expansion, i.e.,
e33,0. Therefore, we can determine a lower limit for the
expected size of the magnetoelastic constant:Kv

me,−7.9
3105 J m−3. The experimental value deviates from this value
by more than a factor of 2. Therefore, we conclude that bulk
magnetoelasticity does not explain sufficiently well the ex-
perimentally observed values, which is not surprising in view
of previous work.14–16,18

It is interesting to compare the case of Fe films on
Mo(110) and W(110). For Fe films the in-plane MSA exhib-
its a strong uniaxial component on both substrates Mo(110)
and W(110) with an opposite sign, although the growth mode
for Fe films is similar for Mo(110) and W(110)
substrates.29,30,34,36,37In both cases the first Fe monolayer
grows pseudomorphically and strain-relieving one-
dimensional dislocation defects appear in the second Fe layer
developing with increasing film thickness into a two-
dimensional dislocation network at a coverage of 4 ML. In
this way, the epitaxial strain is almost completely relaxed in
the first few layers leaving a small constant strain for thicker
films.30,34 Therefore, any contribution from magnetoelastic
anisotropy to the MSA in this thickness regime is expected to
be small and of similar size and sign for both substrates. The
difference is obviously caused by the film/substrate Néel-
type interface anisotropy. The determination of MSA for

single interfaces10 reveals that the Fe/Ws110d interfaces

causes a strong uniaxial component favoring thef11̄0g in-
plane easy axis that overcompensates the second interface of
the film in favor of an easy axis along[001]. The
Fe/Mos110d interface causes a much weaker in-plane aniso-
tropy and therefore the easy axis shows in this case along
[001].

For the case of Co films on W(110) the film starts to grow
mainly hcp(0001)12,38 with a contribution of fcc(111) ori-
ented areas39 and in a state of constant strain, with pseudo-

morphism in the directionf11̄00gCoi f11̄0gW (Nishiyama-
Wassermann orientation). The constant strain results in this
thickness regime in a true volume-type uniaxial magneto-
elastic anistropy, favoring an in-plane easy axis along

f11̄0g12 that for all thicknesses wins against the very weak
MSA preferring an in-plane easy axis along[001].

In conclusion, the Néel-type interface anisotropies of
Fe/Ws110d and Co/Ws110d interfaces are stronger than the
corresponding anisotropies of Fe/Mos110d and Co/Mos110d
interfaces. We tentatively attribute this fact to the weaker
spin-orbit coupling for the lighter element Mo with respect
to W.

VII. SUMMARY

We measured magnetic in-plane and out-of-plane aniso-
tropy constants of the system Mo/Cos0001d /Mos110d grown
on a-Al2O3. The growth mode of Co on Mo(110) is qualita-
tively similar to the system Co on W(110). In contrast to the
system Co/Ws110d the out-of-plane interface anisotropy is
very small in this system. This fact may be attributed to the
lower nuclear charge providing a smaller spin-orbit coupling
of Mo compared to W. The relevant anisotropy contributions
can be completely attributed to the epitaxial strain in addition
to the crystal anisotropy known from the bulk behavior. Ex-
perimental values for the magnetoelastic anisotropy are com-
pared to calculated values using bulk magnetoelastic cou-
pling constants. While the in-plane anisotropy is coincident
with bulk magnetostriction behavior, the out-of-plane aniso-
tropy deviates considerably from the expected value. This is
not surprising since for Fe films considerable deviations with
increasing strain including a change of sign of the magneto-
striction constants occurred. The dominance of the magneto-
elastic anisotropy in Mo/Cos0001d /Mos110d films turns this
system very interesting for theoretical investigations and
comparison to anisotropies of orbital moments.
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