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Abstract

Fe films 2—20 atomic monolayers (ML) thick have been deposited on Ni(1 1 1) films (4—60 ML) prepared on W(1 1 0)
under UHV conditions. The Ni(1 1 1) films grow in a Nishijama—Wassermann orientation with a 3.6% lattice expansion
along Ni[21 1 1] (E W[11 1 0]). On top of these slightly distorted Ni films iron is observed to grow preferentially in two
mirror orientations. The saturation magnetization of these Fe films and the anisotropies of Fe/Ni bilayers have been
studied using torsion oscillation magnetometry. The magnetization of the Fe films of 2.13 l

B
per atom is close to the bulk

value of Fe. The out-of-plane surface (interface) anisotropy constant KF%N*
4

"(!0.65$0.15) mJ/m2 of the bilayers
prefers a magnetization perpendicular to the surface. The exceptionally high value of the volume anisotropy constant of
the Fe films, KF%

7
"(#0.71$0.10) MJ/m3"(52.2$7.5) leV/atom, was ascribed to magnetoelastic contribu-

tions. ( 1999 Elsevier Science B.V. All rights reserved.

PACS: 75.70; 75.30.G; 75.50.B
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1. Introduction

During the last decade much attention has been
paid to the influence of the crystallographic struc-
ture of magnetic thin films on their magnetic prop-
erties [1]. Especially the behavior of FCC Fe films
stabilized over a few atomic layers on single crystal-
line FCC substrates has attracted much experi-
mental [2—14] and theoretical [15—19] interest.

*Corresponding author. Fax: #49-345-5511223; e-mail:
hoeche@mpi-halle.de.

While bulk-like FCC Fe, only formed at high tem-
peratures ¹'1183 K or precipitated in a Cu
matrix (a

FCC F%
"3.59 As ), does not show any fer-

romagnetic behavior, distinct ferromagnetic states
have been observed in epitaxial FCC Fe films.
Theoretical calculations for FCC Fe crystals pre-
dict a non-magnetic state for small lattice constants
((3.61 As ) switching to a ferromagnetic state with
a high moment of 2.6 l

B
(high-spin state) for larger

lattice constants ('3.62 As ) [16]. Therefore, it is
a challenge to imprint or even to trigger the struc-
ture of thin Fe films using appropriate substrates
and thus to modify their magnetic properties.
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The isotropic FCC lattice considered in theory
cannot be realized in epitaxial films where the cubic
lattice structure generally shows a distortion. Of
special interest have been Fe films on Cu substrates
(a

C6
"3.615 As ) because of the particularly small

lattice mismatch. On Cu(1 0 0), FCC Fe films (less
than 4 ML thick) exhibit a high-spin phase [4,7],
whereas those deposited on Cu(1 1 1) show a low
spin state (0.6 l

B
) [2,14]. The dependence of the

magnetic Fe moment on the lattice constant has
been impressively demonstrated for thin ((3 ML)
FCC Fe(1 1 1) films grown on (1 1 1) surfaces of
CuAu alloys [3]. With the substrate lattice
parameter increasing by changing the Au concen-
tration of the alloy, there was a distinct rise of
the mean Fe moment from about 0.6—2.6 l

B
. Re-

cently, a similarly high spin state was deduced from
Kerr measurements for FCC films prepared on
a pure Cu(1 1 1) surface by pulsed laser deposition
[14].

It is generally believed that a compression of the
FCC Fe lattice results in a switch to the antifer-
romagnetic or non-magnetic state, see, e.g., Ref.
[16]. Therefore, the application of Ni as a substrate
for epitaxial Fe films is of special interest. Unlike
copper, Ni exhibits two important features: (i) Ni is
distinguished by the smallest lattice parameter of
all FCC metals (a

N*
"3.524 As ), i.e., about 2.5%

smaller than that of Cu, and could therefore be
expected to stabilize thin FCC Fe films with a very
small atomic volume (the lattice parameter of FCC
Fe at room temperature (RT) was predicted [17] to
be 3.5523.58 As ). (ii) Contrary to copper, Ni sub-
strates are ferromagnetic, i.e., there occur polariza-
tion and coupling effects between the constituents
of the Fe/Ni bilayer. In polycrystalline ((32 As )Fe/
(70 As )Ni bilayers grown on Si(1 0 0) an FCC-like
structure of Fe films was deduced even up to
a thickness of about 32 As of the Fe overlayer [11].
Moreover, what is of even more interest, these Fe
films show an averaged magnetic Fe moment of
k
F%
"(0.2$0.2) l

B
. Therefore, these Fe films are

assumed to be either antiferromagnetically ordered,
or to exhibit almost vanishing Fe moments in
agreement with the theoretical prediction. In con-
trast to that, for Fe films on Ni(1 1 1)/W(1 1 0)
Sander et al. [12] proved a Kerr signal increasing
with the Fe thickness.

In the present study, both the magnetic moment
and the anisotropy of Fe/Ni bilayers have been
studied by torsion oscillation magnetometry (TOM).

2. Experimental

The samples have been prepared and character-
ized in situ in a UHV torsion oscillation mag-
netometer [20]. The base pressure was less than
6]10~11 Torr. The UHV chamber was supplied
with a combined low energy electron diffraction
(LEED)/Auger electron spectroscopy (AES) system
to characterize both the substrate surface and the
growth of thin films on top of it. BeO crucibles were
used for the thermal sublimation of Ni and Fe. The
applied deposition rates (about 0.6 ML/min for Ni
and 0.7 ML/min for Fe) and the total amount of the
deposited metals have been measured by a quartz
monitor mounted close to the substrate crystal.

In the present paper, the thicknesses of the films
are given for Ni in bulk ML of FCC Ni(1 1 1) for
Ni, and in bulk ML of BCC Fe(1 1 0) for Fe, irre-
spective of the structure of the deposited films. (The
corresponding bulk lattice plane distances perpen-
dicular to the surface are d

N*
"2.035 As and

d
F%
"2.027 As at RT.) The deposited film thickness

as determined by AES was found to vary by less
than 5% over the whole sample. During the depos-
ition of both Ni and Fe the overall pressure within
the magnetometer did not exceed 2]10~10 Torr.
On top of the W(1 1 0) substrate crystal Fe/Ni
bilayers have been prepared in an area of A"
(30.0$0.7) mm2 ("10.17 mm]2.95 mm). Prior to
deposition the 0.18 mm thick rectangular W crystal
(length parallel to the torsion axis: 15.0 mm, width:
2.95 mm) was cleaned by standard procedures [21]
(heating in oxygen (10 min at 5]10~8 Torr) fol-
lowed by flashing at temperatures as high as about
2000 K) to reduce the carbon contamination below
the detection limit of our Auger system. Onto the
freshly cleaned W(1 1 0) substrate a Ni film (usually
21 ML thick) was evaporated at RT and then
magnetically characterized by TOM. Thereafter,
a Fe film of a desired thickness (2—20 ML) was
deposited at RT on top of the Ni film. Each experi-
ment was concluded by a TOM measurement of
the bilayer.
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Fig. 1. LEED pattern of a W(1 1 0) surface region half-covered
with 6.0 ML Ni.

3. Structure of the films

The structures of the deposited films have been
analyzed by LEED. In agreement with previous
investigations on Ni/W(1 1 0) [12,21,22] a pseudo-
morphic growth of Ni has been observed up to
about 0.4 ML. Thicker Ni films are known to grow
in a Nishiyama—Wassermann (NW) orientation
(Ni[0 11 1]EW[0 0 1] and Ni[21 1 1]EW[11 1 0]).
A result typical of Ni films thicker than 3 ML is
shown in Fig. 1, where the LEED spots of a
W(1 1 0) surface are directly compared with those
of a 6.0 ML Ni film. For this comparison, a surface
region half-shadowed during the Ni deposition was
analyzed. The sharp innermost LEED spots belong
to the BCC W(1 1 0) surface, and the outer, slightly
broadened ones, to the FCC Ni(1 1 1) film. The
coincidence of the W and Ni spots along the
W[11 1 0]ENi[21 1 1] direction indicates a 3.6% ex-
pansion of the separation distance of Ni atoms
along Ni[21 1 1], whereas along [0 11 1] the bulk
separation distance appears. The NW-orientation
of thicker Ni(1 1 1) films with a 3.6% expansion
along [21 1 1] reduces the sixfold symmetry of the
Ni(1 1 1) surface of a bulk crystal. The expansion
could be observed for films up to 8 ML in thick-
ness. For thicker Ni films the LEED spots become
rather broad indicating a rough morphology of the
surface and preventing an accurate determination
of the lattice structure. Although not experi-
mentally observed the lattice expansion of the Ni
film is assumed to persist for thicker films similar to
Co on W(1 1 0) [24].

Fig. 2a shows a typical LEED pattern, which
compares the structure of a Ni sublayer (6.0 ML)
with that of a subsequently deposited Fe film
(4.0 ML). Again, similarly to Fig. 1, a half-
shadowed surface region is considered. As shown in
the magnified parts, the spots are split into two or
three more or less distinct spots. Fig. 2b presents
a schematic view of the k-space around the (0 0)
beam, which was achieved by image processing of
Fig. 2a. The appearance of split spots shows that
the Fe film does not grow in the pseudomorphic
FCC(1 1 1) orientation.

Evaluating the LEED pattern in more detail
allowed a model to be proposed in which the satel-
lites occurring adjacent to the Ni spots are at-

tributed to two twisted equivalent Fe unit surface
cells (structural domains) simultaneously appearing
in mirror orientations with respect to Ni[21 1 1] or
Ni[0 11 1], respectively. In Fig. 2b, open and full
circles are used to distinguish the LEED spots of
the two different structural Fe domains. In Fig. 2c,
the resulting real space surface lattice parameters of
both structures are presented and compared with
the experimentally determined NW Ni(1 1 1) sur-
face mesh.

The orientations of the different Fe domains with
respect to the Ni substrate film are shown more
clearly in the structure model given in Fig. 3. The
domains are twisted against the Ni[0 11 1] direction
by about $2.5°. It should be noted here that the
satellite spots caused by the Fe film can only be
observed up to about 8 ML, because the LEED
patterns of thicker Fe films become more and more
blurred. This indicates a 3D growth, which is sup-
ported by the observed two somewhat differently
oriented Fe domains.

To decide whether the derived Fe unit surface
mesh exhibits more similarities to an FCC-like
structure than to a BCC-like one, in Fig. 4, it is
compared with unit cells of both FCC Fe(1 1 1)
[17] and BCC Fe(1 1 0). It is interesting that the
deduced Fe surface unit mesh fits neither FCC
Fe(1 1 1) nor BCC Fe(1 1 0). The angle of 123.2°
enclosed by the surface unit vectors is close to the
120° of the FCC surface mesh (BCC surface struc-
tures distinguishing themselves by an angle of
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Fig. 2. (a) LEED pattern of a 6.0 ML Ni(1 1 1) film half covered with 4.0 ML Fe. The satellite peaks are due to the Fe deposition,
(b) schematic view of the k-space, and (c) comparison of the surface unit vectors of the Ni(1 1 1) surface mesh (NW orientation, 3.6%
expansion in [21 1 1] direction) with the deduced two Fe unit meshes showing mirror symmetry.

109.5°). However, the size of the observed Fe sur-
face unit mesh (5.80 As 2) is larger than that of the
FCC structure (5.50 As 2 with a

0,FCC
"(3.565$

0.015) As [17]), but corresponds well to that of the
BCC surface mesh (5.81 As 2 with a

0,BCC
"2.866 As ).

According to the elasticity theory changes to the
in-plane spacing should result in changes to the
interlayer separation distance. Experimentally, it
was not possible to determine this interlayer spac-
ing and thus to decide whether the Fe films on
Ni(1 1 1) sublayers tend to an FCC- or a BCC-like
structure. It should be mentioned, however, that, as
shown by Sander et al. [12] using angle-resolved
Auger spectroscopy, similarly prepared 3 ML Fe

films grow in an FCC-like structure on top of
Ni/W(1 1 0) substrates.

4. Torsion oscillation magnetometry

To characterize the magnetic properties of thin
Fe/Ni bilayers torsion oscillation magnetometry
(TOM) was performed at RT. The main features of
TOM have been described previously in detail
[20,25]. Therefore, solely some basics and the main
components of the applied magnetometer are brie-
fly mentioned here. In TOM experiments, small
amplitude oscillations of the sample suspended on
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Fig. 3. Real-space representation of both the Ni(1 1 1) substrate
film and the two structural Fe domains showing mirror planes of
symmetry along Ni[0 11 1] and Ni[21 1 1].

Fig. 4. Comparison of the experimentally observed Fe surface
unit vectors with corresponding ones of a BCC(1 1 0) and an
FCC(1 1 1) surface mesh.

a thin torsion filament are studied to determine the
magnetic torque constant R as a function of the
strength of a homogeneous external magnetic field
H (in the present setup: !0.3 T(k

0
H(#0.3 T)

applied perpendicular to the torsion axis (for de-
tails see, e.g., Refs. [20,25]). Both the Ni films [22]
and the Fe ('1 ML)/Ni bilayers [12] on W(1 1 0)
are known to be magnetized in-plane. More-
over, the easy axis of the magnetization of
Ni(1 1 1)/W(1 1 0) was found [23] to be parallel to
W[0 0 1]. In the present TOM investigations,
a W(1 1 0) crystal was used with its [0 0 1] direction
(in equilibrium) parallel to the external field.

The following consideration presupposes that
the sample is homogeneously magnetized, with the
magnetization vector deviating from the direction
of the external field by only small angles. In our

case, single-domain states can be expected for sam-
ples with an in-plane easy axis and an external field
applied along the easy axis. The assumption of
homogeneity along the film normal is justified be-
cause the film thicknesses considered here are much
smaller than the exchange lengths.

For a given external magnetic field H, the mag-
netic torque constant

R"4p2H(1/¹2
H
!1/¹2

0
) (1)

is obtained by measuring the oscillation periods
¹

0
without the applied field H and ¹

H
with it. The

moment of inertia H of the pendulum (substrate
crystal including the sample holder) was ex-
perimentally determined to be (62.5$2.5)]
10~9 kg m2 at RT [20]. During the torsional oscil-
lations of the magnetic sample the external mag-
netic field provokes in a rotation of the mag-
netization vector, which, in turn, is coupled with the
magnetic layer via the magnetic anisotropy. The
effective anisotropy energy F of the deposited film,
oscillating around its equilibrium position under
the influence of an external field, is described in the
quadratic approximation by

F(0)/»"¸ cos2 0, (2)

with the effective anisotropy constant L. In this
equation, V is the volume of the magnetic layer
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Fig. 5. R/H curves of a 20.6 ML Ni(1 1 1) film before and after
the deposition of 20.5 ML Fe.

(i.e., »"At, with A being the area, and t the thick-
ness of the film) and 0 is the angle between the film
normal and the direction of the polarization J

4
of

the saturated film. In the above notation, positive
values of ¸ describe an in-plane magnetic easy axis.

Following Néel’s approach [26], the effective an-
isotropy constant ¸ of a thin magnetic film

¸"[J2
4
/(2k

0
)#K

7
]#(1/t)K

4
(3)

can be subdivided into a volume term, which in-
cludes the shape anisotropy constant J2

4
/(2k

0
) and

an additional volume anisotropy constant K
7
, and

a surface term being proportional to the sum
K

4
of all surface (interface) anisotropy constants

and to the reciprocal of the film thickness t;
k
0
"4p]10~7 H m~1. Introducing the anisotropy

field

H
!/*4

"2¸/J
4
("F00(0"p/2)/m

4
), (4)

Eq. (1) can be expressed [25] by

R/H"m
4
/(1#(H/H

!/*4
)), (5)

m
4
("J

4
») denotes the magnetic moment (in satu-

ration) of the sample and F00(p/2) is the second
derivative of the magnetic free energy in the equilib-
rium position.

The above hyperbolic function, Eq. (5), which
describes the dependence of the magnetic torque
constant R(H) on the applied external field H, was
fitted to the experimental R(H) curves. Such a fit
yields both the magnetic moment m

4
and the effec-

tive anisotropy field H
!/*4

of a thin magnetic film.

5. Magnetic results

A typical result of our TOM experiments is
shown in Fig. 5. Immediately after the Ni depo-
sition (here 20.6 ML) we determined the magnetic
torque constant R(H) for several fields. To simplify
matters we plotted R/H as a function of H, with
R/H being a rough measure of the magnetic mo-
ment of the sample (see Eq. (5)). The magnetic
moment mN*

4
("JN*

4
»N*) and the anisotropy field

HN*
!/*4

resulting from a least squares fit are given in
the figure. Then, on top of the Ni film we deposited
a Fe film of nearly the same thickness (20.5 ML),
and finally measured again using TOM, see the

upper curve in Fig. 5. The evaluation resulted
in values of mF%N*

4
and HF%N*

!/*4
for the present

Fe(20.5 ML)/Ni(20.6 ML) bilayer. The increase of
the magnetic moment *m

4
"mF%N*

4
!mN*

4
related to

the magnetic moment of the Fe film is roughly three
times larger than the moment of the Ni film.

For a systematic investigation of the magnetic
properties of the Fe film we prepared a series of
samples of a constant Ni film thickness of 21 ML,
but with varying Fe film thickness. Additional sam-
ples with thinner and thicker Ni films were pre-
pared in order to check the independence of the Fe
film properties from the Ni substrate thickness.

For all samples, Fig. 6 summarizes the changes of
the magnetic moment *m

4
"mF%N*

4
!mN*

4
as a func-

tion of the thickness D
F%
"t

F%
/d

F%
of the deposited

Fe films. Starting with the thinnest Fe film (2 ML)
there was a linear increase of *m

4
with film thick-

ness D
F%

. A linear least squares fit was performed
for the data from the series with a constant Ni film
thickness of 21.0 ML resulting in a slope SF%"

*m
4
/D

F%
"1284.5]10~17 Vsm and a vertical axis

section *m
40
"351.3]10~17 Vsm. From the slope

SF%"JF%
4

Ad
F%
"k

F%
A/n

F%
, the bulk magnetization
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Fig. 6. Increase of the magnetic moment *m
4
of Ni(1 1 1) films

due to the Fe deposition. As indicated some of the Fe films were
prepared on Ni(1 1 1) substrate films of different thicknesses.
Note that the straight line was determined by the linear regres-
sion of the data obtained for Fe films all grown on top of
(21 ML) Ni sublayers.

JF%
4

or the bulk atomic moment k
F%

of the Fe film
could be directly determined, where n

N*
"18.598

atoms/nm2 and n
F%
"17.215 atoms/nm2 are the

two-dimensional densities of atoms in one atomic
layer within FCC Ni and BCC Fe films. The error
of R/H (see Eqs. (1) and (5)) resulting from the
determination of the absolute values of film thick-
ness D

F%
, the area A of the deposited Fe film and

the moment of inertia H is relatively large. There-
fore we prefer to determine primarily the ratio
kF%/kN*"(SF%/SN*)(n

N*
/n

F%
), which is independent of

these experimental parameters. In addition, a pre-
vious TOM investigation (carried out in prepara-
tion of the present study) has been used, where the
increase of the magnetic moment of the W(1 1 0)
substrate with increasing Ni film thickness was
determined, yielding SN*"372.2]10~17 Vsm/ML.
Finally, assuming the Ni bulk value k

N*
"0.57 l

B
[28] as a good approach to the Ni atoms within the
substrate layer the magnetic moment of the Fe
atoms is found to be

k
F%
"(2.13$0.10) l

B
.

The anisotropy fields HF%N*
!/*4

have been evaluated to
determine the bulk and surface anisotropy con-
stants KF%

7
and KF%N*

4
. To this end the change of the

anisotropy field of (21 ML)Ni(1 1 1) films due to Fe
deposition was studied as a function of the Fe
coverage D

F%
. Corresponding to Eqs. (2) and (3) the

anisotropy energy of an Fe/Ni bilayer on W(1 1 0)
is given by

FF%N*W(0)/A"M[(JF%
4

)2/(2k
0
)#KF%

7
]t

F%

#[(JN*
4

)2/(2k
0
)#KN*

7
]t

N*

#KF%N*
4

Ncos2 0, (6)

where the first two terms describe the volume an-
isotropy contributions of both the Fe film and the
Ni film. The shape anisotropy terms (JF%

4
)2/(2k

0
)

and (JN*
4

)2/(2k
0
) consider Fe and Ni films with a ho-

mogeneous bulk magnetization. Small deviations
caused by modified magnetization values at the
interfaces are neglected. The interface anisotropy
constant KF%N*

4
summarizes the contributions of all

interfaces (UHV/Fe, Fe/Ni, and Ni/W) of the bi-
layer.

For a straightforward evaluation of the experi-
mental results it is of advantage to consider the
second derivative of the magnetic free energy in the
equilibrium position of the saturated magnetic film
(0"p/2, i.e., parallel to the external magnetic field).
The second derivative is given (see Eq. (4)) by

FF%N*00 /AD0/n@2"(mF%N*
4

/A)HF%N*
!/*4

"[(JF%
4

)2/k
0
#2KF%

7
]t

F%

#[(JN*
4

)2/k
0
#2KN*

7
]t

N*
#2KF%N*

4
. (7)

From the data of Ni films without Fe coverage the
volume anisotropy term, (JN*

4
)2/2k

0
#KN*

7
"

(0.10$0.01) MJ/m3, was determined in prepara-
tion for the present investigation. Using this value
both the desired quantities KF%

7
and KF%N*

4
can be

ascertained. To do this, FF%N*00 /A (see Eq. (7)) is
reduced by the volume anisotropy term of the Ni
substrate layer,

FF%N*00 /AD0/n@2!2[(JN*
4

)2/(2k
0
)#KN*

7
]t

N*

"mF%N*
4

HF%N*
!/*4

/A

!2[(JN*
4

)2/(2k
0
)#KN*

7
)]t

N*

"2[(JF%
4

)2/(2k
0
)#KF%

7
]t

F%
#2KF%N*

4
(8)

H. Ho( che, H.-J. Elmers / Journal of Magnetism and Magnetic Materials 191 (1999) 313—322 319



Fig. 7. Determination of the anisotropy constants KF%
7

and
KF%N*

4
from the dependence of (1/A)FF%N*00 (p/2)!2[(JN*

4
)2/(2k

0
)#

KN*
7

)]t
N*

of a Fe/(21 ML)Ni bilayer on the deposited Fe film
thickness, see Eqs. (7) and (8).

and plotted as a function of the thickness D
F%

of the
deposited Fe films, see Fig. 7. As predicted by Eq.
(8) there is a linear increase with the Fe thickness.
A linear least-squares fit results in KF%

7
"(0.71$

0.10) MJ/m3, i.e., about (!52.2$7.5) leV/atom,
for the volume anisotropy constant and in KF%N*

4
"

(!0.65$0.15) mJ/m2 , respectively, for the inter-
face anisotropy constant. This evaluation regards
a shape anisotropy constant of (JF%

4
)2/(2k

0
)"

1.78 MJ/m3 directly obtained from the atomic Fe
moment determined above.

6. Discussion

The magnetic moment of the bilayer samples
determined by TOM linearly increases with their
Fe film thickness. The absolute value of the atomic
Fe moment is close to the RT bulk value of
k
F%

(bulk)"2.17 l
B

[28]. Thus, in the present study
of Fe/Ni bilayers on W(1 1 0) there is no indication
of a lowered magnetic moment expected to ap-
pear in thin Fe films of a reduced atomic volume

as observed in Ref. [11] for polycrystalline
Fe((30 As )/Ni(70 As ) bilayers on Si(1 0 0). The
atomic Fe volume could not be determined by our
structural LEED investigations of Fe films on top
of Ni(1 1 1) substrate films since we had no experi-
mental means to study the interlayer distance of the
Fe films.

We assume that the behavior of our Fe/Ni films
on W(1 1 0) compared to that of the bilayers on
Si(1 0 0) is due to the missing sixfold symmetry of
the Ni film and the resulting simultaneous growth
of Fe in two distorted structural domains. The
increase of the total magnetic moment of our sam-
ples (see Fig. 6) shows only a small value of the
*m

4
-intercept, viz. *m

40
(D

F%
"0) ("351]10~17 Vsm).

This indicates a compensation or negligible influen-
ces of both the size effect (due to the finite temper-
ature of the measurement) and the interface effect
(caused by the symmetry breaking at the interfaces
and by the polarization effects at the Ni/Fe inter-
face) [27].

The surprisingly high value KF%
7
"

(0.71$0.10) MJ/m3 of the volume anisotropy con-
stant, which is much larger than the crystalline
anisotropy 0.046 MJ/m3 [28], is presumably due to
mainly magnetoelastic contributions. Considering
the BCC bulk magnetostriction constants of iron
[28] as a rough approximation, one would need
a homogeneous strain of the order of 10% to ex-
plain the experimental data, not uncommon for
epitaxial films being only a few atomic monolayers
thick. The large volume anisotropy term in Fe films
thicker than 15 ML, however, is unusual and can-
not be explained easily. This surprising behavior is
probably associated with magnetoelastic contri-
butions arising from the growth process of the Fe
films, which right from the beginning grow in two
equivalent but somewhat twisted structural do-
mains on top of the slightly distorted Ni sublayer.

The negative effective surface (interface) anisot-
ropy constant of the bilayers, KF%N*

4
"

(!0.65$0.15) mJ/m2, implies that the surface (in-
terface) anisotropy prefers a magnetization perpen-
dicular to the surface. Due to the competition
between volume and surface anisotropies perpen-
dicular magnetization can only be expected to oc-
cur for Fe thicknesses lower than 1.2 ML (see
Fig. 7: point of intersection of both straight line and
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horizontal axis). In fact, using the magneto-optical
Kerr effect Sander et al. [13] found out that a cap
layer of only 1 ML Fe induces a spin reorientation
of a Ni((10 ML) film on W(1 1 0) from in-plane to
perpendicular to the film. We observed the same
behavior in corresponding TOM experiments, not
reported here. In our experiments, however, the
perpendicular magnetization of 10 ML Ni/W(1 1 0)
due to one added ML Fe was observed to be
unstable against a residual gas exposure. At
a coverage of about 0.5 Langmuir the easy axis
changes from perpendicular to in-plane.

7. Summary

In the present paper the magnetic properties of
Fe films ('2 ML) grown on bulk like Ni(1 1 1)
films deposited on W(1 1 0) have been studied by
UHV torsion oscillation magnetometry. Due to the
reduced symmetry of the slightly distorted Ni(1 1 1)
films (NW orientation, #3.6% misfit along
Ni[21 1 1]EW[11 1 0]) the subsequently deposited Fe
films do not grow pseudomorphically on the
Ni(1 1 1) film but in two equivalent structural do-
mains showing mirror planes of symmetry along
Ni[21 1 1] and Ni[0 11 1]. It has not yet been pos-
sible to attribute unequivocally the surface unit cell
of the deposited Fe films, deduced from LEED
observations, to either an FCC-like structure or
a BCC-like one.

From TOM experiments of Fe/Ni bilayers on
W(1 1 0) the bulk atomic magnetic moment of Fe
atoms k

F%
"(2.13$0.10) l

B
was evaluated, which

is close to the RT bulk value of 2.17 l
B
.

The observed high value of the volume anisot-
ropy of the Fe/Ni bilayers (KF%

7
"

(0.71$0.10) MJ/m3) is most likely caused by local
magnetoelastic contributions due to the compli-
cated growth of Fe films, which is controlled by the
simultaneous appearance of two small slightly
twisted structural domains. The evaluation of the
effective anisotropy fields of Fe/Ni bilayers as
a function of the Fe film thickness has shown
that the surface (interface) anisotropy KF%N*

4
"

(!0.65$0.15) mJ/m2 prefers a perpendicular
magnetization. This result is confirmed by a pre-
vious magneto-optical Kerr effect study of Sander

et al. [13], where thin Ni films ((15 ML) are ob-
served to undergo a magnetization transition from
in-plane to perpendicular due to the deposition of
about 1 ML Fe.

Further studies, especially of the interlayer dis-
tance, will be necessary to elucidate the real nature
of the Fe films (atomic Fe volume) grown on top of
Ni(1 1 1) substrate films prepared on W(1 1 0).
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