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We investigate the growth mode and the magnetism of Ni on Cu�110� substrates using oxygen as a surfac-
tant. Layer by layer growth on oxidized Cu�110� is obtained, in contrast to the island growth found on clean
Cu�110� substrates. The main emphasis of our work addresses the potential of optical spectroscopy for ana-
lyzing structure and magnetism. For that purpose we use a spectrometer which allows us to record reflectance
anisotropy �RAS� and magneto-optic Kerr �MOKE� spectra simultaneously and in situ during film growth, in
the spectral range from 0.72 to 6.5 eV. We show that RAS is very useful for monitoring the growth of Ni on
Cu�110�, since it reveals information on the atomic surface structure and on the strain evolution during the
growth process. MOKE, on the other hand, is sensitive to the magnetic properties of the epitaxial Ni film.
Combining RAS and MOKE thus allows us to directly relate growth mode and magnetic properties and to
identify correlations in between. As such, an out-of-plane magnetization for Ni films between 7.5 and 35 ML
thickness is observed, correlated with a flat layer morphology, i.e., two-dimensional growth mode of the Ni
film. Above 35 ML roughening sets in and the magnetization direction rotates towards in-plane orientation
again. Well below 35 ML, between 14 ML and 18 ML of Ni, the strain due to pseudomorphic growth is
relaxed, correlated with a strong increase in coercivity due to dislocation formation. Mandatory for a mean-
ingful analysis of the Voigt parameter of Ni is the sophisticated optical modeling of the layer system. Doing so,
we prove that a modification of electronic properties �d-band narrowing� of the Ni film in the pseudomorphic
growth regime does not occur, in contrast to expectations.
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I. INTRODUCTION

The growth of ferromagnetic thin films on nonmagnetic
metallic substrates has attracted considerable attention in the
last decade. A large number of studies focused on Ni films
grown on Cu surfaces, mainly because of its interesting
structural and magnetic properties. One of the most inten-
sively studied systems in this field represents Ni on Cu�001�,
due to its favorable growth properties. In the following we
briefly summarize the properties of Ni on Cu�001� before we
turn to the less well understood case on Cu�110�. It has been
shown that the growth of Ni on Cu�001� is pseudomorphic at
least up to eleven monolayers �ML�, i.e., the lateral lattice
parameter of the Ni film is enlarged with respect to that of a
bulk crystal.1–3 On such films, e.g., 20 Å �11 ML� Ni grown
on Cu�001�, a redshift in the off-diagonal conductivity spec-
tra was observed. This was attributed to a narrowing of the
3d bands of Ni induced by the tetragonal distortion together
with the reduced coordination number at the surface.4

The magnetic behavior of these films is abundantly re-
ported in the literature. Up to 4 ML of Ni on Cu�001� no

magnetization at room temperature �RT� was found,5–8 since
RT is higher than the Curie temperature of such thin
Ni/Cu�001� films. Thicker Ni films up to 7 ML were found
to be magnetic at RT with the easy axis of magnetization
being located in the plane of the surface.5,6,9 A spin reorien-
tation transition from in plane to out of plane magnetization
was found at a Ni thickness of 8–11 ML and interpreted as
due to the thermodynamic interplay of different magnetic
contributions such as surface, volume and shape
anisotropy.1,6,10–15 Above 15 ML of Ni a strong increase of
the coercivity occurs attributed to the formation of
dislocations.16

More recently, oxygen was shown to act as a surfactant
and to modify the magnetic properties of Ni on Cu�001�. A
spin reorientation transition to out of plane at 4.9 ML, an
onset of dislocation formation at 20 ML and another in plane
reorientation transition for Ni films thicker than 40 ML, were
reported.6,16–19

Comparably few studies have addressed Ni on Cu�110�,
in contrast to Cu�001�. On Cu�110� Ni is known to grow in a
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three-dimensional mode. Wu et al.20 reported a critical thick-
ness of 16 ML, below which the films have a dominant in-
plane magnetization, while above it, the easy axis of magne-
tization turns out of plane. Sacchi et al.,21 on the contrary,
observed a fully remanent alignment of the Ni magnetic mo-
ment in the surface plane for the thickness range of 10–30
ML. Thus, in particular Ni on Cu�110�, should be an inter-
esting candidate for investigating the use of oxygen as a
surfactant.

For our experiments we combine in situ studies by scan-
ning tunneling microscopy �STM�, low energy electron dif-
fraction �LEED�, and Auger electron spectroscopy �AES�
with in situ optical spectroscopy. In particular we apply si-
multaneously reflectance anisotropy spectroscopy �RAS� and
polar magneto-optic Kerr spectroscopy �MOKE�.

Optical spectroscopy is a powerful tool, well suited for
in situ analysis of surfaces and thin film growth. So far, RAS
has been used primarily for studying semiconductors.22,23

However, the potential of RAS for surface analysis of metals
has been proven as well.24–26 For �110� surfaces of fcc metals
it was shown that electronic transitions between surface
states and surface modified bulk states result in characteristic
features to the optical anisotropy.24,25 Furthermore, RAS is
sensitive to symmetry reducing effects such as, e.g., atomic
surface steps27 and uniaxial stress within the surface
plane.28,29

MOKE at a single photon wavelength, on the other hand,
is a well established and powerful tool to investigate the
magnetic properties of ferromagnetic layers.3,12,20,30–34

MOKE spectroscopy can give useful information on the
modification of the electronic structure,4,35 but has rarely
been used so far. Only recently, generalized ellipsometry was
shown to be extremely useful for spectroscopic characteriza-
tion of magneto-optical materials and layers.36 Comparing
with generalized ellipsometry, the combination of RAS and
polar MOKE �one common setup operating under normal
incidence� is the much simpler experimental method and bet-
ter suited to analyze surface and ultrathin layer contributions.
On the other hand, RAS/MOKE is less generally applicable,
since it is limited to the optical anisotropy and to the polar
Kerr effect. The full dielectric tensor cannot be determined
with this approach, i.e., isotropic terms must be taken from
other sources. Nevertheless, as we will demonstrate in the
following, RAS and MOKE are an excellent combination for
in situ analysis and control of ferromagnetic layer growth.
One obtains real-time information during growth about elec-
tronic and magnetic properties.

II. EXPERIMENTAL DETAILS AND SAMPLE
PREPARATION

The experiments were performed in an ultrahigh vacuum
�UHV� system, equipped with STM, AES, RAS/MOKE, and
LEED. For further details see Ref. 37. Clean Cu�110�
substrates were prepared by approximately 25 repeated
cycles of Ar+ ion bombardment �1 keV, 10 min at room
temperature� followed by subsequent annealing at 850 K.
After that a well-ordered Cu�110�-�1�1� surface was ob-
tained and no impurities could be detected with AES. The

clean surface was exposed to 10 Langmuir of oxygen at
room temperature to form the Cu�110�-�2�1�-O “added-
row” structure.38,39 Ni was evaporated at room temperature
on the Cu�110�-�2�1�-O surface with a flux rate of 0.25
monolayers per minute. The thickness of the Ni layer was
estimated with AES, by analyzing the relative heights of the
Ni and Cu Auger intensities. For a fcc crystal the spacing of
the �110� planes is a0

�2/4 �a0: lattice constant�, but in this
work we define the layer thickness as a0

�2/2. This is rea-
sonable for comparing the results with measurements on
�001� oriented crystals.

The optical measurements were done in situ through a
low strain quartz view-port using one common spectrometer
for RAS and polar MOKE spectroscopy. The birefringence
contribution of the view-port was separated by calibration
measurements on optically isotropic, paramagnetic samples,
such as Cu�100�. While this birefringence is very small
��2 mrad� for the RAS real part or the Kerr rotation, it is
considerably larger for the imaginary part or the Kerr ellip-
ticity. The discussion of experimental results will thus con-
centrate on the real parts of MOKE and RAS spectra. The
spectrometer measures optical anisotropy and magneto-
optical Kerr effect in an energy �wavelength� range from
0.75 to 6.5 eV �1653 nm to 190 nm�. Hysteresis loops, RAS
and MOKE transients �i.e., temporal evolution at a fixed
wavelength� can be obtained at any desired energy within
that spectral range. The optical setup itself �see Fig. 1� is
analogous to other MOKE and RAS spectrometers.40,41 New
is in particular the handling and data processing for simulta-
neous recording of MOKE and RAS. The sample was illu-
minated near normal incidence �1.5°� with linearly polarized
light. The state of polarization of the reflected light is ana-
lyzed by a combination of photoelastic modulator �PEM� and
a fixed analyzer. The signal originates from the change of the
polarization state, given by the polarization rotation Re���
�real part of RAS and Kerr rotation�, or the ellipticity Im���
�imaginary part of RAS and Kerr ellipticity� of the reflected
light. Apparatus settings determine whether polarization ro-
tation or ellipticity are detected.40,41

FIG. 1. Schematic diagram of the RAS/MOKE setup with a
�110� oriented sample, as used in this work. The principal axis

correspond to the �11̄0� and �001� directions. The angle of inci-
dence is close to normal incidence �1.5°�. The magnetic field is
applied perpendicularly to the surface.
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III. MOKE-RAS MEASUREMENT SCHEME

RAS measures the difference of the complex reflectivity

for linear polarization along two perpendicular axes a� and b�

within the surface. The signal is defined as40

�r

r
= 2

ra� − rb�

ra� + rb�
. �1�

In the geometry as shown in Fig. 1, a� and b� correspond to

the �11̄0� and �001� directions within the surface plane of the
sample. For small complex angles, �r /r is connected with
the complex angle �RAS by

�RAS =
�r

2r
��RAS � 1� . �2�

For symmetry reasons, cubic crystals such as the fcc met-
als Ag, Cu, Ni, or hcp Co do not have a significant bulk
contribution to the RAS signal. In such circumstances the
RAS signal is mainly surface related.22–26 In the case of a
thin anisotropic surface layer �thickness d��� on an opti-
cally isotropic substrate, the RAS signal can be expressed by

�r

r
=

− 4	id

�

�



b − 1
�3�

with the surface dielectric anisotropy �SDA� �
 ·d �Ref. 42�
and the bulk dielectric function 
b.

The Kerr effect originates from different optical “con-
stants” for right- and left-circularly polarized light of a ma-
terial in a magnetic field. Different complex reflectivities �r+�
and �r−� are thus induced by a magnetization along the
propagation direction of light. The magnetization related
change in reflection of light is described with the complex
Kerr angle �Kerr.

43–45 Linear polarized light will be subjected
to polarization change upon reflection since it refers to a
superposition of two circularly polarized components. For
normal incidence, as relevant here, only the out of plane
component of the magnetization vector contributes to the
MOKE signal �polar Kerr effect�. Given a small difference in
the complex reflectivity of right- and left-circularly polarized
light, the polar Kerr effect is expressed by46

�Kerr = i
r+ − r−

r+ + r−
. �4�

For ultrathin ferromagnetic layers �Re�nf�d��, nf =�
 f�
the polar Kerr effect �Kerr can be described by45

�Kerr =
4	Qd

�


 f


s − 1
, �5�

where 
 f, 
s are the dielectric functions of the film and the
substrate, � the wavelength of light, and Q the magneto-optic
�Voigt� constant of the film. Equations �4� and �5� are derived
for an optically isotropic film and substrate. In the present
anisotropic case of a thin Ni film on a Cu substrate, one
would have to calculate the Kerr effect for the two different
dielectric functions 
�11̄0� and 
�001� separately. But since the
optical anisotropy of the film and the surface are very
small, below 10−3
, the total change of polarization state

�=�Kerr+�RAS is given by a linear superposition of optical
anisotropy and Kerr effect to a very good approximation.

There are two possibilities to separate RAS and MOKE
contributions from the measurement. RAS depends on the
direction of the crystal axes towards the direction of the po-
larization of the incoming light. Thus a 90° rotation of the
sample around the surface normal causes an inversion of the
sign of �RAS. MOKE on the contrary, depends only on the
direction of the magnetization. Hence a turnaround of the out
of plane magnetization changes the sign of the Kerr effect,
while rotation around the surface normal does not have any
effect. However, rotating of the sample often causes a mis-
alignment of the optical setup. Therefore a turnaround of the
magnetization is the preferred method to separate RAS and
MOKE contributions. The measurement process is fully au-
tomated according to the following sequence: �1� applying
�and switching off� a magnetic field to the sample perpen-
dicular to the surface, �2� taking a first spectrum �Re��1��,
�3� applying �and switching off� a magnetic field in the re-
verse direction, and �4� taking a second spectrum �Re��2��.

The RAS and MOKE signals are then given by

Re��Kerr� = Re��1 − �2�/2 and Re��RAS�

= Re��1 + �2�/2 �6�

�see Fig. 2�. Depending on the state of magnetization �on or
off� during spectra acquisition either the nonremanent or
remanent polar Kerr effect is detected.

At constant photon energies between 0.75 and 6.5 eV,
MOKE and RAS transients can be recorded or, alternatively,
MOKE hysteresis loops with a magnetic field up to 80 mT.
For MOKE transients we used an external magnetic field of
40 mT.

IV. RESULTS

A. Surfactant effect of oxygen

STM measurements were performed to study the
morphology and surface structure of freshly deposited Ni
films on Cu�110� with and without oxygen preadsorption.
Under UHV conditions, Ni was evaporated on the clean
Cu�110�-�1�1� surface and on the Cu�110�-�2�1�-O sur-

FIG. 2. �a� Polarization rotation spectrum recorded for 14 ML

Ni on Cu�110�-O at two different magnetization directions M� . The
direction of the magnetization for each spectrum is indicated in the
figure. RAS and MOKE signals are shown as white line and as
shaded area between the measurement curves, respectively. �b�
MOKE and RAS spectra derived from the measured data �RAS
signal of 0.001=0.5 mrad�.
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face. Figure 3 shows two corresponding images obtained for
Ni films of 9 and 10 ML thickness on preoxidized and clean
Cu�110�, respectively. A drastic influence of the oxygen on
the Ni film morphology is immediately evident. Ni on clean
Cu�110� grows in a very rough three-dimensional-�3D-�like
mode in agreement with previous reports.20,21,47 The Ni film
forms long, one-dimensional-like structures extending along
the �11̄0� direction �length: 20–50 nm, width: 4.5–6.5 nm�.
Within these structures we could not reach atomic resolution,
because of the large roughness. On the contrary, 9 ML Ni on
Cu�110�-�2�1�-O grows in a nearly ideal 2D fashion. STM
reveals atomically flat terraces with long, straight atomic
rows extending along the �001� direction. LEED images dis-
close a �2�1� reconstruction with bright, sharp spots on a
low background. AES measurements show that the surface is
approximately covered with half a monolayer of oxygen.
STM, LEED, and AES results consistently suggest that oxy-
gen acts as a surfactant, segregating to the surface of the Ni
layer and inducing a layer-by-layer growth mode. A surfac-
tant effect of oxygen has also been reported for Co/Cu�110�
and Ni/Cu�001�.16,37 The surface structure of the oxygen ter-
minated Ni�110� layer appears very similar to that of the
Cu�110�-�2�1�-O surface �i.e., replacing Cu by Ni�.

B. Optical anisotropy of Cu„110… and Ni„110…

The RAS spectra recorded on thin Ni films on Cu�110�
consist of contributions of the surface, Ni film and the inter-

face, assuming the layer thickness to be smaller than the
penetration depth of light in nickel.

Figure 4 shows the dielectric function of Ni and the pen-
etration depth of light derived therefrom for the spectral
range of 0.8 to 6.5 eV. For the following discussions it is
worth noticing that the penetration depth varies between 10
and 18 nm, approximately corresponding to 40 and 70 ML of
Ni. Consequently, when growing epitaxial Ni films on
Cu�110�, the optical anisotropy of the Ni-Cu interface will
contribute to the RAS spectra up to several 10 ML of Ni
thickness. In fact, this is observed as discussed in the next
paragraph. Since the dielectric function �or optical “con-
stant”� of Ni is isotropic and does not show any pronounced
structures in the spectral range studied here, the optical an-
isotropy of Ni�110� and Cu�110� surfaces and interfaces, re-
spectively, should give the dominant contributions to the
RAS spectra. Accordingly we firstly consider the optical an-
isotropy of the relevant surfaces. The optical anisotropy de-
termined on the �110� surfaces of Ni and Cu single crystals
with and without oxygen termination is shown in Fig. 5.

The spectral features of the RAS spectrum of
Cu�110�-�2�1�-O have already been discussed in Ref. 37.
Pronounced are the contribution of surface states and surface
resonances at 1.9 and 2.75 eV and a strong structure near
6 eV which we presume is due to the Cu-O- bonding involv-
ing Cu 3d and O 2p orbitals.49 Optical transitions from the
Cu d bands occur in the energy range from 2.2 to 5 eV.

FIG. 3. STM images of Ni films grown on the preoxidized
Cu�110�-�2�1�-O �top� and the clean Cu�110� surfaces. Surface
directions and layer thickness are noted within the images. Bars at
the left side denote the height scale. The LEED pattern �not shown
here� of the Ni film on Cu�110�-�2�1�-O shows a �2�1� recon-
struction with bright, sharp spots and low background.

FIG. 4. Dielectric function �Ref. 48� �upper diagram� and the
related penetration depth of light �lower diagram� of crystalline Ni.

FIG. 5. RAS spectra of the clean and oxygen covered �110�
surface of Cu and Ni. Cu�110� shows sharp spectral features, while
Ni�110� exhibits only broad features.
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These bulk states are anisotropically modified by the surface
and contribute considerably to the optical anisotropy, be-
cause of their high density of states. A comparison of the
RAS spectrum of Cu�110�-�2�1�-O shown here with the
one published in Ref. 37 reveals some discrepancies below
1.3 eV. This is due to a not compensated offset of the infra-
red detector in the previous measurements.

The RAS spectra of Ni�110� depend on surface termina-
tion, but show only broad spectral features as compared to
Cu�110�. These differences are related to the specific elec-
tronic properties of Ni and Cu, as expressed by the surface
and bulk electronic band structures. For Cu�110�, the promi-
nent structure around 2.1 eV in the optical anisotropy is
mainly related to surface electronic transitions, while for
Ni�110� there are no surface state transitions. The character-
istic structures between 2.1 and 6 eV on Cu�110� are known
to arise from electronic transitions of the filled d-band states,
being located well below the Fermi energy, into empty con-
duction band states.50 The d bands of Ni differ to the Cu
case, since they overlap with the Fermi edge, being partly
filled and exchange split.51

In order to separate surface and bulk influences to the
lineshape of the RAS spectra we have calculated the surface
dielectric anisotropy �SDA� �Fig. 6� according Eq. �3�, using
the optical constants of Ni and Cu published in Refs. 48, 50,
and 52. In contrast to Cu�110�, the SDA of Ni�110� is struc-
tureless apart from a pronounced Drude-like spectral depen-
dence. This is quite interesting to note, since it shows that the
free electrons of the metal are anisotropically modified by
the surface. Here we would just like to emphasize that the

optical anisotropy of Ni�110� has no distinct spectral fea-
tures, in contrast to Cu�110�.

The oxygen induced reconstruction on Ni�110� depends
mostly on the O2 dosage.53 The �3�1� reconstruction shown
here evolves after adsorption of more than four Langmuir
oxygen. This reconstruction consists of double Ni-O rows in
the �001� direction �two third of the surface is covered with
O-Ni rows�. We would like to note that the RAS spectrum of
the oxygen covered �3�1� surface remains constant over
several hours. In contrast, spectra of clean Ni surfaces
change within minutes, due to dissociative adsorption
of hydrogen. It was shown that the optical anisotropy
of Ni�110�-�3�1�-O and Ni�110�-�2�1�-O is nearly
identical.54 This is the consequence of the fact that no surface
state transitions are involved here, unlike the Cu�110�-O ex-
ample.

C. Optical anisotropy of Ni layers on Cu„110…

Figure 7�a� shows the evolution of RAS spectra upon Ni
deposition on the oxygen covered Cu�110� surface. After
deposition of more than one monolayer of Ni, the surface
state contribution of the Cu�110� surfaces is fully quenched.
Thereafter, the remaining structures in the RAS spectra cor-
respond to the Cu d-band transitions. Ni�110� does not show
any distinct structures in the accessible spectral range, as
discussed in the previous section. Dominating is the structure
at 4.2 eV �denoted by “s”�. As we will show in the follow-
ing, this structure is indicative of the strain in the Cu�110�

FIG. 6. Surface dielectric anisotropy �SDA� of Ni�110� and
Cu�110� with and without oxygen coverage. Cu�110� exhibits sharp
resonances in the measured spectral range, while Ni�110� is domi-
nated by a Drude like contribution.

FIG. 7. RAS Spectra of Ni/Cu�110�-�2�1�-O in the thickness
range from 2 to 50 ML Ni. Structure �s� is caused by strain within
the copper substrate. �b� Optical anisotropy of Cu�110�, obtained by
stressing the crystal in �001� direction �ambient conditions�. �c�
Stress contribution to the optical anisotropy, derived from the dif-
ference of the spectra shown in �b�, in comparison to the piezore-
flectance measurements of amorphous copper.
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substrate. For comparison, Fig. 7�b� shows the strain contri-
bution to the optical anisotropy of Cu�110� obtained by
stressing the Cu�110� crystal in the �001� direction �under
ambient conditions�. As shown in Fig. 7�c�, the strain related
structure found using piezoreflectance on amorphous
copper55 is very similar to the one obtained in our RAS spec-
tra after applying external stress. We would like to note that
RAS measurements on the clean Cu�110� surface after dif-
ferent preparation cycles show such a strain contribution as
well, indicating that Cu�110� is strained after preparation by
sputtering and annealing. Thus we conclude that the structure
�s� at 4.2 eV is caused by the strain within the copper sub-
strate, which is partly induced by surface preparation and
partly by an additional strain component due to the Ni layer
in the pseudomorphic growth regime. The origin of the
layer dependent strain at the Ni-Cu interface is the
lattice mismatch of about 2.5% between the film and the
substrate. Consequently, due to the anisotropic structure
of the �110�-substrate plane one expects an uniaxial misfit
strain within the surface plane, similar as reported for
Co/Cu�110�.56

As obvious in Fig. 7�a�, the strain related structure shows
a clear blueshift with increasing Ni layer thickness. Apart
from the change of stress in the substrate, a spectral shift
could alternatively be related to the change of the electro-
magnetic boundary conditions at the Ni/Cu interface through
the replacement of vacuum by Ni. In order to address this
effect, we have modeled the optical response of a four layer
stack consisting of an isotropic Cu substrate, an anisotropic
Cu interface region with a dielectric anisotropy derived from
strained Cu�110�, an isotropic capping layer of Ni with vari-
able thickness, and vacuum surrounding. Figure 8 shows the
simulated RAS spectra for a capping layer thickness up to 50
ML Ni. Optical constants of Ni and Cu are taken from Refs.

48, 50, and 52. The reflectivity is calculated for the �11̄0�
and �001� directions separately, using an algorithm according
to Azzam et al.57 The resulting RAS signal is then defined by
Eq. �1�.

The simulation exhibits that, if the anisotropy at the inter-
face remains constant, one should expect a damping and an
energetic shift towards lower energies of the RAS structures
with increasing Ni film thickness. This redshift is purely re-

lated to the multilayer structure, but not to a change in opti-
cal properties of one of the materials. Contrary to this sce-
nario, the RAS spectra shown in Fig. 7 reveal a spectral shift
of structure �s� towards higher photon energy with increasing
Ni film thickness. We attribute the observed blueshift to a
change of the strain at the Cu interface during Ni growth.
Consequently, the spectral position of structure �s� is indica-
tive of the change in interface strain during Ni growth. After
the growth of several monolayers of Ni one expects a relax-
ation of the strained Ni film by evolving dislocations, as was
found, e.g., on Ni/Cu�100�.6 The relaxation should lift the
growth induced stress at the Ni/Cu interface.

Figure 9 displays the energy position of peak �s� as a
function of Ni coverage. On the Ni/Cu�110�-O film peak �s�
shifts strongly to higher energies between 16 and 18 ML and
then saturates near 4.43 eV for higher film thickness. Thus
we conclude that the strain of the Ni/Cu�110�-�2�1�-O film
changes strongly, suggesting that the film relaxes between 16
and 18 ML of Ni.

The transient of the optical anisotropy at 2.1 eV during Ni
growth shows a characteristic evolution with increasing Ni
thickness �Fig. 10�. We have repeated transient measure-
ments several times and checked the thickness of the films
with AES. From this we have confirmed that the RAS tran-
sients are extremely reproducible. The growth transient with-

FIG. 8. Simulation of the RAS spectra of a vacuum/Ni-film/
Cu�110�-interface/Cu�110� layer system with constant interface an-
isotropy �assumed to be related to strain� and increasing Ni capping
layer thickness. The simulation algorithm is derived from that given
by Azzam et al. �Ref. 57�. Apparently the interface related structure
shows a redshift with increasing layer thickness.

FIG. 9. Energetic position of the 4.3 eV RAS structure �s� as a
function of Ni film thickness. The continuous line is just a guide to
the eye. Vertical bar sizes denote error bars.

FIG. 10. RAS transient �online monitoring during Ni film
growth� at 2.1 eV photon energy during Ni-film growth. The insets
show the transients on an enlarged scale. Top: Growth on the
Cu�110�-�1�1� surface. Bottom: Growth on the Cu�110�-�2�1�-O
surface. Extrema in the RAS transient are most likely correlated
with the formation of different epitaxial structures during the
growth.
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out oxygen shows a structureless decrease up to a minimum
at 4 ML followed by a weaker, structureless increase above 4
ML. Up to 4 ML the transient reflects the quenching of the
Cu�110� surface anisotropy, being indicative of a Ni island
growth which appears to coalesce around 4 ML of Ni. In
contrast thereto, the transient on the oxygen covered surface
exhibits a strong decrease in the submonolayer coverage re-
gime up to 0.9 ML, followed by several pronounced minima
at 2 and 5 ML Ni and a weaker one around 15 ML.

From the Co/Cu�110�-�2�1�-O system we know that
structural changes of the film reveal characteristic features in
the RAS transient.37 From that we conclude that different
structural phases during the Ni growth are responsible for the
characteristic RAS transient shape. On Co/Cu�110�-�2�1�-O
it was found that Co first substitutes the Cu atoms in the
Cu-O chains, followed by a reordering of the Co atoms and
the formation of a Cu-O-Co interface structure.58 A similar
behavior most likely occurs for the Ni/Cu�110�-�2�1�-O
growth. Further structures at 5 and 15 ML of Ni should be
related to changes of the layer morphology. Around 5 ML a
flattening of the Ni film occurs, while the minimum around
15 ML correlates with the relaxation of the Ni film. For a
proof of this suggestion additional investigations, e.g., by
STM, would be required.

To summarize the RAS results: The growth of Ni causes a
quenching of the Cu�110� anisotropy. After 2 ML Ni a strain
induced structure at 4.3 eV dominates the RAS spectra. This
structure enables the monitoring of the strain within the sub-
strate upon Ni growth. The results suggest that the film re-
laxes above a coverage of 15 ML of Ni. Moreover, the
growth transients of Ni on Cu�110�-�2�1�-O exhibit char-
acteristic structures correlated with the growth mode of the
Ni layer.

D. Magnetic and magneto-optical properties

Figure 11 shows the coercivity change during Ni growth.
This curve is derived from Kerr hysteresis loops obtained
during short growth interruptions at a photon energy of 3 eV.
To give an impression of the loop shapes, several loops are
shown at selected Ni film thicknesses. For presentation pur-
poses, the hysteresis loops are all scaled to the same size.
Below 5.5 ML Ni we do not observe any Kerr signal. Be-

tween 5.5 and 7 ML Ni hard axis loops are obtained. Thus
the film is ferromagnetic with the easy axis of the magneti-
zation mainly parallel to the surface �in plane�. The magne-
tization completely turns out of plane above 7.5 ML. Above
12 ML we observe a strong increase of the coercivity which
saturates at 18 ML Ni. This behavior is similar to Ni on
Cu�001�.6 Defects and dislocations induced by the film re-
laxation increase the coercive field.6 From 18 to 35 ML the
coercivity remains quite stable and hysteresis loops are per-
fectly rectangular, showing that the whole film is highly an-
isotropic with an easy axis perpendicular to the surface.
Above 35 ML the coercivity decreases steadily and the loop
shapes turn towards typical hard-axis hysteresis loops.

Figure 12 shows the polar Kerr rotation in remanence and
with applied external magnetic field for the Ni growth with
and without oxygen. Without oxygen, we cannot detect any
remanent out of plane magnetization. The film is ferromag-
netic above approximately 5 ML Ni with an in plane easy
axis. In contrast thereto, Ni grown on the oxygen covered
surface shows a remanent out of plane magnetization. An out
of plane remanence firstly appears at 7 ML. Up to 7.5 ML
the easy axis of the magnetization is only partly out of plane.
This could be due to a tilted magnetization or due to the
coexistence of different magnetic domains. For Ni coverages
in the thickness range from 7.5 to 35 ML we observe a fully
out-of-plane remanence.

Above 8 ML we observe a nearly linear increase of the
remanence up to a Ni thickness of 35 ML. Since in the thin
film limit �d��� the Kerr signal should be proportional to
the thickness of ferromagnetic layers, the thickness of the
nonmagnetic Ni layer �F� can be found from a linear ex-
trapolation of the Kerr signal towards zero. Such linear fits
are shown in Fig. 12 as straight thin lines, approximating the
thickness range of 8 to 12 ML Ni. This analysis, however,
fails and delivers inconsistent results, since the change in
spectral line shape of the Kerr spectra with increasing Ni

FIG. 11. Coercivity versus Ni film thickness and exemplary line
shapes of the corresponding hysteresis loops taken at a photon en-
ergy of 3 eV. The coercivity increases strongly at coverages above
12 ML which suggests that the pseudomorphic growth ends at this
thickness.

FIG. 12. Polar Kerr rotation without �remanent� and with �non-
remanent� applied external magnetic field �40 mT� perpendicular to
the surface plane, versus Ni film thickness. The transients were
taken at a photon energy of 2.1 and 3 eV. An extrapolation of the
Kerr intensity in the range from 8 to 12 ML �fit� defines the zero
crossing point �F� �onset of ferromagnetism�. �a� MOKE transient
of the growth without oxygen and �b� MOKE transient of the
growth with oxygen at a photon energy of 2.1 eV, �c� MOKE tran-
sient of the growth with oxygen at a photon energy of 3 eV, derived
from hysteresis loops.
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thickness, as discussed below in more detail, is neglected.
The dependence of the critical thickness derived from lin-

ear extrapolation and the spectral dependence of the MOKE
signal becomes most evident in Fig. 13. Here the onset thick-
ness of ferromagnetism was evaluated from polar Kerr spec-
tra of 8 and 12 ML Ni as a function of photon energy in the
fully accessible spectral range from 0.7 to 6.5 eV. The linear
extrapolation of the onset thickness �F� fails in particular in
the spectral region between 1.2 and 2.2 eV. Below 1.2 and
above 2.2 eV, to the contrary, the extrapolation yields a con-
sistent onset thickness of ferromagnetism of 4 ML Ni.

The spectral analysis of the Kerr effect �Fig. 14� allows us
to resolve that puzzle. The polar magneto-optic Kerr spectra
were recorded at magnetic remanence for 8–71 ML Ni films
on Cu�110�-O�2�1�. The spectral structures, in particular
the zero crossing of the Kerr spectra between 1.2 and 2.2 eV,
exhibit a redshift with increasing film thickness. We would
like to note that this finding corroborates with the observa-
tion of Nakashima et al. reported for thin pseudomorphic Ni
films on Cu�100� substrates.4 As a consequence, the linear
extrapolation of Kerr rotation as a function of film thickness
�thin film limit, see Eq. �5�� is invalid in the spectral range
where the line shape depends on thickness. The approxima-
tion is sufficiently fulfilled only in parts of the spectral range,
particularly below 1.2 and above 2.2 eV.

The observed changes in the line shape of Kerr spectra
referring to the optical properties of the layer system may be

related to the increase in thickness as well as to possible
changes of magneto-optical properties of the Ni layer. In
order to separate both effects of thickness and magneto-
optical properties one has to calculate the Voigt “constants”
�which is a material specific, spectrally varying function� of
the Ni film. This can be done in a four-layer optical model
�vacuum/Niferro /Ninonferro /Cu� �Ref. 44� using the experi-
mentally determined real and imaginary parts of the Kerr
coefficient �Kerr and the dielectric function of Ni and Cu.48,50

Figure 15 shows the resulting real and imaginary parts of a
35-ML-thick film in comparison with the Voigt constants of a
Ni single crystal and of an amorphous layer.45 As clearly
evident, the Voigt constants of the epitaxial film correspond
remarkably well to those of crystalline Ni, whereas amor-
phous Ni shows a substantially different spectral depen-
dence. This result should be expected as the film of 35 ML
nominal coverage corresponds to a relaxed crystalline Ni
film, i.e., the lattice parameter is close to the bulk one. By
using the such determined Voigt constants of crystalline Ni
we have then modeled the Kerr rotation for various Ni thick-
ness in order to compare with the experimentally determined
curves. An according stack of data sets and modeled spectra
is shown in Fig. 16. Apart from a slight deviation of the Ni
film thickness between experiment and modeling the simu-
lated Kerr rotation spectra show a remarkably good agree-
ment with the experimental curves. The systematic deviation
in Ni thickness simply points towards a small error in the
thickness calibration of the Ni evaporator. The excellent
agreement between simulated and experimental spectra, for
thin pseudomorphic as well as for thick relaxed films, is
quite an interesting result. This in fact means that the former
interpretation of strain-related d-band narrowing in the Ni
layer inducing changes in the Kerr spectra4 is incorrect. The
change in magneto-optical constants related to strain is not
detectable, and the thickness dependence in Kerr rotation is
just associated with an optical multilayer effect of the layer
stack.

Summarizing, the magnetic properties of Ni on
Cu�110�-O�2�1� differ in dependence of film thickness.
�1� �4 ML: most likely, nonferromagnetic �or above
Curie temperature�, �2� �4 ML�7 ML: ferromagnetic,
easy axis in plane, �3� �7 ML�7.5 ML: ferromagnetic,
easy axis partly out of plane, �4� �7.5 ML�10 ML:
ferromagnetic, easy axis out of plane, weak coercivity,

FIG. 13. Evaluation of the thickness �F� by linear extrapolation
of the Kerr intensities of 8 and 12 ML Ni at different photon ener-
gies, derived from Kerr spectra �see Fig. 14�. The thin lines show
the not smoothed data, as derived from the measured spectra. Ver-
tical lines denote the photon energies of the MOKE transients �see
Fig. 12�.

FIG. 14. Polar MOKE spectra �rotation� of 8–71 ML Ni on
Cu�110�-O�2�1�. The vertical line at 2.1 eV marks the energy at
which the MOKE transient from Figs. 12�a� and 12�b�, is recorded.
All spectra are recorded at remanence. The low Kerr amplitude at
71 ML Ni is due to the in-plane reorientation of magnetization.

FIG. 15. Spectral dependence of Voigt constant for nominally 35
ML Ni �this work�, single crystalline Ni �this work� and an amor-
phous Ni film �Bader et al. �Ref. 45��.
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�5� �10 ML�18 ML: strong increase of the coercivity,
�6��18 ML�35 ML: saturation of the coercivity, highly an-
isotropic Ni film, �7� �35 ML: partly in plane magnetiza-
tion.

Remanent out of plane magnetization is only obtained
when the surface termination by oxygen is present during the
layer growth, while subsequent oxygen exposure on Ni films
grown on clean Cu�110� does not influence the magnetiza-
tion. This means that the related morphology changes rather
than the presence of surface oxygen induces out-of-plane
magnetization. For Ni films grown with a partial surface ter-

mination of 0.5–5% oxygen �not shown here� we find a
partly out of plane orientation of the easy axis. Thus we
conclude that the layer-by-layer growth mode of the Ni film
is the essential prerequisite for the reorientation to out of
plane magnetization. Partly out-of-plane magnetization could
most likely be related to a laterally inhomogeneous growth
mode for a too low surfactant concentration. We suggest that
the contradictory results in Refs. 20 and 21 about the orien-
tation of the easy axis of magnetization for Ni/Cu�110� �see
Introduction� may most likely related to the presence of a
small surface contamination �e.g., oxygen�.

V. SUMMARY

We have successfully combined RAS/MOKE spectros-
copy and STM to investigate the growth and magnetic prop-
erties of Ni/Cu�110�-O�2�1� films. It was shown that oxy-
gen acts as a surfactant on Ni/Cu�110�. From MOKE spectra
and transients we find that the layer becomes ferromagnetic
after the fourth monolayer of Ni. An out of plane orientation
of the magnetization occurs in a thickness range from 7.5 to
35 ML of Ni. The pseudomorphic layer-by-layer-growth
rather than the presence of oxygen at the surface is important
for the occurrence of remanent out of plane magnetization on
Ni/Cu�110�.

We find features in RAS spectra that are clearly related
with growth-induced strain in the Cu substrate. The analysis
of these strain dependent structures together with the coer-
civity of the Ni overlayer shows that the film relaxes at Ni
coverages around 12 to 18 ML. Moreover we show that the
magneto-optical constants of the Ni films are not distinct
from Ni bulk crystals. In particular no significant dependence
on layer thickness or on tetragonal distortion related with
pseudomorphic growth is found.
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