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Abstract

We have grown ultra-thin epitaxial Co films on (001) and (111) surfaces of Pd. Their magnetic properties are studied by magneto-
optical Kerr effect (MOKE). They are correlated with surface morphology analyzed by scanning tunneling microscopy (STM). In agree-
ment with theoretical predictions, reversed polar Kerr rotation loops with respect to those of thicker Co films were observed below the
thickness of 2.5 monolayers. This is interpreted as being due to a dominating negative contribution of Co/Pd interface with respect to the
positive contribution from the non-interface part of the Co film. There is no change of sign of the polar Kerr rotation at low Co coverage
on Pd(111) due to the growth which starts by formation of double-layer patches in this case.
� 2006 Elsevier B.V. All rights reserved.
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Since the discovery of a perpendicular magnetic aniso-
tropy (PMA) in Co/Pd multilayers, a lot of effort has been
devoted to this system [1,2]. Nevertheless, details of the
correlation between the film morphology, structure, surface
alloying and magnetic anisotropy still remain not fully
understood and unequivocally evidenced by experiments.
In particular, it has been shown that in such systems, orig-
inally nonmagnetic Pd metal tends to ferromagnetism and
magnetic moments of the Pd atoms at the Co/Pd interface
can reach up to 0.5 lB [3]. Obviously, the local spin polar-
ization of the Pd interface atoms influences magnetic and
magneto-optical properties of the Co/Pd structures [4,5].

The magneto-optical Kerr effect (MOKE) is a well
established technique to study magnetism of ultra-thin fer-
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romagnetic films and nanostructures [6]. For a given mag-
neto-optical geometry (i.e., the angle of incidence and the
incident polarization of light), the slopes of the Kerr
observables, rotation and ellipticity, versus thickness of
the ferromagnetic film grown on a nonmagnetic substrate
originate first in magnetism and optics of the films itself,
and second in the optical permittivity of the substrate.
Extrapolation of the linear variation of the Kerr observ-
ables to zero thickness results in an offset signal which
can be either positive or negative, which means, respec-
tively, of the same or opposite sign with respect to the sig-
nal from the thicker films [7–9]. The offset magneto-optical
signal is attributed to a contribution from the interface re-
gion between the film and the substrate. It is related to a
change of local atomic arrangement, related hybridization
effects and resulting modified electronic structure. For the
Co/Pd system, which is the subject of our interest, the rela-
tion between the interface component and the interface
structure can be understood by correlating the Co/Pd inter-
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face contribution to the overall Kerr signal with the
changes of local atomic arrangement at the interface either
due to different mode of growth or due to annealing.

In this contribution we report on the relation of mag-
netic and magneto-optical properties to growth details of
ultrathin Co films prepared on clean and atomically flat
Pd(00 1) and Pd(111) surfaces. We show that the negative
Co/Pd interface contribution to both longitudinal and po-
lar Kerr rotation occurs for both Pd surfaces and can be
related to the contribution of the Pd interface layer which
is spin-polarized by the neighboring Co film. In particular,
we show that the sign of polar Kerr rotation in the low cov-
erage limit depends on the growth mode and resulting film
topology.

The experiments were carried out in a multi-chamber
ultrahigh vacuum (UHV) system with a base pressure
<5 · 10�11 mbar. All scanning tunneling microscopy
(STM) measurements of the film topology were performed
in a constant current mode at 0.2–0.5 V positive tip bias
and 0.1–0.5 nA tunneling current. The magnetic properties
were studied by longitudinal and polar MOKE at low tem-
perature (70 K), by using a p-polarized laser beam with
1.84 eV photon energy. The incidence angle was set to
67� for the longitudinal MOKE and to 5� the polar
MOKE. To avoid problems with sign convention, in this
contribution we will always refer to the Co films with thick-
ness of 5–10 ML on Pd substrate as to a ‘reference sample’.
For this sample, the value corresponding to saturation
Kerr rotation for positive magnetic field is set to be positive
by definition (‘normal’ hysteresis loop is observed). For
some other values of Co film thickness this saturation Kerr
rotation can turn negative (observed ‘reversed’ loop).

The growth of Co on Pd(001) is found to be pseudo-
morphic and close to the layer-by-layer mode up to three
monolayers (ML) [9,10]. At the initial stage of growth,
ML-thick Co patches are formed, as it is confirmed by
Fig. 1 showing the surface topography of the 1.1 ML of
Fig. 1. STM image (100 · 100 nm2) of the 1.1 ML-thick Co films grown
on Pd(001) at 300 K. A layer-by-layer growth within the low coverage
limit is confirmed.
Co on Pd(001). The Co films on Pd(00 1) do not show
PMA and the polar Kerr signal is not detected for uncov-
ered Co films. In our previous work we studied longitudi-
nal Kerr rotation with p-polarized incident light for Co
films grown on the Pd(001) substrate [9]. The present lon-
gitudinal experiments were performed for the same photon
energy of 1.84 eV and for the identical geometry (i.e., for
the p-polarized laser beam incident at 67�). For both sub-
strates, Pd(001) and Pd(111), the signal increase with Co
thickness is rather rapid below about 2 ML. Above 2 ML
of Co, the slope of this dependence decreases and the Kerr
rotation signal varies linearly with the Co thickness, as
demonstrated in Fig. 2a for Co on Pd(00 1). The offset
signal obtained by extrapolation of the Kerr rotation
measured above the thickness of 2–3 ML to zero Co thick-
ness is of the same sign as the rotation measured on the
‘reference sample’ (i.e., of the 5–10 ML of Co on Pd). This
offset is equivalent to the Kerr rotation from 2–3 ML of Co
[9]. The larger offset signal (equivalent to the Kerr rotation
from 3.4 ML of Co) was detected for the Pd(111) sub-
strate. The smaller one (equivalent to 2.5 ML of Co) was
0 1 2 3 4 5 6

-2

0

2

Thickness [ML]

polar
annealed at 550 K

Ke
rr 

ro
ta

t

c

Fig. 2. Thickness dependence of Kerr rotation in remanence at 70 K for
Co films grown on Pd(001) at 300 K: (a) longitudinal Kerr rotation for as
grown films immediately after deposition, (b) polar Kerr rotation for the
films covered with Au immediately after deposition, and (c) polar Kerr
rotation for the non-covered films annealed for 20 min at 600 K. The
longitudinal offset Kerr rotation (after extrapolation of the linear
variation of the signal above 3 ML of Co to zero Co thickness)
corresponds to the Kerr rotation from 2.5 ML. The initially negative
polar Kerr rotation signal becomes positive after the PMA is forced (by
annealing at 600 K) to persist for the thicker Co films.
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Fig. 3. Theoretical thickness dependence of Kerr observables (rotation
and ellipticity) for incident p-photons with an energy of 1.84 eV for Co
films on Pd substrate: (a) for out-of-plane magnetization–polar effect, 5�
incidence angle and (b) for in-plane magnetization–longitudinal effect, 67�
incidence angle.
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found for Pd(00 1) surface (Fig. 2(a)). This offset originates
in the Co/Pd interface formed during the growth of the first
MLs of Co [8,9]. Besides a possible Pd polarization and its
contribution to the Kerr rotation from the Co/Pd system
[4], the changed value of the magneto-optical Voigt param-
eter for the Co atoms adjacent to Pd can be also expected
[9].

We found that the Co films deposited at 300 K, which
are magnetized in plane immediately after deposition, exhi-
bit a PMA after an exposure to the residual atmosphere at
low temperatures (70 K) for sufficiently long time. Similar
effect can be observed when covering the Co films with
20 ML of Au, independently of the crystallographic orien-
tation of the Pd substrate (Fig. 2(b))[10]. The maximum
thickness up to which the PMA persists due to covering
with Au is exactly the same as when it is induced by expo-
sure of Co/Pd to the residual atmosphere. Thus we believe
that covering with Au is not a destructive method for the
local atomic arrangement in the Co/Pd interface. Conse-
quently, we claim that just the same Co/Pd interface con-
tributes to the polar Kerr rotation as the interface which
was contributing to the longitudinal Kerr rotation before
covering the film with Au. Also annealing above 300 K
supports the PMA of the Co films grown on Pd substrates
(Fig. 2(c)). However, upon annealing the PMA of the sys-
tem increases due to structural changes and/or interface
alloying. The Co/Pd interface does not remain the same
in this case.

The polar Kerr rotation loops measured at the lowest
Co coverage on Pd(001) after appearance of PMA are
‘reversed’. The same effect was previously reported for
Co on Pd(110) [10]. In already mentioned Fig. 2(b), the
PMA of the Co films on Pd(00 1) was induced by covering
with Au. It is seen that the ‘reversed’ polar Kerr rotation
loops are detected for the Co coverage up to about
1.1 ML. Above 1.2 ML of Co, the PMA vanishes and it
is impossible to reach the critical thickness tc at which
the polar Kerr rotation loops become ‘normal’. The polar
magnetization above 1.2 ML can be achieved only by
annealing. Then the ‘normal’ polar loops are detected
above the Co thickness, indicated in the following as criti-
cal thickness tc, which equals �2.5 ML (as shown in
Fig. 2(c)). We note that for the Co films on Pd(110) sur-
face, the PMA could be achieved by covering with Au up
to the thickness of about 5 ML [10]. The ‘normal’ polar
loops were detected above the critical thickness
tc = 2.7 ML in that case [10].

Independently of the mechanism responsible for the in-
duced PMA (residual gas adsorption, annealing or cover-
age by Au), the polar MOKE loops measured in our
experiments are ‘reversed’ below tc and become ‘normal’
above tc. This is attributed to the competition between
two magneto-optical components of the Kerr rotation sig-
nal having opposite signs. One takes origin at the Co/Pd
interface and the other one in the remaining part of the
Co film (i.e., in that without the interface region). At tc

these two contributions cancel each other. Obviously, the
Co/Pd interface contribution to the magneto-optical re-
sponse which was seen as an offset in the longitudinal
geometry (Fig. 2(a)) should be seen in the polar MOKE
as well. The negative polar Kerr rotation measured for
the Co/Pd interface agrees with the available theoretical
calculations performed for Co/Pd multilayers [11]. The cal-
culations show that for the experimental photon energy of
1.84 eV the polar Kerr rotation depends strongly on the
multilayer composition, changing sign for the thinnest Co
layers.

Note, that our polar Kerr experiments on the Co/Pd sys-
tems were performed within the same experimental setup as
the longitudinal ones. The only difference concerned the
incidence angle of the laser beam (because the longitudinal
effect cancels at normal incidence). As it is plotted in Fig. 3,
electromagnetic theory calculations described in Ref. [12]
show that for Co films on Pd, for present experimental con-
ditions, the polar Kerr rotation of the ‘reference sample’
should be of the same sign as that for bulk Co
(Fig. 3(a)), whereas for the longitudinal geometry the signs
should be opposite (Fig. 3(b)). This is caused by different
development of the Kerr phase (given by arc tan of the
ellipticity/rotation ratio) with the Co thickness in both
cases. In experiments we indeed observed a sign change
of the longitudinal Kerr rotation between the values mea-
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sured for our reference sample (5–10 ML thick Co film on
the Pd substrate) and for bulk Co (measured in our case for
a 30 lm thick Co foil). This agrees with Fig. 3(b), solid line.
However, note that this sign change has nothing to do with
the Co/Pd interface effect discussed in this article.

Interestingly, the Co/Pd interface contribution to the
polar Kerr rotation in our case (i. e., for photon energy
of 1.84 eV and incidence angle of 5�) is of a different sign
with respect to the contribution from the remaining part
of the Co film. On the other hand, the same sign is ob-
served when the longitudinal Kerr rotation is probed (inci-
dence angle of 67�). Actually speaking, in both cases, i.e.,
for longitudinal and for polar Kerr rotation, the Co/Pd
interface contribution is opposite with respect to the rota-
tion signal from bulk Co. In the case of the longitudinal
Kerr effect the rotation signal changes sign at the Co film
thickness of 29.3 nm, i.e., about 140 ML (Fig. 3(b)). At this
thickness the longitudinal Kerr phase reaches 0.5p (domi-
nating ellipticity signal–Fig. 3(b)), while the polar phase
is 0.85p (dominating rotation signal–Fig. 3(a)). On the
other hand, for the ‘reference sample’ both phases are close
to 0.65p and both MOKE angles are detectable.

When more-ML islands would be formed in the initial
stage of growth, the negative component to the polar Kerr
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Fig. 4. (a) STM image of the 0.4 ML thick Co films grown on Pd(111) at 300
white line, where the distance of 0.42 nm corresponds to 2 ML of Co. (b) C
remanence at 70 K for the Co films on Pd(111) exposed to a residual atmosph
for an ideal layer-by-layer growth mode (thick solid line).
rotation should not appear. This is due to the fact that
1 ML of deposited Co in average over the specimen surface
is composed of islands which may be even a few monolay-
ers high. The negative Co/Pd interface contribution for
such high islands would be overwhelmed by the positive
non-interface Co contribution, resulting in the positive po-
lar Kerr rotation from each such an island. For Co films on
Pd(111), in contrast to Pd(001), at 300 K the growth starts
by a formation of double-layer patches (Fig. 4(a)). The
PMA for the Co films grown on the Pd(111) surface can
be achieved by gas adsorption or by Au-covering as well.
However, as it is shown in Fig. 4(b), there is no change
of the polar Kerr rotation hysteresis loop sign in this case.
Even for the lowest Co coverage, the positive rotation is
measured for the Co films on Pd(11 1) substrate. This
means that the negative Co/Pd interface contribution to
the total polar Kerr rotation in the Co/Pd(111) system is
overwhelmed by the positive contribution from the non-
interface Co already at its thickness of 2 ML. However,
this could also happen in the case of a non-ideal double-
layer growth, i.e. when the third layer starts to appear
before completion of the first two atomic layers. Then a po-
sitive signal would be measured due to the positive contri-
bution from the 3 ML thick film areas. Note that exposure
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to the residual atmosphere (or covering with Au) was nec-
essary to induce the PMA to be able to measure the polar
Kerr rotation.

‘Reversed’ out-of-plane hysteresis loops should appear
in polar Kerr rotation at low Co coverage in the case of
layer-by-layer growth, as it is schematically shown in
Fig. 4(b) by the solid line. The gradual appearance of the
Co monolayer would result in increasing negative polar
Kerr rotation which would be balanced to about zero when
the second atomic layer would start to complete as it hap-
pens for Co on Pd(001). This is due to the large negative
Kerr rotation measured only for the 1 ML-thick Co layer
on the Pd surface.

This confirms that in the low coverage limit the film
topology mostly determines its magneto-optical response.
The film topology at initial stages of growth very strongly
depends on the growth conditions influenced partly by a lo-
cal pollution of the Pd crystal surface on the atomic scale.
Thus, tiny differences in the mode of growth can result in
non-reproducible results for Co/Pd(1 11) systems reported
in literature concerning, for example, the thickness range
in which the negative Kerr rotation is observed [13,14].

In conclusion, we stress the fact that on the Pd(001) sur-
faces the negative polar Kerr rotation was observed at low
Co coverage, i.e., for less than 2.5 ML-thick Co films.
Above this thickness the interface contribution is overrid-
den by the positive Kerr rotation from the non-interface
Co atoms. For Co on Pd(111), due to the three-dimen-
sional growth mode which starts from the formation of
2 ML-thick patches, the negative Kerr rotation is not ob-
served even for very low coverage. The experimental results
of the negative Kerr rotation contribution from Co/Pd
interface with respect to that of Co agree qualitatively with
published electronic structure calculations.
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