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Electronic and magnetic structure of thin Ni films on Co/Cu„001…
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The electronic and magnetic structure of ferromagnetic Ni films grown epitaxially on ultrathin films of Co
has been studied by x-ray-absorption spectroscopy~XAS! using circular polarization. The growth morphology
of the films was verified using high-resolution low-energy electron diffraction and indicated an incomplete
layer-by-layer growth mode for the Co and Ni films deposited on Cu~001!. We report the presence of addi-
tional peaks in the x-ray magnetic circular dichroism~XMCD! as predicted by the configuration interaction
model. The ground-state magnetic moments were obtained from the XMCD sum rules at the Ni 2p edge. For
a film thickness below 2 ML the number of holes and the spin polarization~spin moment per hole! show a
gradual decrease, while the orbital polarization~orbital moment per hole! and the spin-orbit interaction show a
gradual increase in magnitude. The 6-eV satellite structure, which is present in the XAS and XMCD of bulk
Ni, disappears for submonolayer coverages while the dichroism due to ‘‘diffuse magnetism’’ between theL3

andL2 edges is strongly enhanced. These observations are ascribed to changes in the hybridization~electronic
mixing! as a function of film thickness, which influences the ground-stated8 weight and thes-state spin
polarization. The strongly increased orbital moment per spin provides a good measure for the degree of
localization. It is shown that for Ni thin films a localization of the wave function does not lead to an enhance-
ment in the total magnetic moment, but, on the contrary, its value is twice as small as the bulk value.
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I. INTRODUCTION

Magnetic multilayers and thin films have become the s
ject of intense research largely stimulated by the discover
new magnetic phenomena such as exchange biasing,
magnetoresistance, and perpendicular magnetic anisot
~PMA!. Since the observation of PMA in Co/Pd multilayer1

many new systems have been discovered, but the N
multilayer system is of particular interest because both c
stituents are ferromagnetic. In 3d transition-metal system
the magnetic anisotropy is intimately related to the electro
structure because the easy axis of magnetization is defi
by the direction of the largest component of the orbi
moment.2–5 This sensitivity to the interface electronic stru
ture has been demonstrated in Ni/Co multilayers where it
been shown that the PMA arises due the spin-orbit inte
tion of dx22y2 and dxy states near the Fermi level.6 A thor-
ough understanding of interface electronic structure is th
fore important since it strongly influences the the magne
anisotropy through hybridization, interface roughness,
strain.

X-ray-absorption spectroscopy~XAS! using circularly po-
larized radiation, which gives rise to x-ray magnetic circu
dichroism~XMCD!, has proved to be ideal to study the ele
tronic and magnetic properties of materials since the relev
ground-state properties can be determined using powe
sum rules.7–9 From a detailed analysis of the NiL2,3 white-
PRB 600163-1829/99/60~18!/12852~9!/$15.00
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line intensities of thin Ni films grown on Cu~001! Srivastava
et al.10 found that the density of 3d holes (nh) increases by
almost 20% going from a submonolayer to a 5-ML-thi
film. The reduction ofnh for thin films is ascribed to a hy-
bridization of the Cu and Nid bands resulting in a charg
transfer from Cu to Nid orbitals.11 Application of the sum
rules to the XMCD measurements on thin Ni films o
Cu~001! showed reduced spin and orbital moments co
pared to the bulk.12

The electronic structure of Ni can either be calculat
with one-electron band theory13–18 or with a configuration
interaction~CI! model based on a localized Anderson imp
rity approach.19–21 Korringa-Kohn-Rostoker Green’s
function calculations for the ground state of Ni thin films o
Cu~001! show a slight enhancement of the Ni magnetic m
ment at the surface but a strong reduction of the Ni magn
moment at the Cu interface with hardly any change in
number ofd holes.22 The absence of a Cu magnetic mome
appears to be the reason for this strong reduction in the
interface magnetism. For Ni on a ferromagnetic substr
such as Co or Fe, it is therefore expected that this reduc
will not occur but that Ni at the interface would retain i
bulk value. However, a strong hybridization between the
and the substrate which changes thed density of states can
have a significant influence on the local ground state,
hence the interface magnetism. This dilemma has motiva
us to study the magnetic behavior of Ni grown on Co dep
ited on Cu~001!.
12 852 ©1999 The American Physical Society
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In this paper we report on the film morphology and ele
tronic structure of ultrathin Ni films epitaxially grown on C
films deposited on Cu~001! and we relate this information to
the magnetic properties of the ultrathin Ni films. All Ni film
grown on Co in this study displayed ferromagnetism wh
enabled the simultaneous study of magnetic and electr
properties for submonolayer coverages. XAS at the NiL2,3
edges was used to monitor the evolving electronic struc
as a function of Ni thickness and XMCD was used to pro
the element and site specific magnetic properties. The m
phology and growth of the thin films were studied usi
high-resolution low-energy electron diffraction~HRLEED!
and implied that deposition of Ni on a 4-ML Co film resul
in a more uniform surface with an increased average ter
width. By monitoring the modifications in the XAS an
XMCD line shapes at the NiL2,3 edges we found that th
reduced spin moment for the Ni films can be interpreted
terms of electron localization and hybridization between
Co and Ni 3d states.

II. EXPERIMENT

A. Growth morphology

The Cu~001! substrate was prepared by repeated cycle
Ar1 ion bombardment and annealing to 700 K in UHV. C
was deposited onto the Cu~001! surface at temperatures b
tween 270 and 300 K followed by deposition of Ni at simil
temperatures. The films were not annealed to avoid inter
fusion and the pressure rise during deposition of either C
Ni was ,1310210 mbar. The thickness of the Ni and C
films was calibrated by a quartz crystal monitor by modu
tions in the specular HRLEED beam. All coverages repor
in this study are accurate within 10%. The growth of Co
Cu~001! has been reported previously by several auth
who have shown that for Co films<20 ML a distorted fcc
structure is adopted during pseudomorphic growth.23,24 Fig-
ure 1 shows HRLEED profiles of the~00! diffraction beams
from the clean Cu~001! surface, from the Cu~001! surface
after the deposition of 4 ML of Co, and after the depositi
of 0.3 ML of Ni on the 4-ML Co film. All HRLEED data
presented here were recorded for an out-of-phase cond
in order to determine changes in the average terrace size
diffraction line shape is the sum of a sharp central peak c
responding to the long-range order and a broad structure
a width related to the average terrace width. Since
Cu~001! surface itself has an indiscernible wide feature it
clear that the Cu substrate has a high-degree of long-ra
order with an average terrace width exceeding the cohere
length of the incident electrons (;1000 Å). Deposition of 4
ML of Co results in the appearance of a broad feature in
cating a decrease in the average terrace width. Upon dep
tion of 0.3 ML of Ni onto the Co surface the full width a
half maximum~FWHM! of this broad feature is reduced an
its intensity decreases which indicates an increase in the
erage terrace width. From the HRLEED data it seems r
sonable to suggest that at room temperature the Ni fi
grow by island formation at the step edges of the Co surf
which results in the increased average terrace width. A m
detailed study concerning the growth modes of Ni
Co/Cu~001! will be presented elsewhere.25
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B. X-ray-absorption measurements

The absorption studies were performed in a separate U
chamber, equipped with the same evaporators and sam
preparation facilities as the HRLEED chamber. Measu
ments were done using 85% circularly polarized light fro
beamline ID12B of the European Synchrotron Radiation
cility ~ESRF! in Grenoble. The NiL2,3 absorption edge was
recorded in total electron yield mode with the light incide
at 45 ° after remanent magnetization of the films perpend
lar to the sample. The energy resolution of the incide
x-rays was better than 0.45 eV. XMCD spectra were
corded by reversing the remanent magnetization of the
films and by reversing the helicity of the incident radiatio
All XAS spectra presented were normalized to a const
edge jump in order to obtain ground-state moments per at
Saturation effects are negligible for the given geometry a
thin Ni films used in this study. Oxidation of the film can b
monitored directly from the NiL2,3 spectrum, since it results
in a distinct change of the XAS spectrum.26

III. RESULTS

A. XAS

Figure 2 shows the NiL2,3 XAS spectra recorded with
circular polarized x rays for a 2-ML Ni film epitaxially

FIG. 1. HRLEED profiles of the~00! diffraction beam at the
out-of phase condition from a clean Cu~001! surface~solid circles!,
a 4-ML Co film epitaxially grown on the Cu~001! surface~open
circles!, and a 0.3-ML Ni film epitaxially grown on a 4-ML Co film
on the Cu~001! surface~open squares!. The spectra have been no
malized to the central peak and plotted on a logaritmic scale.



to

o
e

y

A

e

L
n
in
e
i-

e-
e
e
Fig.

nal

-
on
,
the

ta
t-

i

al

-
ture
e-
el-

12 854 PRB 60DHESI, DÜRR, van der LAAN, DUDZIK, AND BROOKES
grown on a 4-ML Co film deposited on Cu~001! after rema-

nent magnetization along the@110# and @ 1̄1̄0# directions.
The 2p spin-orbit interaction splits the XAS spectrum in
an L3 (2p3/2) and L2 (2p1/2) structure. Different features
can be distinguished above theL3 main line, namely a high-
energy tail~A!, a satellite at;6 eV ~B! with a tail ~C! and
a rather structureless continuum~D!. Similar features, but
less distinct due to a broader linewidth, are also seen ab
the L2 main line. The inset of Fig. 2 shows details in th
region of the satellite structure above theL3 edge for the
2-ML film ~upper two curves! together with the XAS spectra
recorded from a 0.2-ML Ni film grown on a 4-ML Co film
~lower two curves!. The intensity of the satellite B is strongl
reduced for the 0.2-ML Ni film~downward arrow in inset of
Fig. 2!. There is also a weak satellite feature in the region
~upwards pointing arrow in inset of Fig. 2! which becomes
more pronounced for the 0.2-ML Ni film compared to th
2-ML Ni film.

FIG. 2. Ni L2,3 XAS measured for a 2-ML Ni film with the
sample magnetization parallel~drawn line! and antiparallel~dashed
line! to the photon helicity. The spectra are normalized to a cons
edge jump~long dashes!. The inset shows details of the 6-eV sa
ellite above theL3 edge for the 2-ML Ni film ~top two curves!
compared to a 0.2-ML Ni film~bottom two curves!. The intense
6-eV satellite~marked by B! almost disappears for the thinner N
film. Another satellite feature at 3.3 eV above theL3 edge~marked
by A! becomes visible for reduced Ni film thicknesses.
ve

B. XMCD

Figure 3 shows the XMCD spectra for both the 0.2-M
and 2-ML Ni films obtained from the difference betwee
XAS spectra in Fig. 2. The XMCD spectra were aligned
energy at theL2 edge and normalized in intensity to th
maximum dichroism at theL3 edge. The spectra are dom
nated by the signal at theL3 andL2 main lines with satellite
features at;3.3 eV ~A! and 4.0 eV above these edges, r
spectively. The 2-ML Ni film shows a decrease in th
FWHM of the L3 and L2 main lines and a decrease in th
energy separation between these two lines. The inset of
3 shows details of the satellite structure above theL3 edge
for different Ni film thicknesses. With increasing Ni film
thickness there is a gradual reduction in the dichroic sig
over the entire energy range between theL3 and L2 edge
including the 3.3-eV satellite~A!. Furthermore, the distinc
tion of feature B is lost for the thinnest films. For comparis
the XAS and XMCD of a thick Ni film are shown in Fig. 4
where peaks B, C, and D are more pronounced than in
case of the thin films.

nt

FIG. 3. Ni L2,3 XMCD spectra for the 0.2-ML~dashed line! and
2-ML ~drawn line! Ni film. The spectra were normalized to equ
L3 dichroism intensities and aligned in energy at theL2 edge. There
is a clear increase in the FWHM of theL3 andL2 main lines. The
energy separation between theL3 and L2 edges increases for de
creasing Ni film thickness. The inset shows the satellite struc
above theL3 edge for different Ni film thicknesses. The most r
markable change in the XMCD is the evolution of the 6-eV sat
lite, marked by B.
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FIG. 4. Ni L2,3 XAS measured for a thick Ni
film ~10 ML! with the sample magnetization pa
allel ~drawn line! and antiparallel~dashed line! to
the photon helicity; together with the XMCD
~dots!.
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IV. DISCUSSION

Analysis of the data can be done at two separate leve
sophistication. By using the sum rules which relate the in
grated signals to ground-state properties, we can draw
clusions from the experimental data which are theory in
pendent, i.e., equally valid for a band structure and
localized description. Second, we can interpret the deta
spectral shape in terms of these different models for the e
tronic structure, thereby losing a certain degree of genera

A. Sum-rules XAS

The isotropic spectrum is reasonably well approxima
by the sum of the two spectra with opposite magnetization
Fig. 2. To avoid the influence of any linear dichroism due
an anisotropic 3d charge distribution, as reported by Sriva
tavaet al.,12 we performed our measurements near the ma
angle. The integrated intensity of the isotropic spectrum,
ter correction for transitions into continuum states, is a m
sure of the number of unoccupied states in the valence b

For the background correction of the XAS we employ
the same method as, e.g., Chenet al.27 for Fe and Co. To
subtract the transitions into continuum states we used a
function aligned at the maxima of theL3 andL2 edges with
relative heights of 2 : 1, which is the expected intensity ra
for transitions into the two continua. The demarcation b
tween the integrated areasA3 andA2 of the L3 andL2 sum
spectra was taken at 868.3 eV, i.e., just below the onse
the L2 edge. The choice of this value affects the branch
ratio which is a measure of the spin-orbit interaction in t
valence states. It is clear from Fig. 2 that the corrected sig
remains positive between theL3 and L2 edge and does no
return to zero. A possible complication is therefore that
contribution of theL3 structure extends further than the ons
of the L2 edge. For localized materials theL3 structure is
usually more extended than theL2 structure,28 which could
explain why the background corrected signal in Fig. 2 do
not return to zero above theL3 edge. Therefore there is
certain degree of uncertainty in the choice of the backgro
of
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which will influence the absolute values ofnh and^ l •s& but,
to a lesser extent, their trends.

Figure 5 shows the obtained branching ratioB[A3 /(A3
1A2) as a function of the Ni film thickness. Whereas N
films below 4 ML were grown on Co films, the data points
4 ML and 10 ML are for Ni films deposited directly onto th

FIG. 5. Branching ratio of the background corrected integra
intensities at theL2,3 edge as a function of Ni film thickness. Th
drawn line is a guide to the eye. The open square indicates the v
determined for fcc Ni.41
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12 856 PRB 60DHESI, DÜRR, van der LAAN, DUDZIK, AND BROOKES
Cu~001! surface. These values have been included to g
supportive evidence that the electronic structure does not
nificantly change for a Ni film thickness above 2 ML. Takin
into account that there might also bes states contributing to
the number of holes, the branching ratio of the isotro
spectrum is given as29

B5B01~B021!
^ l •s&

nh8
, ~1!

with

nh8[nh
d1nh

s Ps

Pd
, ~2!

where ^ l •s& is the expectation value of the angular part
the 3d spin-orbit interaction,nh

d andnh
s are the number ofd

ands holes, respectively, which have transition probabilit
Pd and Ps. The value of the coefficientB0 depends on the
2p-3d electrostatic interaction, which inducesj j mixing,
i.e., a transfer of spectral weight between the twoj edges.29,30

For a 3d9 ground state there is no electrostatic interaction
the final state 2p53d10 so thatB0 becomes equal to the sta
tistical value of2

3 . An admixture of 3d8 in the ground state
will increase the branching ratio, e.g., an atomic 3d8 3F
state, averaged over the spin-orbit split levels, has aB0 of
;0.7 ~Ref. 30, Fig. 6!. However, the 3d8 admixture in a
metal is quite small, i.e., 18% in bulk Ni,20 and even smaller
for thin films as manifested by the 6-eV satellite intensi
For metallic Ni the contribution toB0 due to core valence
interaction is,0.01. If we assume thatPd@Ps we obtain for
the 10-ML film ^ l •s&/nh

d'223B520.22, which gradually
increases to20.48 for the thinnest films; see Tables I and
For comparison, the Hund’s rule ground state, where
spin-orbit coupling is complete, haŝl •s&/nh

d521. The
measured values are quite large, and as mentioned some
tematic error due to the background correction cannot c
pletely be excluded.

B. Sum-rules XMCD

The electron expectation values of the orbital mom
^Lz&, spin moment̂ Sz&, and magnetic dipole term̂Tz& are
related by the sum rules to the integrated XMCD signa7,8

Since there might also bes states contributing to the numbe
of holes and to the spin moment, but not to the orbital m
ment and magnetic dipole term, we can write the sum ru
as

^Lz&

nh8
5

4

3

DA31DA2

A31A2
, ~3!

^Sz8&

nh8
5

DA322DA2

A31A2
, ~4!

^Sz8&[^Sz
d&1

7

2
^Tz&22^Sz

s&
Ps

Pd
, ~5!

whereA2,3 andDA2,3 are the integrated sum and differen
signals over theL2,3 edges, respectively. The sum rules f
e
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p→d transitions can be retrieved by takingPs50. Equation
~5! shows that the dichroism due to thes spin moment is
opposite in sign than that of thed spin moment.

The values ofnh
d and nh

s are in principle unknown al-
though they could be estimated from band model calcu
tions. In order to remove the systematic error due to
background subtraction in the sum spectrum, the presenc

TABLE I. Values ~with error bars! of the Ni moments per hole
as obtained from the experimental spectra by applying the sum r
without making an assumption for the number of holes.nh85nh

d

1nh
sPs/Pd and^Sz8&5^Sz

d&1
7
2 ^Tz&22^Sz

s&Ps/Pd. The columns re-
fer to the Ni thickness~ML !, relative number ofd holes with re-
spect to the 10-ML film, the expectation values perd hole for the
spin-orbit coupling, orbital moment, spin moment, and total ma
netic moment,Mz5Lz12Sz8 , respectively. The bottom line give
the experimental values for fcc Ni bulk.

ML nh8~rel.! ^ l •s&/nh8 ^Lz&/nh8 ^Sz8&/nh8 ^Mz&/nh8

0.2 0.58~1! 20.48(10) 0.07~1! 0.13~2! 0.33~4!

0.5 0.63~1! 20.51(10) 0.06~1! 0.12~2! 0.30~4!

0.9 0.77~1! 20.31(10) 0.05~1! 0.15~2! 0.35~4!

1 0.82~1! 20.30(10) 0.05~1! 0.15~2! 0.35~4!

2 0.91~1! 20.26(10) 0.05~1! 0.15~2! 0.35~4!

10 1.00~1! 20.22(10) 0.05~1! 0.20~3! 0.45~6!

Bulk 20.19(6)a 0.06~1!b 0.27~3!b 0.60~6!b

20c 0.08~1!c 0.29~1!c 0.66~2!c

aReference 41, Ni~110! crystal.
bReference 42, Ni~110! crystal.
cReference 43, 20-ML Ni film on Cu~100!.

TABLE II. Values ~with error bars! of the total Ni moments as
obtained from Table I by assumingnh851.45 for bulk Ni. The col-
umns refer to the Ni thickness~ML !, number ofd holes, expectation
values for the spin-orbit coupling, orbital moment, spin mome
and total magnetic moment, respectively. The bottom three li
give the theoretical values for an fcc Ni film, and the experimen
and theoretical values for fcc Ni bulk.* applies only tô l •s& col-
umn.

ML nh8 ^ l •s& ^Lz& ^Sz8& ^Mz&

0.2 0.84~2! 20.40(10) 0.06~2! 0.11~3! 0.28~6!

0.5 0.91~2! 20.46(10) 0.05~2! 0.11~3! 0.27~6!

0.9 1.12~2! 20.35(10) 0.06~2! 0.16~3! 0.38~6!

1 1.19~2! 20.36(10) 0.06~2! 0.18~3! 0.42~6!

2 1.32~2! 20.34(10) 0.07~2! 0.20~3! 0.47~6!

10 1.45~2! 20.32(10) 0.07~2! 0.29~4! 0.65~8!

Film ~th.! 0.09a 0.23a 0.55a

Bulk ~exp.! 1.45* 20.28(9)b 0.06~1!c 0.27~3!c 0.60~6!c

Bulk ~th.! 20.20d 0.06e 0.29e 0.64e

aReference 17.
bReference 41.
cReference 42.
dReference 20.
eReference 40.
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PRB 60 12 857ELECTRONIC AND MAGNETIC STRUCTURE OF THIN . . .
linear dichroism and any incomplete polarization or mag
tization, we can take the ratio

R[
^Lz&

^Sz8&
5

4

3

DA31DA2

DA322DA2
. ~6!

The magnetic dipole term can contribute to;10% of the
spin moment,31 but we will neglect it here because our me
surements were done near the magic angle.33 In the first in-
stance we will assume thatPd@Ps so thatR'^Lz&/^Sz

d&.
Table I gives the values of the Ni moments per hole

obtained from the experimental spectra by applying the s
rules without making an assumption for the number of ho
Table II gives the values of the moments per atom as
tained from Table I by assuming that bulk Ni has 1.
holes.10 For comparison we also give the theoretical valu
for an fcc Ni film, and the experimental and theoretical v
ues for fcc Ni bulk. It should be noted that the films in th
study have an fct structure, whereas the theoretical value
for the fcc phase of Ni. For a decreasing Ni thickne
^Lz&/nh increases, but there is a much stronger decreas
^Sz8&/nh , resulting in a net decrease in the total magne
moment. Figure 6 shows the increase inR as a function of Ni
film thickness obtained using sum rule analysis with~closed

FIG. 6. Orbital moment per effective spin momentR as a func-
tion of Ni film thickness obtained from the measured XMCD usi
the sum rules with~closed circles! and without~open circles! inclu-
sion of the transitions into thes and the continuum states. The line
are a guide to the eye. The closed square indicates theR value for a
Ni/Co alloy. The inset shows the absolute value of the integra
area of the dichroism at theL3 edge as a function of Ni film thick-
ness.
-

s
m
s.
-

s
-

re
s
in

c

circles! and without~open circles! the contribution from the
region above peak B in the MCXD spectra~see Fig. 3!. The
values ofR were determined from repeated XMCD measu
ments with the errors representing the statistical uncerta
in the mean value of the measurements. The single data p
represented by the solid square is for a Ni/Co alloy grown
codeposition of Co and Ni onto the Cu~001! surface. From
the XAS edge jumps at the Ni and Co edges it is estima
that 0.7 ML of Ni was deposited with 4 ML of Co. Th
decrease in the value ofR for the alloy is due to an increas
in the spin moment, but this effect will be discussed el
where. Here we note only that the increased coordination
the Ni sites in the NiCo alloy leads to the dramatic reduct
in the value ofR which implies that the thin Ni films grown
on the Co film in this study do not form an alloy. The inset
Fig. 6 shows the integratedL3 signal of the XMCD spectra
as a function of Ni film thickness. The sharp decrease
magnitude of the dichroism for a Ni film thickness below
ML indicates that the magnetic moment is quenched for
lower coverages. Table II shows that for the thinnest Ni fi
Mz5Lz12Sz is two times smaller than for the bulk. On th
other hand, for the thinnest filmR is 2.43 larger than for the
bulk.

The increase inR for the thin coverages is due the re
duced spin moment and also arises from a small increas
the orbital moment because of the reduced crystal field of
surface atoms. The latter lifts the quenching of the spin-o
coupling and hence the orbital moment. An increase in
spin-orbit coupling per hole leads to an increase in the orb
moment per spin. Table I shows an almost linear relat
between the two quantitieŝl •s&/nh and ^Lz&/^Sz8&. How-
ever, a strictly linear proportionality is merely fortuitou
since such a relation would also depend on the details of
electronic structure near the Fermi level.

C. Spectral structure

For bulk nickel Chenet al.32 already reported the satellit
at ;3.3 eV above theL3 edge in the XMCD. However, the
;6 eV satellite, which is visible in the XAS, was reporte
to be absent in the XMCD. In Chen’s paper the satellites
the XMCD and XAS are marked with B and A, respective
but here we will mark them as A and B, respectively. O
high-resolution measurement reveals much more struc
which make it more practical to label these features w
increasing photon energy~cf. the bulk spectrum shown in
Fig. 4!. Theoretical calculations based on the CI mode20

have also predicted the presence of additional structure in
XMCD, such as the positive feature around 6 eV. The rea
for the satellite structure is that the 2p53d9 final state con-
figuration is split by core-valence exchange interaction int
singlet and triplet spin state. The triplet state, where the sp
of the core and valence holes are parallel, has the low
energy and corresponds to satellite A. The singlet state
higher energy corresponds to the satellite B. Without sp
orbit coupling the singlet state cannot be reached from
triplet 3d8 initial state, but the large 2p spin-orbit interaction
allows spin-flip transitions which brings the singlet final sta
into reach.

In order to understand the satellite structure, it is instr
tive to consider first the x-ray absorption from a pure 3d8

d
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12 858 PRB 60DHESI, DÜRR, van der LAAN, DUDZIK, AND BROOKES
initial state into a 2p53d9 final state, as occurs in divalent N
compounds. The experimental XMCD spectrum for Ni21 in
NiFe2O4 provides a good starting point for our discussi
and can be found in Fig. 1 of Ref. 34, where the featu
denoted by A, B, C, and D correspond to the satelli
marked with the same labels in Figs. 2, 3, and 4 of this pa
The L3 edge of Ni21 is mainly split into a doublet A-B
which is a measure for the effective 2p-3d exchange inter-
action screened by intra-atomic relaxation. The energy s
ting of ;2.6 eV, observed for Ni metal, suggests a 2p-3d
exchange interaction which can be expected for a locali
model. Atomic calculations show that the dichroic signal
satellite B is always smaller than that of satellite A. T
intensity ratio depends on both the 2p-3d exchange interac
tion and the crystal-field interaction. For a moderate
strong crystalline field the dichroism of the features A and
have opposite sign.34 Since the exchange interaction can
determined from the A-B separation, the intensity ratio c
be used as a measure for the crystal-field interaction in thd8

ground state.34 The correspondingL2 edge is also split into a
doublet structure, but the core holej 51/2 character togethe
with the 2p-3d exchange interaction result in a reduced e
ergy separation and in a different intensity ratio. The XMC
at theL2 edge is entirely positive, lacking features with o
posite sign such as in theL3 edge.

Returning to the case of nickel, for the metal we have
take into account the hybridization of the 2p53d9 configura-
tion with other configurations, of which the 2p53d10 will be
the most important. The character of each final state will
a mixture of the pure configurations. Due to the Coulom
interaction the 2p53d10 configuration has the lowest energ
and has therefore the highest weight in the main peak.
main peak is most strongly mixed with the triplet final sta
~A! which has the smallest energy separation. Each sta
broadened by band effects, which leads to an overlap in
ergy, so that the triplet state will become part of the hig
energy tail of the main peak. The evolution of the XAS s
ellite structure~Fig. 2! shows that this effect depends on t
coverage. Peak A is located within the main band, so tha
intensity smears out. However, for submonolayer cover
where the hybridization is smaller, peak A becomes m
distinct.

In the XAS, satellite B practically disappears for th
0.2-ML coverage. This can be explained by a reduced Ni
hybridization~proportional to the square root of the numb
of neighbors! with decreasing coverage, which diminish
the 3d8 weight in the ground state. Then the 2p53d9 final
state can no longer be reached.

In the XMCD ~Fig. 3! the positive signal of peak B on
negative background is clearly visible. This feature has
caped earlier XMCD studies on Ni which have all been tak
at a lower photon energy resolution. This feature loses
distinction for submonolayer coverage where the hybridi
tion is reduced.

The feature C, a small increase in the negative dichro
~Fig. 3!, might be due to excited crystal-field states. T
negative dichroism in the region D between theL3 and L2
edges is ascribed to transitions into emptys states which are
strongly spin polarized~cf. Sec. IV D! together with possibly
s
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higher excited final states, such as 2p53d8 which may give
rise to the increase in the negative dichroism in region D
Fig. 4.

Figure 7 shows that the energy separation between thL3
andL2 main lines increases for the submonolayer cover
by several tenths of eV. Systematic calculations35 show that
the energy splitting due to the 2p spin-orbit interaction is
independent of thed count, so that this effect can be ex
cluded. Since the relative intensities and separations of
satellites are different for theL3 and L2 edge, a change in
coverage which induces differentd weights might give a
very small change in the energy separation of theL2,3 main
lines. Figure 7 shows the FWHM of the dichroism at theL2
andL3 edges as a function of Ni coverage. The increase
the FWHM at theL3 andL2 edges is most likely due to a
energy shifted component which decreases in intensity w
increasing Ni film thickness. The energy shifted compon
is also seen in the XAS spectra from thin Ni films, but d
appears for a Ni film thickness above 1 ML. In addition, it
this shifted component which results in the shift in energy
the L3 edge relative to theL2 edge. Since the shifted com
ponent essentially disappears during the submonolayer
gime it must be related to modifications in the surface el
tronic structure. In the submonolayer regime isla
formation at step edges is the most likely growth mode
the Ni films so that the shifted component may be related

FIG. 7. ~a! Ni L3 and ~b! Ni L2 main peak FWHM in the
XMCD, and ~c! energy separation between theL3 andL2 XMCD
main lines as a function of Ni film thickness. The drawn lines ar
guide to the eye.



di
he
d

y
C
is

t
rg

a

rg

p

ag
n
th
re

m
e
s
nt
e
n

e

ity
f
e

ne

te
th
n
es

hin

Ni
e
or a
etic
the

-
pec-
llite
d

a
to a
g-
-

ing
e
er

ace,
ed

ate
ing
iza-
ng
-

-
rties
on.
ving
s.
sed
e
he
tal
t is

No.
cal

PRB 60 12 859ELECTRONIC AND MAGNETIC STRUCTURE OF THIN . . .
the electronic structure of individual Ni islands. The coor
nation of the Ni atoms within an island differs between t
center and the perimeter so that as the film thickness is
creased the perimeter atoms contribute more significantl
the XAS spectra line shape. Previous studies of
nanoclusters36 indicate that as the diameter of a cluster
reduced the perimeter atoms become more importan
terms of the electronic structure and result in an ene
shifted component in XAS spectra.

D. Diffuse magnetism

The core-valence Coulomb interaction pulls down fin
states with localized 3d character compared to those withs
character, so that the latter will be at higher photon ene
Therefore the nonzero dichroism observed between theL2
andL3 edge is expected to be at least in part due to the s
polarization of emptys states. Alternatively, the dichroism
could be due to configurations such as 2p5d8. However,
since the dichroism is decreasing as a function of cover
while the satellite structure should decrease, we might o
for the thickest coverages expect a contribution from
2p5d8 configuration. The remaining dichroism is therefo
ascribed to ‘‘diffuse magnetism.’’37 In accordance with the
common usage, the spin contributions to the magnetic
ment can be separated into local and diffuse parts, wh
local part means the 3d contribution and diffuse part mean
the sp contribution, which is also that part of the mome
whose density lies mainly in the interstitial region of th
crystal and is not detected in neutron-diffraction experime
under normal circumstances.38 In Fe, Co, and Ni the relative
signs of the diffuse and local moments are opposite du
hybridization between the 3d and sp electrons, which ex-
ceeds the exchange interaction.39

For fcc bulk Ni the calculated diffuse magnetism is
27% of the spin moment,40 while neutron scattering give
gives217%. In XMCD it represents an integrated intens
of about 5%. This would suggest that the cross sections
excitation into thes states are quite similar to those into th
d states, while calculations indicate that they should be
least an order of magnitude larger. Also the diffuse mag
tism is apparently absent above theL2 edge where it should
appear with equal intensity but positive sign, since the in
grated intensity over both edges should vanish becauses
states have no orbital moment. One possible explanatio
that thes and d states are strongly mixed, which becom
.
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possible in lower than cubic symmetry, such as for the t
film.

V. CONCLUSIONS

X-ray-absorption measurements of well characterized
thin films on Co/Cu~001! as a function of coverage hav
provided several interesting results. Using the sum rules f
straightforward determination of the ground-state magn
moments, we find that with decreasing film thickness
number ofd holes and the spin polarization~spin moment
per hole! are decreasing, while the orbital polarization~or-
bital moment per hole! and the spin-orbit interaction are in
creasing. Furthermore, there are striking changes in the s
tral structure for submonolayer coverages. The 6-eV sate
structure~peak B! disappears in both XAS and XMCD, an
the dichroism due to ‘‘diffuse magnetism’’ between theL3
and L2 edge is strongly enhanced at low coverages. In
configuration interaction model, peak B can be ascribed
2p53d9 final state with singlet character. The diffuse ma
netism is due to emptys states with opposite spin polariza
tion than the emptyd states.

These observations indicate that the electronic mix
~hybridization! changes as a function of film thickness. Th
hybridization is proportional to the square root of the numb
of neighbor atoms. When it reduces, such as at the surf
thed8 weight in the ground state reduces, which is evidenc
by the disappearance of satellite B. The triplet final st
~peak A! is not reduced because it has considerable mix
with the nearby state that forms the main peak. The local
tion of the wave function increases the intra-atomic mixi
between thed and s states, which is manifested by the in
crease ins-spin polarization.

Localization of thed states and reduced crystal-field in
teraction at the surface enhances the atomiclike prope
such as the orbital polarization and the spin-orbit interacti
However, the spin polarization decreases because the dri
mechanism, the high-spind8 in the ground state, disappear
The orbital moment per spin is therefore strongly increa
and provides a good measure for the localization of thd
wave function. It is interesting to note that localization in t
case of Ni thin films does not result in an enhanced to
magnetic moment, on the contrary the magnetic momen
two times smaller than in the bulk.
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