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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 spectros¢¥g\s) 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 01(0C1). We report the presence of addi-
tional peaks in the x-ray magnetic circular dichroi$KMCD) as predicted by the configuration interaction
model. The ground-state magnetic moments were obtained from the XMCD sum rules at theetitj@ For
a film thickness below 2 ML the number of holes and the spin polarizaspim moment per hojeshow a
gradual decrease, while the orbital polarizatiorbital moment per ho)eand 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” betwéen the
andL, edges is strongly enhanced. These observations are ascribed to changes in the hybrieieationic
mixing) as a function of film thickness, which influences the ground-stéteveight 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.
[S0163-182609)05241-9

I. INTRODUCTION line intensities of thin Ni films grown on G001 Srivastava
et all® found that the density of @ holes (1) increases by
Magnetic multilayers and thin films have become the subalmost 20% going from a submonolayer to a 5-ML-thick
ject of intense research largely stimulated by the discovery ofilm. The reduction ofn, for thin films is ascribed to a hy-
new magnetic phenomena such as exchange biasing, giapfidization of the Cu and Nd bands resulting in a charge
magnetoresistance, and perpendicular magnetic anisotrop{p"'STer from Cu to N orbitals:~ Application of the sum
(PMA). Since the observation of PMA in Co/Pd multilay’ers rules to the XMCD measurements on thin Ni films on

many new systems have been discovered, but the Nilcggﬁgglgosﬂr:ce)vgi?ﬁzreduced spin and orbital moments com-

multilayer system is of particular interest because both con*" 1o ajectronic structure of Ni can either be calculated
stituents are ferromagnetic. Ind3transition-metal systems \\ith one-electron band thed7 28 or with a configuration
the magnetic anisotropy is intimately related to the electronignteraction(Cl) model based on a localized Anderson impu-
structure because the easy axis of magnetization is definggy  approacht®?! Korringa-Kohn-Rostoker ~ Green’s-
by the direction of the largest component of the orbitalfunction calculations for the ground state of Ni thin films on
moment?— This sensitivity to the interface electronic struc- Cu(001) show a slight enhancement of the Ni magnetic mo-
ture has been demonstrated in Ni/Co multilayers where it hagent at the surface but a strong reduction of the Ni magnetic
been shown that the PMA arises due the spin-orbit interacmoment at the Cu interface with hardly any change in the
tion of d,2_y2 andd,, states near the Fermi level thor-  number ofd holes?® The absence of a Cu magnetic moment
ough understanding of interface electronic structure is thereappears to be the reason for this strong reduction in the Ni
fore important since it strongly influences the the magnetidnterface magnetism. For Ni on a ferromagnetic substrate,
anisotropy through hybridization, interface roughness, anguch as Co or Fe, it is therefore expected that this reduction
strain. will not occur but that Ni at the interface would retain its

X-ray-absorption spectroscof}AS) using circularly po-  bulk value. However, a strong hybridization between the Ni
larized radiation, which gives rise to x-ray magnetic circularand the substrate which changes thdensity of states can
dichroism(XMCD), has proved to be ideal to study the elec-have a significant influence on the local ground state, and
tronic and magnetic properties of materials since the relevariience the interface magnetism. This dilemma has motivated
ground-state properties can be determined using powerfuls to study the magnetic behavior of Ni grown on Co depos-
sum rules.™® From a detailed analysis of the Np 3 white-  ited on Cy001).
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In this paper we report on the film morphology and elec- " T
tronic structure of ultrathin Ni films epitaxially grown on Co

Q
films deposited on Q01) and we relate this information to Je
the magnetic properties of the ultrathin Ni films. All Ni films 1000 8
grown on Co in this study displayed ferromagnetism which .
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enabled the simultaneous study of magnetic and electronic
properties for submonolayer coverages. XAS at the_hj
edges was used to monitor the evolving electronic structure .
as a function of Ni thickness and XMCD was used to probe - .
the element and site specific magnetic properties. The mor-
phology and growth of the thin films were studied using
high-resolution low-energy electron diffractiditiRLEED)
and implied that deposition of Ni on a 4-ML Co film results
in a more uniform surface with an increased average terrace
width. By monitoring the modifications in the XAS and
XMCD line shapes at the NL,; edges we found that the
reduced spin moment for the Ni films can be interpreted in
terms of electron localization and hybridization between the
Co and Ni 3 states. i Ggy&dﬁgﬁ *
&
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Il. EXPERIMENT

A. Growth morphology

The CUY001) substrate was prepared by repeated cycles of
Ar* ion bombardment and annealing to 700 K in UHV. Co
was deposited onto the (D1) surface at temperatures be- .l
tween 270 and 300 K followed by deposition of Ni at similar k, (A)
temperatures. The films were not annealed to avoid interdif- ] ) )
fusion and the pressure rise during deposition of either Co or F!G- 1. HRLEED profiles of thg00) diffraction beam at the
Ni was <1% 10 1% mbar. The thickness of the Ni and Co out-of phase_condlt_lon _from a clean @01 surface(solid circles,
films was calibrated by a quartz crystal monitor by modula-2 4-ML Co film ep|taX|gII_y grown on the Q00D Surface(Ope.n
tions in the specular HRLEED beam. All coverages reportec?'rdes)’ and a 0.3-ML Ni film epitaxially grown on a 4-ML Co film
in this study are accurate within 10%. The growth of Co on" the CU001) surface(open squargs The spectra have been nor-

. li h | k | I itmi le.
Cu(001) has been reported previously by several authord™® ized to the central peak and plotted on a logaritmic scale

0.0

who have_ shown that fo_r Co films20 ML a distorted_fcc B. X-ray-absorption measurements
structure is adopted during pseudomorphic grofitH.Fig- _ _ _
ure 1 shows HRLEED profiles of th@0) diffraction beams The absorption studies were performed in a separate UHV

from the clean C(001) surface, from the Qi001) surface ~chamber, equipped with the same evaporators and sample
after the deposition of 4 ML of Co, and after the depositionPreparation facilities as the HRLEED chamber. Measure-
of 0.3 ML of Ni on the 4-ML Co film. All HRLEED data ments were done using 85% circularly polarized light from
presented here were recorded for an out-of-phase conditidPfamline ID12B of the European Synchrotron Radiation Fa-
in order to determine changes in the average terrace size. TK#ity (ESRP in Grenoble. The NL, ; absorption edge was
diffraction line shape is the sum of a sharp central peak cortecorded in total electron yield mode with the light incident
responding to the long-range order and a broad structure witt 45 ° after remanent magnetization of the films perpendicu-
a width related to the average terrace width. Since théar to the sample. The energy resolution of the incident
Cu(001) surface itself has an indiscernible wide feature it isX-rays was better than 0.45 eV. XMCD spectra were re-
clear that the Cu substrate has a high-degree of long-rang&@rded by reversing the remanent magnetization of the thin
order with an average terrace width exceeding the coherend#ms and by reversing the helicity of the incident radiation.
length of the incident electrons{1000 A). Deposition of 4 All XAS spectra presented were normalized to a constant
ML of Co results in the appearance of a broad feature indi€dge jump in order to obtain ground-state moments per atom.
cating a decrease in the average terrace width. Upon depospaturation effects are negligible for the given geometry and
tion of 0.3 ML of Ni onto the Co surface the full width at thin Ni films used in this study. Oxidation of the film can be
half maximum(FWHM) of this broad feature is reduced and monitored directly from the NL, 3 spectrum, since it results

its intensity decreases which indicates an increase in the aid @ distinct change of the XAS spectriffh.

erage terrace width. From the HRLEED data it seems rea-

sonable to suggest that at room temperature the Ni films Ill. RESULTS

grow by island formation at the step edges of the Co surface
which results in the increased average terrace width. A more
detailed study concerning the growth modes of Ni on Figure 2 shows the NL,3; XAS spectra recorded with
Co/Cu001) will be presented elsewhefe. circular polarized x rays for a 2-ML Ni film epitaxially

A. XAS
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Photon Energy (eV) FIG. 3. NiL, 3 XMCD spectra for the 0.2-Ml(dashed lingand
2-ML (drawn ling Ni film. The spectra were normalized to equal
FIG. 2. NiL,3 XAS measured for a 2-ML Ni film with the Lz dichroism intensities and aligned in energy attthesdge. There
sample magnetization parall@rawn line and antiparalle(dashed is a clear increase in the FWHM of theg andL, main lines. The
line) to the photon helicity. The spectra are normalized to a constargnergy separation between the and L, edges increases for de-
edge jump(long dashes The inset shows details of the 6-eV sat- creasing Ni film thickness. The inset shows the satellite structure
ellite above thel; edge for the 2-ML Ni film(top two curvey above thelL; edge for different Ni film thicknesses. The most re-
compared to a 0.2-ML Ni filmbottom two curves The intense markable change in the XMCD is the evolution of the 6-eV satel-
6-eV satellite(marked by B almost disappears for the thinner Ni lite, marked by B.
film. Another satellite feature at 3.3 eV above thgedge(marked
by A) becomes visible for reduced Ni film thicknesses. B. XMCD

) . Figure 3 shows the XMCD spectra for both the 0.2-ML
grown on a 4-ML Co film deposited on @1) after rema- and 2-ML Ni films obtained from the difference between
nent magnetization along tHe 10| and [110] directions.  xAS spectra in Fig. 2. The XMCD spectra were aligned in
The 2p spin-orbit interaction splits the XAS spectrum into energy at theL, edge and normalized in intensity to the
anls (2psp) andL, (2py) structure. Different features maximum dichroism at thé; edge. The spectra are domi-
can be distinguished above thg main line, namely a high-  nated by the signal at tHe; andL, main lines with satellite
energy tail(A), a satellite at~6 eV (B) with a tail (C) and  features at~3.3 eV (A) and 4.0 eV above these edges, re-
a rather structureless continuu(@). Similar features, but spectively. The 2-ML Ni film shows a decrease in the
less distinct due to a broader linewidth, are also seen abov&yHM of the L; andL, main lines and a decrease in the
the L, main line. The inset of Fig. 2 shows details in the energy separation between these two lines. The inset of Fig.
region of the satellite structure above the edge for the 3 shows details of the satellite structure above ltheedge
2-ML film (upper two curvestogether with the XAS spectra for different Ni film thicknesses. With increasing Ni film
recorded from a 0.2-ML Ni film grown on a 4-ML Co film thickness there is a gradual reduction in the dichroic signal
(lower two curves The intensity of the satellite B is strongly over the entire energy range between theand L, edge
reduced for the 0.2-ML Ni film{downward arrow in inset of including the 3.3-eV satellit¢A). Furthermore, the distinc-
Fig. 2. There is also a weak satellite feature in the region Ation of feature B is lost for the thinnest films. For comparison
(upwards pointing arrow in inset of Fig) &hich becomes the XAS and XMCD of a thick Ni film are shown in Fig. 4,
more pronounced for the 0.2-ML Ni film compared to the where peaks B, C, and D are more pronounced than in the
2-ML Ni film. case of the thin films.
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IV. DISCUSSION which will influence the absolute values f and(! - s) but,

Analysis of the data can be done at two separate levels C}P a lesser extent, their trends.

I . s -~ Figure 5 shows the obtained branching radies Az /(A3
sophistication. By using the sum rules which relate the |nte+A2) as a function of the Ni film thickness. Whereas Ni

grated signals to ground-state properties, we can draw con- , .
clusions from the experimental data which are theory inderfIImS below 4 ML were grown on Ca films, the data points at

pendent, i.e., equally valid for a band structure and a4 ML and 10 ML are for Ni films deposited directly onto the
localized description. Second, we can interpret the detailed
spectral shape in terms of these different models for the elec- 088 ———FT———F——T——T7T—

tronic structure, thereby losing a certain degree of generality. X i

0.86
A. Sum-rules XAS

The isotropic spectrum is reasonably well approximated 0.84
by the sum of the two spectra with opposite magnetization in
Fig. 2. To avoid the influence of any linear dichroism due to
an anisotropic @ charge distribution, as reported by Srivas- 0.82
tavaet al,'? we performed our measurements near the magic
angle. The integrated intensity of the isotropic spectrum, af- "3
ter correction for transitions into continuum states, is a mea-
sure of the number of unoccupied states in the valence band
For the background correction of the XAS we employed ~
the same method as, e.g., Cheal?’ for Fe and Co. To  _p
subtract the transitions into continuum states we used a stej
function aligned at the maxima of theg; andL, edges with 0.76
relative heights of 2 : 1, which is the expected intensity ratio
for transitions into the two continua. The demarcation be-

tween the integrated areds andA, of theL; andL, sum 0.74 I %-

0.30

0.78

spectra was taken at 868.3 eV, i.e., just below the onset of
the L, edge. The choice of this value affects the branching
ratio which is a measure of the spin-orbit interaction in the
valence states. It is clear from Fig. 2 that the corrected signal - .
remains positive between the; andL, edge and does not

0.72 |-

0.70 1 " 1 " 1 1 1 1 1 1 1 "
return to zero. A possible complication is therefore that the 0 2 4 6 8 10
contribution of thel 5 structure extends further than the onset A
. ; : Ni thickness (ML
of the L, edge. For localized materials the structure is (ML)
usually more extended than the structure’® which could FIG. 5. Branching ratio of the background corrected integrated

explain why the background corrected signal in Fig. 2 doesntensities at the., ; edge as a function of Ni film thickness. The
not return to zero above thie; edge. Therefore there is a drawn line is a guide to the eye. The open square indicates the value
certain degree of uncertainty in the choice of the backgroundetermined for fcc Nf!



12 856 DHESI, DURR, van der LAAN, DUDZIK, AND BROOKES PRB 60

Cu(001) surface. These values have been included to give TABLE I. Values(with error bar$ of the Ni moments per hole
supportive evidence that the electronic structure does not sigs obtained from the experimental spectra by applying the sum rules
nificantly change for a Ni film thickness above 2 ML. Taking Without making an assumption for the number of holeg=nf

into account that there might also bstates contributing to ;PP and(S})=(S{)+ 3(T,) —2(S)P*/P. The columns re-

the number of holes, the branching ratio of the isotropicfef to the Ni thicknesgML), relative number ofl holes with re-

spectrum is given &8 spect to the 10-ML film, the expectation values gehnole for the
spin-orbit coupling, orbital moment, spin moment, and total mag-
(I-s) netic momentM,=L,+2S,, respectively. The bottom line gives
B=Bo+(Bo—1) T (1) the experimental values for fcc Ni bulk.
h

with ML ni(rel)  (l-s)/n} (LpIng {(SHIn,  (MyIny,
s 0.2 0.581) -—0.48(10) 0.071) 0.132) 0.334)
n{]EnﬂJrnf,—, 2) 0.5 0.631) -—0.51(10) 0.061) 0.122) 0.304)
pd 0.9 0.771) -—0.31(10) 0.061) 0.152) 0.354)

. . 1 0.821) —0.30(10) 0.081) 0.152) 0.354)
where(l -s) is the expectation value of the angular part of2 0911) —026(10) 0.08l) O0.152) 0.354)

the 3d spin-orbit intgractionn_ﬂ andn; are th_e_ number ocﬂ 10 1.001) -022(10) 0.08l) 0203 0.456)
ands holes, respectively, which have transition probabilities

PY and PS. The value of the coefficierB, depends on the Bulk ~0.19(6F 0061° 0273° 0.606)°
2p-3d electrostatic interaction, which inducgs mixing, ¢ 0081° 0.291° 0.662)°
i.e., a transfer of spectral weight between the hedges>>=°
For a 3° ground state there is no electrostatic interaction infReference 41, NL10) crystal.

the final state p°3d*° so thatB, becomes equal to the sta- °Reference 42, N110) crystal.

tistical value off. An admixture of 2 in the ground state °Reference 43, 20-ML Ni film on Ga00).
will increase the branching ratio, e.g., an atomid® 3°F

state, averaged over the spin-orbit split levels, h& @f . transitions can be retrieved by takiR§=0. Equation

. 8 . .
~0.7 (Ref. 30, Fig. 6. However, the 8" admixture in & (5) shows that the dichroism due to tisespin moment is
metal is quite small, i.e., 18% in bulk Rf,and even smaller  oyosite in sign than that of trespin moment,

for thin films as manifested by the 6-eV satellite intensity.

For metallic Ni the contribution td, due to core valence hqgh they could be estimated from band model calcula-
interaction is<0.01. If we assume th®“>P° we obtain for  yi5ns” In order to remove the systematic error due to the

the 10-ML film (I -s)/ny~2—3B=—0.22, which gradually packground subtraction in the sum spectrum, the presence of
increases te- 0.48 for the thinnest films; see Tables | and II.
For comparison, the Hund’s rule ground state, where the

spin Orbltj co:Jpllng IS c_(t)mlplete, h?f S>/nh; 1a The obtained from Table | by assuming,=1.45 for bulk Ni. The col-
measured vajues are quite large, and as mentioned SOME Sygs,q rofer to the Ni thicknegML ), number ofd holes, expectation

tematic error due to the background correction cannot COMyalues for the spin-orbit coupling, orbital moment, spin moment,

The values ofn¢ and n are in principle unknown al-

TABLE Il. Values (with error bar$ of the total Ni moments as

pletely be excluded. and total magnetic moment, respectively. The bottom three lines
give the theoretical values for an fcc Ni film, and the experimental
B. Sum-rules XMCD and theoretical values for fcc Ni bulK. applies only to(! - s) col-

The electron expectation values of the orbital moment'™
(L), spin momen{S,), and magnetic dipole tergi,) are

related by the sum rules to the integrated XMCD sigdrfal. ML M {"s) (L2 (S (M9
Since there might also bestates contributing to the number 0.2 0.842) —0.40(10) 0.0€2) 0.113) 0.296)
of holes and to the spin moment, but not to the orbital mo 5 0.912) —0.46(10) 0.08) 0.113) 0.276)
ment and magnetic dipole term, we can write the sum ruleg g 1.172) —0.35(10) 0.062) 0.163) 0.396)
as 1 1.192) -0.36(10) 0.062) 0.183) 0.426)
2 1.322) —0.34(10) 0.0 0.203) 0.476)

(L) zf AA3+AA2, (3 10 1.45%2) —0.32(10) 0.0 0.294) 0.658)

n; 3 Az;+A,
Film (th.) 0.09 0.23 0.558
(S)) AA;—2AA,

T ATA, 4 Bulk (exp) 145 —0.28(9 0.061° 0.273° 0.606)°

h Bulk (th.) —020" 0068 028 064f

, 7 ps %Reference 17.
<SZ>=<S§1>+§<TZ>_2<$>E, (5 bReference 41.

‘Reference 42.

whereA, ; andAA, ; are the integrated sum and difference “Reference 20.
signals over the., ; edges, respectively. The sum rules for *Reference 40.
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0.68 T T — circles and without(open circleg the contribution from the
- 0.68} @ . region above peak B in the MCXD speciisee Fig. 3 The
0.64 | 064} %J values ofR were determined from repeated XMCD measure-
— ool 1 ments with the errors representing the statistical uncertainty
0.60 |- § os6l . in the mean value of the measurements. The single data point
£ sl ] represented by the solid square is for a Ni/Co alloy grown by
0.56 |- g ' E . codeposition of Co and Ni onto the @01) surface. From
o . the XAS edge jumps at the Ni and Co edges it is estimated
0.52 |- dsar 1 that 0.7 ML of Ni was deposited with 4 ML of Co. The
040r ] decrease in the value & for the alloy is due to an increase
048 - sl in the spin moment, but this effect will be discussed else-
00 04 08 12 16 20 7 where. Here we note only that the increased coordination of
044 |- Nithickness (ML) the Ni sites in the NiCo alloy leads to the dramatic reduction
< in the value ofR which implies that the thin Ni films grown
040 - on the Co film in this study do not form an alloy. The inset of
Fig. 6 shows the integratdd; signal of the XMCD spectra
036 - as a function of Ni film thickness. The sharp decrease in
...... magnitude of the dichroism for a Ni film thickness below 1
e ML indicates that the magnetic moment is quenched for the
lower coverages. Table Il shows that for the thinnest Ni film
0.28 I- 7] M,=L,+2S, is two times smaller than for the bulk. On the
7 other hand, for the thinnest fillR is 2.4X larger than for the
024 1  buk
"E" ] The increase iR for the thin coverages is due the re-
0.20 F | | Gy duced spin moment and also arises from a small increase in

2.0 the orbital moment because of the reduced crystal field of the
surface atoms. The latter lifts the quenching of the spin-orbit
coupling and hence the orbital moment. An increase in the
spin-orbit coupling per hole leads to an increase in the orbital

tion of Ni film thickness obtained from the measured XMCD using moment per spin. Table | shows an almost linear relation

Fe ’
the sum rules wittclosed circlesand without(open circleginclu- between the tW(? quantitied 'S_>/nh_ a”?' (L)I(S))- HOW’
sion of the transitions into theand the continuum states. The lines €Ver, & strictly linear proportionality is merely fortuitous,
are a guide to the eye. The closed square indicateR trdue fora  SiNce such a relation would also depend on the details of the
Ni/Co alloy. The inset shows the absolute value of the integrate®lectronic structure near the Fermi level.
area of the dichroism at the; edge as a function of Ni film thick-
ness.

0.0 04 0.8 1.2 1.6
Ni thickness (ML)

FIG. 6. Orbital moment per effective spin moménas a func-

C. Spectral structure

linear dichroism and any incomplete polarization or magne- For bulk nickel Cheret al3? already reported the satellite
tization, we can take the ratio at~3.3 eV above thé ; edge in the XMCD. However, the
~6 eV satellite, which is visible in the XAS, was reported
6 1o be absent in the XMCD. In Chen’s paper the satellites in
the XMCD and XAS are marked with B and A, respectively,
but here we will mark them as A and B, respectively. Our
The magnetic dipole term can contributetd 0% of the  high-resolution measurement reveals much more structure
spin momeng but we will neglect it here because our mea-which make it more practical to label these features with
surements were done near the magic afgle. the first in- increasing photon energfcf. the bulk spectrum shown in
stance we will assume th&’s>PS so thatR~(L,)/(S5). Fig. 4). Theoretical calculations based on the ClI méYel
Table | gives the values of the Ni moments per hole asave also predicted the presence of additional structure in the
obtained from the experimental spectra by applying the sunXMCD, such as the positive feature around 6 eV. The reason
rules without making an assumption for the number of holesfor the satellite structure is that thep23d® final state con-
Table Il gives the values of the moments per atom as obfiguration is split by core-valence exchange interaction into a
tained from Table | by assuming that bulk Ni has 1.45singlet and triplet spin state. The triplet state, where the spins
holes'® For comparison we also give the theoretical valuesof the core and valence holes are parallel, has the lowest
for an fcc Ni film, and the experimental and theoretical val-energy and corresponds to satellite A. The singlet state at
ues for fcc Ni bulk. It should be noted that the films in this higher energy corresponds to the satellite B. Without spin-
study have an fct structure, whereas the theoretical values agbit coupling the singlet state cannot be reached from a
for the fcc phase of Ni. For a decreasing Ni thicknesstriplet 3d® initial state, but the large 2 spin-orbit interaction
(Lp/ny, increases, but there is a much stronger decrease illows spin-flip transitions which brings the singlet final state
(S))/ny, resulting in a net decrease in the total magnetidnto reach.
moment. Figure 6 shows the increasédrias a function of Ni In order to understand the satellite structure, it is instruc-
film thickness obtained using sum rule analysis wittbsed tive to consider first the x-ray absorption from a pura®3

_(Ly) 4 AAsHAA,
() 3AA-2AA;
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initial state into a $°3d° final state, as occurs in divalent Ni [ T T T T T T T 7]
compounds. The experimental XMCD spectrum fof Nin bk (a) |
NiFe,O, provides a good starting point for our discussion £ A
and can be found in Fig. 1 of Ref. 34, where the featuress |,
denoted by A, B, C, and D correspond to the satellites%
marked with the same labels in Figs. 2, 3, and 4 of this paper~
The L; edge of N¥* is mainly split into a doublet A-B
which is a measure for the effectivgpBd exchange inter- 0s | |
action screened by intra-atomic relaxation. The energy split- —
ting of ~2.6 eV, observed for Ni metal, suggests p-2d L
exchange interaction which can be expected for a localized 290 - (b)
model. Atomic calculations show that the dichroic signal of i 7
satellite B is always smaller than that of satellite A. The
intensity ratio depends on both th@-3d exchange interac-
tion and the crystal-field interaction. For a moderate or : 1
strong crystalline field the dichroism of the features A and B L7 | , E_r
have opposite sigif Since the exchange interaction can be i 1
determined from the A-B separation, the intensity ratio can
be used as a measure for the crystal-field interaction idthe | ]
ground staté” The corresponding, edge is also split into a 177k (© 4

1.0 | -

L,FWHM (V)

1.8 -

L6, 1 L 1 N ] ) 1 N 1 i

doublet structure, but the core hgle 1/2 character together < X

with the 2p-3d exchange interaction result in a reduced en- % 176 | .
ergy separation and in a different intensity ratio. The XMCD &

at theL, edge is entirely positive, lacking features with op- 3175 T

posite sign such as in tHe; edge. i DG
Returning to the case of nickel, for the metal we have to 174 [

take into account the hybridization of the3d° configura- 00 o4 08 5 e 0

tion with other configurations, of which thegp23d° will be o

the most important. The character of each final state will be Ni thickness (ML)

a mixture of the pure configurations. Due to the Coulomb kG, 7. (@ Ni L; and (b) Ni L, main peak FWHM in the

interaction the p°3d*° configuration has the lowest energy xmMcD, and (c) energy separation between thg andL, XMCD

and has therefore the highest weight in the main peak. Thaain lines as a function of Ni film thickness. The drawn lines are a

main peak is most strongly mixed with the triplet final stateguide to the eye.

(A) which has the smallest energy separation. Each state is ) , , )

broadened by band effects, which leads to an overlap in erﬂ'gher exm_ted final states, such_ap52_d8 W.h'Ch. may give

ergy, so that the triplet state will become part of the high-”_se to the increase in the negative dichroism in region D of

energy tail of the main peak. The evolution of the XAS sat-F'g' 4.

ellite structure(Fig. 2) shows that this effect depends on the Figure 7 ShOWS _that the energy separation betweeh she
andL, main lines increases for the submonolayer coverage

coverage. Peak A is located within the main band, so that it%y several tenths of eV. Systematic calculatfShow that
intensity smears out. However, for submonolayer coveragg, energy splitting due to thep2spin-orbit interaction is

where the hybridization is smaller, peak A becomes morg,enendent of thel count, so that this effect can be ex-
distinct. , , _ cluded. Since the relative intensities and separations of the

In the XAS, satellite B practically disappears for the g5iejiites are different for the; andL, edge, a change in
0.2-ML coverage. This can be explained by a reduced N"C%overage which induces different weights might give a
hybridization(proportional to the square root of the numberVery small change in the energy separation oflthg main
of neighborg with decreasing coverage, which diminishes|ipes. Figure 7 shows the FWHM of the dichroism at the
the 3d° weight in the ground state. Then th@*3d® final  andL, edges as a function of Ni coverage. The increase in
state can no longer be reached. the FWHM at thel ; andL, edges is most likely due to an

In the XMCD (Fig. 3 the positive signal of peak B on a energy shifted component which decreases in intensity with
negative background is clearly visible. This feature has esincreasing Ni film thickness. The energy shifted component
caped earlier XMCD studies on Ni which have all been takeris also seen in the XAS spectra from thin Ni films, but dis-
at a lower photon energy resolution. This feature loses it@ppears for a Ni film thickness above 1 ML. In addition, it is
distinction for submonolayer coverage where the hybridizathis shifted component which results in the shift in energy of
tion is reduced. the L; edge relative to thé, edge. Since the shifted com-

The feature C, a small increase in the negative dichroisnponent essentially disappears during the submonolayer re-
(Fig. 3), might be due to excited crystal-field states. Thegime it must be related to modifications in the surface elec-
negative dichroism in the region D between thgandL,  tronic structure. In the submonolayer regime island
edges is ascribed to transitions into empstates which are formation at step edges is the most likely growth mode for
strongly spin polarizedcf. Sec. IV D together with possibly the Ni films so that the shifted component may be related to
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the electronic structure of individual Ni islands. The coordi- possible in lower than cubic symmetry, such as for the thin
nation of the Ni atoms within an island differs between thefilm.

center and the perimeter so that as the film thickness is de-

creased the perimeter atoms contribute more significantly to V. CONCLUSIONS

the XAS spectra line shape. Previous studies of Co  x_ a5y absorption measurements of well characterized Ni
nanocluster indicate that as the diameter of a cluster isthin films on Co/C001) as a function of coverage have
reduced the perimeter atoms become more important iprovided several interesting results. Using the sum rules for a
terms of the electronic structure and result in an energytraightforward determination of the ground-state magnetic
shifted component in XAS spectra. moments, we find that with decreasing film thickness the
number ofd holes and the spin polarizatigigpin moment
per holg are decreasing, while the orbital polarizatitor-
D. Diffuse magnetism bital moment per holeand the spin-orbit interaction are in-
|creasing. Furthermore, there are striking changes in the spec-

states with localized @ character compared to those wih trtal s:ructure fkor sct;.bmonolaygr %ozﬁr?(%\ess. TZeXGI\;I%VDsate(Ijllte
character, so that the latter will be at higher photon energyStucture(peak B disappears in bo an , an

Therefore the nonzero dichroism observed betweenLthe he dichroism due to “diffuse magnetism” between the

andL; edge is expected to be at least in part due to the spiandf.L2 e?ge 'ISt stro?gly engalnced If‘tBIOW %overag%s.dl? a
polarization of emptys states. Alternatively, the dichroism coRnguration interaction model, peak  can be ascribed 1o a

5 9 . . . .
could be due to configurations such ap®@®. However, 2p~3d° final state with singlet character. The diffuse mag-

since the dichroism is decreasing as a function of coverag@etlsm is due to empty states with opposite spin polariza-

while the satellite structure should decrease, we might onl)yon than the emptyl states.

for the thickest coverages expect a contribution from the Th_e$e (_)bservations indicate t_hat the_ elec_tronic mixing
2p5d® configuration. The remaining dichroism is therefore (hybridization changes as a function of film thickness. The

ibed to “diff s | d ith th hybridization is proportional to the square root of the number
ascribed to “diffuse magnetsm.= in accordance wi € of neighbor atoms. When it reduces, such as at the surface,

common usage, the spln.contrlbutlons o the magnetic M%eqd weight in the ground state reduces, which is evidenced
ment can be separated into local and diffuse parts, wherB

o X y the disappearance of satellite B. The triplet final state
local part means thech;ont_nbqun and diffuse part means (peak A is not reduced because it has considerable mixing
the sp contribution, which is also that part of the moment

S S . i . with the nearby state that forms the main peak. The localiza-
whose density lies mainly in the interstitial region of the

; . . : . tion of the wave function increases the intra-atomic mixing
crystal and is not detected in neutron-diffraction experiments, yveen thed and's states. which is manifested by the in-
under normal circumstancé¥in Fe, Co, and Ni the relative i

. ) ) crease ins-spin polarization.
slgns .Of the diffuse and local moments are oppo§|te due to Localization of thed states and reduced crystal-field in-
hybridization between theBand sp electrons, which ex-

) ; teraction at the surface enhances the atomiclike properties
ceeds the exchange interactin. . . . such as the orbital polarization and the spin-orbit interaction.
B Foor fcc bulk Ni the %af!cula.lted diffuse magnetism is 4 ever, the spin polarization decreases because the driving

7% of the spin moment, while neutron scattering give ,ochanism, the high-spiif in the ground state, disappears.
gives —17%. In XMCD it represents an integrated intensity o orpital moment per spin is therefore strongly increased
of about 5%. This would suggest that the cross sections f0g,q provides a good measure for the localization of dhe
excitation into thes states are quite similar to those into the \;aye fynction. It is interesting to note that localization in the

d states, while calculations indicate that they should be atase of Ni thin films does not result in an enhanced total

least an order of magnitude larger. Also the diffuse Magnep,agnetic moment, on the contrary the magnetic moment is
tism is apparently absent above the edge where it should 1\ "times smaller than in the bulk.

appear with equal intensity but positive sign, since the inte-

grated intensity over both edges should vanish because the This research was supported under EPSRC Grant No.
states have no orbital moment. One possible explanation IGR/L38240. We thank K. Larsson for his help and technical
that thes and d states are strongly mixed, which becomesassistance.
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