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Modifications of the electronic structure of Ni/Cu(001) as a function of the film thickness
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We report angle-dependent near-edge x-ray-absorption fine-structure measurements of tetragonal Ni films
[0.6—14.4 monolayeréML)] grown on a C(001) surface. The analysis of the Ni;, white-line intensities
show that the density ofBholes () increases almost by 20% from a submonolayea 5 ML thick film,
clearly showing that a constant valuergfcannot be used in sum rules to estimate spin and orbital momentum
contributions to the local magnetic moment by magnetic circular dichroism. Therefore, caution must be exer-
cised before claiming an enhancement of spin and orbital magnetic moment at lower film coverages. Also, a
difference in the number af holes having in- and out-of-plane symmetries and modifications in the near-edge
features was observe[50163-1827)50532-7

The magnetic circular dichrois@iMCD) in both soft and (which is a direct measure of unoccupiddstate$, it has
hard x-ray regions at core-level edges has been used to stutlgen pointed out thah,, for a Ni thin film (4 ML) on
magnetisnt:? Furthermore, MCD at different edges, e g,, Cu(00)) is lower than that for a thick on€3 ML). In the
andL3z, made it possible to separate and estimate the spipresent paper, we report thickness and angle-dependent near-
and orbital momentum contributions to the local magneticedge x-ray-absorption fine-structut®EXAFS) measure-
moment using the sum rulés’ However, the values of mag- ments at NiL 5 , edges of Ni films(0.6—14.4 ML) grown on
netic moments determined by MCD, especially for the over-cy(001). Changes in the white-line intensity and near-edge
layer systems, are not always in agreement with the theoretaatures are discussed in detail.
ical values® It has been pointed out in several stuiié$that Ni films were grown on C(D01) substrate at a pressure
one of the main sources of this disagreement i§ lack 01;4_5>< 1071 mbar. Afterwards evaporated films were char-
knowledge about the number otidholes ) used in the  ,aris6d by means oh situ LEED. The thickness calibra-

sum rules. Until now, the values af, estimated from differ- tion was done by using a quartz microbalance and cross

ent theoretical calculations for bulk metdls., fcc, bcc, or : . . . .

. : checked with Ni and ClL-edges jump ratios, as described
hcp have been used to determine the local magnetic momentlse heré The NiL .. spectra were recorded at room tem-
even for overlayer systems. The question arises whether it {3 ‘;V "t tal II 3£2 be d W de using i v polarized
justified to usen;, of bulk for thin films or not. We have perature in total €lectron yield mode using inearly polarize

dight at Berliner Elektronenspeicherring-Gesellschaftr fu
on the C001) substrate. Synchrotronstrahlung m.b.H. using SX 700 monochroma-

Various theoretical approaches, e.g., tight binding and théors. ) ) o
linear muffin-tin orbital(LMTO) method'~4 have shown The spectra show(Fig. 1) are normalized to yield infor-
that the band structure of bulk Ni is not similar to that of Ni mation on a per atom basis. Corrections for saturation effects
thin films on Cy001). Also, recent experimental studies us- for electron yield have been taken into accotfhtTo extract
ing scanning tunneling microscofTM) and low-energy the number ofd holes (), the area under the absorption
electron diffraction(LEED)*>® have shown that Ni films edge was integrated after fitting the step functions below the
grow pseudomorphically in a layer-by-layer mode onspectra. Thé ;- to L, intensity ratio was taken as 2:1. As the
Cu(001) having tetragonal structure instead of cubic. Thearea over thé ;-edge maximum is bound to be influenced by
difference in structure produces different electronic and magnear-edge features, the spectra were integrated up toLtheir
netic propertie3’®® The above facts suggest that changes irmaximum.
the lattice and band structure may also reflect in the values of Figures 1a) and Xb) show NiL 3, spectra at normgb0°)
ny, of thin films and bulk Ni. Moreover, the values of, for and grazing15°) incidence angles for different coverages of
bulk Ni used in the sum rules have varied from=1.0(Ref.  Ni. Several modifications in the edge and near-edge region
19 through 1.66(Ref. 20 to 1.82! The scattering in the are visible for both normal and grazing spectra. First the
value ofny, even for bulk Ni indicates the need of reliable white line, marked a8, second the 6 eV satellite, marked as
systematic experimental study on the present system. AB, and third the continuum region, marked &s show
though a number of studies have been reported to understastianges in the intensity as a function of thickness.

the magnetic properties of the Ni/@®1) systen’ very We start with featureA. The white-line intensity ofL
few?? have studied changes in electronic structure as a funadges is a direct measure of unoccupancyl aftates, i.e.,
tion of Ni thickness on C{©01). n,. The continuous increase in the intensity of white lines

In the past, theoretical calculations have suggested thdtelonging to °3d!° configuration, for both normal and
3d partial density of state$DOS) of the Ni overlayers is grazing spectra, unambiguously shows thatincreases as
different from that of bulk Nit'~* Also, in our earlier the thickness of Ni is increased on the(Q@il) surface. This
publication®® using the white-line intensities of Ni; ,edges is more evident from Figs.(2) and 2Zb) where we have
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FIG. 1. NiL3edge spectra d8) hormal andb) grazing x-ray
incidence for different Ni coverages on @01). In the submono-
layer region, 0.6 and 0.8 ML films belong to grazing and normal
incidence, respectively. All spectra Were_measurec_i from 82510 905 £ 2. Ni L, edge(featureA in Fig. 1) and the satellitéfeature
eV. Features marked @ B, andC are discussed in the text. B in Fig. 1) after subtracting the step function at different film

- . thicknesses fofa) normal and(b) grazing x-ray incidence. An en-
limited ourselves to thé.; edge after subtracting the step larged picture of the satellite is shown in each inset.

function from Fig. 1 and enlarged both the white line and the
satellite. The increase m, from thin to relatively thick films
can be understood in the following way. As pointed out
earlier!! the reduction ofn,, for thin films is due to the
hybridization of the Cu and Ni bands resulting in a charge
transfer from Cu to Nd orbitals. If one extends this expla-
nation, the degree of hybridization should reduce as th
thickness of Ni films increases on the ©Q1) surface, in-
creasingny, . This can be seen from Figs. 1 and 2. Apart from
this, as proposed in the configuration-interacti¢@l)
viewpoint?* n, of a Ni atom of interest can fluctuate through
the hybridization between thed3atomic orbital of the Ni
atom and the orbitals of surrounding atoms, i.e., Mi&-
bitals in the present case. Again, the degree of this hybrid-
ization should reduce as the cluster becomes larger, i.e., ase
the thickness of the film increases. Our results suggest that:E’
either both these effects go hand in hand or one dominates3

the other as we observe a very systematic trend in the rise ofg 129 E{
N, as a function of thickness. One can argue that the changes2 ]

845 850 855 860
hv [eV]

spectra at grazing incidence were 1.2 and 1.5, respectively,

by normalizing withn,,=2 for NiO. One can consider the 23

ML film as thick and therefore the choice of,=1.45 for a

14 ML film. Also, this results inn,~1.2 for 3.8 ML (at
razing incidencewhich is quite close to the value obtained
or the 4 ML film by a different normalization and indepen-

dent analysis. The trend in the increasengfis more linear

1.4

1.3

induced in the band structure due to these hybridization ef- © B E
fects should start saturating after a certain thickn@ss3 ] E
ML) of Ni film, at which the band structure starts to stabilize. 07

This tendency can be seen from Fig. 3, where we have nor-
malized the largest integrated arét.4 ML, normal inci-
dence of the white line to a value oh,, equal to 1.45 by
taking thed electron countife) as 8.55 Q,+n.=10). This FIG. 3. Number of 8 holes (1) as a function of Ni coverage
value ofn, is proposed by LMTO calculatiorfs.The choice  on Cy001) for in-plane (solid circlé and out-of-plane(solid
of this value was not arbitrary. In our earlier publicatidn, square symmetries. The largest value of, is taken as 1.4%see
the values ofn,, obtained for 4 and 23 ML films from the text).

B out-of-plane
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up to 4-5 ML and after that it starts saturating, and within

error limits can be considered as constant. The tendency of Normal (90°)

the curves for both normal and grazing shows that for thick 500 Grazing (15°)

films, n, may attain a stable value. This in turn indicates that
the band structure, though different from bulk Ni, starts to
stabilize after 4—5 ML thickness. This is in agreement with a
recent study on Cu/MD01) interfaces in which near-edge
features of CU_-edge spectra were observed to resemble that
of bulk Cu when the film thickness was 4 Mf.However,

ny changes almost by 20% from a submonolayer thickness to
approximately 5 ML. This means one simply cannot use the
same value oh,, while calculating local magnetic moment
for a thin and a relatively thick film. Also, it implies that one
should be very careful while drawing a conclusion about spin
and orbital magnetic moments. In the previous publication,
we have determined an enhancement of the ratio of orbital
and spin momentNl, /Mg) for Co films on C001). This
conclusion is safe as in determining the ratjpcancels out.
However, reports claiming an enhanced orbital and/or spin 100
moments stand on solid ground only when the variation in

ny as a function of thickness is taken into account. For ex-

ample, in the present case an apparent enhancement of 20%

in orbital or spin moment will be completely nullified by a 0 -L— : . : . , . :
20% reduction ofny, as shown in Fig. 3. Here, it should be 850 860 870 880
pointed out that an alternative way to circumvent the lack of

knowledge ofny, is to use a standard sample with a known hv [eV]

magnetic momerft! One then determines a consta@t FIG. 4. Normal and grazing spectra of three film thicknesses

=l /Ny, wherel,, is the white-line intensity for the stan- qynerimposed over each other. Note that the continuum region
dard sample, and transfers it to the sample under study. marked asC in Fig. 1) corresponding to #like states shows al-

~Another very interesting result which is evident from Fig. most no angular dependence. There is an offset of 150 a.u. for every
3 is that mored holes have in-plane character irrespective ofpair of spectra.

the film thickness. This means that DOS above the Fermi
level (Er) have mored,2_,2, d,, character as compared to the final states and the presence of @ Zharacter in the
d,2, dy,, anddy, in the present system. This seems to be theground state. Here, the growth of the satellite as a function of
first direct observation of an anisotropic charge distributionfilm thickness can be explained due to an increase in the
in ultrathin Ni films on C001) and the most obvious expla- 3d® character in the ground statemsgis increasing up te=5
nation can be derived from the fact that Ni films on theML and due to a change in hybridization betweepr2d®
Cu(001) surface are known to have face centered tetragonaind 20°3d° configurations with increasing Ni cluster size.
(fct) structure(even above 10 ML instead of cubic as for However, from the present measurements, it is difficult to
bulk Ni.'® This means that Ni atoms on the (©01) surface attribute changes in the satellite intensity to one mechanism.
would not have a perfect octahedral environment around Finally, we focus on the intensity of the continuum region
them, which may result in a different degree of hybridization(marked a<C in Fig. 1). This indicates that as a function of
between in- and out-of-plane orbitals, giving rise to observedhickness, unoccupancy dfands-d hybridized states is also
angular dependence. However, in the future, this explanatioimcreasing. First, one should remember that the contribution
should be examined by studying other overlayer systemfrom theL; edges is shown to extend even beyond lthe
which show structural transition as a function of thickness ordges. This has been shown by tight-binding calculations
temperature, e.g., Fe/@01). Also, theoretical calculations for Cu L3, edges where the spin-orbit splitting is more than
can help in this regard provided actual structural parameteri. In the present case, the white-line intensity is shown to
[e.g., for Ni/C{00Y) fct instead of fc¢ are taken as an input. increase with increasing Ni thickness. This effect is bound to
Now, we turn to the second featurB), namely the sat- reflect in the continuum region. Second, as suggested previ-
ellite. The origin of this feature has been explained in one-ously and also by the present work, the band structure of a
electron band-structure terfisand attributed to states of  thin film is different from a thick film. The present results
character hybridized with the unoccupisg band. As dis- suggest that the density df states abové&, changes with
cussed earlier, with increasing film thickness the partial denthe increasing thickness. However, no information can be
sity of d states neaEr is changing. This will influence the drawn ons density of states, as the overall contribution from
band structure and in turn the satellite intensity. However, athe p to s absorption channel to tHe-edge absorption spec-
can be seen from Fig. &see inset the satellite intensity tra is only 5%°C To rule out possibilities of any data treat-
tends to saturate after a 4—5 ML thickness, suggesting thament artifact, in Fig. 4 normal and grazing spectra for three
there are less changes in the band structure above this thicHifferent thicknesses are superimposed over each other. As
ness. In the Cl approacfi the satellite intensity arises both evident from this, in the energy range of unoccupiesl 4
by mixing between p°3d°® and 20°3d° configurations in  states, both normal and grazing spectra almost overlap with
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each other. Indeed, this should be the casas-blse states lattice structure of Ni films on Q001 as compared to
should not show any angular dependence. However, a recetite Ni bulk reflect in the electronic structure of the present
study** has found that the photoelectron angular distributionssystem giving rise to anisotropy in density of holes in
from the Fermi surface of a monolayer Ni film on Cu are and out of plane(3) Band structure of the Ni/GQ001) sys-
identical to those from thick Ni films and single-crystal tem changes as a function of thickness and the band structure

Ni(00Y). It is very surprising that the changes in the partialof a thin film cannot be treated on an equal footing with
density of states nedtg, observed from a thin to a thick N;j pulk.

film in the present study, and changes observed both
theoretically* and experimentalf/ in orbital/spin momen-

tum contributions from surfaces to bulk in varioud fhetal We are grateful to D. Arvanitis for motivating us to take
overlayers on Cu, would have no influence on the Fermup the problem addressed in tflls paper and for valuable dis-
surface. cussions. We acknowledge N. Kensson and O. Karis for

In summary, the present study provides experimentafruitful discussions and for providing us their data prior to
evidence:(1) The density of 8 holes f,) changes almost publication. This work was supported by DFG SFB 290 and
by 20% from a submonolayer thickness to approximatelyBMBF (05625 KEA4 grants. One of u¢P.S) is grateful to
5 ML for the present system and therefore care shouldhe Alexander von HumboldiAvH) foundation for financial
be taken in the estimation of spin and orbital momentunmsupport. We thank L. Lemke and A. Ney for their help dur-
using techniques like MCD.(2) The changes in the ing the measurements.
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