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Modifications of the electronic and magnetic properties of ultrathin Ni/Cu(100) films induced
by stepwise oxidation
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We report near-edge x-ray-absorption fine-structtM&XAFS) and magnetic circular x-ray dichroism
(MCXD) measurements of 4-ML Ni films grown on Ci00. The films were exposed to oxygen which then
adsorbed in different adsorption states. The changes in the density of states as probed &t thedies, the
oxygenK edge, as well as the magnetic response of the sample are investigated simultaneously for the various
adsorption states that range from/@i at 38 K to an ultrathin film of NiO. The NEXAFS spectra provide a
characterization of the changes in the different nické) 8sp, and oxygen P density of states above the
Fermi level. These states dominate the interaction of the oxygen and nickel atoms and can be studied separately
using the element specificity of x-ray absorption. We find that 0.5 ML of atomic oxygen suppresses the
magnetization corresponding to one layer of Ni, and for 1.5 ML no ferromagnetic response from a 4-ML film
at 38 K could be detected.

The effect of light adsorbates on the physical properties omore or less directly with the oxygen. We use near-edge
single-metal crystal surfaces has been the subject of numex-ray-absorption fine-structurédNEXAFS) and magnetic
ous experimental and theoretical studies. The system-ray dichroism(MCXD) spectroscopies that allow for the
O/Ni(100 has been of special interé8tbecause both the simultaneous and separate characterization of changes in the
metallic Ni as well as the insulating antiferromagnetic NiO electronic and magnetic behavior of both substrate and ad-
serve as prototype systems in thin-film and surface scienceorbate atoms. Measurements at both the< Gand Ni L
Thin nickel films of about 4 ML are known to grow pseudo- edges enable us to characterize the hybridization between the
morphically in a layer-by-layer mode on Q00 with an  O(2p) and Ni(3d,4sp) states, which are mainly involved in
in-plane lattice mismatch of2.6% and a—3.2% contrac- the formation of the O-Ni bond.Here we focus on 4-ML
tion along the surface normal leading to a fct structure. TheNi/Cu(100 films which are stepwise transformed from clean
changes in the structural and electronic properties of thesmetal films to NiO/Ni/Cy100 systems. Starting from a
thin films caused by the oxygen adsorption should be similac(2X2) overlayer of oxygen, where the atoms are located in
to those on the NLOO surface which have been extensively fourfold hollow sites? the oxidation of the NiL0O) bulk sur-
studied. We find, however, that there are also major differface already sets in when the local coverage exceeds 0.5
ences in the physical properties of these two surfaces, as wdL.®> Here NiO islands begin to form. At low temperatures,
can deduce from our analysis below. The principal advantagthese islands grow preferentially in a Nitl1) structure with
of investigating thin films as opposed to the bulk is thata topmost layer of oxygen in fcc sitéd.he oxidation ceases
changes in the electronic and magnetic behavior of suckwhen the NiO film reaches a thickness of about 4 or 5 ML,
films (i.e., changes in the Ni, ; edges, saturation magneti- which prompted our use of the 4-ML Ni films to be discussed
zation, or the Curie temperatufe.) are easily detectable, as here. The adsorbate-induced electronic rearrangement has a
most of the atoms contributing to the magnetic signal interacstrong influence on the magnetic properties of thin films and
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bulk surfaces. It was shown, for example, that a coverage of —
only 0.25-ML oxygen on thin Ni111)/Re000)) films sup- 600 I (@
press the ferromagnetism to an amount corresponding to *
1-ML Ni.® An oxygen-induced formation of magnetic dead
layers was also published for oxygen or(Mi0 (Ref. 9 and
Ni(111) (Ref. 10 bulk crystal surfaces.

The experiments were carried out at the electron storage
ring BESSY using SX 700 monochromators. Between two
successive spectra, the direction of the remanent magnetiza-
tion of the Ni film was reversed. The sum of two such scans
gives the spin-averaged NEXAFS aet® K and NiL edges,
while the difference defines the MCXD signal. The spectra
shown are normalized to yield information on a per atom 808 [ (b)
basis. The details of the experimental setup and the data
analysis are described elsewh&ré? We gathered data for
clean and oxygen-prepared films in a thickness range from
1.6 to 23 ML and also, as a reference, from a NiO single bulk AML 300K
crystal'*'** The oxygen overlayers were prepared at a sub- ]
strate temperature of 38 K with a dosage of 10-L.O’he

1
400 Mj
dosed films were gradually annealed and simultaneously fur- I 0.8 ML 210K |
ther exposed to oxygen, which led to an increasing adsorbate m
coverage. After each dosing-annealing step the sample was ¢ 200 - J\/‘/Wm"
cooled again, and NEXAFS spectra were recorded at a sub- L _/?\A/\y 0.5ML 100K |
I(sz\‘?vd) 1

strate temperature of about 40 K to obtain a signal as close as Dy
possible to the magnetic saturatidvh (T=0 K) value. The 520 530 540 550 560 570 580
coverage calibration for the different adsorption stages was hv (eV)
performed by means of the continuum signal to background
ratio (edge jump of the NEXAFS data corresponding to @  FIG. 1. (a) O K-edge NEXAFS spectra of oxygen adsorbed at
c(2x2) overstructure generated by a coverages@f5 ML. 38 K taken with linearly polarized x rays. The angular dependence,
A sharpc(2x2) LEED pattern was obtained after flashing shape, and energies of ta¢ and o* resonances indicate that the
the prepared sample to 370 K without further exposure taxygen is in a physisorbed molecular sttt NEXAFS spectra at
oxygen. The corresponding NEXAFS spectr@ot shown (10°) grazing incidence to the surface after annealing to various
herg are similar to the ones found after annealing to 100 K.temperatures with increasing oxygen coverage. The features around
However, we were not able to identifyc§2x 2) overstruc- 531 and 540 eV for the 0.5-ML date are due to transitions into
ture at the latter annealing temperature, confirming the existO(2p,)-Ni(3d) and O(2y)-Ni(4sp) final states.
ing literature. We also determinefi. for varying oxygen
coverages with the help of the ac MCXD susceptibility gives 0.5-ML O, for the saturated molecular state. The an-
method™* For the clean nickel film we foun@ic=228 K. gular dependence of the two resonances shows that the mol-
Figure Xa) shows the CK-edge NEXAFS taken directly ecules lie almost flat on the surface, much like in the case of
after the oxygen exposure for both normal and grazingd,/Cu(100).®
(10°) x-ray incidence relative to the film surface. These In a second step of the experiment various chemisorbed
spectra show the typical features of an, @olecule as states were prepared by stepwise annealing the sample to
known from the gas phase: the sharp and pronounced successively increasing temperatures, and further exposure to
resonance at 531 eV and the bragtl resonance around 540 oxygen. Figure @) shows the NEXAFS spectra at thelO
eV. The intensities and energies are also similar to the onesdge taken at 10° x-ray incidence and the spectrum of a NiO
found for a submonolayer of Qon CU100) at 25 KX° In bulk crystal. Already, after slightly heating the sample to
particular, no energy shift of the* resonance can be iden- temperatures just above 50 K we found that the oxygen edge
tified with respect to the gas phase or multilayer values of Qump reduces to 50% of that in the molecular physisorbed
,/ICu(100.%° This is a clear indication of physisorbed oxygen state, from which we conclude that there are now only half as
on the Ni/C{100 surface, which to our knowledge has not many atoms on the surface. The NEXAFS spectra at the O-K
been found for the bulk N100O) surface even at much lower edge appear to be similar to the ones obtained after annealing
temperature$.A reason for this could lie in the fact that to 100 K which are characteristic of atomic adsorption. From
nickel grows pseudomorphically on the copper substrate, sthis we can conclude that the molecular oxygen dissociates at
that its in-plane Ni-Ni distance of 2.53 fRef. 16 differs  surface temperatures higher than 50 K, and chemisorbs in an
significantly from the nickel bulk value of 2.49 A. However, atomic state unlike @Cu(100), where a chemisorbed mo-
our data also show that the thin Ni films differ from the bulk lecular state was observed. Very similar NEXAFS spectra
in their electronic structure, as will be discussed below. At avere obtained for an increasing oxygen exposure of the
dosage of 10 L the oxygen edge jump already saturates, sindi (100 (Ref. 17 and Ni(111) (Ref. 18 bulk surfaces, indi-
no multilayers can be formed at this temperature. This is ircating a progressive oxidation of both the film and single-
good agreement with our edge jump calibration, where a&rystal surfaces. The shape of the spectra in Rig). dxhibits
comparison with the edge jump value for thg2 X 2) state  two main features close to the edge, one at the threshold and
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the other 10 eV above, which change their relative intensities
with increasing oxygen coverage. From the results found for
the oxygen chemisorption on §4i00),® we conclude that the
x-ray-absorption structure directly at the Fermi level is at-
tributed to excitations into antibondingp23d final states
which are centered at the Fermi level, mainly involving
2p,-oxygen orbitals perpendicular to the surface and there-
fore predominantly seen at grazing incidence. The structure 9
eV further above is due to transitions into antibonding- 2
4sp hybrids, dominated by the oxygempg, orbitals parallel

to the film surface which should be observable mainly at
normal incidence. Their absence in the grazing incidence
data taken after annealing to 100 K is an indication of an
overlayer without subsurface oxygen, in agreement with the
similarity of these spectra to the ones corresponding to the
sharpc(2X2) low-energy electron-diffractiofLEED) pat-
tern. The stronger 2-4sp hybridization as compared to the
2p-3d one leads to a larger splitting of the bonding and
antibonding bands, so that, for the bulk, the bondipg42p
hybrids are found to lie about 5.5 eV beldg¢ .3 With in-
creased oxygen coordination, the transitions into the anti-
bonding 2-4sp orbitals start to dominate the absorption
spectrum at both grazing and normal angles. This reflects the
more isotropic environment of the oxygen atoms that pen-
etrate the Ni surface, and is thus a probable hint for the
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existence of NiO islands. The progressing oxidation has an- hv (€V)
other consequence which can be monitored using the O
K-edge NEXAFS, the charge transfer from the nickel to the FIG. 2. (a) Ni L, sedge spectra taken with linearly polarized x
oxygen atoms. Because of this charge transfer, theays at (10°) grazing incidence. A strong correlation is observed
2p,~oxygen states located directly abolkg become either between the intensity variations in these spectra and the correspond-
more and more occupied or rehybridize, and therefore thig ones at the & edge[Fig. 1(b)]. (b) MCXD spectra taken with
corresponding absorption structure becomes less and lesicularly polarized x rays at (10°) grazing incidence corresponding
pronounced. At the., ; edges[Fig. 2@)], the spectral fea- to the ones ofa). Spectra for 1.5-ML oxygen coverage and NiO are
tures remain qualitatively the same, and show a continuouslI§ot shown as the MCXD signal was found to be zero in these cases.
growing white line intensity which is a measure of the den_lnset: integrated white line intensity cglculated fréah as a func-
sity of emptyd states at the site of the Ni atoms. This DOS tion of oxygen coverag® together with the value for a 23-ML
increases with oxygen coverage, until the maximum numberkhke Nl film (the spectrum is not shown herdfter normallz-
of d holes is reached for NiO. This is in agreement with "9 the NiO value to two holes, the areas appear approximately to
photoemission experimentd,where it was found that the 9€Scribe the number of Nidholes.
number of occqpieaﬂ states decreases for growing oxygen proposed22425|n order to limit the number of free param-
coverage on Ni. Also, an increased charge transfer of NGiters in our analysis, here we perform only a relative deter-
only s butd electrons leads to the formal Nd8 configura-  mination of the number of the Ni-atorh holes. This can be
tion in NiO.?%?! These electrons are transferred to the 2 achieved simply by integrating the normalized spectra of Fig.
oxygen states at the Fermi level, and therefore contribute tQ(a) up to theirL3 maximum. In this energy range the varia-
the decrease of the first absorption structure at thé &ige, tion of the areas under the step functions for the different
as was discussed above. Calculations predict that the maiusorption states is small compared to the corresponding
L,3 peaks in Ni 3 to 3d x-ray absorption belong to a ones under the white line. The small changes of the back-
2p°3d*° configuration, whereas the satellite 6 eV above conground in the preedge region for the different adsorption
tains 20°3d° multiplets?? In this energy region there are states can therefore be neglected. In this way we avoid a
also transitions into unoccupieds4tates. Above each edge complicated fitting procedure involving arbitrary continuum
the oxygen-induced changes in the absorption structure reacteps close to the edge. The result indicates an almost linear
out about 20 eV into the continuum. There is clear evidencéncrease of the white line intensity as a function of oxygen
of a reduction in the intensity of these states in agreemerdoverage. We arbitrarily normalized the value for NiO to two
with calculations®® holes, as in this case one expects a ground-state configura-
In Fig. 2(b) (inse} a simple analysis of the Ni; edge is  tion close to 318. This simplified interpretation of the spectra
shown based on the assumption that the area under the ajields a value of 1.2 holes for the 4-ML Ni. For a thick
sorption edge is proportional to the numberdafioles in Ni.  bulklike (23 ML) film, however, we find a value of 1.5 close
The most commonly used procedure of extractingdfstate  to various theoretical valué§:?’ The reduction of the num-
contribution involves the fitting of step functions below the ber ofd holes for the thin film highlights the hybridization of
spectra. One has considerable latitude in the design of suthe Cu and Nid bands, and is in agreement with
steps, and several forms in the case of Ni have beepalculations®
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Finally we discuss the magnetic features. Figufb)2 to have aT. around 70 K* whereas our measurements
shows the different MCXD spectra as a function of coverageshow that there is no more ferromagnetic response down to
and annealing temperature together with the data for th@0 K. For a 5.2-ML film(not shown here where we mea-
clean film. They axis is normalized to thé; maximum of  suredT. as a function of coverage, we find that the critical
the respective spectra in Fig(a2 Surprisingly we find a temperature of 342 K for the clean film is reduced to 244 and
significant reduction of the ferromagnetic response of they1g K for oxygen coverages of 0.6 and 0.8 ML, respectively,
film already for the physisorbed sta@4% of the clean film  \yhereas for a clean Ni film, with a thickness of 4.5 ML, we
signa). This means that even though most of the atoms argpqerveT . =280 K. Altogether these considerations illus-
only weakly bound to the surface through van der Waal§ e o sensitively the magnetism of the thin film is influ-
Whced by the oxygen-induced structural changes even for

of two-thirds of a Ni layer. This rather strong mflt_Jenc_e cou_ld submonolayer atomic adsorption before the oxygen pen-
be caused by a small amount of molecules which dissociate

) o ) ; : trates the Ni surface.

in the initial adsorption process. Such an atomic chemisorbe . . N
state buried under physisorbed molecules is known from In summary we have studied the progressive oxidation of
other systems. Other reasons for this reduction could lie in ML Ni films on Cu100 by means of NEXAFS and
modification of the surface magnetic anisotropy. The orbitaCXD and were able to follow their stepwise transition
magnetic moment is very sensitive to small changes in thérom a ferromagn_euc metal to an msulatmg a_ntlferromagnet.
surface structure, and symmetry related to a rearrangemefit Strong correlation was found in the variation of spectral
of the DOS without necessarily transferring electrons to theshapes at the Ni, ;and OK edges, which has been linked
oxygen molecules. Chemisorption in thé2x 2) overstruc- o the changes in the ground-state DOS induced by the O-Ni
ture leads to a further reduction of the magnetism which caybridization. This allowed us to follow thed32p electron

be interpreted by a nonferromagnetic Ni layer. For an oxygeiiransfer quantitatively from the Ni atoms to the O atoms. The
coverage of only 0.8 ML, we find a reduction to 34% of the MCXD spectra reveal that the magnetic properties are
MCXD signal as compared to the clean film. If the threestrongly influenced not only by hybridization but also by
inner Ni layers were still unaffected by the oxygen adsorp-structural changes upon O adsorption.

1 I 0,

tion, one would expect a MCXD signal close to 75% of the This work was supported by the BMRGrant No. 05 621

clean 4-ML film. This effect cannot be caused by a reduction i
of T¢, because a 3-ML Ni/Gd00) film has aT. of 140 K, KEAAB), the Deutsche Forschungsgemeinschaft Sfb 290,

far above the measuring temperature. Assuming a 1.5-Mihe Swedish Natural Science Research Coufi#R), and
NiO film on a 2.5-ML Ni film, one might expect this Ni film the G. Gustafsson foundation.
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