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Effect of reduced hybridization at the surface: Ni-3d photoemission line shape in NCu(111)
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We have studied electronic states of the Ni impurities deposited onHLOwsurface by ultraviolet photo-
emission spectroscopy and have resolved tHeliBe shape of an individual transition-metal adatom. The
Ni-3d peak has shifted away from the Fermi level when the Ni atoms have been embedded into the top surface
layer, reflecting an increase in the impurity-host hybridization strength in going from adatom systems to
surface alloys.
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Recently, 3 transition-metal adatoms deposited onon Cyl11ll) essentially remain isolated with each other at 95
noble-metal surfaces have been attracting much attention &while they form a CuNi two-dimension&RD) alloy in the
possible surface Anderson impurities which are accessible byp surface layer at room temperature. However, in the case
various spectroscopic methoti& very narrow dip which is  of 95-K deposition, we show only the data collected within
asymmetric with respect to the Fermi levéld) has been 10 min of deposition since the Nie3 spectrum varies
found in the scanning tunneling spectroscdffl' spectra  slightly on the time scale larger than tHatBefore each
for some 3 transition-metal adatoms on noble-metal sur-geposition we removed the surface layers of the previous
.faces.and has actually been_reproduced with the Andersoghmme completely by Ar-ion sputtering. Regardless of the
impurity model(AIM) calculation. On the other hand, pho- genosition temperature we measured photoemission spectra
toemission spectroscop{PES is another powerful tech- 51" g5k The excitation photon is Hé resonance line
nigue to probe the electronic states n&ar. While STS is (hv=21.2 eV) and MK « line (hv=1253.6 eV). An Omi-

sensitive to thesp electronic states of the substrate in SUChcron EA 125 hemispherical analyzer was used for the energy

systems, PE.S can probe thd B!ectronlc states O].c the ada- analysis. The geometry of the photoemission measurement
toms according to the photoionization cross sectfoBased . .
,was the same as that in a published woNkle measured

on AIM it has been pointed out that a sharp “Kondo peak . L
b b P ultraviolet photoemission spectra at the polar anglegof

may appear just aEr in the 3d spectral function of o o o
Co/Au(11D).3*In a previous work, we observed a narrow Fe —2°° and x-ray photoemission spectra &t0° (normal
3d peak neaEr in Fe/Cy111) and pointed out that thed3 emission. The acc_:eptance angle_ of the_ analyzerwr_:ls set to be
electron of a surface adatom resembles tfieetectron in = 8°- We determined the Fermi level in the ultraviolet pho-
bulk Ce or Yb compounddHowever, the spectral line shape toemission spectra by measuring the Fermi edge of the
of an individual Fe adatom has not been fully resolved in thaCu(111) substrate. The energy resolution was estimated to be
work due to the Fermi cutoff and the effect of the interaction~30 meV also from the Fermi edge. The base pressure in
between the adatoms which is finite even at 0.03 monolayeiéie measurement chamber was 70~ ** Torr.
(ML’s). Figure 1 shows the valence-band photoemission spectra
To answer the question above we have studied a Nipf Ni adatoms on C{d11) (a) and those of CuNi 2D alloys
Cu(111) system by ultraviolet PES and have observed a cleafb) taken at the polar angle @=25°. The C¢111) spectrum
single-impurity adatom @ spectrum, where the effect of the shown at the bottom is almost identical to that in Ref. 5.
Fermi cutoff and the deposition-amount dependence havéince the sharp Schockley surface state does not appear be-
been found to be very small. Since Nd 2lectrons in bulk low Er and the Cu-4 spectrum neaEg is practically flat,
CuNi alloys are in a 8%-3d'° (3d*-3d° in the hole picturg ~ one can observe a small spectral change Bganduced by
mixed-valent configuratiof/ one could study almost whole @ small deposition at this polar angle. The sharp structures
the adatom @ spectral line shape in the Ni/Cll1) system between ~2 and ~4 eV are assigned to bulk Cud3
by PES, which probes occupied states dmyiother advan- bands:® For each sample we have also measured x-ray pho-
tage of the Ni/C(111) system is a surface-alloy formation at toemission spectra and have estimated the deposition amount
room temperature, which enables one to observe the effect &fom the intensity ratio of Ni-B3;, and Cu-2g, levels as
a change in the impurity-host hybridization strengtt) ( noted in the figuré? All the spectra have been normalized to
A single crystalline C(111) substrate was cleaned by Ar- the Cu-3J intensity integrated from 1.95 to 4.60 eV. As the
ion sputtering and annealing until the threefold low-energydeposition amount increases from the bottom to the top in
electron diffraction (LEED) patterns appeared and the the figure, a Ni-8 derived state just beloviee gradually
Shockley surface state was observed-&t4 eV in the nor- overlaps the flat Cu-g state. It appears clear even on this
mal photoemission spectrum. We have deposited a smadinergy scale that the peak position of the Mi<erived state
amount of Ni atoms onto the surface by electron bombardis closer toEg in Ni adatom systems than in CuNi 2D alloys.
ment heating. The substrate wa®5 K or room temperature Since the spectra in Fig. 1 were normalized to the inten-
when Ni was deposited. According to the electron-energysity of the substrate, one can cancel out the Giedntribu-
loss spectroscop§EELS) study! submonolayer Ni adatoms tion nearEg by subtracting the spectrum of Cu11) from
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_NI/CP(UII) . . ‘ FIG. 3. Top two curves: difference spectra-ab.044-ML depo-

4 2 0 4 2 0 sition. Bottom: difference spectra at0.028-ML deposition. The
filled circles (a) represent the difference between Ni adatom sys-
tems and C(111) and the open circle&) represent the difference

FIG. 1. Valence-band photoemission spectra of Ni&l@) mea-  Petween CuNi 2D alloys and C101).
sured at 95 K with the photon energy bi=21.2 eV. Ni atoms
have been deposited at 95(K) or at room temperaturéb).

Binding Energy (eV)

emission direction is negligibly small compared with the
Ni-3d intensity. The spectra of adatom systems are shown in
the left panel and those of 2D alloys are shown in the right
panel of the figure. At the top in pané&) we compare the
pectrum of 0.64 monolayéML) Ni adatoms with that of
.028-ML adatoms. The Ni¢B spectrum of the 0.64-ML
mple shows a clear Fermi edge and a long tail to the higher
inding energy side. Since the Nd3states of Ni metal dis-
tribute fromEg to ~2 eV in the angle-integrated photoemis-
sion spectrum taken with the photon energy bf
=21.2 eV® the widely spread 8 spectrum of the 0.64-ML
sample would indicate a finite interaction between Ni atoms
at that deposition. As the Ni amount decreases the dNi-3
spectral intensity aEg is gradually reduced and becomes
almost zero around 0.05 ML. However, except for the
gradual change in the peak width, the deposition dependence
of the Ni-3d spectrum is relatively small for Ni adatom sys-
tems within the deposition range studied here. This means
that the observed line shape at low depositions would show
an individual adatom spectrum. On the other hand, thedi-3
peak position of CuNi 2D alloys is very sensitive to a small
change in the Ni amount as shown in pafi®lof the figure.
Such a strong deposition dependence in CuNi 2D alloys,
which is absent in Ni adatom systems at the similar deposi-
tions, would be due to a Cu-mediated Ni-Ni interaction

that of Ni/Cu111). We have thus extracted the Nd¢Zom-

ponent nearEr as shown in Fig. 2. Here, the peak area
increases linearly with the deposition amount and the are
for the adatom systems is identical to that for the 2D alloys
when the deposition amount is the same. This means th
scattering of the Gl11) surface state by the Ni atoms to the

0.045 ML, 2 % \
m‘”fé "

0.035% O
AR Y

0.028 ML .
Q@M
o L2

Intensity (arb. units)

[, Ni/Cu(111) e through a largerA in CuNi 2D alloys.
12 08 04 0 12 08 04 O In Fig. 3 we have selected two sets of the difference spec-
T tra to compare the Ni-® spectrum of adatom systems with
Binding Energy (eV) that of 2D alloys at similar depositions, where the effect of

FIG. 2. Difference spectra between Ni adatom systems ané/r\]/e NI'NIrl]meraﬁtlonhls relatlvelly_ smaII_ as V!Slble n Flg.”2.
Cu(11D (a) and those between CuNi 2D alloys and(Cll) (b). e note here that the spectral intensityEgt is very sma

The spectral intensity has been normalized to the peak maximunUt IS finite in these spectra. This means that the Ni atoms in
The data corresponding to the thinné013 ML) and the second (h€S€ samples are mixed valent: If the valence of Ni atoms is
thinnest(0.016 ML) samples in the right panel are the average of@n integer, the onset of the Ne3pectrum is separated from
the measurements on two independently prepared samples, respée like core levels with higher binding energies. Assuming
tively. The difference spectrum of the 0.028-ML Ni adatom systemthat the 3l electrons in the surface Ni impurities are still in a
is shown also by open circles overlapping the spectrum of the3d®-3d*® mixed-valent configuration as in bulk CuNi alloys,
0.64-ML sample in the left panel. the photoemission peak ne&y: can be assigned to the
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3d%%—3d® process from the viewpoint of ionic configura- larger in bulk CuNi alloys than in surface alloys, the Ni-3
tions. Based on a large degeneracy approach of AIM, th@eak position should appear further away fr&m in bulk
3d'°— 3d° photoemission peak ne& in mixed-valent Ni  alloys according to Eq(1). However, a largeA may cause a
impurities could be described analytically for=« and to  stronger indirect Ni-Ni interaction, which may shift the
lowest order in My, whereU is the Coulomb interaction Ni-3d peak again towardEg as the deposition dependence
between 8 electrons andNy is the degeneracy of thed3 Of Fig. 2(b) shows. Bosclet al. measured the photoemission
level 118 The peak positio which is measured frorig is ~ SPectrum of a bulk dilute alloy CdNig o5 With the photon

given by energy ofhv=21.2 eV and found a Ni-@ derived peak at
0.78 e\f close to the peak position of the 0.043-ML 2D
el alloy in Fig. 2b). This would mean that the Cu-mediated
6=B exp( - ﬂ) , (1) Ni-Ni interaction is still large in dilute bulk CuNi alloys even
d at the Ni concentration of 5%. Thus one can state that the

whereB is the conduction-band width abowg:, ¢J is the  transition-metal single-impurity effect, which would be
bared (3d°—3d9) level (s2>0) andnx is the d-hole oc smeared by a strong intersite effect in bulk dilution systems,
d ’ d . .

cupancy. According to Eq(l) the peak binding energy may appear itself clearly in adatom systems.

S In conclusion, we have resolved the narrow 8pectral
decreases monotonously as the hybridization stredgib ;1o shape of a Ni adatom, where the peak appears 0.2—0.3

reduced. Therefore the observed peak shift from 0.6-0.7 eY,, belowE, . The Ni-3d peak has been shifted by0.4 eV

in the 2D alloys to 0.2-0.3 eV in the adatom systems can bg, . fromE. in 2D surface alloys, reflecting an increase in

attributed to a decrease i if one assumes that the bare e iy rity-host hybridization strength in surface alloys.
Ni-3d level is not changed very much between the two mor-
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