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Effect of reduced hybridization at the surface: Ni-3d photoemission line shape in NiÕCu„111…
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~Received 16 January 2003; revised manuscript received 21 May 2003; published 29 September 2003!

We have studied electronic states of the Ni impurities deposited on a Cu~111! surface by ultraviolet photo-
emission spectroscopy and have resolved the 3d line 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.

DOI: 10.1103/PhysRevB.68.113411 PACS number~s!: 79.60.Dp, 71.27.1a, 73.20.Hb
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Recently, 3d transition-metal adatoms deposited
noble-metal surfaces have been attracting much attentio
possible surface Anderson impurities which are accessibl
various spectroscopic methods.1 A very narrow dip which is
asymmetric with respect to the Fermi level (EF) has been
found in the scanning tunneling spectroscopy~STS! spectra
for some 3d transition-metal adatoms on noble-metal s
faces and has actually been reproduced with the Ande
impurity model~AIM ! calculation. On the other hand, pho
toemission spectroscopy~PES! is another powerful tech
nique to probe the electronic states nearEF . While STS is
sensitive to thesp electronic states of the substrate in su
systems, PES can probe the 3d electronic states of the ada
toms according to the photoionization cross sections.2 Based
on AIM it has been pointed out that a sharp ‘‘Kondo pea
may appear just atEF in the 3d spectral function of
Co/Au~111!.3,4 In a previous work, we observed a narrow F
3d peak nearEF in Fe/Cu~111! and pointed out that the 3d
electron of a surface adatom resembles the 4f electron in
bulk Ce or Yb compounds.5 However, the spectral line shap
of an individual Fe adatom has not been fully resolved in t
work due to the Fermi cutoff and the effect of the interacti
between the adatoms which is finite even at 0.03 monola
~ML’s !.

To answer the question above we have studied a
Cu~111! system by ultraviolet PES and have observed a c
single-impurity adatom 3d spectrum, where the effect of th
Fermi cutoff and the deposition-amount dependence h
been found to be very small. Since Ni 3d electrons in bulk
CuNi alloys are in a 3d9-3d10 (3d1-3d0 in the hole picture!
mixed-valent configuration,6,7 one could study almost whol
the adatom 3d spectral line shape in the Ni/Cu~111! system
by PES, which probes occupied states only.8 Another advan-
tage of the Ni/Cu~111! system is a surface-alloy formation
room temperature, which enables one to observe the effe
a change in the impurity-host hybridization strength (D).

A single crystalline Cu~111! substrate was cleaned by A
ion sputtering and annealing until the threefold low-ene
electron diffraction ~LEED! patterns appeared and th
Shockley surface state was observed at;0.4 eV in the nor-
mal photoemission spectrum. We have deposited a s
amount of Ni atoms onto the surface by electron bomba
ment heating. The substrate was;95 K or room temperature
when Ni was deposited. According to the electron-ener
loss spectroscopy~EELS! study11 submonolayer Ni adatom
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on Cu~111! essentially remain isolated with each other at
K while they form a CuNi two-dimensional~2D! alloy in the
top surface layer at room temperature. However, in the c
of 95-K deposition, we show only the data collected with
10 min of deposition since the Ni-3d spectrum varies
slightly on the time scale larger than that.12 Before each
deposition we removed the surface layers of the previ
sample completely by Ar-ion sputtering. Regardless of
deposition temperature we measured photoemission sp
at ;95 K. The excitation photon is HeI resonance line
(hn521.2 eV) and MgKa line (hn51253.6 eV). An Omi-
cron EA 125 hemispherical analyzer was used for the ene
analysis. The geometry of the photoemission measurem
was the same as that in a published work.5 We measured
ultraviolet photoemission spectra at the polar angle ou
525° and x-ray photoemission spectra atu50° ~normal
emission!. The acceptance angle of the analyzer was set to
68°. We determined the Fermi level in the ultraviolet ph
toemission spectra by measuring the Fermi edge of
Cu~111! substrate. The energy resolution was estimated to
;30 meV also from the Fermi edge. The base pressur
the measurement chamber was 7310211 Torr.

Figure 1 shows the valence-band photoemission spe
of Ni adatoms on Cu~111! ~a! and those of CuNi 2D alloys
~b! taken at the polar angle ofu525°. The Cu~111! spectrum
shown at the bottom is almost identical to that in Ref.
Since the sharp Schockley surface state does not appea
low EF and the Cu-4s spectrum nearEF is practically flat,
one can observe a small spectral change nearEF induced by
a small deposition at this polar angle. The sharp structu
between ;2 and ;4 eV are assigned to bulk Cu-3d
bands.13 For each sample we have also measured x-ray p
toemission spectra and have estimated the deposition am
from the intensity ratio of Ni-2p3/2 and Cu-2p3/2 levels as
noted in the figure.14 All the spectra have been normalized
the Cu-3d intensity integrated from 1.95 to 4.60 eV. As th
deposition amount increases from the bottom to the top
the figure, a Ni-3d derived state just belowEF gradually
overlaps the flat Cu-4s state. It appears clear even on th
energy scale that the peak position of the Ni-3d derived state
is closer toEF in Ni adatom systems than in CuNi 2D alloy

Since the spectra in Fig. 1 were normalized to the int
sity of the substrate, one can cancel out the Cu-4s contribu-
tion nearEF by subtracting the spectrum of Cu~111! from
©2003 The American Physical Society11-1



ea
re
y
th
e

e
n in
ght

her

s-

ms
-3
s

he
nce

s-
ans
ow

-3
all

ys,
osi-
n

ec-
h
of
.

s in
s is

ng
a
,

e

an

u

o
sp
em
th

ys-

BRIEF REPORTS PHYSICAL REVIEW B68, 113411 ~2003!
that of Ni/Cu~111!. We have thus extracted the Ni-3d com-
ponent nearEF as shown in Fig. 2. Here, the peak ar
increases linearly with the deposition amount and the a
for the adatom systems is identical to that for the 2D allo
when the deposition amount is the same. This means
scattering of the Cu~111! surface state by the Ni atoms to th

FIG. 1. Valence-band photoemission spectra of Ni/Cu~111! mea-
sured at 95 K with the photon energy ofhn521.2 eV. Ni atoms
have been deposited at 95 K~a! or at room temperature~b!.

FIG. 2. Difference spectra between Ni adatom systems
Cu~111! ~a! and those between CuNi 2D alloys and Cu~111! ~b!.
The spectral intensity has been normalized to the peak maxim
The data corresponding to the thinnest~0.013 ML! and the second
thinnest~0.016 ML! samples in the right panel are the average
the measurements on two independently prepared samples, re
tively. The difference spectrum of the 0.028-ML Ni adatom syst
is shown also by open circles overlapping the spectrum of
0.64-ML sample in the left panel.
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emission direction is negligibly small compared with th
Ni-3d intensity. The spectra of adatom systems are show
the left panel and those of 2D alloys are shown in the ri
panel of the figure. At the top in panel~a! we compare the
spectrum of 0.64 monolayer~ML ! Ni adatoms with that of
0.028-ML adatoms. The Ni-3d spectrum of the 0.64-ML
sample shows a clear Fermi edge and a long tail to the hig
binding energy side. Since the Ni-3d states of Ni metal dis-
tribute fromEF to ;2 eV in the angle-integrated photoemi
sion spectrum taken with the photon energy ofhn
521.2 eV,16 the widely spread 3d spectrum of the 0.64-ML
sample would indicate a finite interaction between Ni ato
at that deposition. As the Ni amount decreases the Nid
spectral intensity atEF is gradually reduced and become
almost zero around 0.05 ML. However, except for t
gradual change in the peak width, the deposition depende
of the Ni-3d spectrum is relatively small for Ni adatom sy
tems within the deposition range studied here. This me
that the observed line shape at low depositions would sh
an individual adatom spectrum. On the other hand, the Nid
peak position of CuNi 2D alloys is very sensitive to a sm
change in the Ni amount as shown in panel~b! of the figure.
Such a strong deposition dependence in CuNi 2D allo
which is absent in Ni adatom systems at the similar dep
tions, would be due to a Cu-mediated Ni-Ni interactio
through a largerD in CuNi 2D alloys.

In Fig. 3 we have selected two sets of the difference sp
tra to compare the Ni-3d spectrum of adatom systems wit
that of 2D alloys at similar depositions, where the effect
the Ni-Ni interaction is relatively small as visible in Fig. 2
We note here that the spectral intensity atEF is very small
but is finite in these spectra. This means that the Ni atom
these samples are mixed valent: If the valence of Ni atom
an integer, the onset of the Ni-3d spectrum is separated from
EF like core levels with higher binding energies. Assumi
that the 3d electrons in the surface Ni impurities are still in
3d9-3d10 mixed-valent configuration as in bulk CuNi alloys
the photoemission peak nearEF can be assigned to th
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FIG. 3. Top two curves: difference spectra at;0.044-ML depo-
sition. Bottom: difference spectra at;0.028-ML deposition. The
filled circles ~a! represent the difference between Ni adatom s
tems and Cu~111! and the open circles~b! represent the difference
between CuNi 2D alloys and Cu~111!.
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3d10→3d9 process from the viewpoint of ionic configura
tions. Based on a large degeneracy approach of AIM,
3d10→3d9 photoemission peak nearEF in mixed-valent Ni
impurities could be described analytically forU5` and to
lowest order in 1/Nd , whereU is the Coulomb interaction
between 3d electrons andNd is the degeneracy of the 3d
level.17,18The peak positiond which is measured fromEF is
given by

d5B expS 2
p«d

0

NdD D , ~1!

whereB is the conduction-band width aboveEF , «d
0 is the

bared (3d9→3d10) level («d
0.0), andn̄d is thed-hole oc-

cupancy. According to Eq.~1! the peak binding energyd
decreases monotonously as the hybridization strengthD is
reduced. Therefore the observed peak shift from 0.6–0.7
in the 2D alloys to 0.2–0.3 eV in the adatom systems can
attributed to a decrease inD if one assumes that the ba
Ni-3d level is not changed very much between the two m
phologies.

We now compare the photoemission spectra of
Cu~111! with those of bulk CuNi alloys. SinceD would be
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larger in bulk CuNi alloys than in surface alloys, the Ni-3d
peak position should appear further away fromEF in bulk
alloys according to Eq.~1!. However, a largerD may cause a
stronger indirect Ni-Ni interaction, which may shift th
Ni-3d peak again towardsEF as the deposition dependenc
of Fig. 2~b! shows. Boschet al. measured the photoemissio
spectrum of a bulk dilute alloy Cu0.95Ni0.05 with the photon
energy ofhn521.2 eV and found a Ni-3d derived peak at
0.78 eV,6 close to the peak position of the 0.043-ML 2
alloy in Fig. 2~b!. This would mean that the Cu-mediate
Ni-Ni interaction is still large in dilute bulk CuNi alloys eve
at the Ni concentration of 5%. Thus one can state that
transition-metal single-impurity effect, which would b
smeared by a strong intersite effect in bulk dilution system
may appear itself clearly in adatom systems.

In conclusion, we have resolved the narrow 3d spectral
line shape of a Ni adatom, where the peak appears 0.2
eV belowEF . The Ni-3d peak has been shifted by;0.4 eV
away fromEF in 2D surface alloys, reflecting an increase
the impurity-host hybridization strength in surface alloys.

T.S. was financially supported by the Ministry of Educ
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