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for the first time and the r ' shielding behavior
in Ge. A more detailed version of the theory is
in preparation.
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Photoemission studies of very thin overlayers of Cu and Pd on Ag substrates show
resonant bound d states with half-widths I"=0.5, and 0.8 eV centered at 2.5 and 1.2
eV below the Fermi energy &F, respectively, for depositions & 2 average monolay-
ers, and show the formation of bulk band structure for deposition & 4 monolayers.
The 4-resonance position for Pd on Ag (1.2 eV below &F) is markedly different from
that of dilute Pd in AgPd alloys (2 eV below &F), while the level widths are compara-
able.

We report photoemission measurements of
electronic energy level positions and level widths
for very thin overlayers of Cu and Pd deposited
on Ag substrates, Recently, there have been
a number of spectroscopic measurements of ad-
sorbates on metal surfaces. These include field-
emission spectroscopy (FES) studies of alkaline-
earth adsorbates on tungsten, ' for which the ion-
ization potential of the adsorbate I' ' is less than
that of the substrate (i.e., I' ' &I'" ) and elec-
trons tend to be transferred to the substrate,
and ion neutralization spectroscopy (INS) and
photoemission electron spectroscopy (PES) stud-
ies of ehalcogen adsorbates' and gaseous adsor-
bates (0, CO, etc. ) on metal surfaces, ' ' for
which I '& I'" and electrons tend to be trans-
ferred to the adsorbate.

In this work, we have essentially neutral ad-
sorption (I' '= I'" ), and for average adsorbate
eoverages of ~ 1 monolayer we observe the rel-
atively simple situation in which the adsorbate
d-state resonances for Cu and Pd lie above the

d bands of the Ag substrate and are degenerate
with the Ag "s"bands. For Cu and Pd, respec-
tively, we observe occupied resonant bound state
d levels of half-width I"=0.5 —0.8 eV centered
at about 2.5 and 1.2 eV below the Fermi level EF.
Our observed level widths appear to be consis-
tent with the Anderson model as applied to chemi-
sorption, "and are similar to observed level
widths for dilute Pd in AgPd alloys. '~ Quantita-
tively, a recent Korringa, Kohn, and Rostoker
(KKR) calculation by Cooper'o for a 1-monolayer
film of Cu embedded in a simple metal predicts
a Cu d state of half-width I'=0.50 eV centered
at —2.7 eV.

As the adsorbate deposition was increased from
about 1 to 4 average monolayers for Cu and Pd
(the deposited mass was monitored), the adsor-
bate energy distributions were observed to change
in shape from asymmetric I orentzian-like shapes
to shapes characteristic of the bulk metal. Also,
adsorbate-induced emission characteristic of
nondirect optical transitions is observed for de-
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positions of less than about two average mono-
layers, while emission characteristic of direct
momentum-conserving transitions is observed
for the bulk.

Photoemission energy distributions and quan-
turn yields were measured for photon energies
5- h v- 11.6 eV using a 1-m normal-incidence
monochromator with a hot-filament Hinterreg-
ger-type H, gas-discharge lamp and an energy
analyzer consisting of the emitter (-2 cm' area)
and a 4.5-cm-diam spherical retarding collector.
Specimens were prepared in situ near room tem-
perature by evaporation onto clean Ag substrates
using W-filament evaporators for Cu and Ag and
an electron-beam-gun evaporator for Pd. Aver-
age film depositions were determined by mea-
suring their mass using two 4.1-MHz quartz-
oscillator rate monitors and evaporation rates
were typically about 0.2 monolayers/sec. De-
positions of Cu and Pd are quoted in terms of the
average number of monolayers n, assuming bulk
densities, and appear to be quasicontinuous over-
layers. " Base pressures of - 5&&10 "Torr were
typically reached, with operating pressures dur-
ing evaporation in the low to mid 10 ' Torr range
which then rapidly fell to ~ 5&&10 "Torr within
30 sec after completion of the evaporation.

The experimental technique and sensitivity are
illustrated in Fig. 1, which shows energy distri-
bution curves (EDC's) at hv=8. 6 eV for a Ag sub-
strate and for Ag with an average coverage of
8=1.1 monolayers of Cu. Extra emission asso-
ciated with the Cu adsorbate is shown [Cu(n =1.1))
and exhibits an asymmetric d-state resonance
with a peak at —2.4 eV (i.e. , 2.4 eV below the
Fermi level EF) and a half-width I'=0. 5 eV, as
well as broad emission between EF and —2 eV,
which presumably is associated with the Cu s
levels. The sharp peak at —4 eV in Fig. 1 cor-
responds to emission from the top of the Ag d
bands. Figure 1 also illustrates our technique
for determining emission associated with the ad-
sorbate. EDC's for various adsorbate/substrate
specimens are first normalized to their quantum
yield (i.e. , emitted electrons per incident pho-
ton). We observe that the spectral shape of the
substrate d-band emission does not change with
adsorbate coverage and assume that the entire
Ag spectral shape does not change, i.e. , only its
amplitude diminishes with increasing adsorbate
coverage. Then, EDC's at hv=10. 2 eV (arbitrar-
ily chosen) for pure Ag are scaled down in am-
plitude so as to have the same Ag d-band ampli-
tude at —4 eV as observed for the composite ad-
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FIG, 1, Energy distribution curves for bulk Ag
(dashed) and for Ag+1.1 average monolayers (n) of Cu
{n is based on the deposited mass, assuming the bulk
Cu density) are shown as well as the difference curve
(lower solid curve) which shows emission due to the
adsorbed Cu alone.

sorbate/Ag specimen and are subtracted from
the normalized composite EDC's. ' For each de-
position n this scale factor was used for both hv
=10.2 and 8.6 eV. Also, corrections for work-
function changes with absorbate coverage are
included. "

EDC's for the extra emission of very thin over-
layers of Cu on Ag are shown in Fig. 2 for sev-
eral depositions, together with an EDC for bulk
Cu. The Ag "background" emission was subtract-
ed according to the above-mentioned prescrip-
tion. For the lower average coverages, 8 = 0.4
and 1.1 monolayers in Fig. 2, we observe an
asymmetric Cu d-state level with a peak at —2.4
eV and half-width I"= 0.5 eV. The asymmetry
in the line shape, i.e. , increased emission on
the low-energy side, might be due in part to in-
elastic scattering processes and might also be
due in part to an antiresonance effect as de-
scribed by Penn. ' A widely used approach to
the chemisorption problem is the Anderson mod-
el,"for which the level width 2 I is given by
Fermi's "golden rule" as 21"=2n IV~I„'p(E),
where p(E) is the substrate s-band density of
states at the resonant energy and I V„l„ is the
phenomenological s-d hopping integral. Assum-
ing the bulk value p(E) = 0.26 electron/eV atom

178



VOLUME $0, NUMBER 5 PHYSICAL RKVIKW LKTTKRS 29 JxNUmv 1973

I5

I-
X

~ IO-
O
lL

o
cn

hl
LLj

Z 0o +
co C'
(n ~ 5-

CL

X
4J

l5-
I-

Q
0
Z Z0

cn &z~ Io-
w w

z 'o

z zo 0m~
v) o

w

-2 O=EF

INITIAL ENERGY (eV)

FIG. 2. Extra emission due to Cu overlayers of 0.4
to 3.6 average monolayers, as well as the bulk Cu
emission. Deposition values F are estimated to be ac-
curate to +30Vo.
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FIG. 3. Extra emission due to Pd overlayers of 0.6
to 12.1 average monolayers of Pd on Ag.

for Ag, we obtain! V~ I,„= 0.78 eV for Cu on Ag,
in qualitative agreement with estimates for reso-
nant bound d states in dilute alloys. ' Recently,
Cooper' has calculated the band structure of a
monolayer film of Cu sandwiched between two
thicker layers of a simple metal using the KKR
Green's function method. Using the Chodorow
potential for Cu, he has obtained a Cu d band of
half-width I'=0.5 eV centered at —2.7 eV below
EF." His calculations of both level width (which
was determined to be relatively insensitive to
boundary conditions) and level position are in
good agreement with our measurements. How-

ever, caution must be used in making this com-
parison of level positions since they are expected
to be influenced by the different boundary condi-
tions in his calculation and our experiment. Al-
so, Ag is not a simple metal, i.e. , its d bands
could influence the Cu d-peak position and width.

In Fig. 2, as the Cu coverage is increased from
n=1.1 to 3.6 average monolayers, peak structure
characteristic of bulk Cu is seen to develop. That
is, the peak at —2.4 eV for the lower coverages
shifts -0.2 eV towards EF and gets much sharp-
er, and two shoulders in the EDC appear at —2.8
and —3.2 eV, just as is seen for bulk Cu. The

structure seen for bulk Cu changes with photon
energy and is due to direct momentum-conserv-
ing optical excitations. In contrast, the Cu-in-
duced emission for coverages n~ 2 does not
change shape with photon energy. That is, the
adsorbate emission for small n appears to be due
to nondirect optical excitations, as is expected
because of the lack of the bulk crystalline per-
iodicity.

EDC's for the extra emission of very thin over-
layers of Pd on Ag are shown in Fig. 3 for de-
positions ra,nging from n= 0.6 to 12.1 average
monolayers. For the lower average depositions
n=0. 6 and 1.4, we observe a Pd d-state level
centered at about —1.2 eV with a half-width j. ,b,
=0.8 eV. The upper edge of this resonant level
is cut off by &F, implying the existence of @-
state holes. ' As the Pd deposition is increased
from 8=1.4 to 5.4 monolayers, we observe large
changes in the spectral shape of the EDC's with
a rapid buildup of emission from states near EF.
A sharp peak appears at —0.3 eV for n between
3 and 5 average monolayers. The EDC for n
= 5.4 is similar to that of "bulk" Pd as depicted
by the EDC for n =12.1, thus indicating that we
are observing essentially bulk Pd for depositions
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of n) 5 average monolayers.
A comparison with photoemission and optical

studies of bulk AgPd alloys show similar Pd lev-
el widths but quite different energy positions
(i.e., —1.2 eV for our overlayers with n (2 ver-
sus —2 eV for ( 20/g Pd in bulk AgPd alloys). "
Our observed level half-width 1 =0.8 eV for Pd
is likely to be broadened by spin-orbit splitting
(- 0.5 eV for the atom), as discussed by Norris
and Meyers. '

For the two systems we have described, the
overlayer d-state resonance for low depositions
(n=2) lies higher in energy, i.e. , nearer E„,
than the center of the corresponding d-band reso-
nance for the bulk metal. Namely, for bulk Cu,
the d-band resonance is centered at about —3.6
eV,"while Cu (n(2) on Ag shows a level cen-
tered at about —2.5 eV. For bulk Pd, the d bands
are centered at about —2.2 eV,"while Pd (~ ( 2)
on Ag shows a level centered at about —1.2 eV.

We thank J. Donelon whose technical assistance
with the measurements in this paper is greatly
appreciated, and G. Padilla, who performed
some of the data analysis.
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