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Charge state of adsorbate ions: I on Cu(001)

S. B. DiCenzo, G. K. Wertheim, and D. N. E. Buchanan
Bell Laboratories, Murray Hill, Xeiv Jersey 07974

(Received 30 July 1981)

We have used x-ray photoelectron spectroscopy to study iodine adsorbed on Cu(001).
The change with coverage of the I-core-electron binding energy directly measures the
charge state of the adsorbate atoms. We find a charge transfer of 0.04 electron to each I
atom.

The charge state of the adsorbate atoms is natur-

ally of great importance in the study of any ad-

sorption system. This quantity has generally been
inferred from the change in work function resulting
from the formation of the surface dipole layer. '

For the clean substrate, however, there is typically
already a surface dipole, resulting from a distortion
of the electron density at the surface, which may be
subsequently modified by the adsorbate. This
modification also contributes to the change in the
work function, so that work-function measurements
cannot unambiguously determine the charge state
of the adsorbate atoms. This ambiguity can be
avoided by using the technique of x-ray photoelec-
tron spectroscopy (XPS). Here we report experi-
ments on Cu(001) with well-characterized iodine
overlayers, demonstrating that the adsorbate charge
can be independently estimated from the coverage
dependence of the binding energy of the adsorbate
atom's core electrons. Experiments on other orien-
tations of Cu, and on Ag and Ni, are in progress
and are planned to be reported elsewhere.

The experiments were carried out in a UHV
sample preparation chamber with 10 Pa base
pressure, attached to a Hewlett-Packard (HP)
5950A electron spectroscopy for chemical analysis
(ESCA) spectrometer. An oriented Cu single-

crystal slab was mounted in a special sample hold-
er equipped for high-temperature annealing. Since
some buildup of carbon contamination was noted
after overnight runs, it was general practice to
clean the sample before each exposure to iodine.
The sample was cleaned by repeated argon-ion
sputtering and annealing until no significant oxy-
gen or carbon contamination could be discerned in
15-min ESCA scans. A good low-energy electron
diffraction (LEED) pattern gave further evidence

that a clean, well-ordered surface had been ob-
tained.

The LEED pattern was observed as iodine was
admitted into the preparation chamber through a
leak valve while the chamber was pumped by a
partially throttled turbopump. A pressure of 10
Pa was maintained during the adsorption process.
Two distinct LEED patterns were sequentially ob-
served with increasing exposure: A p (2X2) and a
distorted c (2 X 2).

A complete set of x-ray photoemission (XPS)
scans was first taken on the clean, iodine-free sam-
ple. Particular emphasis was given to those re-

gions where the iodine 3d and 4d signal were sub-

sequently to be measured. XPS data were taken at
a variety of coverages, including some so low
(-0.1 monolayer) that no change in the original
CU(001) LEED pattern could be discerned.

Both copper and iodine lines were recorded after
each exposure, including spectra for the Cu2p,
I 3d, I 4d, and valence-band. regions. The valence-
band spectra were used mainly for a direct deter-
mination of the Fermi energy, which is sensitive to
sample position in the HP spectrometer. The
iodine 3d cross section is sufficiently large at 1.5
keV photon energy so that even a few percent of a
monolayer of iodine could be detected. The I 3d
data were not useful, however, for more detailed
analysis bemuse these spectra include a high back-
ground of Cu I. Auger electrons. Most of the de-
tailed information was obtained from the I4d spec-
spectra, which occur in a region of low background
and which have a small lifetime width.

The experimental data were analyzed by least-
squares fitting, using a theoretical representation of
the XPS line shape which incorporates a two-

parameter form of our resolution function, the
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Doniach-Sunjic (DS) line shape, and phonon
broadening, all combined by convolution. In order

to extend the fit over some distance from the peak

of the line, it is necessary to include a representa-

tion of other sources of energy loss, e,g., plasmon

excitation. For Cu, one has reasons to expect the

DS function to give an adequate representation of
the line shape up to the point where d-band excita-

tion become energetically possible. %e have conse-

quently explored the use of a displaced integral

background with a threshold energy near 2 eV. By
including this background in the model function

which is fitted to the data, the data can be repre-

sented both inside and outside of the DS range.
The form of the background used in fitting the
iodine spectra does not affect the important

quantities, i.e., the binding-energy shifts, extracted
in the data analysis.

An example of an I4d spectrum fitted with this
line shape and background is shown in Fig. 1.
Below the data we display the residuals, i.e., the
diAerence between the fitted curve and the data.
The absence of systematic Auctuations indicates

(a)

that the model provides an adequate representation
of the data. The two spin-orbit components were
constrained to have the same shape. The I4d
spin-orbit splitting was found to be 1.71 eV and
the 4d3~2-to-4d5~2 intensity ratio 0.694, a value in
good agreement with Ref. 4. The lifetime width is
0.3+0.1 eV, and the singularity index is compar-
able to that of Cu. The Gaussian width increases
with coverage, especially beyond the p (2X2) range
where it approaches 0.5 eV. %C take that as an in-
dication of inhomogeneous broadening due to ine-
quivalent iodine atoms occurring in the coverage
region of the distorted c (2)&2) LEED pattern.

Analysis of the Cu 2@3&2 line at 932.7 eV is com-
plicated by the I 3@&&2 line at 931 eV. The latter is
relatively broad and weak, but cannot be ignored if
meaningful parameters are to be obtained for the
Cu line. By explicitly including both lines in the
fit a consistent lifetime width of -0.6 eV was ob-
tained for the Cu 2@3&2 line independent of iodine
covciagc. Thc ovcIall Gaussian width, which in-
cludes instrumental, phonon, and inhomogeneous
broadening, was found to decrease slightly with in-

creasing iodine coverage, while the Cu 2@3/2 peak
evinced a small but reproducible shift of -0.06 eV
to higher binding energy. The singularity index for
the Cu did not change significantly with iodine ad-
sorption. The Cu 3s and 3p signals at 122.2 and
74.0 CV were not useful for detailed analysis be-
cause they are both relatively wide —1.9+0.1 eV
and 2.0+0.1 CV, respectively. The Cu 3p spin-orbit
splitting is 2.44+0.02 CV.

Upon analysis of the data for a wide range of
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FIG. l. (a) The I4d x-ray photoemission spectrum
for a p(2)&2) overlayer on Cu(001). The solid line is a
least-squares fit using the model described in the text.
The components are shown as the dashed curves. (b)
The residuals.

FIG. 2. The coverage dependence of the I4d5~2 bind-

ing energy (see text). The open circle indicates the bind-

ing energy of a small amount of iodine remaining after
sputtering and annealing the sample several times.
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covc1Rgc, t1lc IDost lIDpoftant obscfvatlon to c1Tl"

cfgc 1s R systematic change 1Q thc 10d1nc coI'c-

clcctfoQ bind1ng cneI'gy w1th covcfagc. Th1s 1s 11-

lustrated in Fig. 2 where the I4d&&2 binding energy
is plotted as R function of coverage. We attribute
the systematic shift to Rn initial-state effect, that is,
to the Coulomb1c 1nteractlon between adatoms. If
this were a final-state effect reAccting the polariza-
t10Q of thc nc1ghbofing I atoms 1Q I'csponsc to tlM

Qcw cofc hole, then thc fcsponsc of thc substrate
scfccmng charge would bc covcfagc dependent; Rs

stated above, however, the asymmetry of the I
peaks does not change with coverage as would then
bc cxpcctcd. Thus, Qot surpr1slngly, tlM scI'ccn1ng
fcsponsc of the Cu condUct10Q clcctfons 1s scen to
take pI'cccdcncc ovcf thc polarization of thc Rda-
toms. Thc obscfvcd 10d1nc b1nd1ng-cncfgy sh1ft 1Q-

dicatcs thc sign of thc chalgc tI'Rnsfcf, Rnd, Rs ex-
pected, thc 10dinc bccoIDcs QcgRt1vc.

Wc can infer the charge transfer from the change

in the I core-electron binding energy by calculat-

1ng, Rt tlM s1tc of onc Rto1Tl, tlM clcctf1c potcnt1R1

due to Rll the other adsorbate atoms. Of course,
wc 1ncludc Qot only thc chafgc on thc adsorbate

RtoIDs but Rlso thc equal Rnd opposite Charge 1Q thc
substfRtc. Thc chRI'gc d1stfibUt10Q Rt 1Rfgc dis-

tances can bc adequately I'cpI'cscntcd Rs R collcct10Q

of simple point-charge dipoles. In fact, explicitly

locRting tlM substfRtc charge at thc sltcs of coppcI'

surface atoms has a negligible CA@et on the calcu-

lated potential. The calculation is easily carried
out for the ordered p(2X2) overlayer, where the

height of the adsorbate layer above the Cu surface

18 known ffoID thc surface extended x-fay absorp-
tion fine-structure (EXAFS) experiments of Citrin
et a/. The measured shift in binding energy then

implies a charge transfer of 0.04+0.01 electron per
adatom. In the case of I on Cu(001), then, we ob-

scfvc R charge tlansfcI' qu1tc similar 1Q IIlagmtudc

to the values inferred from work function measure-

IDcnts 1Q othcI' systcIIls.
The inference of charge transfer t.o the adsorbate

is confirmed by the analysis of the Cu 2p spectra.
BccaUsc tlM 2p 11nes Rfc 1'Rthc1 bI'oad wc cannot
resolve the contribution of the surface atoms in the
bulk-dominated spectrum. HowcvcI, thc surface

RtoIDs 1n CU RI'c known to have cole"clcctlon b1nd-

ing energies lower by -0.25 cV than those in the
bulk. Thus both the narrowing of the Cu 2p peak
and its small nct shift to higher binding energies
Upon Rdsofptlon of I sUggcst 8Q 1nclcRsc 1Q thc sur-
face Cu electrons' binding energy. Charge transfer
to the iodine would result in a decrease in repulsive
cncrgy, wlllch accounts well f01 this 1ncfcasc 1Q

blnd1ng cncfgy.
Thc surface EXAFS data 1nd1catc thRt, Rt thc

p(2X2) coverage, the iodine atoms are fourfold
coofd1natcd w1th thc CU ato1Tls Rnd the I—Cu dis-
tance is very close to the sum of the Cu and I co-
valent radii. We are inclined, then, to believe that
in the p(2X2) structure each I atom is in a four-
fold hollow on the 001 surface and is (weakly) co-
valently bonded to the surrounding Cu atoms. As
8 is increased the simple c (2X2) structure is not
observed. Instead, Rt coverages less than 0.5
monolayer, a "distorted" c (2X2) LEED pattern
Rppcafs, lndlcatlng that thc I atoms Rlc no 1ongcf
in the fourfold sites, having apparently moved
along the grooves between rows of Cu atoms. This
1s cons1stcnt w1th thc Obscl vcd 1nho1Tlogcncous

bloadcn1ng of t1lc 10dinc XPS 11ncs Rs dcscfibed
above. If the I atoms are still characterized by
their covalent radii, as might be inferred for the
p(2 X2) structure, then this displacement from
their previous lattice sites mould not be duc to I—I
contact, but rather would result from an electro-
static 1ntcractlon. BccRUsc thc 1ntcI'action of each
slightly negative I atom with the dipole layer is
only of thc order of 0.01 CV, wc woUld then lnfcf
that the iodine's affinity for the fourfold sites is
vcI'y weak.

In summary, we have observed ordered, sub-

monolaycr covc1Rgcs of weakly chcm1sofbcd 10dlnc
atoms on the (001) face of Cu, with the coverage
dcpcndcncc of thc I coI'c-clcctIon binding cncI'gy
indicating a transfer of 0.04 electron to each I
atom. This woI'k demonstrates that XPS can be
Used to determine UQRQ1b1guoUsly thc charge stRtc
of adsorbate atoms on metal surfaces. It will be
particularly interesting to apply this method to sys-
tems in which thc wofk function change Upon Rd-

sofpt1on has thc wlong slgQ. "
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