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Shifts in the core-level binding energies of surface atoms relative to bulk atoms which
show a dramatic dependency on surface crystallography have been observed. Surface-
atom core-level emission intensities are shown to give direct information on the num-
ber of surface atoms, while binding energies give information on the surface-atom co-
ordination number. These data show that the reconstructed Ir(100)-(5x1) face is de-
scribed by a compressed hexagonal monolayer.

Recent photoemission experiments have report-
ed differences between core-level binding ener-
gies for surface and bulk atoms on Au (Ref. 1)
and W (Ref. 2). Citrin, Wertheim, and Baer' ob-

, served a weak asymmetry at the low-binding-en-
ergy side of the bulk 4f level of polycrystalline
Au while Duc et al.s found the 4f surface core-
level binding energy of W(110) to be reduced by
0.3 eV relative to the bulk. En this paper we re-
port 4f-core-level binding energies for surface
atoms of Ir(100)-(1x1), Ir(100)-(5x1), and Ir(111)
and show for the first time that both emission in-
tensity ratios give direct information on surface
structure.

The observed surface core-level shifts reflect
initial-state changes in the electrostatic potential
in the atomic core region which can be decom-
posed into configuration changes (rehybridization,
etc.) and chemical shifts as well as possible final-
state relaxation shifts. ' The sign of the shift for
Ir is towards lower binding energies, as for Au
and W(110). However, this is not a general trend
as suggested, ' since our preliminary measure-
ments on polycrystalline Ta show a shift of 0.3
eV towards higher binding energy. The magni-
tude of the shift for Ir is found to be particularly
large (0.68 eV) for the metastable Ir(100)-(1x 1)
surface and smaller for Ir(100)-(5x1) and Ir(111)
(0.49 and 0.50 eV, respectively). Both the shift
and surface-to-bulk emission intensity ratio for
the Ir(100)-(5x1) surface show that this surface
is described by a hexagonal overlayer.

The data were taken with a two-dimensional
display spectrometer' at the Synchrotron Radia-
tion Center of the University of Wisconsin. An-
gle-integrated photoelectron spectra were record-
ed at a photon energy of 100 eV (s-polarized
light), yielding a kinetic energy of -40 eV for Ir
4f photoelectrons. Since the electron escape
depth is very small at this energy (-5 A), the
core-level spectra contain an appreciable con-

tribution from the outermost surface layer. The
overall system resolution (photons and electrons)
was 0.3 eV in this experiment; count rates for
the bulk 4f», peak were typically 5 x 10'/sec.
Clean Ir(100)-(5x 1) and Ir(111) surfaces were
prepared by sputter cle:;&,ning and repeated cycles
of heating in oxygen at 1300'K and flashing in
vacuo to 1500'K. The clean metastable Ir(100)-
(1x 1) structure was prepared by following the
prescription given in Ref. 5. Surfaces were char-
acterized in situ by low-energy electron diffrac-
tion (I.EED), photoelectron spectroscopy, and
Auger-electron spectroscopy twhich showed only
a small carbon contamination [ C(272 eV)/Ir(171
eV) =- 0.03] comparable to that previously report-
ed in Ref. 5).

An energy distribution curve for Ir(100)-(1x 1)
is shown in Fig. 1(a). Extra surface-atom peaks
are observed on the low-binding-energy (high-
kinetic-energy) side of the bulk 4f„, and 4f„, lev-
els. The binding-energy shift of the surface-
atom peaks is sensitively dependent on H, -gas ad-
sorption, as is shown in Fig. 1(b), whereas the
binding energy of the bulk peak is unaltered. Up-
on mild heating, the adsorbed hydrogen was re-
moved and the clean Ir(100)-(1x1) spectrum was
regained. Further heating to —800 K for a few
seconds causes a conversion to the (5x1) struc-
ture. The corresponding surface core-level shift,
as shown in Fig. 1(c), is significantly less than
for the (1x1) structure. This agrees with the in-
tuitive notion that the equilibrium (5x1) phase
corresponds with a more "bulklike" arrangement
of surface atoms than the metastable (1x1) phase.

The 4f», line shapes have been decomposed into
bulk and surface contributions as follows. First,
a linear background of secondary electrons was
subtracted from the original spectra. Bulk and
surface components, including the low-binding-
energy tails from the bulk and surface 4f„, level,
were each represented by theoretical Doniach-
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FIG. 1. Photoemission spectra of Ir 4f core levels
for (a) Ir(100)-(1xl), (b) Ir(100)-(lx1) +12 L H2, and

(c) Ir(100)-(5xl).

Sunjic line shapes, ' with a full width at half maxi-
mum (FWHM) of 2y and an asymmetry parameter
of a=0.12 [as determined by x-ray photoemission
spectroscopy (XPS')] which were convoluted with

a triangular-shaped instrumental resolution func-
tion having a FWHM of 0.3 eV. Then the FWHM

2y, intensity ratio I,/I, of surface to bulk compo-
nents, and the binding energy shift ~ were var-
ied so as to optimally fit the experimental line
shape. ' The optimum FWHM 2y was found to be
0.4 eV, consistent with XPS measurements. '

Results for Ir(100)-(lx 1) and Ir(111) are shown

in Figs. 2(a) and 2(b) (dotted curves). The bulk

4f„, binding energy relative to the Fermi level
was found to be 60.7+ 0.1 eV, in agreement with

XPS measurements. ' In order to obtain a good

fit, a small background due to extrinsic energy
losses was included, which at each energy was

taken to be proportional to the peak area integrat-
ed from the high-kinetic-energy tail to the energy
of consideration. I, /I~ and hE values and their
estimated errors obtained from this fitting pro-
cedure are listed in Table I.

The 4f», line shape for the (5x1) reconstructed
Ir(100) surface is very similar to that from the
Ir(111) surface [Fig. 2(c)]. A close examination
shows that the (5x 1) line shape has extra struc-
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ture, indicating that at least two different sur-
face core-level binding energies are involved.
An improved fit was obtained by using two sur-
face core levels with b,E = 0.44 and 0.75 eV and

I, /I~ =0.83 and 0.15, respectively. This corre-
sponds to an average shift of bE = 0.49 eV and a
total intensity ratio of I, /I~ = 0.98 (Table I).

TABLE I. Binding-energy shifts and relative inten-
sities of 4f core levels from surface atoms of Ir.

Surface Expt. Calc.

Ir(100)-(1x 1)
Ir(100) -(5x 1)
Ir(111)

0.68
0.49'
0.50

0.59
0.98
0.84

0.66
0.94
0.80

Estimated uncertainty = + 0.02 eV.
Estimated uncertainty =+ 0.02.

'Average values (see text) .

FIG. 2. 4fph-core-level emission spectra for (a)
Ir(100)-(1x1) and (b) Ir(ill) after background subtrac-
tion (solid lines) and the result of our line shape fit
(dotted lines) . Dashed curves show the decomposition
into Doniach-Sunjic lines convoluted with the instru-
mental resolution; an extrinsic background is also
shown. (c) Comparison between core-level emission
spectra from Ir(ill) and Ir(100)-(5 x1).
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In general, surface core-level shifts reflect the
change in electrostatic potential in the atomic
core region. In Ir these are mainly due to con-
figuration changes' (rehydridization, d-band nar-
rowing, surface states, etc.). Namely, these
shifts are sensitive to changes in d-electron lo-
calization near the core and especially to changes
in the number of d electrons (s/p/d rehybridiza, -
tion effects). ' Rehybridization can differ widely
for surfaces of different elements and is influ-
enced by surface geometry, including possible
surface-layer relaxation effects. At the surface,
an increase in d localization can occur due both
to d-band narrowing (e.g. , reduced surface-atom
coordination') and to changes in the shape of the
local density of states, which correspond to a
transfer of spectral weight from the lower "bond-
ing" portions of the d band to the upper "antibond-
ing" portions of the d band. "" It is interesting
that recent self-consistent surface calculations
have predicted an upward surface core-level shift
of 0.5 eV for Cu(111)" but downward shifts of
0.22 eV and 0.48 eV for Ti(0001) and Sc(0001)."
The sign of these calculated shifts has been at-
tributed to the combined effects of the d-band nar-
rowing and layerwise charge neutrality, which re-
sults in an upward shift of the d band if the Fermi
level is above the midpoint of the d band and vice
versa. " If it is further assumed that the surface
core-level binding energy shifts rigidly with the
d-band center of gravity, ' this model predicts the
correct sign for the surface core-level shifts
seen for Au, Ir, and Ta. However, it predicts
essentially no shift for W, which shows a 0.3-eV
upward shift. '

While the use of a simple d-band tight-binding
model is very questionable for predicting abso-
lute surface level shifts, we find that it correctly
predicts the relative shifts for the unreconstruct-
ed (100) and (111)Ir surfaces. In a tight-binding
model, the bandwidth is proportional' to vZ,
where Z is the atom coordination number. Given
the shift ~», for the (ill) surface, the shift
~», for the unreconstructed (100) surface fol-
lows from ~„,=[1-(Z», /Z, )'"]/[1- (Z», /
Z, )'"]~ ~», . Substituting Z, =12 for the bulk
and Z„,=9 and Z„,=8 for the surfaces, we ob-
tain ~»,/~», =1.37, in excellent agreement
with the experimental ratio of 0.68/0. 50 =1.36."
This suggests use of core-level shifts for struc-
tural analyses of surface layers.

The 4f surface core-level shift for Ir(100)-(5
&& 1) remarkably resembles that for Ir(111) [Fig.
2(c)], strongly suggesting that these surfaces

have similar coordination. With use of a struc-
tural model proposed in LEED investigations,
the (5&(l) structure is due to a single hexagonally
close-packed layer of Ir atoms on top of a (100)
substrate. " This structure involves surface
atoms in inequivalent sites with different coordi-
nation, consistent with our observation that more
than one surface core level is involved. The av-
erage number of nearest neighbors for atoms in
the hexagonal overlayer is approximately 8.5.
The tight-binding model then predicts an average
core-level-shift ratio of ~„,~'"'l/~», =1.18,
as compared with an experimental ratio of 0.95.
The smaller observed shift indicates a more bulk-
like coordination, which could be due to a slight
buckling of the overlayer [e.g. , (5x20) recon-
struction observed for Au(100)]. Such a buckling
effect would contribute to the compression of
-4'%%uo in the hexagonal overlayer needed to match
the (100) substrate. "

We use the I, /I, ratios at constant kinetic ener-
gy as a measure of the number of surface elec-
trons. Duc et al.' have found hv-dependent modu-
lations in I, /I, for normal emission and ascribed
them to photoelectron diffraction effects. This
effect is substantially reduced in our experiment
by collecting photoelectrons within a large solid
angle (-1.8 sr). The extended x-ray absorption
fine structure (EXAFS) modulations remaining
after angle averaging the diffraction effects are
relatively small, typically less than -+ 5'%%uo at 40
eV above threshold. " In addition, Duc et al.'
reported a strong enhancement of I,/I, for p-po-
larized light. We have not found such a large ef-
fect in our angle-integrated experiments for Ir,
which suggests that the surface photoeffeet" does
not play a significant role at soft-x-ray photon
energies. In conclusion, the intensity ratios at
constant final energy for different Ir surfaces
can be analyzed with a simple calculation based
on inelastic attenuation of excited photoelectrons
as follows. In a discrete layer model for elec-
tron escape, the surface to bulk intensity ratio
is given by

s s, eN&o(1 -Nba)I N

where N, ~ is the surface (bulk) layer density
(atoms/cm') and v is the cross section for inelas-
tic scattering per atom. In this model, electrons
escaping from the bulk are attenuated through
each bulk layer by a factor exp(- N,v) and finally
attenuated through the surface layer by exp(-N, cr).
The only free parameter in Eq. (1) is a, which is
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related to the bulk electron escape depth A. through
X =1/n, o (e, is bulk atom density in atoms/cm3).
Calculated intensity ratios for Ir(100)-(1X1) and
Ir(111) are in reasonable agreement with experi-
ment (Table I) if o is taken to be 3.7x10" cm'(A.

=3.8 A). A comparison of surface-to-bulk inten-
sity ratios for the Ir(100)-(5&&1) provides an ad-
ditional test for the hexagonal overlayer model
proposed for this surface. Assuming again a re-
duction of 4% in the lattice constant within the
overlayer, it follows that N, = 1. 89x 1 0" atoms/
cm' and I,/I, =0.94, again in good agreement
with the experimental value of 0.98 (Table I).

In summary, the measurement of surface core-
level binding energies and intensities shows
promise as a "site-specific" tool to study sur-
faces of transition metals and is particularly
interesting for catalytically active stepped sur-
faces. Proof of this must await further system-
atic studies of surface core-level shifts for dif-
ferent elements and structural conf igurations.

We would like to thank Dr. A. R. Williams,
Dr. S. G. Louie, and Dr. P. J. Feibelman for
stimulating and helpful discussions, as well as
the staff of the Synchrotron Radiation Center of
the University of Wisconsin for their excellent
support. This work was supported in part by the
U. S. Naval Office of Scientific Research under
Contract No. N00014-77-C-0366.

P. H. Citrin, G. K. Wertheim, and Y. Baer, Phys.
Rev. Lett. 41, 1425 (1978).

T. M. Duc, C. Guillot, Y. Lassailly, J. Lecante,
Y. Jugnet, and J. C. Vedrine, Phys. Rev. Lett. 43, 789
(1979).

3P. Fulde, A. Luther, and R. E. Watson, Phys. Rev.
B 8, 440 (1973); A. R. Williams and N. D. Lang, Phys.
Rev. Lett. 40, 954 (1978). For instance, a change in d
count of 0.06 e in Mo changes the electrostatic poten-
tial by 0.65 eV (A. R. Williams, private conversation).

Final-state relaxation effects are assumed to be equal
for surface and bulk atoms.

D. E. Eastman, J. J. Donelon, N. C. Hien, and F. J.
Himpsel, to be published.

T. N. Rhodin and G. Broden, Surf. Sci. 60, 466 (1976).
Recently, other metastable surfaces have been prepared
for Pt(100) by H. P. Bonzel, C. R. Helms, and S. Kele-
men, Phys. Rev. Lett. 35, 1237 (1975), and for Au(100)
by J. F. Wendelken and D. M. Zehner, Surf. Sci. 71,
178 (1978).

6S. Doniach and M. Sunjic, J. Phys. C 3, 285 (1970).
S. Hufner and G. K. Wertheim, Phys. Rev. B Il, 678

(1974).
At a photon energy of 100 eV the XPS limit is not yet

fully reached and the line shapes may not be well repre-
sented by a Doniach-Sunjic distribution [J. W. Gadzuk
and M. Sunjic, Phys. Rev. B 12, 524 (1975)]. To esti-
mate possible errors due to uncertainties in the exact
line shape the above decomposition has been repeated
with Lorentzian line shapes (FWHM of 0.40 eV) and a
larger background. Although the agreement with exper-
iment is not as good, the best-fit f~/I~ and bX values
are essentially unchanged.

F. Cryot-Lackmann, Adv. Phys. 16, 393 (1967), and
J. Phys. Chem. Solids 29, 1235 (1968).

S. G. Louie, Phys. Rev. Lett. 40, 1525 (1978).
J. A. Appelbaum and D. R. Hamann, Solid State Com-

mun. 27, 881 (1978).
J. G. Gay, J. R. Smith, and F. J. Arlinghaus, Phys.

Rev. Lett. 42, 332 (1979).
P. J. Feibelman and D. R. Hamann, Solid State Com-

mun. 31, 413 (1979).
Surface expansion or compression may also influence

surface core-level shifts in Ir(100)-(1 XI) and Ir(ill) .
However, changes in the first interlayer spacing at the
surface were found to be negligible for the correspond-
ing Pt(ill) [J.F. van der Veen et al. , Surf. Sci. 79,
219 (1979)] and Pt(100) surfaces [P. R. Norton, J. A.
Davies, D. P. Jackson, and M. Matsunami, Surf. Sci.
85, 269 (1979)].

~A. Ignatiev, A. V. Jones, and T. N. Rhodin, Surf.
Sci. 30, 573 (1972).

J. Stohr, J.Vac. Sci. Technol. 16, 37 (1979).
H. J. Levinson, E. W. Plummer, and P. J. Feibel-

man, Phys. Rev. Lett. 43, 952 (1979).


