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Abstract

We investigate the Ir(1 1 0)-c(2� 4)S adsorbate system using X-ray photoelectron diffraction. As proposed by a

previous structure model based on a scanning tunneling microscopy experiment, we find that sulfur atoms of this

superstructure enter the second adsorption layer. In contrast to the existing structure model the adatoms do not occupy

on-top adsorption sites above first-layer adatoms. We refine the proposed structure model by moving sulfur atoms of

the second adsorption layer out of the on-top position. Our experimental results are compared with single and multiple

scattering calculations.

� 2003 Elsevier B.V. All rights reserved.
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The (1 1 0) surfaces of several face-centered

cubic metals are known to exhibit reconstructions

of the missing-row type, like Au(1 1 0) [1] and

Pt(1 1 0) [2]. Based on low-energy electron diffrac-

tion (LEED) experiments for Ir(1 1 0) also a (1� 2)

missing-row reconstruction was believed to hold
[3]. Investigations by scanning tunneling micros-

copy (STM) and helium atom scattering (HAS),

however, revealed that the (1 1 0) surface stabilizes
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by formation of extended, oppositely tilted (3 3 1)

facets [4–6].

Upon sulfur adsorption the faceted reconstruc-

tion is lifted and a (1� 2) missing-row structure is

induced instead [7]. A similar adsorbate-induced

missing-row reconstruction was observed for al-
kali-metals on Cu(1 1 0), Ag(1 1 0) and Pd(1 1 0)

[8]. At sulfur coverages of half a monolayer (ML)

a p(2� 2)2S superstructure develops where S atoms

adsorb in zigzag chains along [�11 1 0] with neigh-

boring chains being in phase, i.e., the sulfur-sulfur

distance along [0 0 1], which is the direction per-

pendicular to the chains, is always the same. At

saturation coverage, which is reached at �0.75
ML, a c(2� 4) superstructure was reported. The
erved.
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LEED pattern of this superstructure shows addi-

tional streaks at 1
4
positions in the [�11 1 0] direction

whereas long-range order is missing along the

[0 0 1] azimuth. For this overlayer the authors

proposed that additional pairs of S adatoms,

which they called dimers, enter the second ad-
sorption layer and reside in on-top positions above

first layer S atoms (see Fig. 1 where a schematic

model of the proposed c(2� 4) superstructure is

displayed). The S dimers are ordered along the

[�11 1 0] direction whereas a long-range order along

[0 0 1] is missing. From the adsorption energetics

standpoint the on-top adsorption site appears to

be unfavorable and thus the proposed structural
model called for further experimental studies.

We were motivated by the open question con-

cerning the sulfur adsorption geometry of sulfur-

saturated Ir(1 1 0) and thus performed X-ray

photoelectron diffraction (XPD) experiments on

the adsorbate system Ir(1 1 0)-c(2� 4)S. The main

result of these investigations is a refined structure

model: we confirm that sulfur atoms enter the
second adsorbate layer and, in contrast to the

previous STM investigation [7], occupy adsorp-

tions sites, which slightly differ from on-top posi-

tions above sulfur atoms of the first layer.

XPD has become by now a quantitative tool for

obtaining structure data. The dominant forward-
[-110]

[-110]

[110]

[001]

Fig. 1. Structure model of Ir(1 1 0)-c(2� 4)S as proposed by a

previous STM investigation [7] (left: top view, right: side view

along [�11 1 0]). The top view reveals Ir atoms of the top layer

(grey circles), the second layer (dark-grey circles) and the third

layer (black circles) in order to visualize the missing-row re-

construction along [�11 1 0]. S atoms in the first adsorption layer

(light-grey circles) and in the second adsorption layer (white

circles) are depicted. The rectangle is added in order to reveal

the c(2� 4) superstructure. The side view along [�11 1 0] (right

panel) demonstrates the proposed on-top adsorption geometry

(here only the top Ir layer is shown).
scattering signals in XPD show up as clear signa-

tures in angle distribution curves of core-level

photoelectrons. Collecting electrons from a par-

ticular emission line, e.g., the S 2p line, we know

that these electrons have their origin at the atom

selected by the choice of the emission line in the
spectrum. Thus the resulting diffraction patterns

are element specific and show the corresponding

atomic environment.

In the present work we use XPD as a structural

method because the phase formed at saturation

coverage of S on Ir(1 1 0) does not have long-range

order [7]. This prevents the use of diffraction

techniques such as LEED. On the other hand,
XPD allows to verify in a straightforward way the

model proposed on the basis of STM results.

The experiment was performed at room tem-

perature and under ultrahigh-vacuum conditions

with a base pressure of 5� 10�9 Pa. For the XPD

measurements the sample is illuminated by (non-

monochromatized) MgKa X-rays (hm ¼ 1253:6
eV). The binding energy scale was calibrated using
a silver standard and setting the Ag 3d5=2 binding

energy to 368.3 eV [9]. XPD curves were collected

by measuring the S 2p (electron kinetic energy

1089 eV) and Ir 4f7=2 (electron kinetic energy 1192

eV) peak intensities as a function of the polar angle

scanned along the [�11 1 0] and [0 0 1] directions. The

background was estimated by measuring the in-

tensity at a point on the high kinetic energy side of
the respective photoemission peaks. Our angle

scans always show the constant background sub-

tracted data. An experimental obstacle was the

rather low cross-section for excitation of S 2p core

level electrons, which we had to overcome by long

measuring times and repeated scans of the same

angle interval. The polar XPD curves were col-

lected in a range of polar angles from )10� to 70�
due to limitations to the sample rotation in the

experimental setup.

The Ir(1 1 0) surface was cleaned by repeated

cycles of Arþ ion bombardments and subsequent

annealing. Crystalline order was checked by LEED

and cleanliness was monitored using X-ray pho-

toelectron spectroscopy (XPS) and low-energy ion

scattering (LEIS). Instead of using H2S as in pre-
vious studies, the S chemisorbed phase was pre-

pared by exposing the sample surface to the flux of
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sulfur coming from pyrite (FeS2) heated in a

Knudsen cell [10,11]. Sulfur up-take was followed

by means of LEIS, XPS and LEED. LEIS and XPS

spectra measured for increasing exposures of the

sample to the sulfur source indicate that sulfur

adsorption reaches a saturation limit. The binding
energy of the S 2p measured for this surface (162.7

eV) is in good agreement with the value reported

for chemisorbed sulfur (162.7 eV [9]). No compo-

nent corresponding to elemental sulfur was de-

tectable above the noise level. The LEIS spectra for

the clean surface and the sulfur saturated surface

are shown in Fig. 2a and b, respectively. The peak

due to sulfur is located at �620 eV. The sulfur
saturated surface shows the c(2� 4) LEED pattern

with faint streaks observed in previous studies [7].

In order to find the orientation of the sample as

mounted on the sample holder we acquired Ir 4f7=2
XPD curves for the clean surface.

In Fig. 3 we present the main result of this ar-

ticle: the upper curve shows the polar angle distri-

bution curve of S 2p core level photoelectrons
Fig. 2. (a) LEIS spectrum of clean Ir(1 1 0). (b) LEIS spectrum

of sulfur-saturated Ir(1 1 0).

Fig. 3. Upper curve: polar angle distribution curve of S 2p core

level photoelectrons of Ir(1 1 0)-c(2� 4)S along [�11 1 0]. A for-

ward-scattering signal is observed at 10�. The anisotropy of this

signal is �40%. A rise of the photoelectron intensity is also

observed for negative angles. Lower curves: polar S 2p XPD

curves as calculated using the single scattering cluster method

for tilt angles of 8� (triangles), 10� (full circles), 12� (open cir-

cles) of the S dimers with respect to the sample normal. These

curves were divided by the cosine of the polar angle in order to

mimic the emission from a very thin overlayer.
along [�11 1 0]. The data reveal a forward-scattering

signal at 10�. The anisotropy of this peak (as de-

fined by ðImax � IminÞ=Imax with Imax and Imin being

the intensities of the maximum and of the foot of

the peak) is �40%. We interpret this forward-

scattering peak as being due to neighboring sulfur

atoms of the first and second adsorption layer. The
axis connecting the centers of these adatoms is til-

ted by 10� with respect to [1 1 0]. This experimental

result is in clear contrast with the structure model

previously suggested by an STM investigation [7]:
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the authors propose the above mentioned axis to be

aligned with the [1 1 0] direction. The rise of in-

tensity on the negative side of the polar angle in-

terval is consistent with the fact that the negative

and positive directions along the [�11 1 0] azimuth are

equivalent. Because of the limited range for the
polar angle in the negative direction, the maximum

of this forward-scattering peak is not visible on this

side of the angle interval. The increase of intensity

of the experimental XPD curve at higher (positive)

polar angle is due to the fact that we have emission

from a thin overlayer. Thus the intensity is roughly

proportional to ðcosðhÞÞ�1
(h being the polar an-

gle). We performed an analogous experiment for
clean Ir(1 1 0), i.e., we set the detector of the ana-

lyzer to the core level energy of S 2p and acquired

polar angle scans along [�11 1 0]. As expected we

obtained a featureless flat angle distribution curve

(not shown). This result differs significantly from

the polar angle scan displayed in Fig. 3 and thus we

assign the observed signal to forward scattered

photoelectrons of the S 2p core level. For analo-
gous polar angle scans along other directions no

intensity modulations of the S 2p photoelectrons

were detectable above the noise level.

To confirm the interpretation of our XPD re-

sults, the experimental S 2p XPD curve was com-

pared with calculations performed on the basis of

the structure model given below (see Fig. 4). The

results are given in the lower curves of Fig. 3 where
for a series of tilt angles (8�, 10�, 12�) we plotted
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Fig. 4. XPD-based structure model of Ir(1 1 0)-c(2� 4)S (left:

top view, right: side view along [�11 1 0], the assignment of colored

circles to Ir and S atoms is the same as in Fig. 1). In contrast to

the previously suggested model (see Fig. 1) the sulfur adatoms

of the second layer are moved out of the on-top positions above

first-layer adatoms. The corresponding tilting angle (refer to the

side view in the right panel) is found to be 10�.
calculated XPD curves. The S–S and S–Ir bond

lengths were chosen to be 2.1 and 2.4 �AA, respec-

tively. We performed calculations at the level of

single scattering [12] and multiple scattering [13].

The sulfur and iridium phase shifts were derived

from the muffin–tin potentials calculated for CdS
and Ir crystals, respectively [13]. Test calculations

carried out for the up-right position of sulfur ad-

atoms of the first and second layer indicate no

significant difference between the single scattering

and multiple scattering S 2p polar XPD curves.

Hence, the rest of the analysis was accomplished by

means of the single scattering method. The calcu-

lations were performed on the basis of the model
shown in Fig. 4 for a series of tilt angles with re-

spect to the normal of the sample surface. Note

that as the experimental XPD curve exhibits only a

single peak the agreement between the experimen-

tal and the calculated polar angle distribution

curves could exclusively judged from the matching

of the position of the peak maximum. The uncer-

tainty of the tilt angle was estimated on the basis of
the variation of the tilt angle producing a signifi-

cant difference with the experimental curve. In or-

der to consider the fact that the S–S axis can be

tilted by 10� and )10� with respect to [1 1 0] for

each tilt angle the calculations were performed for

the positive and the negative value. The resulting

curves were then averaged prior to comparison

with the experimental data. The best agreement
with the experimental curve, as far as the forward-

scattering peak position is concerned, is obtained

for a tilt angle of (10� 2)�. The other features in the

polar XPD curve can be attributed to higher order

diffraction of the S 2p photoelectrons scattered by

the outermost S atoms since these minor intensity

modulations do not depend on the S adsorption

site on the iridium surface. However, the experi-
mental S 2p polar XPD curve is too noisy to allow a

reliable determination of additional structure pa-

rameters such as the S–S bond length.

As a result, we obtain two facts. First, S atoms

of this superstructure must reside in the second

adsorption layer, which confirms the suggestion of

the previous STM investigation [7]. If only one

adsorption layer was present one would expect
forward scattered photoelectrons only at grazing

emission angles with respect to the sample surface.
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Second, since we observe a forward-scattering

signal at 10� with respect to the sample normal the

sulfur adatoms of the second layer are not in on-

top positions above first layer adatoms. Rather

than being aligned along [1 1 0], the S adatoms are

moved out of the on-top position and are aligned
with S adatoms of the first layer along a direction,

which is tilted by 10� with respect to the surface

normal. As a consequence we propose a refined

structure model, which is displayed in Fig. 4.

Compared with the previously suggested structure

model (refer to Fig. 1) the centers of the spheres of

first-layer and second-layer adatoms are thus sep-

arated by �0.3 �AA along [�11 1 0]. A possible reason
for the tilting of the S dimers could be the steric

repulsion between S atoms.

In summary, we demonstrated by means of

XPD that for the adsorbate system Ir(1 1 0)-

c(2� 4)S sulfur atoms enter the second adsorption

layer and reside in adsorption sites which are close

to the on-top positions above first-layer adatoms.

The polar angle distribution curves along [�11 1 0] of
S 2p core level electrons exhibit a forward-scat-

tering signal at 10�. As a consequence sulfur ada-

toms of the second layer reside in adsorption sites

which differ from the on-top position by 0.3 �AA
along [�11 1 0].
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