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This study utilizes Auger-electron spectroscopy, low-energy electron diffraction, and scanning tunnel-
ing microscopy (STM) to examine sulfur coverages above 65 =0.25 on the Cu(100) surface. These large
sulfur coverages are observed to induce a restructuring of the copper surface through the removal of
copper atoms from terrace sites. The layer produced at room temperature by H,S exposures is com-
posed of small Cu-S aggregates which do not exhibit long-range order, but which orient in the [001] and
[010] directions. Heating above 873 K causes tetramer sulfur unit cells to form in a poorly ordered over-
layer. Annealing to 1173 K produces a well-ordered (V17X V'17)R 14° structure which shows four
sulfur atoms per unit cell in the STM images. Since the sulfur coverage of the (V17X V17)R 14° struc-
ture has been previously measured to contain a total of eight sulfur atoms per unit cell, a structural mod-
el is proposed that is consistent with the coverage and STM measurements.

I. INTRODUCTION

Over the last several years, scanning tunneling micros-
copy (STM) has been successfully applied to study
adsorbate-induced restructuring mechanisms and to ex-
amine structurally large unit cells. The usefulness of
STM for studying restructuring phenomena stems from
its ability to directly image mass transport on the surface
during the reconstruction, giving valuable information on
the composition of the resulting surface structure. Anoth-
er valuable feature of STM results from its ability to ex-
amine large (and small) individual unit cells on the sur-
face with atomic resolution, thus permitting the deter-
mination of atomic positions within a unit cell, regardless
of how many domains may be present on the surface.
These abilities have allowed the STM to contribute new
insights into the mechanism of adsorbate-induced recon-
structions and the composition and structure of the unit
cells which form.!

Adsorbate-induced relaxation and restructuring of
metal surfaces have been the subject of numerous studies
over the last 20 years. Typically, clean metal surfaces ex-
hibit a smaller interplanar spacing between their top two
atomic planes, relative to their bulk interplanar distances.
It has been shown that by coordinating adsorbates to a
surface, this interlayer contraction can be relaxed, or
even reversed.? This observation can be explained by re-
sults from effective-medium theory calculations,® which
show that the charge density from adsorbents can offset
the undercoordinated state of the top surface layer, re-
sulting in its moving back towards its bulk interplanar
spacing. If the increase in charge density exceeds the
bulk density, the surface atoms will attempt to expand
beyond their bulk interatomic spacing, resulting in an in-
creased repulsion between the top two planes and also
within the top layer of metal atoms. Such an intraplanar
stress can be relieved by the ejection of atoms from the
surface plane. This type of phenomenon occurs upon
sulfur adsorption on Ni(111),*> where 20% of the surface
metal atoms from terraces are observed to be ejected into
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island structures on the surface.

Adsorbate-induced restructuring processes have been
shown by STM to occur in several oxidation® and
sulfidation’ processes, including the oxidation of
Cu(110),4~1* Cu(100),"*'® Cu(111),'” and Ni(110) (Refs.
18 and 19) and the sulfidation of Cu(111),” Cu(110),%'
and Ni(111),* though the structure proposed by this last
study is being debated.?? In the oxygen-induced process-
es, metal atoms are generally observed to be removed
from their surface sites and placed into overlayer struc-
tures consisting of metal-oxygen chains on the surface.
The sulfidation studies have generally found simple sulfur
overlayer structures or a reconstructed surface layer con-
sisting of metal and sulfur atoms.

Sulfur is known to bound on Cu(100) in a p(2X2)
structure when the sulfur coverage is near 0.25 ML, and
to form a diffuse low-energy electron diffraction (LEED)
pattern upon continued adsorption to 0.5 ML. Though
one study has reported that a ¢(2X2)-S overlayer forms
under specific experimental conditions,? a ¢ (2X2) struc-
ture was not observed in any of our LEED studies and
has not been reported in the literature. The S/Cu(100)
interface has been examined by Auger-electron spectros-
copy (AES),?? LEED,* % radioactive tracer
analysis,?® angle-resolved photoelectron spectroscopy,>!
x-ray diffraction,’? medium energy ion scattering,
high-resolution electron energy loss spectroscopy, 34,35
angle-resolved photoemission extended fine struc-
ture, %739 surface-extended x-ray absorption fine struc-
ture, 2404 x.ray photoemission studies,*? and STM [on a
vicinal (100) surface].** Most of these studies only dealt
with the p (2X2) structure, which forms at room temper-
ature (RT) at a sulfur coverage of approximately 0.25
ML. Results from these studies have shown that sulfur in
the p(2X2) structure occupies the fourfold hollow site
(FFHS) and induces only a small outward substrate relax-
ation of less than or equal to 0.03 A (Refs. 29, 32, and 39)
of the copper atoms from their equilibrium position on
the clean surface.

Another stable sulfur structure is found on Cu(100)
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after thermal annealing of sulfur coverages of approxi-
mately 0.5 ML. This structure exhibits a
(V1ITXV17)R14° structure or alternatively |%, {| in
matrix notation. This overlayer has been the subject of
several LEED studies,?%?"3° and a radioactive tracer
study?® which determined the sulfur coverage to be 0.47
ML, ie, 8 S atoms per 17 Cu atoms in the
(V17XV17)R14° unit cell. Several structural models
have been proposed for this large unit cell. 2304

In this study, we utilize STM, LEED, and AES to ex-
amine the adsorption of sulfur beyond the 0.25-ML
p(2X2) structure, and to observe the ordering of this lay-
er and the formation of the (V17X V17)R 14° unit cell
upon annealing. We find that large exposures of H,S
onto Cu(100) at RT cause a restructuring of the surface
which involves the displacement of copper atoms from
terrace sites to form small Cu-S aggregates in the [010]
and [001] directions. Upon thermal annealing, these ag-
gregates order into tetramer unit cells with the
(V17X V17)R 14° structure. A model of this final struc-
ture is proposed.

II. EXPERIMENT

These studies were performed in a stainless steel ul-
trahigh vacuum (UHV) chamber with a base pressure
below 2X 1071 mbar. It contained the following spec-
troscopic tools: a Perkin-Elmer Auger-electron spec-
trometer utilizing a single-pass cylindrical mirror
analyzer, a Princeton Research Instruments model 8-120
reverse view LEED, and a copper-shielded (2 mm aper-
ture) Balzers QMG421C quadrupole mass spectrometer
with a 90°-off axis ion detector. The principal feature of
this chamber is a Danish Micro Engineering (DME, Her-
lev, Denmark) Rasterscope 3000 UHV-version scanning
tunneling microscope which was used for all the STM im-
ages reported in this work. The microscope was mounted
with a home-built sample lock to accommodate our
manipulator-based detachable sample holder. This sam-
ple mounting allowed the crystal to be analyzed by the
aforementioned surface-sensitive techniques and also to
be resistively heated and liquid-nitrogen cooled, and to be
detached and transferred to the vibrationally isolated
STM.%

The STM was operated in a constant-current mode.
Tips were made from 0.5-mm tungsten wire (99.95% pur-
ity, Goodfellow, Cambridge, UK) after an electrochemi-
cal etching procedure which utilized the drop-off method
for tip preparation.*®’ Several of these tips were ana-
lyzed using a transmission electron microscope (TEM).
Our simple tip production setup yielded tips which ter-
minated with a terrace less than 200 A approximately
75% of the time.

The Cu(100) crystals used in this work were spark cut
from a single-crystal boule and then mechanically pol-
ished to mirrorlike surfaces. The crystals-were then elec-
tropolished in a ~60% phosphoric acid solution at 2 v
for a minimum of 1 min. The final quality of the electro-
polished surfaces varied on a macroscopic level (i.e., some
were mirrorlike, most were duller), but always revealed
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well-ordered surfaces after several cycles of sputtering
and annealing to 800 K.

In this study, sulfur was adsorbed onto the surface in
three different ways. The direct exposure of Cu(100) at
room temperature to H,S (Linde, 98% purity, prior to
two freeze-pump-thaw cycles) produces a surface with
only adsorbed sulfur. This has been shown previously by
a detailed study of the reaction of H,S with Cu(100). In
these studies H,S was observed to decompose into H(a)
and HS(a) on the surface at 100 K, and upon warming to
130 K the HS(a) further decomposed into H(a) + S(a).>*
Since hydrogen desorbs as H,(g) from the Cu(100) surface
by 300 K,3>*%% only the adsorbed sulfur remains. This
method though required very large doses (>10* L) to
achieve a coverage near 0.5 ML. A second method of ad-
sorbing sulfur involved exposing the surface to H,S while
in line of sight of a glowing filament. This method al-
lowed ~0.5 ML of sulfur to be deposited from only ~ 50
L H,S exposure. Lastly, a Cu(100) crystal cut from a
boule contains bulk sulfur impurity. Temperatures above
873 K cause sulfur to segregate to the surface and result
in _a surface which displays a low intensity
(V17X V17)R 14° LEED pattern. Annealing to 1273 K
produces a sharp and intense (V'17XV'17)R 14° pattern.
It was found that this layer could be sputtered off and
then regenerated numerous times ( ~50) before the bulk
sulfur concentration was depleted. This effect shows that
despite having a large sulfur reserve in the bulk, and
heating to sufficient temperatures to allow sulfur segrega-
tion, a surface coverage above ~0.5 ML is not thermo-
dynamically favorable.

III. RESULTS

A. Auger-electron spectroscopy

An AES study of sulfur uptake by H,S exposure to
Cu(100) at 300 K is shown in Fig. 1. Sulfur adsorption
occurs in two stages, labeled in Fig. 1 as Stages I and II
for sulfur coverages up to and beyond ©¢ ~0.25 ML, re-
spectively. The onset of adsorption in Stage I is initiated
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FIG. 1. Sulfur uptake on Cu(100) after H,S exposures as
monitored by the S(152 eV)/Cu(60 eV) peak-to-peak height ra-
tio. The anneal corresponds to 673 K for 3 min.



8800

by a rapid uptake of sulfur between 0-8 L H,S, followed
by a slower sulfur uptake above 8 L and an apparent satu-
ration of the surface to further sulfur adsorption near 40
L. However, as revealed in Fig. 1, increased quantities of
sulfur can be adsorbed onto Cu(100), but much larger
H,S exposures are necessary (Stage II in Fig. 1). An addi-
tional exposure of 10* L H,S is required to double the
S(152 eV)/Cu(60 eV) AES ratio which is observed after
only 40-L exposure. This drastically reduced rate for
sulfur adsorption suggests, and the STM results will
confirm, that a different sulfur adsorption process occurs
for coverages above 0.25 ML.

Figure 1 also shows the effects of annealing high cover-
ages of sulfur on Cu(100). When sulfur coverages greater
than those that form the (V17 XV 17)R 14° structure are
adsorbed, annealing above 873 K causes the “excess”
sulfur to diffuse into the bulk and for the
(V17X V'17)R 14° structure to form. This was confirmed
by temperature-programmed desorption studies which re-
vealed that S (mass 32) did not absorb upon heating to
873 K. After such high-temperature excursions, the
S(152 eV)/Cu(60 eV) AES ratio always returns to a value
between 1.0 and 1.2. This confirms that sulfur coverages
above ~0.5 ML are not thermodynamically stable on the
Cu(100) surface.

B. Low-energy electron diffraction

Figure 2 shows LEED photos of the various ordered
surfaces formed by sulfur bonding to Cu(100). A
p(2X2)-S LEED pattern is shown in Fig. 2(a) with sharp
half-order spots and only a minimal amount of streaks
between these spots. This signifies well-ordered p (2X2)
domains on the surface. Some degree of streaking could
always be resolved in our p(2X2) patterns, despite our
many attempts to make the layer. STM analysis*>>
shows that the surface possesses a fairly high degree of lo-
cal ¢(4X2) domain boundaries between regions of well-
ordered p(2X2)-S, in agreement with the LEED results
of Zeng and Mitchell. 22

The LEED pattern shown in Fig. 2(b) results from a
Cu(100) surface exposed to 10* L H,S and annealed to
573 K. This type of LEED pattern is only observed when
the S(152 eV)/Cu(60 eV) AES ratio is similar to the ratio
obtained on the well-ordered (V'17XV27)R 14° structure
(see Fig. 1), i.e., when the sulfur coverage is near 0.5 ML.
Though similar patterns have been reported previous-
ly,2> "%’ they have only been identified as diffuse patterns.
No attempt has been made to determine the correspond-
ing surface structure. It will be shown by STM that this
structure is related to the (V17XV'17)R14° structure,
being composed of mostly (V' 17XV'17)R 14° unit cells
and another structurally similar but larger unit cell with
the matrix notation |3 %|, and also possessing a large de-
gree of disorder. The |3 2| structure has been found to
be formed preferentially upon annealing a H,S exposed
preoxidized Cu(100) surface, and will be discussed in a
separate publication. !

When the sulfided layer which produces a complex
LEED pattern is annealed above 873 K a
(V17X V'17)R 14° pattern forms which is stable until at
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least 1273 K. A photo of the (V17X V17)R 14°-S LEED
pattern is provided in Fig. 2(c). -

The exact temperature at which the (V17X V17)R 14°
structure formed is dependent on the initial sulfur surface
coverage. Higher coverages could be achieved by excep-

(a)

(b)

FIG. 2. LEED photos of the various sulfur structures formed
on Cu(100): (a) p(2X2) formed by 10 L of H,S followed by an
anneal to 573 K, E,=210.9 eV; (b) a complex pattern formed by
45 L of H,S with a heated filament doser followed by an anneal
to 573 K, ©5~0.5 ML, E,=78.9 V; (c) the (VITXVTT)R 14°
pattern formed by bulk segregation of sulfur upon annealing to
1173 K, E,=67.7eV.
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tionally large H,S doses, or by filament-assisted dosing,
or by “preroughening” the surface, which can be accom-
plished by sputtering or preoxidizing the surface. The
(2V2XV2)R45°-O layer which forms upon oxidation of
Cu(100) is known to result from added Cu-O rows along
the surface [001] and [010] directions, '~ '® resulting in a
more open copper structure for binding _sulfur._S' The
lowest temperature observed to form a (V'17XV'17)R 14°
layer was 623 K.

It should be added that sulfur coverages of ~0.50 ML
deposited onto Cu(100) at 300 K do not produce
structurally-ordered LEED patterns or STM images re-
vealing any long-range order. Only after annealing to
573 K [Fig. 2(b)] does ordering take place. As will be
confirmed by the STM results, higher coverages of sulfur
adsorb onto a Cu(100) surface at room temperature via a
substrate restructuring mechanism which does not pro-
duce any long-range order, although short-range atomic
ordering is found.

C. STM results

1. S-induced restructuring of Cu(100) terraces

The restructuring of clean Cu(100) terraces by large
H,S exposures is shown in Figs. 3(al-a4). Three clear
flat terraces (and a small fraction of a fourth) are pictured
prior to H,S exposure in Fig. 3(al). It is important to
note the position of the step edges and the overall
smoothness of the terraces prior to H,S exposure. Upon
scanning the same surface area during H,S exposures of
6X10®° L [Fig. 3(a2)], 1.5X10* L [Fig. 3(a3)], and
2.1X10* L [Fig. 3(a4)], we see clearly that the step edges
firmly retain their positions, while the terraces undergo a
roughening process as revealed by their resultant color
distribution. To illuminate this roughening effect, height

distributions of the clean and 2.1X10* L H,S-exposed
terraces re shown in Figs. 3(b1) and 3(b2), respectively. A
comparison of the total area under each peak in the
height distributions before and after H,S exposure reveals
that the areas of the terraces are unaffected (with
+1.0%), as expected for a process which does not involve
repositioning of the steps. However, the peak’s full
widths at half maximum (FWHM) are broadened by an
average factor of 2.8 after 2.1X10* L H,S exposure.
Since a “simple” sulfur overlayer should not produce
such a large increase in the FWHM of the terrace height
distributions, these results suggest a roughening of the
terraces due to a terrace restructuring mechanism.

This conclusion is supported by using STM to analyze
the terraces on an atomic scale after this high coverage
restructuring process. Figures 4(a)-4(d) show progres-
sively smaller areas of the copper surface after an H,S ex-
posure of 2.0X 10* L at RT. We see immediately from
the wide area scan [Fig. 4(a)] that the surface is composed
of randomly shaped islands and crevasses with depths be-
tween 1.3-2.5 A. The depressed regions are not as clear-
ly imaged as the top layer islands, but appear to be com-
posed of atomic features in groups of four and six, similar
to those observed on the surface island structure. By
scanning the islands with atomic resolution we see that
they are composed of small two-, four-, and six-
membered groups and very short chainlike structures of
atoms oriented perpendicular to the close-packed direc-
tions on Cu(100). Also, the chains appear to exist
predominantly as single rows, and not longer than six
atoms in length [Figs. 4(b)-4(d)]. Though these features
order in the [001] and [010] crystallographic directions,
long-range order is not found in the scans. Overall, these
STM results concur with the diffuse LEED pattern ob-
served for this layer after formation at RT (Sec. III B).

Shown in Figs. 5(a) and 5(b) are STM images of a S/Cu

FIG. 3. n(za) STM images of a
885X 885 A" area on the Cu(100)
surface showing the effects of
H,S exposure on the Cu(100)
surface at room temperature: (1)
clean flat terraces; (2) 6X10° L
H,S; (3) 1.5X10* L H,S; 4)
2.1X10* L. Scans were record-
ed during H,S exposure. Note
that the position of the step
edges remains unaffected as the
terraces roughen. All images
recorded at a sample bias of
+0.084 V and at a tunneling
current of 1.17 nA. (b) Height
distributions of (1) the clean
Cu(100) surface measured from
(al), which has a total z height of
6.4 A; and (2) the roughened lay-
er shown in (a4), which has a to-
tal z height of 9.4 A.



interface possessing an Auger S(152 eV)/Cu(60 eV) ratio
of 1.1 after annealing to 673 K. The onset of long-range
ordering on the surface is clearly observed. For example,
it is obvious that the “etched” appearance of the H,S-
exposed surface at RT [Figs. 3(a4) and 4(a)] is replaced by
relatively smooth terraces after the anneal [Fig. 5(a)].
Also, it is apparent that the most stable configuration of
the surface is in units which are imaged as groups of four
atoms, though some units of six are also observed. Last-
ly, these units are shown to begin to order with respect to
neighboring units after an anneal to 673 K [Fig. 5(b)].
Further heating to 1173 K reveals a very well-ordered
(V17X V'17)R 14° layer, in both LEED [Fig. 2(c)] and
STM analysis [Fig. 5(c)].
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FIG. 4. STM images of the Cu(100) surface
after being exposed to 2X10* L H,S at room
tegnperature (a) 771 X771 A (b) 278X278

; (c) 139139 A% ; (d) 69><69 A. The sulfur
atoms are observed as protrusions in the [001]
and [010] directions. Sample bias (¥,) and
tunneling currents (/,) were (a) ¥, = +0.540 V
and I,=0.69 nA; (b), (c), and (d) ¥V,=+0.010
Vand I,=1.38 nA.

2. The VI7XVT7R 14°-S unit cell

Figure _5(d) shows a close-up scan of the
(V17X V17)R 14° layer with an outline of the unit cell
displayed by a solid white line. The unit cell of the
(V17XV17)R 14° layer is always observed to contain
four atoms in a square configuration. No additional
atomic features in the unit cell were resolved, despite at-
tempts to vary the sample bias (—1.0 to +1.2 V) and
tunneling current (0.2-2.0 nA). Using a calibrated scan-
ning tunneling microscope, the dimensions of this unit
cell were measured to be 10.5+0.15 A, as expected for a
V17 17a, unit cell length on Cu(100), and the resolved
features within the unit cell were measured to be

FIG. 5. STM images showing the ordering
of a sulfur overlayer, ~0.5 ML, on a Cu(100)
surface. (a) (272X272 A) and (b) (87X 87 A)
show the surface after an anneal to 673 K. (c)
(93X93 A) and (d) (29X29 A) show the sur-
face after an anneal to 1173 K. Sample bias
(V,) and tunneling currents (I,) were (a)
V,=+0.014 V and I,=0.29 nA; (b)

=+0.018 V and 1,=0.34 nA; (c) and (d)
V,=+0.005V and I, =2.35 nA.
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4.010.15 A from their nearest neighbors. Although this
spacing is larger than the V2, distance (3.6 A) between
the FFHS in the [001] and [010] directions on Cu(100), it
is these directions that the neighboring sulfur atoms
within each unit cell align themselves. This will be ex-
plained in the next section.

IV. DISCUSSION

A clearer understanding of the sulfur-induced struc-
tures observed in this study is achieved if we first identify
the protrusions observed in the STM images. This will
allow us to propose a structure for the (V' 17X V'17)R 14°
overlayer, and to briefly discuss the structures of the
disordered layers. Lastly, we will comment on the re-
structuring mechanism responsible for the observed
trends.

In order to properly interpret the STM images, we will
need to establish the chemical identity of the resolved
protrusions. Calculations performed by Lang>>® reveal
that for a sample bias between —2.0 and +1.3 V, sulfur
adsorbed on a metal surface will appear as a protrusion,
since sulfur adds to the Fermi-level state density within
this energy range. In addition, STM has been used to ex-
amine sulfur adsorption on a variety of metal surfaces,
such as Cu(111),® Cu(110),%! Cu(11,1,1),*® Ni(111),*
Ni(110),'®!* Re(0001),%*% Pd(111),%® Pd(100),”” and
Mo(100).%® In each of these cases, sulfur was reported to
appear as protrusions in the STM images. Therefore,
based on the calculations and the results from these stud-
ies, we can assign our observed protrusions as arising
from S atoms on the substrate.

A. Structure of the (V' 17X V'17)R 14°-S overlayer

Heating ~0.5 ML sulfur on a Cu(100) surface to 1173
K forms a well-ordered (V'17XV'17)R 14° layer. This
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structure exhibits a sharp LEED pattern as shown in Fig.
2(c), and is shown by STM to consist of extremely well-
ordered terraces composed entirely of unit cells which are
imaged as groups of four sulfur atoms, shown in Figs. 5(c)
and 5(d). These STM images of the surface layer can be
used to immediately rule out earlier proposed models for
the (V17XV17)R14° structure.?®?”3 The model of
Domange and Oudar,?® shown in Fig. 6(a), should show
eight sulfur-related features per unit cell in the STM im-
ages, with an interatomic spacing of 3.7 A. Though this
model does account for the measured sulfur coverage of
0.47,% it is clear from the STM image that only four of
the eight sulfur atoms are imaged per unit cell and that
their interatomic separation is 4.01+0.15 A.

Another model is needed which better describes our
STM results. We will begin by proposing that the four
sulfur atoms observed in our STM analysis are found on
top of the copper surface in pseudo-FFHS (to be dis-
cussed), since sulfur prefers to bond in high coordination
sites, and since the imaged sulfur atoms are in the proper
orientation for FFH sites. These sulfur atoms will be re-
ferred to as surface sulfur; they are shown schematically
in Fig. 6(b) as black circles.

Since each (V17X V17)R 14° unit cell contains eight
sulfur atoms, we need to incorporate four additional
sulfur atoms into our model which are not observed by
the STM. Bonding site assignments for these four
resolved sulfur atoms can only be speculative. We pro-
pose that these four unresolved sulfur atoms are bound
within the areas which are measured as ~0.5-0.7-A
depressions in our STM images, and further, that these
sulfur atoms replace copper atoms in the top copper
plane [hereafter referred to as in-plane sulfur, and shown
in Fig. 6(b) as crossed-hatched circles]. Such sites would
allow these sulfur atoms to achieve maximum separation
from the surface-sulfur atoms, and would account for
their being screened from the STM tip. The ~1.8-A

FIG. 6. (a) Model of (V17X V17)R 14° proposed by Domange and Oudar (Ref. 26) showing a S-Cu mixed overlayer on a Cu(100)
substrate. Small black circles are copper atoms and larger shaded circles represent sulfur. (b) Our proposed model based on STM
analysis of the unit cell. Two types of sulfur atoms are proposed. Black circles are surface-sulfur atoms which are situated on top of
pseudo-FFHS on the copper surface, and cross-hatched circles are in-plane sulfur atoms which have taken the place of terrace copper
atoms within the top copper layer. The dashed circle represents a copper atom which may be absent. Spacing between the surface-
sulfur atoms is measured to be 4.0+0.15 A. See text for details of this model.
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depth of the in-plane sulfur below the surface-sulfur
atoms may explain the shielding of these in-plane sulfur
atoms from detection by the STM tip.

Our proposed replacement of surface copper atoms by
in-plane sulfur atoms is compatible with the measured in-
teratomic separation found for the surface-sulfur atoms
in their assigned pseudo-FFHS. The S-Cu bond distance
in Cu-S compounds, 2.16-2.33 AZ’59 and in the crystal
covellite, CuS (d¢,.s=2.19-2.33 A) (Ref. 60) is shorter
than the bulk Cu-Cu bond distance (2.55 A). This allows
a lateral expansion within the top copper plane, thus
forming pseudo-FFHS and permitting an increased dis-
tance between the four surface-sulfur atoms from the
ideal \/ 2a, distance, 3.6 A. This increased separation
should also reduce interatomic repulsion. The final in-
teratomic spacing between the surface-sulfur atoms is
measured to be 4.0+0.15 A, 0.4 A further apart than the
V2 2a, FFHS spacing on Cu(100), but still in approximate-
ly the same orientations as the V/ 2a,, directions, i.e., [001]
and [010].

Basically, our model consists of eight sulfur atoms per
unit cell—four sulfur atoms are bound on the surface in
quasi-FFHS, and four in-plane sulfur atoms are believed
to replace four (or five) surface copper atoms [Fig. 6(b)].
These in-plane sulfur atoms coordinate to neighboring
copper atoms in the top copper plane, though these sulfur
atoms may not be coplaner with this copper layer.

B. Development of the (V' 17X V'17)R 14°-S overlayer:
Onset of ordering

The layer which forms prior to complete ordering into
the (V17X V'17)R 14° structure produces a diffuse LEED
pattern [Fig. 2(b)] and yields STM images [Figs. 5(a) and

5(b)] which bear a strong resemblance to the ordered
(V17XV17)R14° overlayer [Figs. 5(c) and 5(d)].
Though a large amount of disorder is observed, it is clear
that the diffuse structure is composed of predominantly
four-membered sulfur groups and to a lesser extent, some
six-membered groups. Due to the similarity between
these groups and the unit cell of the (V17X V17)R14°
overlayer, it seems reasonable to propose that these
groups possess a local structure resembling the final
stable unit cell, i.e., a S-Cu aggregate with copper atoms
making up the base, and sulfur atoms bound on top in
high coordination sites.

C. High-coverage sulfur adsorption
on Cu(100) at RT: Surface restructuring

Sulfur coverages up to ~0.5 ML cause a sulfur-
induced restructuring of Cu(100) terraces [Figs.
3(a)-3(d)], not simply overlayer adsorption as occurs
below ©¢=0.25. This restructuring mechanism pro-
duces a surface which is composed of randomly distribut-
ed islands and crevasses, as shown in [Figs 4(a)—-4(c)].
Measuring the corrugation over these regions reveals that
the depth between the islands is between 1.3-2.5 A, far
greater than the calculated voltage-dependent heights for
an adsorbed sulfur atom in a STM image.*® Since the
steps do not grow or diminish during H,S exposure, such
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a large corrugation can only be explained by a process
where copper atoms are removed from terrace sites and
delivered to the island overlayer.

The randomly shaped islands are shown to be
comprised of islands of small groups of sulfur features
and very short chainlike structures oriented in the [001]
and [010] directions [Figs. 4(b)—4(d)]. While this aggre-
gation of the Cu-S appears even at room temperature,
the random shape of the islands suggest that diffusion of
the Cu-S species is limited at lower temperatures. Only
upon annealing to 2623 K is a well-ordered
(V17X V'17)R 14° layer obtained.

D. Restructuring mechanisms

We believe that the high-coverage sulfur-induced re-
structuring of Cu(100) can be understood by employing
concepts from effective-medium theory calculations, as
briefly discussed in the Introduction. The basic physical
picture from these calculations is that the structural
discontinuity at the surface results in surface atoms
which are bound in a lower electron density compared to
that in their stable bulk geometry. This causes the sur-
face atoms to decrease their interplaner distance to the
second atomic layer so as to increase their surrounding
charge density, i.e., their effective medium. However,
when surface sites become populated with adsorbates,
electron density is returned to the first layer of atoms.
Their distance to the second layer can return towards the
bulk distance, or depending on the surrounding charge
density, even expand beyond it.> Large expansive forces
can lead to compressive surface stress between the under-
layer and the overlayer, and laterally within the overlayer
itself, resulting in a repulsive force between surface
atoms. If the charge coordination exceeds a critical
amount, it becomes possible for the surface atoms to be
ejected from their surface sites. This mechanism has pre-
viously been proposed to cause the observed 20% reduc-
tion in the atomic density of the Ni(111) surface upon
sulfur adsorption.* Indeed, a recent study by Sanders
and co-workers®' measured the sulfur-induced surface
stress on Ni(100) as a function of sulfur coverage. They
found an unusually high, nonlinear compressive (nega-
tive) surface stress, but only for sulfur coverages above
0.30 ML. We believe that this surface stress can be un-
derstood in the same manner as described above. We
therefore propose that high coverages of sulfur induce
large amounts of compressive surface stress which leads
to the ejection of copper atoms from the surface and to
the restructuring of the Cu(100) surface to relieve this
stress.

V. SUMMARY

We have studied the sulfidation of the Cu(100) surface
beyond the ©¢=0.25-ML p(2X2) structure and present
the following results.

(1) Large H,S exposures (~10* L) are required to ad-
sorb approximately 0.5 ML sulfur on the Cu(100) surface.
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(2) If sulfur coverages above ~0.5 ML are adsorbed,
annealing to 873 K causes the diffusion of the “excess”
sulfur into the bulk ‘/ci)pper,_leaving ~0.5 ML of ad-
sorbed sulfur and a (V17X V'17)R 14° surface structure.

(3) Large H,S exposures cause a surface reconstruction
on Cu(100) which involves the ejection of copper atoms
from terrace sites. This reconstructed surface shows
small sulfur aggregates oriented in the [001] and [010]
directions and produces a diffuse LEED pattern.

(4) Annealing ~0.5 ML of sulfur on Cu(100) to 573 K
produces a complex LEED pattern which is shown by
STM to be composed mainly of disordered groups con-
taining four or six sulfur atoms.

(5) Further annealing above 873 K produces a
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(V17X V'17)R 14° structure which becomes very well or-
dered after heating to 1173 K.

In _addition, a model 1is proposed for the
(V17X V'17)R 14° unit cell and the surface restructuring
mechanism is discussed.
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(a)

(c)

FIG. 2. LEED photos of the various sulfur structures formed
on Cu(100): (a) p(2X2) formed by 10 L of H,S followed by an
anneal to 573 K, E,=210.9 eV; (b) a complex pattern formed by
45 L of H,S with a heated filament doser followed by an anneal
to 573 K, 65~0.5 ML, E,=78.9 eV; (c) the (VITXVIT)R14°
pattern formed by bulk segregation of sulfur upon annealing to
1173 K, E,=67.7 eV.



FIG. 3. (a) STM images of a
885X 885 A’ area on the Cu(100)
surface showing the effects of
H,S exposure on the Cu(100)
surface at room temperature: (1)
clean flat terraces; (2) 6xX10° L
H,S; (3) 1.5X10* L H,S; (4)
2.1X10* L. Scans were record-
ed during H,S exposure. Note
that the position of the step
edges remains unaffected as the
terraces roughen. All images
recorded at a sample bias of
+0.084 V and at a tunneling
current of 1.17 nA. (b) Height
distributions of (1) the clean
Cu(100) surface measured from
(al), which has a total z height of
6.4 A; and (2) the roughened lay-
er shown in (a4), which has a to-
tal z height of 9.4 A.



FIG. 4. STM images of the Cu(100) surface
after being exposed to 2% 10° L H,S at room
temperature: (a) :7271><771 13&2; (b) 278 X278
A" (c) 139X 139 A'; (d) 69X69 A. The sulfur
atoms are observed as protrusions in the [001]
and [010] directions. Sample bias (V,) and
tunneling currents (I,) were (a) ¥V, =+0.540 V
and I, =0.69 nA; (b), (c), and (d) V,,=+0.010
V and 1,=1.38 nA.



FIG. 5. STM images showing the ordering
of a sulfur overlayer, ~0.5 ML, on a Cu(100)
surface. (a) (272X272 A) and (b) (87X 87 A)
show the surface after an anneal to 673 K. (c)
(93%93 A) and (d) (29%29 A) show the sur-
face after an anneal to 1173 K. Sample bias
(V) and tunneling currents ([,) were (a)
V,=+0.014 V and I,=0.29 nA; (b)
V,=-+0.018 V and I,=0.34 nA; (c) and (d)
V,=+0.005 V and I,=2.35 nA.
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FIG. 6. (a) Model of (V17X V'17)R 14° proposed by Domange and Oudar (Ref. 26) showing a S-Cu mixed overlayer on a Cu(100)
substrate. Small black circles are copper atoms and larger shaded circles represent sulfur. (b) Our proposed model based on STM
analysis of the unit cell. Two types of sulfur atoms are proposed. Black circles are surface-sulfur atoms which are situated on top of
pseudo-FFHS on the copper surface, and cross-hatched circles are in-plane sulfur atoms which have taken the place of terrace copper
atoms within the top copper layer. The dashed circle represents a copper atom which may be absent. Spacing between the surface-
sulfur atoms is measured to be 4.0+0.15 A. See text for details of this model.



