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Observation of ordered structures for S/Cu111) at low temperature and coverage
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Via scanning tunneling microscopy and low energy electron loss diffraction we observe ordered low-
temperature surface structures for S/CL1) at low-S coverage and characterize the system also with core level
photoemission. The first structure to appear upon S deposition is honeycomblike with a largé(rsh
X \43)R+7.5°], a large nearest S-S distance4 A) and low-ordering temperature(170 K). Islands of this
structure are observed at low coverage-(0.05) and at¥~0.25 nearly all of the surface area is covered.
[S0163-18299)07139-9

Historically the study of S surface structures on(Thi) ages in this paper are given as sample voltages relative to the
has been motivated by the poisoning by S of Cu-basetip. The core level binding energies were determined via
catalysts: For Cu111) the early low-energy electron diffrac- photoemission measurements at BLI311 in the MAX-
tion (LEED) observations by Domange and Oudeevealed laboratory (Lund Univ). The S surface densitie®, given
two different room temperatur@RT) structures appearing in below are in units of the surface density of (CLl1). The
succession as the S coverage is increased. These experimevaties are obtained using as a reference the coverage of
and numerous later one$ were made with the sample kept =0.35 for the‘ll ! 4| structure(hereafter denoted the zig-zag
at or above RT. At temperatures in this range the S deposstructure.>* In addition to this we have assumed that the
tion can be made by exposing the sample & HThe two  sticking coefficient is constant fat<0.35, so that exposures
structures are rather complicated consisting, according to thean be converted into coverage. Support for this is obtained
interpretation of scanning tunneling microsco{®TM) im-  from earlier Auger intensity studiésand from the S P
ages and x-ray diffraction data, of an uppermost layer otore-level intensity, which is found to increase linearly with
Cuy,S building blocks and with S atoms also in sites beneatlexposure in this range.
the tetramer§> Here, we show that, if the sample is cooled  In our RT images of the clean CLL1) crystal the close-
after S deposition, the development of ordered structures cgmacked lattice of the surface is resolved and we also observe
be monitored from an earlier stage. STM images show thaFriedel oscillations in the surface-state density near step
already at low-S coverages there are islands formed by preedges and around defedt¥
trusions organized in a honeycomblikg43x \43)R+7.5° Upon HS exposure resultingni a S coverage ofd
structure(here labeled the hc structyrevith a disordering ~0.05 the images change. The step edges are aligned along
temperature of around 150 K. That it is an order-disordethe(011) directions of the substrate lattice. As can be seen in
transition, which occurs at this temperature is supported b¥ig. 1 lower inset, step edges and dislocations found at the
high resolutionS2p core level data. When more S is added surface are decorated by protrusions separated by 5.1 A,
to the sample prior to cooling, the hc structure remains, altwice the interatomic distance of the @dl) lattice. At
though compressed, as a background pattern to new higheome edges the protrusions also form equilateral triangles
protrusions. It is only after these structures have formed thawith an average side length ef30A. The step edges can
additional deposition gives the two previously studied RTchange position during scanning at RT. The triangles located
structures. Aside from the observation that the new structurest the edges may also change in both size and position, es-
appear via the ordering of a species present also at highgecially at low resistance setpoints when such triangles oc-
temperature, the existence of additional SA1) structures  casionally are created on plateaus by the scanning process.
at low temperature and coverage is of little significance forOn the terraces the image quality deteriorates after exposure.
understanding the catalytic properties of the system. Insteafihe Cy111) lattice could however still be resolved.
the structures, particularly the hc structure, are of interest per If the sample is cooled below 170 K after a dose in the
se. The very long interatomic distances and the open honeyange between one fifth and two thirds of that required to
comb arrangement indicates that long as well as short-ranggbtain the zig-zag structured(0.07—0.25), the observa-
forces must be included to explain the hc structure. Structuréons are significantly different. Of main interest is that in-
predictions based on first principles total energy calculationstead of a streaky image of the terraces, these are in part
is of strong present interest and the hc structure provides eovered by an ordered structuifeig. 2). The area covered is
challange for these. roughly linear with HS exposure, with almost the whole

We first observed the new structure in STM images, busurface covered a#~0.25. Outside the covered parts the
we have also observed LEED patterns and recorded core€€u(111) lattice can be resolved, and at low temperatures,
level binding energies for the S/CiL1) system. Most of the ~50K, the image quality is comparable to that of clean
work has been devoted to STM observations of the hc struacu(111) images. The pattern is hexagonal with a large,
ture. For this we have used a commercial variable temperg-16.7+0.4) A, lattice parametetFig. 3). Analysis of the
ture STM(Omicron GmbH with W tips & All tunneling volt-  STM images as well as the LEED patterns, shows that the
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FIG. 1. STM image of S/C111) at #~0.1 and RT. The align-
ment of the step edges along tf@l1) directions can be seen, as FIG. 3. Close-up of the \43x \43)R+7.5°-structure T
well as the decoration of the step edges with protrusions and tri- 135k |=0.100nA. U=—0.700V. size 550 A2. The inset
angles. The top inset shows a close-up of an edge at low resistang@qys the positions of the protrusiofiarge spots for comparison
set-point which reveals the characteristic close-packed Il lat- drawn together with the Gai1Y) lattice (faint spots.
tice, while the bottom inset shows the decoration of a step ddge.

=0.5nA, U=-0.946V, size 10081000A2. Top inset: )
1=0.197nA, U=-0.020V, size 8&80A2 Bottom inset: troughs are at about the same height as the substrate. Often a

1=0.173nA,U=—0.981V, size 106 130 A2, small protrusionheight~0.2 A) can be found in the center
of a depression. The areas covered by the ordered structure

structure is rotated by (7251)° with respect to the under- can be found both next to a step edge or isolated on a pla-

lying Cu lattice. The images show hexagonally placed deleau. Even with high tunneling resistandgsnths of G1),

pressions, which are separated by walls with a height ofhe boundaries of the structure are not stable during scan-
(0.7-0.2) A and an average width of about 9 [At bias ning. From one image to the next changes could be seen at

: length scales from single protrusions to the unit cell length.
voltages in the range 0f0.3-2 V]. The bottoms of the : .
g ¢ 2Vl This effect decreases drastically at lower temperatures. The

boundary of the area covered by the ordered structure can be
either a wall or a depressidarrows A and B, respectively in
Fig. 2). Defects in the structure can also be seamow C in
Fig. 2). The wall or part of the wall between two adjacent
troughs may be absent and this defect sometimes shifts po-
sition from one cell to the next between two images.

A lattice commensurate with the Cil1) lattice that fits
well with the unit cell described above, and with the LEED
pattern for coverages belod~0.25 can be annotated/43
X \43)R+7.5°. The apparent height of the protrusions of
the wall changed, depending on tip status and bias voltage.
In a well-resolved image like Fig. 3, 12 protrusions can be
seen forming a hexagon around each depression. It is inter-
esting to note that it is not possible to fit the positions of the
protrusions with any single high-coordination sites of the
substrate lattice.

To study the influence of temperature on the structure we
raised the temperature from 140 to 170 K slowly enough
(~0.5K/min) to study the dissolution of the hc structure.

FIG. 2. STM image of S/G1l) at §~0.15. The (43  During this process areas covered by the structure gradually

x J43)R+7.5° can be seen covering parts of a terrace, the arrow8liMminish and disappear. The STM images are then similar to
mark: A—a wall termination, B—a hole termination, C—a defect those obtained at RT. Upon recooling, the structure reap-

in the lattice. T=140K, 1=0.147nA, U=—1.00V, image size pears at~150K, though not always in the same areas as
400x 400 A2, The inset shows the surface after exposure to furtheiefore. Also the LEED pattern shows a reversible transition.
H,S, #~0.3, two other patternd and Il) can be seen together with The step edges and the triangular defects at the step edges do
the (V43X 43)R+7.5° pattern. T=135K, 1=0.183nA, U= not change during this temperature cycling, which suggests
—1.178V, size 356350 A2, that no mass transport to or from the step edges is involved
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g ] the low-binding energy peak is ascribed to the topmost S
atoms. Regarding the low-coverage results, we ascribe the
shoulder A to sulfur atoms associated with the triangles and
decorations of the step edges. Like shoulder A these struc-
tures are only observed at low coverages, before the zig-zag
structure forms. The observation of only one (%2 peak for
the hc structure, is consistent with the STM images where
the protrusions appear with similar height and area. For an S
coverage between that of the hc pattern and th& (
X \7)R=19° structure, STM imageglike the inset in Fig.
2) and x-ray diffraction dafafor the zig-zag pattern suggest
that there are different sites for the S atoms, but evidently the
binding energy difference between these is to small to be
resolved. Thus, from the core level data it seems that the
] zig-zag structure is more related to the hc structure and the
e o) R, ¥ 1) T P intermediate structures than to th7(x y7)R+19° struc-
Binding energy (eV) ture.
Apart from a thermal broadeningee curve c in Fig. 4
the core-level spectra are not significantly affected by tem-
perature in the probed range. This indicates that formation of
the hc and the zig-zag structure involves no major reordering
of the S atoms.
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FIG. 4. Photoelectron energy spectra for theBl@vels at dif-
ferent coverages. The full lines are from cold sampte$00 K,
while the broken lines are for the RT sampl@)6~0, (b)6
~0.05,(c)0~0.7 (/43X \[43)R=7.5°], (d)9~0.3 (just before the
zig-zag structure forms (e)#~0.35 (zig-zag structurg (f)6

~0.4(VTX\T)R=19°]. E is the S Dy, peak due to b5 ad- In STM images of the structures following the hc lattice

sorbed on the cold sample. there are protrusions with different heights. There are two
possible reasons for thi&) restructuring oKb) local density

in the formation of the structure. of state changes at the surface, resulting in different apparent

For 6>0.25 the hc pattern is gradually replaced by newheights for different S atoms. However at this point we do
structures(inset Fig. 2, which cover the surface completely not have enough information to model the atomic structures
at #~0.3. These structures are more compact than thgf the (\J43x \[43)R=7.5° structure, and the following
(\/43x \43)R+7.5° pattern, One pattern observed is similarstructures. We can therefore give no answer to the origin of
to the hc structure, but has a shorter lattice parametehe h|gher protrusions in the STM images of h|gher cover-
(~11A) and is aligned with the substrate lattidein Fig. ages tharg~0.25.

2). Two other keep the rotation of the hc structure in one —An obvious interpretation of the observations is that the
direction but are distorted in other directiofi in Fig. 2). hc structure is built by a species which is present on the
These structures are more resistant to heating, and disappe@afraces also at RT but then in disordered form, and too
only above~250K. For all of these structures a fraction of mobile to be captured in the STM images. The identity of the
the protrusions are higher, extending (86.3) A above species can not be determined with certainty. We note, how-
those of the hc structure. ever, that 12 protrusions in the unit cell, gives a surface

For coverages at or above-0.35, we observe in turn the density of 0.28. This is close to the value-60.25, obtained
zig-zag structure and the\7x \7)R+19° reconstruction from the H,S exposures for the S coverage at which nearly
(6~0.4) studied in earlier work® Our RT images of these the whole surface is covered with the hc structure. There is
are quite similar to those reported. Lowering the temperaturénus one protrusion for every S atom deposited. The building
(125 K) has no marked influence on the images of these. unit may, therefore, & a S atom, an adsorbed one or one

Via the number of S @ spin-orbit doublets resolved in with another entourage of Cu atoms, but it might also 182 a
photoemission spectrdFig. 4) three different coverage molecule. What makes the latter possibility worthy of con-
ranges are identified. At low coverage there are twop§,2 sideration is that an open hc structure is unusual for atomic
levels (A and B in Fig. 4 of which only B remains at inter- adsorbates, and that the 12 hexagonally arranged protrusions
mediate coverage and is replaced by two pg&kand D as  has a likeness to the ring shape of S molecules. Of tBgse
the S saturatiofi(\/7 X \7)R*19°] structure forms. A and next to Sg, is the most stable orfé.The molecular bond
B are separated by 0.4eV, C and D by 0.44 eV. At the length is however only half of the-4-A distance between
photon energy269 e\) used to record the spectra in Fig. 4 the surface protrusions. Furthermore the molecular rings are
peak D is twice as intense as peak C. This intensity ratio ipuckered whereas the STM images indicate that the protru-
also the mean value for the relative intensities measured &ions are in one plane. A considerable bond length increase
six different photon energies between 220 eV and 643 eVand bond strength decrease is expected upon adsorption, as
Due to diffraction effects the ratio varies with photon discussed for oxygen molecules interacting with noble and
energy* around an average value, which should reflect theransition metal surfacés.However, since the nearest dis-
relative occupancy of the different sites. According to x-raytance between protrusions in adjacent hexagons is similar to
diffraction resulté the (7x 7)R=19° structure contains the nearest distance in one hexagon, one would expect the
two subsurface S atoms for every S surface atom. Thénter- and intra-hexagon bonds to break at approximately the
present core level data are thus consistent with this providesame temperature. We, therefore, believe that the structure is
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built from smaller units. Experimentally an indication of this We expect this to be rather demanding for the hc structure.
is given by the incomplete hexagons observed at the edges @he unit cell is large and furthermore the nearest neighbor
the hc islandgFig. 2, arrow B. distance is big enough for long-range interactions to be im-
The large open areas of the hc structure is interestingortant. To reproduce the charge density for thg1Qa)
since they may be the result of long-ranged substrate medsubstrate by using standard slab calculations the unit cell
ated interactions. One such example is the interaction medmust contain many planes of Cu atoms. Less demanding, but
ated by an elastic distortion of the substrate. The interactiohelpful for understanding the structure and its formation
energy is estimated to be about 0.1 eV for ordinary interwould be to see whether a preferred coordination for single S
atomic distances and to fall off like R? (Ref. 14. Recently —atoms on C(111) can be predicted. From the present data
the formation of S clusters for S/REO0D has been attrib- the coordination of the S atoms can not be determined with
uted to these forceS. Another long-ranged interaction of confidence. That the SpRbinding energy of the hc structure
importance is the one mediated by the(Cll) surface state is intermediate between the binding energies of the buried
electrons. This Friedel interaction has been suggested to k@oms and the surface atoms of thé7@< ﬁ)Rt 19° struc-
important for the positioning of unknown impurities in the ture suggests that also the coordination is intermediate.
surface layer of the Qa11).1° The interaction is oscillatory In summary, we have observed for S(CL1) a (43
with a period length of half the Fermi wavelendtt A at J43)R=7.5° structure at low temperature<(L70K) and

the Cu111) surfacd, which is close the period of the hc coverage ¢<0.25). The structure transforms to a disordered
structure. At least for a half-filled surface band the densitypnase aff=150-170K.

oscillations are expected to give an interaction energy large

enough to be of interest for low temperature structdfes. We thank Jesper Andersen for helpful advice regarding
Previously for atomic adsorbates it has been possible tphotoemission measurements. This work has been supported

account for observed structures by total energy calculationdy the Swedish Natural Science Research Council.
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