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ABSTRACT

The structure of the (2\/3X2\/3)R30° sulfur overlayer chemisorbed
on rhenium(0001) has been studied with scanning tunneling microscopy.
The ordered sulfur overlayer was prepared in UHV and then transferred
through air to an STM operating at a vacuum of 10~/ Torr. The
(2\/3X2\/3)R30 ° sulfur overlayer passivates the rhenium substrate in air. |
STM images show the atomic structure of the overlayer unit cell to be a
hexagonal ring of six sulfur atoms. Defect structures in the two dimen-
sional lattice of sulfur hexagons, overlayer domain boundaries and sub-

strate dislocations were also observed.

July 24, 1988

+ Permanent address: Departamento de Fisica de la Materia Condensada, Universidad Autonoma de Madrid,
Madrid, Spain.

} Permanent address: Seagate Technology Inc., Fremont, California, USA

tt Permanent address: Department of Chemistry, University of Utah, Salt Lake City, Utah, USA.



STM Study of the Structure of Sulfur (2V3x2V3)R30° |
* Overlayer on Rhenium (0001) -

D.F. Ogletree, C. Ocalt B. Marchoni, G.A. Somorjai and M. Salmeron

Center for Advanced Materials

Lawrence Berkeley Laboratory
Berkeley, California 94720 USA

T. Becbéﬁ and W. Sickhaus

Condensed Matter and Analytical Sciences Division
Lawrence Livermore National Laboratories
Livermore, California 94550 USA

1. Introduction

Sulfur forms ordered overlayers on many metal surfaceé, often producing several
distinct low energy electron diffraction (LEED) patterns with increasing sulfur coverage.
More than one hundred LEED patterns have been reported for sulfur chemisorbed on

various cryStal faces of at least sixteen metals.!

The sulfur chemisorption system is of technical importance since sulfur is a common
ingredient of lubricants. Studying the structure of sulfided surfaces may help explain
the fundamental mechanisms of friction and lubrication. Sulfur adsorption on molybde-

num and rhenium is also important for several industrial chemical reactions.2:3

t Perhanent address: Departamento de Fisica de la- Materia Condehsada, Universidaa Autonoma de Madrid,'
Madrid, Spain. ‘

t Permanent address: Seagate Technology Inc., Fremont, California, USA

t1 Permanent address: Department of Chemistry, University of Utah, Salt Lake City, Utah, USA.
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Scanning tunneling microscopy (STM) has been used to study the atomic Structu_re :
of chemisorbed m‘(l)1;<')laye.rs on metal ;silbstrates,t includiﬁg oxygen on nickel(llO),4 sulfur
on molybdenum(100),% iodine on platinum(111),6 and also benzene on rhodium(111).7 In
this study we extend our previous STM work oﬁ sulfur édsorbed on molybdenum (100)°

and rhenium (0001).2
2. Experimental Methods

2.1. STM Imaging

.. Two diff;er'e__nt sca_nni_ng tunneling» microscopes were used in this st}ldy.- The initial
experiménts were dong with a tripod type STM d¢§¢ribed previously,.g while the vlalmter-
Work Wg,s_dong using a “double-?ubef’ type' STM siﬁ_ﬁlar to that described by Lyding.lo‘
The STM'’s were controlled using eléctronics developgd at LBL, and data were acquirgd
using a PC compatible computer system equip‘ped with a lé-bit 150 KHz énalog to digi-

tal converter.

o All STM measurements were performed at room tempgrature in a 1077 Torr
vacuum. The STM was operated in the top_ogr_aphic (ponstant curre_nt) mode’usir}g tips
mechanically cut from 1 mm diameter Pt-40%Rh alloy wire. Bias Voltages were between
10 and 200 mV and tunnel currents between 0.5 and 15‘ nAIn this bias range.the.STM
images show no polarity dependence. The tunneling tip was scanned over the surface at
velocities of 500 to 6000 A/sec. _‘lmag‘é_s‘ were recorded With‘-25é poiﬁts per line and 256

or 128 lines per image for acquisition times of 10 to 100 sec/image.

vk Intcr;zatiqhal Conference on STM



2.2. Sample preparation

A rhenium (0001) single crystal substrate was cleaned and prepared in ultra-high
vacuum (UHV) using standard surface science techniques. The crystal was sputtered
~ with Ar? jons and annealed until no surface contamination was detectable by Auger

spectroscopy and a sharp (0001) LEED. pattern was obtained..

M ordered sulfur overlayer was formed by heating a Re(0001) single crystai to 800
K and holding it in H,S gas at ~ 2:1077 Torr for a total exposure of ~ 6:107° Torr—éec!
H,S decomposes on the hot rhenium surface and the hydrogen desorbs, leaving chemf
isorbed sulfur behind. The exact exposure time is not critical since a sulfur covefége of
0.5 monolayers, corresponding to the (2\/3x2\/3)R3Q ° structuré, saturates the Re(0001)
in UHV. At this coverage the H,S sticking coefficient drops sharply, greatly reducing the

sulfur deposition rate.

The Re(0001) crystal with the (2\/3X2\/3)R30° overlayer Wasvtl.'an'sf.erred through
aif to the STM. “After mounting the sample the STM was evacuated to 1077 Torr. We
believe the si;ructure of the Re(OOOl)—(Q\/3x2\/3)R30° surface is not affected by a brief
exposure to atmosphere. This hypothesis was tested by forming the Re(0001})-
(2\/3x2\/3)R30° surface in UHV, exposing the surface to room air for one hour, and
then analyzing the surface in UHV. ’I;he LEED pattern was unchanged by exposure
except for a slight increase in background, and the only change in the chemical composi-
tion, as determined by Auger spectroscopy, Was,‘ some slight carbon contaminat;lon

corresponding to a few percent of a monolayer.? A similar passiifation property is
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observed for the saturation sulfur overlayer on Mo(100).%

* There are three additional sulfur structures formed on Re(0001) at coverages of
0.25,70.34 and 0.40 monolayers.2 These structures are not stableé in air; so they cannot be .
studied with the transfer procedure used for the (2\/3x2\/3)R30‘° saturation structure. .

A UHV STM experiment is being prepared to investigate these lower coverage structures.

3. Results and Discussion:

3.1.. Rhenium substrate structure: steps and dislocations

. Large area images of the sulfur passivated Re(0001) surface show atomically flat ter-
races separated by atomic height steps (figure 1). Step edges are approximately parallel
with terraces ~ 200 A wide. There are few kinks in the step edges, and most steps are
one or two atomic layers high., This step density aloﬁg with the low kink density shows
that the rhenium crystal was cut ~1.1° away from the (0001) plane close to the [10T0]

direction. The peak-to-peak noise on the terraces is ~.0.5. A.

Substrate defects are seen on the sulfur. passivated Re(0001) surface. At the 1owef
left of figure 2, a scfew dislocation emerges where two single height atomic steps join
together and vanish. Figure 3 shows a detailed view of an isolated dislocation. Again
two single-height steps come togethér and ~ 600 A 1later the. double-height step. disap-

pears. - The screw. dislocations: we have observed end in double-height steps which is

o IV International Conference on STM
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reasonable given the abab stacking of the (0001) planes. The (0001) surface of an hep
crystal will have less in-plane strain for a doub'le'—layér_ screw dislocation than for the sin-

gle layer case.

3.2. Atomic structure of the sulfur unit cell

“-' Hexagonal rings of 'su'lfiii"'at.oms' in ﬁhé (2V3x2\/3)R30° overlayer are reéolved in
figure 4. A double-height step crosses the upper right corner of the image. Atomic
resolution is lost over a ~ 35 A wivde region neaf the step because bf multiple-tip eﬂ"écts,

im'plying a tip radius of the same order. Tunneling over the terraces is probably from a

“single tip atom since details of % of the unit cell spacing or ~ 2 A are resolved.

The atotnic structure for chemisorbed sulfur overlayers has b‘een.déterm;mzé.d by
dynamical LEED structure calculations and a few photoéleétrdn diffraétic)h studies for
the low coverage sulfur structures on metal 'surfaces:' 'incluid'i’ng the %4 monolayer (2x2)
and % monolayer c¢(2x2) structures on several (100) surfaces, the % mondlaYér (2x2)
structure on (110) surfaces and the 0.33 monolayer '(\/3x\/3)R30 * structure on the (111)
surface of Ir, Pd, Pt and Rh.11:12 The sulfur atoms occupy the 'ac‘isol.'p'tion site with the
highest coordination hiunber; and tl.le' sulfur-metal bond lengths rahgé from 2.18 to 2.‘4‘5
A. _Tli‘é four solved structures on three-fold isymmetr’icalf's'iii'faées are ‘all (111) faces of
fce metals, where sulfur has been shown to adsorb in the triply coordinated “fee”’ =hollo’w'
sites (those without second layer metal atoms below the hollow site) with ”boﬁd lengt‘h.s |

from 2.20-4+0.03 A to 2.33 +0.03 A.

TV Internationql Conference on STM"
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Based on our STM data we propose that the (2\/3x2\/3)R3O ° sulfur overlayer con;
sists of a ring of six sulfur atoms adsorbed in 3-fold hollow sites (figure 5a). The sulfur-
rhenium layer spacing would be ~ 1.5 A for a sulfur-metal bond length of ~ 2.25-A,
which is close to the sum of the metallic rhenium radius and the sulfur covalent radius.
We have no direct information on the registry of the overlayer and substrate. The STM
data cannot assign sulfur to the fce or hep type hollow sites so electron or ion scattering
data are needed for a déﬁ_nite _co_nﬂc;lusion, however the sulfur is probably in the rhenium

fcc hollow.

The apparent depth of the ‘trough between two sulfﬁr hexagons is 1 to 2 A and: the
‘hollow at the center of the hexagons at least 0.5 A (figure 6). .Based on a hard sphere
model for; sulfur on Re(0001) both hollows and troughs should be 1.1 A deep and only 2
A wide at the bottom. Its reasonable for the hollows in the STM topographic images to
appear shallow compared to the troughs since sixh neighboring'sulfur atoms c_ont.ributé t}o
the tunnel_current in a hollow .while fewer contribute in a trough. On most clean sur-
faces the atomic corrugations measured by STM are significantly smaller than the hard-
sphere values (except for(fohe well known giant corrugations observed on graphite).13,14
Here the high re§olution images_were recorded‘,lwith a tunneli{lg gap of 2 to 3 MQ, where
the tip-sur_fac‘e forces may elasti;cal_ly deform the tip or §_urf§ce and magnify_the actual
corrugation.!® We have reduced the gap resistance as low as 20 K02 for a few msec, pro;
ducing large tip-surface forces, without apparent _t?p or subsiba_rate damage as shown by

identical before and after atomic resolution images.16:17

IVt International Conference on STM



[

27 -

When the sulfur unit cells are displayed at maximum rh'agniﬁéation(ﬁgure 7) the
sixfatém sulfur ring appears to be made up of threé sub-units, breaking the apparent
hexagonal symmetry with a Kekulé type distortion. This distortion may be caused by a
geometrical displac.emeﬁt of the sulfur ion cores from the high symmetry hollow sites, by
a change in the electronic structure of the adsorbed sulfur ‘that modifies the tu‘nneling
current or by some combination of the two. The deeper layers of the rhenium surface
have a visible effect on the STM:images, sin'ce the sulfur overlayer and the:topmost
rhenium layer have c6v symmetry, which is reduced to ¢3v only when the second metal -

layer is included.

3.3. Disorder in the sulfur overlayer -

‘The sulfur overlayer has a variety of imperfections (figure 8), including distorted

and broken unit cells. The disordered regions usually consist of small aggregates of sul-

fur atoms separated by troughs similar to those between hexagons -- neither isolated sul-

fur atoms nor large sulfur islands are observed.

- “ Rhomibic clusters of four sulfur atoms are common, and sometimes form ordered
arrays of “‘compressed” unit ‘cells ds in part of figure 8. Although not reported from
LEED studies, a stable 0.44 monolayer sulfur phase of rhombic ¢lusters on a 3x3 lattice

may exist (figure 5b).’
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‘Non-hexagonal sulfur clusters are often found at anti-phase domain boundaries,
which occur when the registry of two overlayer regions differs by a fraction of the over-
layer unit cell. Twel{re different registries are possible since there are twelve rhenium
atoms- in the overlayer unit cell, and several types of domain Boundarieé have been
observed. In some casessulfur is adsorbed in a region too narrow for hexagonal unit
cells and compressed unit cells are found at the boundary. In other cases no sulfur is
observed at the boundaries, leaving Widér gaps between hexagbnal uﬁ‘it cells than in the

ordered domains.

In one series of images a narrow rift free of sulfur clusters was visible between two
ordered hexagonal domains. This rift evolved and changed over the course of an hour,
bending and breaking into two separate pieces as-sulfur clusters diffused over the sur-

face. Despite a large adsorption energy of ~ 2.3 eV/a‘com2 sulfur clusters are mobile at

300 K.

4. Summary

‘A model of sulfur adsorbed in hexagonal rings. of fcc hollow sites is proposed for the
(2\/3};2\/3)R30 ® structure on Re(0001). Sulfur forms isolated aggregates or clusters of
a few atoms on the surface, which are mobile at 300 K. Unusually large atomic corruga-
tions suggest elastic deformation of the tip and surface during STM imaging. Rhenium

screw dislocations are also observed.

IV International Conference on STM
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- Figure Captions

Figure 1 ©

Figure 2

Figure 3

Figure 4

A 1500 A square region of the sulfur passivated Re(0001) surface after a
best-fit plane has been subtracted from the image and the surface

illuminated at a low angle to highlight the steps. The brighter lines are

- double-height steps and the dimmer lines are single-height steps, with a

triple-height step at the lower left corner of the image. There are occa-

sional kinks where a multiple-height step splits into two smaller steps and

“where smaller steps come together to form higher steps.

Another 1200 A square area of the sulfur-passivated Re(0001) surface
showing a distribution of single and double-height steps. In the lower right -
corner of the image two single-height steps form a “V” where a screw

dislocation surfaces.

Close up of the tip of a screw dislocation in a 1700 A square area of the
Re(0001) surface. Two single height steps join to become a double-height

step and 600 A later the step vanishes where the screw dislocation surfaces.

An unprocessed high-resolution image of the (2\/3x2\/3)R30 * sulfur over-
layer on Re(0001), displayedv with a grey scale proportional to height. The
image area is 204 x 176 A, recorded at a sample bias of -18 mV and a tun-

neling resistance of 2.8 MQ. - The sulfur atoms form hexagonal rings

- IV International Conference on STM



Figure 5

Figure 6

Figure 7

Figure 8

= 13 =

separated by 9.5 A, and a double-height step crosses the upper right corner
of the image. The hexagons are slightly elongated since the X and Y

deflections of the piezo scanner tube are not completely orthogonal.

Model structure for the sulfur overlayer. The sulfur and rhenium atoms
are drawn to scale. a) The (2\/3x2\/3)R30 ° sulfur overlayer on Re(0001).
b) Model showing ‘‘compressed’” rhombic unit cells at the left and hexago-

nal unit cells at right.

A cross section through several hexagonal sulfur unit cells, indicated by the
white line on the top-view image. The vertical range is 3 A and the horix-
onal range is 50 A. The trough between hexagons is ~ 1 A deep and the

hole at the center of the hexagon is ~ 0.4 A deep.

A magnified view of a few unit cells shows the pairing of sulfur atoms that

breaks the hexagonal symmetry in a Kekulé type distortion.

Image of the sulfur overlayer illustrating various defects, including anti-
phase boundaries, distorted and broken sulfur hexagons and clusters. Note
the row of rhombic sulfur clusters indicated in the lower left quadrant of

the image.
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