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The adsorption of sulfur at 0.5 ML in botb(2X 2) and[f i] configurations on the Md10 surface is
studied using the density-functional, pseudopotential method with a plane-wave basis and a seven-layer slab
geometry in conjunction with scanning tunneling microscd®TM) and low-energy electron diffraction
(LEED) experiments. The sulfur adatoms are placed in different possible binding sites in order to determine the

most favorable adsorption site. Tﬁ%f] overlayer is more stable than te¢2x2) by 0.31 eV, in agreement

with experiment. The greater stability of t[\%f] structure is attributed to differences in metal-metal bonding.
Sulfur is predicted to adsorb at a low-symmetry position near the long-bridge site; the long-bridge site is
slightly less favorable in energy. Simulated STM images of the sulfur-covered surface are constructed, and
found to model well the experimental images. We find that the bright areas in the calculated STM images do
not necessarily correspond to the position of the sulfur atoms, which explains the difference between the LEED
pattern and the experimentally observed STM ima§86163-182009)02340-1

INTRODUCTION results demonstrate that bright spots in the STM do not nec-
essarily correspond to atomic positions of the adsorbate at-
The adsorption of sulfur on M@10) is of interest in sev- oms. This is discussed in light of related results for sulfur on

eral areas of surface science. This system has been used asther surfaces. Finally, we perform calculations for and dis-
model for studying Mogbased hydrodesulfurization cata- cuss the properties of the relate@ x 2) phase, which is not
lysts; moreover, the variety of surface structures of sulfur orobserved experimentally, in order to elucidate the origin of
Mo(110) has been studied in the context of two-dimensionalthe[i i] structure.
structural phase transitiod$. This system has been studied
extensively with traditional surface-science techniques, in-
cluding low-energy electron diffractiofi. EED), Auger elec- CALCULATION DETAILS
tron spectroscopy, and scanning tunneling microscopy i , ,
(STM). A number of different ordered surface structures All calculations were performed using a commercially
of sulfur on Mg110 have been observed by LEED: avqllable plane-wave, densﬂy-functlonal COA®STER in
p(2x2), (7X1), (4x1), (1x5), (1x3), and (1x10), whlcr_l the 6Kohn-Sham equations are solved self-
corresponding to coverages of 0.25, 0.43, 0.5, 0.6, 0.66, arensistently:® The core electrons of Mo and S were repre-
0.7 ML, respectively: sented by ultrasoft pseudopotentiafswhich allow a cutoff

A tensor LEED analysis of thp(2x2) phase indicated of 290 eV to be _used for the plane-wa\_/e basis set. The
that the most favorable binding site for the sulfur was dis-xchange-correlation energy is calculated in the local-density

placed 0.03 A away from the long bridge towards the qua_approximation, using the parametrization of Perdew and

9 . .
sithreefold sité!. Furthermore, the sulfur induced buckling of 2Unger- The electronic density was relaxed to the ground

some surface Mo atoms, by as much as 0.2 A, based on tHiate using Pulay mixintf;**and the Hamiltonian was itera-
LEED analysis. ’ ’ tively diagonalized with a conjugate gradient scheme.

Although the structures of other phases are not known in The Ma110 §grface was re_presented_by a symmetric
detail, the local binding of sulfur is expected to be qualita-S€VeN-layer slab; in all calculations the middle three layers
tively similar to thep(2x2) phase. Variations in the exact were fixed to the bulk positions. Using this model, a calcu-
bond distances and the degree of buckling are expected. |ption of the clean seven-layer slab produced a top-layer con-

order to obtain insight into both the bonding and structure ofraction of 7% and a second-layer contraction of 1%, which

sulfur on Md110, we have combined first-principles cor?paerlezjslgvg/e::c with otréer tt:)alcti:ulatlznsh ofdthe fMﬁO)M
electronic-structure calculations with scanning tunneling mi-SU"1ace: uftur was_adsorbed on both sides of the Mo

croscopy. By simulating STM images using the electronic-slab in ac(2x 2) or a[4 ] configuration, which corresponds
structure calculations, we are also able to resolve an apparetat a 0.5-ML coverage, resulting in two Mo atoms and one S

discrepancy between tflié i] LEED pattern and the experi- atom per surface unit cell for thef2x 2) case, and four Mo
mental STM images which have(2x2) symmetry. Our atoms and two S atoms per surface unit cell for fhg]
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configuration. The slabs were separated by 13 A of vacuum.
In the directions parallel to the surface, the experimental lat- A
tice constants were used. The free atoms in the slab were
relaxed until the average force on each atom was less than
0.05 eV/A. The Brillioun zone was sampled at 15 spekial
points generated according to the scheme of Monkhorst and
Pack, corresponding to 9 speclalpoints in the irreducible
Brillioun zone for thec(2x2) unit cell and 4 speciak

points in the irreducible Brillioun zone for tHé 2] unit cell.

In order to find the most favorable binding site for sulfur on
Mo(110), the c(2Xx2) unit cell was used. Configurations
with the sulfur atom in the atop, long-bridge, and quasithree-
fold sites were separately optimized in order to find the low-
est energy structure. Once the binding site was determined

with the c(2x 2) cell, the corresponding 2] cell was then
optimized starting with S at the(2X2) binding site as the
initial guess.

STM images were obtained from the electronic-structure
calculations using modified Tersoff-Hamann thety® The
Tersoff-Hamann model for calculating the tunneling current
assumes that the tip is a point source with an orbitas of
character. In this case, the tunneling current is proportional
to the density of states at the Fermi level. Extensions by
Chert® to this theory allow the calculation of the tunneling
current assuming or d character orbitals at the tip, which

we have also incorporated into our modeling. FIG. 1. Low-energy electron diffractio. EED) patterns for(a)
clean Md110 showing reciprocal-lattice vectors; andaj, and
EXPERIMENT (b) the 0.5-MI sulfur overlayer with reciprocal-lattice vectors for

the overlayer structurd} andb? ; (c) a schematic of the overlayer

All experiments were performed in an ultrahigh-vacuumreal-space structure.
chamber with a base pressure.0x 10 °torr described in
detail elsewheré’ The chamber is equipped for Auger elec- ture using bias voltages betweerl0 and—100 mV and a
tron spectroscopyPhysical Electronigs mass spectrometry tunneling current of 1 nA, using a Pt-Ir tip. Each data set is
(UTI), rear-view, low-energy electron diffractiofiVarian ~ composed of two images, scan left and scan right, which
Vacuum Products scanning tunneling microscopfRHK  correspond to data collected from scanning the tip from left
Technology, and a sputter gutPhysical Electronigs to right and right to left, respectively. The total time required

The surface was cleaned by oxygen cleaning at a pressufer each constant current data set ranged from 51 s for
of 5.0x 10~ 2 torr for 5 min at a sample temperature of 120050x 50 nn? images to 4 min for 208200 nnf images.
K to remove carbon followed by sputtering with argon ions Within each experiment we sampled several regions over a
(Ar, 99.9999%, Matheson gasto remove oxygen (5.0 1X1um?area of the surface. The STM was calibrated in the
x 10 °torr, 2 kV, 2.5-uA sample current Once the bulk X,Y directions using a highly ordered, pyrolytic graphite
was depleted of impurities via extensive repetitive cleaningsample(Union Carbid¢ and in theZ direction by measuring
only Ar* sputtering cycles were used to remove any surfacéhe step height of a monatomic molybdenum step.
contamination. The sample was then annealed at 1400 K for The crystallographic directions were determined from the
3 min. This protocol was repeated until a sharpx(1) LEED pattern, which yields the orientation of the crystal
LEED pattern was obtained and no oxygen or carbon wa@xes relative to the sample holder. The sample holder is
detected in Auger electron spectra. STM data obtained unddixed, therefore, by knowing the scan direction relative to the
these conditions also showed that the surface was essentiafigmple holder, and assuming step formation along a low in-
free from impurities. The average terrace size observed witdex plane, the step orientation can be determined.
STM was~180 A corresponding to a miscut of 0.7°.

The[? 2]-sulfur overlayet”®®was prepared by dosing hy- RESULTS
drogen sulfide (S, 99.5%, Matheson gpslirectly at the
sample using a 0.25-in. OD stainless-steel tube positioned _
0.25 in. from the sample. The surface was exposed® H  Sulfur on Mg110) forms a well-ordered? 2]-LEED pat-
for 90 s at a pressure of 3:QL0"“torr and a sample tem- tern at 0.5 ML (Fig. 1).12 Analysis of this LEED pattern
perature of 1400 K followed by annealing at 1400 K for 30 s.reveals a unit cell with dimensions of 6.30 A aloi§1] and

This produced a sharbf i]-LEED pattern which has been 4.45 A along[110]. However, atomically resolved STM

previously described as corresponding to a 0.5-MLimaging of this overlayer structure shows a structure with

coverage-? half the unit-cell size of that predicted by LEED. Specifi-
All STM images shown here were taken at room temperacally, the bright spots form rows along tf601] direction

Experiment
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FIG. 2. Experimental STM image corresponding to the LEED

pattern observed in Fig. 1. 3344
with a separation of 3:t0.2A separated by 440.2A FIG. 3. Schematic of calculated, optimized sulfur positions on
along the[110] direction (Fig. 2. Mo(110 for (a) ac(2x2) array andb) a[? %] structure.

The STM image of the overlayer appears to be a
¢(2x2) structure, in seeming contradiction to the LEED the atop, and the long-bridge sites are not allowed in the
data.zvzyhlle thec(2x2) LEED spots are contained Within 2 21 o erjaver because of symmetry constraints. If sulfur
the [1 1] LEED spots, the presence of extra spots duewere placed in the atop or long-bridge sites, only the

uniquely to the[2 2] structure indicates that there are large ¢(2X2) or (2x1) configurations are possible for a coverage
Py of 0.5 ML. The optimal threefold binding site for S in the

22
. . . . 1 layer has nearly equal bond lengths to three surface Mo
tion of c(2x2) domains can give rise to t§ ] LEED  td WIS AT BT 0 fig. g). The sulfur-sulfur

structure. In addition, a large-area STM scan X&0 nnf) separation is 3.34 A. The analogous bond distances in the

shows that the STM image is the same over the entire surfacazxz) overlayer are Mo-S bond lengths of 2.37, 2.37, and
(data not show) demonstrating that there is no SUPErposi-5 4¢ A, and a sulfur-sulfur separation of 3.15 A'. The,re iS

tion of[i f] andc(2Xx2) domains. One possible explanation negligible relaxation perpendicular to the surface for the

for the apparent inconsistency between the STM and LEED2 2 fi fi bout 0.02 A in the top | d0.08 A
data is that the bright spots in the STM image do not corre[-El 1] configuration, about 0. 'n the fop 1ayer and ©.

i~ . “In the second Mo layer. This is in contrast to a more pro-
spond to the actugl positions o_f the su_lfur atoms. This POINE 0 inced buckling for the(2x 2) system, where there is a
will be addressed in the following sections. '

relaxation of 0.1 A in the top layer and 0.08 A in the second
layer for this system. In addition, the adsorption of sulfur

domains of the[i f] overlayer. Furthermore, no superposi-

Density-functional studies of Md110)-c(2x 2)-S reduces the top-layer contraction of the Mo surfacé:1%
and Mo(110)-[2 ?]-S with sulfur adsorbed, compared te7% for the clean sur-
face.
The most favorable binding site fore2x2) array of S These structural parameters can be compared with a ten-

adatoms at a 0.5-ML coverage on MA0) is displaced off  sor | EED study of the 0.25-Mip(2x 2) sulfur overlayer on

of the long-bridge site by 0.35 A toward the low-symmetry Mo(110) performed by Toofaret al? The optimal binding
quasithreefold site, based on energy optimization of th&jte of the sulfur is shifted by 0.03 A off the long-bridge site
atomic positiongFig. 3(@)]. The binding energy for this site owards the quasithreefold site. This is qualitatively similar
is —5.77 eV. Placing sulfur directly on the long-bridge site tg the calculated results for the adsorption site for sulfur on

gives a slightly higher binding energy; however, it is indis- 29
tinguishable from the off-long-bridge site within the error of the ¢(2x2) and[; 1] overlayer structures.

the calculation(+=0.1 eV). Sulfur bonding at the atop site is
distinctly less favorable, with a binding energy 68.92 eV. Scanning tunneling microscopy simulations

Structural relaxation of th§? 2] overlayer of sulfur on Scanning tunneling microscopy images were generated
Mo(110) leads to a binding site 0.56 A off of the long-bridge from the calculated density of states and wave functions for
site in the threefold site and a binding energy-66.08 eV Mo(llO)-['f i]'sy using a height of 3 A, witls,p, or d or-

[Fig. 3b)]. Therefore, thg3 3] configuration is favored over bitals as the tip(Fig. 4). These simulations show that the
thec(2x2) by 0.31 eV. Note that the high-symmetry sites,images depend on the tip states in agreement with other
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the tip, the bright spots correspond exactly to the atomic
sulfur positions. It is important to note that the displacement
of the bright spots occurs only under the specific conditions
of zero bias; otherwise, the image produced does reveal
bright spots on the sulfur positions. Notably, the experimen-
tal images were obtained at low bias voltage.

(@)

(1-10)

(001)

(b)

Discussion

Our calculations confirm that the stability of thg$]-S
overlayer is energetically favored over thg2x2)-S over-
layer on Md110) due to a delicate balance of several factors.
We interpret our results in terms of a balance between the
chemical bonding between the surface Mo atoms and the
sulfur adatoms, and electrostatic repulsion caused by the in-
teraction of nearby dipoles.

Electrostatic repulsion arises from chemical bonding that
leads to transfer of electron density from Mo to the sulfur
atom. Experimentally, the degree of charge transfer can be
estimated based on changes in the work function of the sur-

FIG. 4. Calculated STM images witta) s, (b) p,, and(c) d,  face induced by sulfur adsorption on the Mo surface. For
orbitals at the tip. example, a dipole of 0.08 D is created at the surface when

0.5 ML of S is adsorbed on M@10), based on experimental
work. In the calculated STM images when using ther p  Work-function change measuremefitsThe dipoles created
orbitals for the tip, the bright spotio notcorrespond to the DY sulfur bonding repel each other, leading to an overall
positions of the sulfur atoms. In contrast, the simulated STMNCréase in the total energy. At higher coverages of sulfur,
images for the Mo(110)(2x% 2)-S have bright spots that there will be more electrostatic repulsion, because the sulfurs

correspond exactly to the atomic positions. Figure 5 showd® closer together. This is offset by the energy gained by
Py forming Mo-S bonds.

. . 2 . .
the_ STM 'mage Of. one _un|t gell of thbzl i con_ﬂ_gurauon It would be interesting to determine whether or not it is
usings andp tip orbitals, in which the actual positions of the ¢ gjectrostatic repulsion which determines the surface
sulfur as well as the apparent center of the bright Spot arg.,cqre of 0.5 ML of sulfur on MA.10). The optimization

marked. The bright spot is displaced from the position of theof the c(2x2) structure reveals the position of greatest

sulfur towards the long-bridge binding site; the net result iScn o micalhonding, as the electrostatic repulsion is held con-
that the calculated STM image lessens the in-plane “zigzag”,

» % stant by the unit-cell geometry. On the other hand, in the
nature of the} ;] structure so that it begins to resemble the 2 2y gy cqyre there is freedom in the sulfur-sulfur atomic

¢(2x2) structure. In contrast, when using ttig orbital On istance, and the sulfur atoms rearrange so that the total en-
ergy is minimized; the sulfur atoms are 0.2 A further apart
than in thec(2X2) case. This reduces the electrostatic re-
pulsion, since the interaction between dipoles drops off as
1/d3, with distanced. There is also a decrease in the degree

of buckling in the[7 2] system, however, as compared to the
c(2X%2). The difference in buckling necessarily corresponds
to differences in metal-metal bonding which, in turn, will
contribute to the total energies of the two configurations.
Changes in dipole-dipole repulsion cannot account for the

difference in stability of thg? 3]-S phase compared to the
hypotheticalc(2x 2)-S structure. If we assume that all of

the calculated energy difference between {{ef] and
c(2X2) systems is due to electrostatic repulsion and that
there are six dipole-dipole interactions per unit cell of the

[2 2] overlayer, a dipole moment of 4.3 D would be neces-
sary to account for the energy difference in the two configu-
rations, a value two orders of magnitude larger than the value
[22]-S/M0(110 showing the actual atomic position of sulfur of 0.08 D derived from work-function change measurements.

(circle) and the center of the bright sp@tiangle with (a) sand(b) Therefore, we conclude that changes in chemical bonding

p, orbitals at the tip. The image with th. orbital at the tip has ~ largely determine the stability of t§ 3] sulfur overlayer in
spots directly above the sulfur atomic positions. relation to thec(2x2) configuration.

(1-10)

(001)

(©)

(1-10)

(0o1)

@

(b)

FIG. 5. One unit cell of the calculated STM image of
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ration, our calculations also provide some understanding of
the discrepancy between the LEED and STM results and
underscore the importance of theoretical modeling of STM
images. The experimental STM image of the LEED-

identified Mo(110)f% 7]-S structure resembles what one
would expect for thec(2X2) configuration, with straight
rows of bright spots instead of the zigzag pattern character-

istic of the[$ 2] structure. However, our simulations indicate
that the bright spots do not correspond to the atomic sulfur
sl | positions, but instead are displaced towards the long-bridge
] T site for tunneling tcs and p, tip states. The net result is that
the amplitude of the zigzag is reduced; while this amplitude
is 1.1 A if one considers the atomic positions, this oscillation
is reduced to just 0.4 A in the calculated STM images. The
ok — ! 'cc;oﬁ (a'rbma;y dnits)' —— lateral resolution observed in STM depends on both the ra-
dius of curvature of the STM tip and the noise in thg
FIG. 6. Crystal orbital overlap populatid©OOR plots of the  Signals applied to the piezoelectric scanner. Typically, for
Mo 4d—S 2p orbital interaction for(a) c(2x2) sulfur overlayer ~Mmetal systems the lateral resolution is greater than't4A.

and(b) [ 7] sulfur overlayer. Both plots are on the same scale forTherefore, th_is difference in_p_osition is too small to be re-
comparison. solved experimentally, explaining the observed STM image.

The reduction in the reduced amplitude of the zigzag pat-

Differences in local Mo-S bonding are also not respon-tern in the calculated and observed STM images of fhg

sible for differences in stability between the two overlayersstructure can be traced to an occupied surface orbital 0.04 eV
either. As is well established for bonding of S and O to metabelow the Fermi level. This is a bonding orbital between the
surfaces, the bonding between the sulfur adatom and the Maird (not bridging Mo atom and ap orbital of the sulfur
atoms takes place through the § 8nd the Mo 4l orbitals. atom, and has lobes of electron density that are localized
By comparing the S-Mo interaction, we can determine theaway from and above the sulfur atom in the direction of the
differences in the strength of the S-Mo bond between the twdong-bridge site. It is these lobes that are imaged in the cal-
cases. An analysis of the S-Mo bonding using the crystatulated STM images, which explains the apparent reduced

orbital overlap populatiofCOOP (Ref. 21) between the  gmpjitude of displacement in tH8 2] structure. Because we
S3p and Mo 4d orbitals shows that the bonding is virtually inq that this image is dominated by an orbital that is near the
identical in thec(2X 2) and[f f] casegFig. 6); the strength  Fermi level, we predict that the in-plane corrugation of the
of the S-Mo bond plays no role in the energy differencer2 21 srycture should be observed if the bias voltage is in-
between the two different overlayers. creased so that this particular orbital does not contribute sig-
We attribute the difference in stability of tle§2x 2) and nificantly to the tunneling current.

[i f] configurations of sulfur to differences in metal-metal  Since the experimental images resemble most the calcu-
bonding. In thec(2X 2) case, there is a pronounced buckling lated images obtained with theeor p, orbitals at the tip, we

of the surface Mo atoms of 0.1 A, in contrast to the smallconclude that it is these orbitals which primarily contribute

0.02 A buckling for the[f %] case. The long-bridge Mo at- to the tunneling current. Although the orbitals have the
oms are pushed into the surface by the presence of the sulfli’rrg_eSt density of s'tates near the Fgrm| level, out ofd.he
atom; this is similar to the buckling observed for a sulfur Orbitals onlyd,2 orbitals should contribute to the tunneling

overlayer on M¢100), where the second-layer Mo atoms are current. Moreover, there are alsandp states in close en-

also pushed into the substrate by the sulfur atoms. The buci/dy Proximity with thed states of Pt, so there will be a

ling occurs for thec(2x2) configuration because all the contribution from these states as well. In addition, because

sulfur atoms are closer to the long-bridge Mo atoms, wherea'€ S @ndp; orbitals have a greater spatial extent thandpe
) 5o . . . . orbital, a greater interaction of these orbitals with the surface
in the[7 1] configuration the sulfur is bound with equal bond \; 4ve functions is expected.

lengths to three Mo atoms, which reduces the buckling in - The combination of experimental and simulated STM im-
this case. This result demonstrates that changes in metalyes has been previously used on several related systems,
metal bonding can override other considerations in determ'”l‘ncluding RH111D)+c(4x 2)-2524 Re(0001)p(2% 2)-S25
ing the stability of certain surface structures. Similar conclu-5,4 Mo(100)e(4x 2)-S28 to élucidate structural det’ails.
sions have been found for sulfur adsorbed on Re(0001)rhese studies used semiempirical extendédkdbitheory to
where combined LEED and STM studies showed that thgreat the system and the tip together, allowing for a complete
buckling 2°f the surface atoms depended on the sulfugeaiment of the tip-sample interaction. For example, experi-
coveragé€? In contrast to our results, however, it was found mental STM images of the Rhl11)+c(4X2)-2S system
for the sulfur on Re(0001) system that the buckling wasyere elucidated using simulations that found that sulfur in
greater for higher coverages of sulfur. hcp sites and sulfur in fcc sites gave rise to different kinds of
In addition to providing insight into the reason for the yaxima in the STM image. One disadvantage in using ex-
enhanced stability of th{af f] versus thec(2x 2) configu- tended Higkel theory to model these systems is the inability

Energy (eV)
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to perform structural optimizations. This limits simulations position of the tip can have an effect on the STM image.
to systems whose structural parameters have been deté&autetet al. have investigated these effects using a combina-
mined independentlyAb initio methods allow the determi- tion of scattering theory and a semiempirical extended
nation of detailed structures and thus STM simulations of eHickel theory?® They found for a sulfur overlayer on
wider variety of systems are possible. Moreover, surface reRe(0001) that the different experimentally observed STM
laxations potentially affect the resulting STM image. As hasimages could be explained by modeling the tip termination
been shown for sulfur on Re(0001), there are differences ias a single atom or a small cluster of atoms. In our case we
the STM images which are caused by the positions of the&lo not consider the geometry of the tip, and assume that it is
substrate aton’s. Therefore, the ability to accurately predict a point source. Tip geometry effects can clearly be important
surface relaxations with theoretical methods is important irfor some systems, and will be considered in future work.
comparing with experimental results.

One factor that is not taken into account in our STM
simulated images is the interaction of the tip with the sur-
face. While tip-surface interactions are in general weak for
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