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Using density-functional theor§DFT) we present a detailed theoretical study of Mafnoparticles. We
focus on the edge structures, and a number of different edge terminations are investigated. Several, but not all,
of these configurations have one-dimensional metallic states localized at the edges. The electronic structure of
the edge states is studied and we discuss their influence on the chemical properties of the edges. In particular,
we study the reactivity towards hydrogen and show that hydrogen may form stable chemical bonds with both
the two low-Miller indexed edges of MgSA model for calculating Gibbs free energy of the edges in terms of
the DFT energies is also presented. This model allows us to determine the stable edge structure in thermody-
namic equilibrium under different conditions. We find that both the insulating and metallic edges may be stable
depending on the temperature and the composition of the gas phase. Using the Tersoff-Hamann formalism,
scanning-tunneling microscogdTM) images of the edges are simulated for direct comparison with recent
STM experiments. In this way we identify the experimentally observed edge structure.
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[. INTRODUCTION electronic structure ultimately also determines the chemical
properties. Using hydrogen as a probe we investigate the
MoS; is a remarkable material in the sense that it has ahemical activity of the edges and find that hydrogen may
number of interesting, yet very different, properties. Here weadsorb at both the Mo edge and the S edge.
name four:(i) the ability to form nanotubes. M@Ss a lay- Based on the DFT results we construct a thermodynamic
ered material and experimentally it has been demonstratetsiodel for the Mo$ edges allowing us to investigate their
that a single layer of MogS like graphene, can be warped atomic structure under various conditions. It is shown that
into nanotubes. (i) MoS, can work as a catalyst. M@S both the metallic and insulating edges may be stable depend-
particles form the basis for the catalyst used in the hydrodesng on the ambient pressure and temperature. Moreover, in a
ulferization (HDS) proces. This is one of the first steps in hydrogen-rich environment, e.g., HDS conditions, we find
oil refining where sulfur is removed from the crude oil. It is that atomic hydrogen will be adsorbed at both the Mo edge
generally believed that the active sites are located at thand the S edge. The abundance of hydrogen at the edges is
edges of the catalyst particles and are associated with theportant since during the catalytic reaction the sulfur-
presence of coordinatively unsaturated Mo atofiiis. MoS, containing oil molecules are reduced by hydrogen.
is an effective solid lubricant. MgSfullerenelike particles Experimentally Mo$ nanoparticles have recently been
have been reported to have very low friction and wearinvestigated using STMThey were synthesized on a recon-
properties This makes Mo$ an important material when structed A111) substrate and were reported to have a trian-
liquid lubricants are impractical, such as in space technologgular morphology. Based on the DFT calculations we simu-
and ultrahigh vacuum.(iv) MoS, can generate one- late STM images of the MgSedges and these images are
dimensional, conducting-electron states. Recently we rethen used to identify the experimentally observed edge struc-
ported that one-dimensional, metallic states are localized dtire. The STM experiment is also discussed in terms of the
the edges of MoSnanoparticles.Experimentally triangular  thermodynamic model.
shaped, single-layer MgSanoparticles can be grown on a  This paper is organized in the following way: in Sec. II
reconstructed A@L11) surfacé and studied using scanning- the details of the DFT calculations are given and Sec. IlI
tunneling microscopySTM).”® In Ref. 5 we showed that a describes the thermodynamic model for the Me8iges. In
bright brim of high conductance extending along the edge$ec. IV the theoretical method used for simulating STM im-
of the MoS, nanoclusters is associated with such a metallicages is outlined. The atomic and electronic properties of bulk
edge state. MoS, are presented in Sec. V and the STM imaging of the
In this paper we present a detailed theoretical study oMoS, basal plane with and without an underlying Au sub-
single-layer Mo$ nanostructures. The focus is on the edgesstrate is discussed in the subsequent section. Section VIl is
of the nanopatrticles, and their structural and electronic propdevoted to an atomic and electronic structure analysis of the
erties are analyzed using density-functional the@¥T). In Mo edge. This includes a discussion of the influence of Au
particular, we shall investigate the two low-Miller index on the Mo edge. In Sec. VIl we investigate the possibilities
edges: the so-called Mo edge and S edge. We show th&r hydrogen adsorption at the Mo edge. Section IX is de-
one-dimensional edge states are localized at both types obted to a study of the atomic and electronic structure at the
edges but we also find that their electronic structure is cruS edge. Here we also investigate the possibilities for hydro-
cially dependent on the edge termination. For instance, thgen adsorption at this edge termination. In Sec. X we discuss
different structures may be either metallic or insulating. Thethe effects caused by having finite-size Mo&dges. We
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supercell having a periodicity of one in tixedirection, see
Fig. 1, this corresponds to 1R points. The ionic cores are
Mo edge replaced by ultrasoft pseudopotentidignd in order to treat
S dimers S monomers exchange and correlation effects the Perdew-Wang 1991
R . (PW9)) functional is used® First, the single-electron KS
1 equation is solved by iterative diagonalization and the result-
ing KS eigenstates are populated according to the Fermi dis-
tribution. Then Pulay mixing of densities is applied, and the
S edge . . . .
100 % cov. 75 % cov. 50 % cov. entire procedure is repeated until a self-consistent electron

< Esa Sa density is obtained. The total energies are subsequently ex-
| trapolated to zero temperatuteln all calculations the entire
atomic structure is optimized by allowing the individual at-

oms to relax according to the calculated Hellmann-Feynman
forces.

FIG. 1. Left: top view of the(0001) surface of a1,12 single- IIl. THERMODYNAMIC MODEL

layer Mo$ stripe. The stripe is terminated by the (I)1molyb- In order to investigate the relative stability of the edge
denum edg&€Mo edge and the (D10) sulfur edggS edge. The  terminations under different thermodynamic conditions it is
bright spheres represent S atoms whereas the dark spheres corgesirable to extend the DFT results to finite temperatures. In
spond to Mo atoms. The outline of the unit cell is indicated furthestthis section we shall derive an approximate scheme for cal-
to the left. Right: edge terminations of the Mo edge and S edgeulating the Gibbs free energy of an Mp&dge in the pres-
viewed from the sides of the edges. The M(ﬁ’lpe shown on the ence Of an atmosphere Contalr"ng botbS'—hnd l—& Thls
left is seen to have S dimers adsorbed at the Mo edge and a fully,qdel allows us to study the edges of Md8 terms of a set
covered S edge. of experimentally tunable parameter3,py,s,py,), tem-
erature and partial pressure of$Hand H, respectively.
he approach is based on a general methodology that has
previously been applied in Refs. 18—20.

compare the theoretical analysis with recent experiment
STM data in Sec. XI and finally a summary is provided in
Sec. XIl.

A. Edge free energy

Il SETUP AND CALCULATIONAL DETAILS We consider an Mosstripe on the form shown in Fig. 1,

Bulk MoS, is a layered material and a single layer con-and define its edge free energyas
sists of an S-Mo-S sandwich. In each such layer the Mo
atoms are arranged in a hexagonal lattice and are positioned
in a trigonal prismatic coordination with respect to the two S ¥~ > LGstripd MOS;+ NyH) = Niosemo ~ Nstts = N,
layers. This implies that each Mo atom is coordinated by six (1)
S atoms. A single layer of MgScan be terminated by two . .
different low-Miller index edges: the sulfur-terminated Where GgyipdMoS,+NyH) is the Gibbs free energy of a

(TOlO) edge and the mobedenum-terminated_(apﬁdge. singt';le lljlnit (aellr']Ni et]nd'“.i relzfertto tthel numbertgf altomfs iln the t
They will be referred to as the S edge and Mo edge, respeé’-nli 'Ceth ar|1 tic fet?ma dpo e_Ph'a' restpetc l|)\1e Y, 0 f.e emtgn
tively. A number of different structures are feasible at each of- - IS the fength of the edge. 'he most stable configuration

: ; L jll then be the one that minimizeg. The factor of 2 in Eq.
these edges, see Fig. 1, but the more detailed description o .
their geo?netric strucgture is deferred to Secs. VII and Ipx. ) indicates that the stripe exposes both the Mo edge and the

The edges of single-layer MgSare investigated in a S edge and hence represents the average edge free energy

g : ; f the two edges. This means that we can study the relative
model system consisting of a stripe of MoBat is repeated ot the - . .
in a supercell geometry, as illustrated in Fig. 1. AldG§01) stability of configurations located at the same edge provided

there is 8.8 A of vacuum between the repeated planes ar{ﬁat the configurations at the opposite edge are i(_jentical. on
they are separated by 8.9 A of vacuum in the direction per- e other hand the edge free energy of the individual 'edges
pendicular to the edges. The upper and lower sides of th(éa;nnOt l:_)e evaluated an_d hencg _the model does not give any
stripe are terminated by the Mo edge and S edge, respell ormation on the relative stability _bgtween the S_edge and
tively. In the following the size of a MoSstripe will be 0 edge. We also note that by retaining the chemical poten-

B . N tial of hydrogen in the definition ofy, the possibility for
indicated by the number of Mo atoms in they) directions, . S ;
(ne.n), contained within a single unit cell hydrogen adsorption on the MgStripe is included in the

model.

The 9d(laznsity—functional calculations are carried out as If the MoS, stripe is sufficiently large the edges will be in
follows: The Kohn-Sham(KS) orbitals are expanded in thermodynamic equilibrium with bulk MoS i.e..

plane waves with kinetic energies below 25 RyThe first
Brillouin zone is sampled in a one-dimensional dfidith a bk _ o 5
separation of 0.16 Al between neighboring points. For a IMos, = HMo ™ £Hs, )
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Whereg,?,,“(l"82 is the Gibbs free energy of a formula unit of an B. Chemical potentials

infinite MoS, sheet. Hence the chemical potentialg and In this section we derive two expressions for the chemical

Mmo Cannot be varied independently and inserting this conpotentials entering Eq5) that enable us to estimate these

straint in Eq.(1) yields quantities in terms of the DFT energies for the isolated H
and HS molecules. We start by examining the chemical po-

1 tential of an ideal gasugd T,p). This quantity can be ex-
— _ bulk ga
Y= Z[Gstripe(MOSZJ“NHH) NMogMuosz pressed in terms of a reference presspfe,

+(2Npmo—Ng) us— Nypn]- ()

We now proceed to express the free energies of the solid
states entering Ed3) in terms of their corresponding DFT
energies. In general the Gibbs free energy can be written
terms of the Helmholtz free enerdyasg="f+pV, wherep

is the pressure andis the volume. For solids the last term is
negligibly small and can be omitted. For the temperatures in

Hgad ToP) = pgad T,p%) +KgT In )

p°/

iIn general the chemical potential is given y=h—Ts,
Whereh is the enthalpy and the entropy. Hence we can
write

. - . . p
question,T<Tg, the electronic degrees of freedom will be fgad T.0) =hgad T,0%) — Tsyad T,p%) + kg T I _O)
almost completely frozen out and thfige.=Egec iS @ good p
approximation. We can then write the free energy of the solid
a! :[hgae(Tapo)_hgas(Tzo K,pO)]

+ [hgaiT: 0K, pO) - Egas]
Isolid™ Esolia™ fuib 4
where the electrostatic energy of the ions is includeH gy +Egas~ TSyad T, p%) +kgTIn %)
andf,;, is the Helmholtz free energy due to the lattice vibra- p
tlons. We now make_ the approxmaﬂon anc_i assfq =Ahgae(T,p0)+E\é§’5(T=0 K) + Egas
=Eqyq, thus neglecting the vibrational contributions to the
Helmholtz free energy. The edge free energy in turn becomes p
—Tsgad T,P%) +kgTIn o) ®

1
_ = . 4 _ bulk
7oL [Earpd MSz + )= Nuo EMOSZ where Ahgas(TypO) = hgas(T,po) —hga{T=0 K,p% and
EY’(T=0 K) represents the sum of the zero-point vibration
— — ga
+(2Nwo = Ns) s~ Niyena]. ®) energies for the molecule.

The validity of this expression relies on the importance of !N the presence of an atmosphere containin§ #ind H,
fup- Within the harmonic approximation for lattice vibra- ?ulfur may be exchanged with the MpSiripe via the reac-
ion

tions this quantity is given by

where (*) denotes a sulfur vacancy on the Ma®ipe. It is
()  assumed that the reaction is in thermodynamic equilibrium.

Assuming HS and H to behave like ideal gases infers
where( g is the volume of the first Brillouin zone and the
sum runs over all vibration modes. Since a large part of the  us= un,s— mn,
MoS, stripe is bulklike we expect that the vibrational contri- _
butions from this region are canceled by the corresponding =[Aths(T7DO)—AhH2(T7DO)]+[E\|ﬁgs(T:0 K)

terms associated withlyOyes, . see Eq.(3). Hence the

main approximation of Eq(5) amounts to the omission of
the lattice vibrations at the edges. The optical vibration fre-
guencies of a shget o_f Meg%ave been measuredlat " to — 5. (T,p)]+kgT In
be around 400 cm! using Raman spectroscofin order to 2

obtain an estimate of the corresponding Helmholtz free en- ) ) .
ergy we assume the modes to be dispersionless and fidhere Eq(8) has been applied. Choosip§=1 bar, experi-
fuu~1072 eV per mode at room temperature. Hence, if themental data forAh(T,p% and ng,pO) may be found in
frequencies at the edges are not significantly changed trtandard thermodynamic tabféé*and E"*(T=0 K) is es-
vibrational contribution will be small and thus E@) repre-  timated from experimental values for the molecular vibration
sents a reasonable approximation. If, on the other hand, tHeequencies® In Eq. (10) it is noticed thatus only depends
frequencies at the edges are significantly perturbed the valid" the ratiopy,s/py, and not on the individual partial pres-
ity of Eq. (5) will be more limited. sures.

p( ﬁwi(k)m H(9)+S(*)=H,S(g) + (*), C)
1—exp — ,
kgT

f E f dk (1ﬁ kK)+kgT I
vib : Oy | 2 wi( B

~BA(T=0 K)]= (Ep,s~ )~ Tlsu,s(T.p%)

pHZS) 10
o | (10

Hy
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~ Next we turn our attention to the second chemical potenta| value for the heat of formation for M@$it zero tempera-
tial entering Eq.(5), uy. In the presence of 4 hydrogen ture is given by—55.52 kcal/moP? In summary the bounds
may adsorb on the MgSstripe via the reaction on ug are estimated to be

1 — -
H(*)\:\EH2+(*)1 (12) 1.3eV=pug /"“S(bulk)so- (18

. . . . Next we focus on the bounds for the chemical potential of
where ( .) now mdu;ates a hydrpgen adsgrptlon site on tr."?”nydrogen My - The upper limit ofuy is determined by the
Mos, stripe. Assuming the reaction 10 be in thermodynamlcpoim at which hydrogen will begin to condense on the MoS
equilibrium we can write stripe. However, for the temperatures of interest the solid
phase of H does not exist. An appropriate upper limit fo,

1 is thus set by

_ _ 1
/J'H_EMHz_ 2

Ahy(T,pO) +EY(T=0 K)+Ey,

1
Iu‘HS E EH21 (19)
: 12

PH,
—Ts,(T,p%) +keT In( —0)
p i.e., by the energy of an isolated, Hinolecule at zero tem-
where Eq.(8) has been applied. perature. On the other hand hydrogen will only be adsorbed
on the MoS$ stripe as long as
C. Range of chemical potentials

Ny up=min[ Ggyind M0S, + NyH) — Ggyind M0S,) ].
In terms of Eqs(10) and(12) the chemical potentials for R srpd . srpd (20)

sulfur and hydrogen may be estimated. However, these quan-

tities cannot be varied without bounds and this section deal§he right-hand side can again be approximated by replacing

with the estimation of these bounds. Gatripe With the corresponding DFT energies. Next we define
We start by examining the range of the chemical potential

for sulfur, ug. If it becomes too large the sulfur will prefer to Ny

form bulk sulfur and the solid state of Me®ecomes un- AEH:Estrip(ﬂ—('\/'osfrNHH)_EstripéMOSZ)_TEHz'

stable. This upper bound can be written as (22)

MS= Hs(bulky™ Esbulk)» (13)  When neglecting zero-point vibrationdE,, can be identi-
fied as the total hydrogen binding energy in the zero-

where in the last term we have applied the approximation fo{emperature limit. By combining Eqs19)—(21) we get

the free energy of a solid, discussed in Sec. Il A. A similar
argument also applies to bulk molybdenum and leads to the AE 1

lower bound. The free energy of formation for MQS —HSMH——EH =0. (22
AG)"*%, is given by Ny 272

MoS, MoS, Equation(22) indicates the range qi within which hydro-
AG{ =Gy~ HMo(buly ™ 2K S(bulk)- (14 gen can be adsorbed on the MaSripe. The lower limit, of

Combining this expression with E@) yields course, depends on the studied configuration.

A(_;LV'"SZ 1 D. Summary

Ms™ Ksbuk)™ 5 _E['“'V'O_'“'V'O(bu'k)]' (19 The calculational procedure for the thermodynamic treat-
_ ) ~ment can now be summarized: Equati®his used to calcu-
In order for Mo§ to be stable against the formation of Mo it |5te the edge free energy(us ,uy ), for different edge con-
is required thafuy, — smo(uiy=0 and the lower bound then  figyrations. For giveus anduy, the stable structure will be
follows from Eq.(15), the one that minimizey. The values of the chemical poten-
Mo, tials can in turn be estimated through the experimental pa-
AG;

hs— M ™ — (16 rameterspy s, P, andT, using Egs(10) and(12).

An estimate forA G}'°* is obtained by approximating it with IV. STM ANALYSIS

the energy of l‘ormationAE:f’I % e, The theoretical STM analysis is based on the Tersoff-

Hamann formalisni>2% According to this treatment the tun-
AGY*%2~ AE}"*%2=E2%— Eyjo g — 2Espuig- (17)  neling matrix element between the tip and the surface is pro-
! portional to |,(ro)|2, where ¢, is an eigenstate of the
Using thea phase of sulfur for the evaluation &gy We  investigated surface ang is the position of the STM tip.
find AE?AOSz: —2.58 eV (—59.5 kcal/mol). The experimen- This allows the tunneling current, to be written as
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3.0 TABLE |. Experimental and calculated structural and electronic
& parameters for MoS The calculated energy gaps for bulk MoS
fw £4 are obtained using the experimental value for the S-Mo-S layer
& 55 separatior(2.975 A).
123458 Experiment DFT
L(A) Structural constants
FIG. 2. An infinite slab of MO§ on Au(lll) Left: The simu- Hexagonal lattice ConstaM) 3160 322)
lated line scan along the close-packed row of S atoms. The heightg_p0-5 layer heightA) 3172 316
is measured relative to the top S layer and the corrugation is 0.22 ’&S-Mo-s layer separatiofh) 2 978 457
The vertical lines indicate the position of the S atoms. Right: The
simulated STM image where the Au atoms have been omitted foE .
clarity. The contour value ip(ry,e¢)=8.3x10"% (A%eV)~! and lectronic: constants
the color scale, black white, corresponds to a variation of 0.3 A.
Direct energy gageV) 1.78 1.55(1.6%)
Indirect energy gageV) 1.29 0.84(1.63)

I(U,ro)mE f de[ng(e)—ne(e+eU)]|4,(ro)|?

*Reference 30.
bvalue is obtained for a single-layer MgSlab.
Xd(e+eU=e,), (23 °DFT calculation carried out with a plane-wave cutoff energy

whereng(g) is the Fermi distribution function and is the  of 45 Ry.

applied bias voltage. In the case of a small bias voltage Eq.

(23) may be approximated by comes equal to the experimentally measured value of 0.22
+0.05 A?" The average height above the top S layer then

(24) becomes 2.72 A. In Fig. 2 the simulated STM image shows
the S atoms to be imaged as protrusions whereas the depres-

. sions are associated with Mo atoms. This is in agreement

leading to the well-known result that a constant current ST(’\)}Nith previous studies of MoS?2° The interaction between

image simply reflects an _isosurface of the local density he Au surface and the MgSslab will be analyzed in more
states(LDOS) at the Fermi levelp(rq,eg).?>?° detail in Sec. VI,

We use the KS orbitals obtained from a self-consistent
density-functional calculation to evaluate the tunneling ma-
trix elements. Due to the discrete sampling of the Brillouin
zone the energy levels appearing in E24) are replaced by As described in Sec. Il bulk MgSis a layered material.
Gaussians of finite width. However, the choice of Gaussiarhe individual S-Mo-S layers are weakly bound to each
width is somewhat subtle and some caution is required, ither by van der Waals forces and the unit cell consists of
particular, when examining narrow-gap semiconductorstwo such layers. They are stacked so that the Mo atoms of
Such a material will not be imaged in STM using a smallthe upper layer are directly above the S atoms of the lower
bias voltage but if the Gaussian width exceeds the band gaayer and vice versa. In Table | we compare calculated struc-
an artificial nonzero LDOS and, hence, also current resultsural parameters for MoSwith their experimental counter-
For the simulated STM images presented in this paper thparts.

Gaussian width has been carefully chosen so that only the |t is noticed that the structural parameters for the S-Mo-S
relevant parts of the metallic bands are included. Moreoversiab are in good agreement with the corresponding measured
convergence of the corrugation of the simulated STM imaggjuantities. On the other hand the S-Mo-S layer separation is
requires that a dendepoint grid be used. Thk-point grids  overestimated by 1.6 A. This discrepancy is attributed to the
used for simulating STM images of the MpSiripes involve  fact that the van der Waals forces are poorly modeled within
a sampling rate of 0.04 A This should be compared with the applied generalized gradient approximati@w91) for

0.16 A~* which is used for the energetical calculations.  the exchange-correlation functional, see, e.g., Ref. 31. In the

The contour value used to generate the STM image, i.eabsence of these forces the S-Mo-S layers will be less tightly
the value ofp(rg,eg), is determined by matching the mea- bound and the calculated DFT equilibrium distance between
sured corrugation along the close-packed row of S atoms ithe layers thus becomes overestimated.
the interior of an Mo$ nanocluster with the corresponding  Electronically bulk Mo$ is known to be a semiconductor
calculated value. In the interior the effects of the edges arand in Table | both the experimental and calculated values of
expected to be negligible and we model this region by arthe direct and indirect energy band gaps are shown. It is seen
infinite MoS, slab deposited on an Alill) substrate[The  that the energy gaps are underestimated by the DFT calcula-
Au(11)) surface is modeled as a rigid two-layer slab assumtions. This is an error often encountered within DFT using
ing epitaxial growth of Mo$.] The corresponding line scan local or semilocal exchange-correlation function&lszor
and STM image are shown in Fig. 2. comparison the value of the indirect band gap has previously

Using a contour value of p(ry,er)=8.3 been calculated to be 0.77 &Vt is also noticed that for a
x107% (A3eV)~?! the calculated corrugation, 0.22 A, be- single layer of Mo$ the indirect band gap is almost equal to

|<r0>o<2v [ ,(r0)|28(8g —&,)=p(rg,eF),

V. BULK MoS,
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1 " rior of the MoS nanoclusters. The imaging of the interior of
\ / the nanoclusters is thus an effect caused by the presence of

s the Au substrate.

0
L
g
¢ VIl. Mo EDGE
£

A. Edge configurations
M T K The molybdenum-terminated (TO). edge(Mo edge ex-

poses a row of Mo atoms leaving the Mo edge atoms with a
FIG. 3. Comparison of selected energy bands of an infinitecoordination of only four S atoms. For this reason the clean
single-layer Mo$/Au(111) slab(solid) with the corresponding en- Mo edge is energetically not stabfé* and the Mo edge
ergy bands of the MoSslab (dashedl and the A@111) surface  atoms prefer to be coordinatively saturated by the adsorption
(dotted separately. The Fermi level for the semiconducting MoS of additional S atoms. It has previously been reported that
slab is adjusted so that the valence band coincides with the valen¢e/o configurations are feasible at the Mo ed§&* They are
band of the metallic Mog/Au(111) system close to the Brillouin- referred to as the S dimer and the S monomer configuration
zone boundaries. and are shown in Fig. 1. Both involve the adsorption of S
atoms and render the Mo atoms at the edge fully coordinated
the direct band gap and is thus significantly larger than foby six S atoms. The so-called S dimer configuration corre-

bulk MoS,. sponds to adsorbing an additional row of S atoms at the edge
where the S atoms are seen to form dimers inzttgection.
VI. STM IMAGING OF MoS , BASAL PLANE Hence the S dimers are in registry with respect to the bulk S

lattice. The S monomer configuration involves half the num-
ber of adsorbed S atoms but reconstructs in order to keep the

; g coordination of the Mo edge atoms fixed at six. Therefore,
nanoclusters. Hence the question arises as to whether t S monomers are shifted by half a lattice constant with

electronic structure of MosSis strongly influenced by the egpect to the S lattice, see Fig. 1. In contrast to the S dimer
presence of this substrate. Au is well known to be chemicallyonfiguration the S monomer configuration spontaneously
!nerf but clearly it must be important for the imaging of the reaks the symmetry of the lattice along the edge introducing
interior of the nanoclusters since a nonzero current is Meay gyperstructure with a periodicity of two lattice constants:

sured in this region:as pointed out in Sec. V an infinite the bond length between the S monomers and the row of Mo

sheet of Mog is semiconducting with a band gap much gqge atoms varies between 1.89 A and 1.68 A and the Mo
larger than the experimentally applied bias voltage. There-edge atoms themselves are found to dimerize inxtbiec-
fore, in the absence of Au the interior of the nanoclusters wilkjon with an amplitude of 0.16 A.

not be imaged, disregarding effects caused by impurities.
We model the interior of the nanocluster by an infinite
MoS, slab placed on an Adll) surface, see also Sec. IV.
The distance between the Au surface and the bottom S layer In this section the focus will be mainly on the relative
is calculated to be 2.99 A. Selected energy bands in the twestability of the S monomer and the S dimer configurations.
dimensional Brillouin zone are shown in Fig. 3 along with First the energetics is investigated in the zero-temperature
the energy bands of MgSand Au111) separately. limit and we then extend the results to more realistic condi-
Here it is seen that the valence band of Mdfteracts tions using the thermodynamic model derived in Sec. Ill.
with one of the metallic Au bands. Near the edges of the Edge configurations involving a different number of S
Brillouin zone,K andM, the metallic band of the Mg$Au  atoms are related via the reaction in E8), and the energy
system resembles that of the unperturbed1Ad) surface. cost associated with the removal of a sulfur atomTat
On the other hand, near tiiepoint the shape primarily iden- =0 K is then given by
tifies with the unperturbed MgSvalence band which has,
however, now been shifted upwards by about 0.3 eV. The AEs=E[MoS;+(*)]+E(HzS)
opposite behavior is noticed for the valence band of the com- _ *\]—
bined system. All these observations have been verified by E[MoS,+S(*)]~E(Hy), 29
direct inspection of the corresponding KS wave functionsneglecting the zero-point vibration energies of both the mol-
The interaction between the MgSlab and the Au surface ecules and the solid. In the following we shall evaluate this
thus results in an avoided crossing between the metallis Au quantity for the three edge terminations shown in Fig. 1. For
band and the Mogvalence band. This has important conse-the S monomer configuration relative to the S dimer configu-
quences for the electronic structure of Mo& the Fermi ration we findAEg=—0.12 eV/at., thus indicating that the
level. Even though the metallic bandkat will be dominated S monomer configuration is slightly more stable than the S
by the metallic Au state it will also have a small weight on dimer configuration at zero temperature. On the other hand,
the MoS valence band. In this way the MgSlab becomes the intermediate configuration has a positive value\&g
weakly metallic when deposited on an Adl) surface, and with respect to the S dimer configuratioAEg=0.49 eV.
this explains that a nonzero current is measured in the intd-AEg relative to the S monomer configuration is, of course,

In the STM experiments a herringbone reconstructed A
surfacé is used as a template for the growth of the MoS

B. Energetics
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0.7 S dimers —— In Table Il the chemical potential for sulfur is calculated
06 ™ S monomers ~—-— | for three sets of'(,pHZS,pHZ) and the arrows in Fig. 4 refer
: Intermediate -~ . .
. to these situations.
3 08 M S It is noticed that S monomers are expected to be adsorbed
T 04l \\\ at the Mo edge under HDS conditions. During STM imaging
and sulfidation conditions(l) and (S), s is significantly
03 @ &) IS higher but Fig. 4 still suggests that S monomers are adsorbed
12 0.8 0.4 0.0 at the Mo edge. It is also noticed that, during imaging is
Mg Baihu (€V) close to the transition point between the S dimer and S

monomer configurations. This means that the two configura-
tions are close in energy and the preferred structure is likely
edge(see Fig. 1 the S dimer configuration, the S monomer con- to be determined by, for example, additional interactions.
figuration, and the intermediate configuration. The S edge of thé_.ate.r.we shall see that th?_ presence of ap .Au su.bstrate can
MosS, stripe has a coverage of 100%. The arrows indicate the valueSignificantly affect the position of the transition point.

of ug under STM and HDS conditions, see Table II.

FIG. 4. The edge free energy as a function of the chemical
potential of sulfur,ug , plotted for three configurations at the Mo

. . . L . . C. Electronic structure
still negative) This behavior is explained by the observation

that the intermediate configuration does not reconstruct and As discussed in Sec. V an infinite sheet of Ma$ semi-
hence exposes coordinatively unsaturated Mo edge atoms. @onducting. However, terminating the MpSlab by an Mo
general we thus expect all intermediate configurations to bedge and an S edge changes the band structure significantly,
unstable relative to both the S monomer and S dimer consee Fig. 5.

figurations. This in turn implies that the transition fromthe S When S dimers are adsorbed at the Mo edge three bands
dimer configuration to the S monomer configuration is assoare seen to cross the Fermi level, implying the existence of

ciated with an energy barrier and the valuAEg three metallic states, labeled I-IIl. Direct inspection of the
=0.49 eV, can be taken as a minimum value for the activacorresponding KS wave functions reveals that | and Il are
tion energy of this reaction. localized at the Mo edge whereas Ill is localized at the fully

The zero-temperature results can now be extended tcovered S edge. The two metallic wave functions at the Mo
more realistic conditions. The edge free energy is calculateddge are shown in Fig. 5. Edge state | has a Fermi wave
using Eq.(5) and the values for the three configurations stud-vector ofk.=0.39 A"! and is seen to be almost completely
ied above are plotted in Fig. 4 as a function of the chemicalocalized at the S dimers. It is a superpositionpgforbitals
potential of sulfur,us . comprising two parallel chains along the edge. From the

Since neither of these configurations involve the adsorpphase of the orbitals the two chains are noticed to be anti-
tion of hydrogen they are all independentof, . The more  bonding. Edge state Il is seen to extend over the first three
general treatment including the possibility of hydrogen ad-+ows with ke =0.67 A", It is primarily constituted by two
sorption will be presented in Sec. VIII. Figure 4 shows thatbonds: (i) The d-d bond between the first row Mo atoms.
the atomic structure at the Mo edge is dependent on thErom atomic projections we have found that the character of
ambient conditions and temperature, and a change of stabihese orbitals is mainlgl,, and by the interatomic symmetry
ity occurs atus — u gpuiy~ —0.21 eV. Below this value the the corresponding Hamiltonian matrix element must be
S monomer configuration is stable while the S dimer conV/y,,. . (i) The p-d bond between the two second row S
figuration is preferred above this point. As expected, the inatoms and the Mo atom behind. Atomic projections show
termediate configuration exposing unsaturated Mo atoms ithat the Mod state is dominated bg,2_,2> whereas the state
not stable at any realistic value @fs. We note that the on the S atom is @ orbital pointing towards Mo. The bond
results in Fig. 4 are consistent with previous work on MoS is seen to have an even symmetry and thus the corresponding
presented in Refs. 18 and 35. Hamiltonian matrix element is bondingy, -

TABLE II. The chemical potentialsyganduy, calculated for three sets oT(sz,szs) using Eqs(10)
and(12). (I) and(S) are related to the STM experiments and represent estimates for the conditions during the
imaging and synthesis of the Mg8anoclustergRef. 7). During synthesispHz is determined by the purity of
the H,S gas, 99.8%. For imaging the base pressure is estimated toX&.8 bars corresponding to UHV
and we assume that the relative amopn;S/sz remains constant from synthesis. The last situatiet),
represents typical working conditions for the HDS catalyst.

T  pu, (a9 pusbard  ps—pspug €V)  uy—3EL, (€V)

() STM imaging 300 2.610°%  1.0x10°18 -0.29 —0.49
(S) STM sulfidation 673 281072  1.0x10°° —-0.39 -1.08
(H) HDS 650 10 0.1 -0.99 -0.22
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FIG. 5. (Colon One-
dimensional energy bands around
the Fermi level(red for (a) a
(1,12 MoS; stripe with S dimers
adsorbed at the Mo edge afig) a
(2,6) MoS, stripe with S mono-
mers adsorbed at the Mo edge.
Both stripes have a fully covered
S edge. The green lines represent
the band structure of an infinite
sheet of M0$. Note also that the
Brillouin zone in (a) is twice as
long as the one inb). (c) Con-
tours of the KS wave functions
corresponding to the metallic
states at the Mo edge. The con-
tours are colored according to the
phase of the wave functions and
the rapid oscillations are due to
the factor, exgkg-r). The left
(right), denoted (), corresponds
to k,:2039 A71 (kpz067 Aﬁl)
as indicated by the arrows.

(ex-ep)(eV)

Below the Fermi level the energy band of edge state | iss found to be 0.77 eV and this value is significantly smaller
seen in Fig. 5 to extend into the region of the Md&ulk  than the calculated direct bulk band gap of 1.64 @de
states. There the edge state may have a nonzero overlap witlable ).
the bulk states. Due to this interaction hybrid bonding and
antibonding states are formed resulting in an avoided cross- o
ing between the edge-state band and the bulk-state band. For D. STM imaging
this reason the edge states are in general expected to only We have simulated STM images of both the S dimer con-
exist within the Mo$ band gap. A similar behavior is known figuration and the S monomer configuration. The former is
for intrinsic surface states that emerge within the band gapshown in Fig. 6a) and it is seen that a bright brim extends in
of bulk crystals®” When a surface-state band crosses thehe row behind the S dimers.
boundaries of this region it hybridizes with the bulk states The S dimers are also imaged clearly but there the protru-
and forms a so-called surface resonance. sions are not associated with the S atoms themselves but

In Fig. 5 the band structure of the Mo edge with S mono-appear in the interstitial region. This implies that in terms of
mers adsorbed is also shown. There the number of metallithe protrusions of the basal plane the protrusions at the edge
states is noticed to be one. Since the Ma8ipe has a fully are shifted by half a lattice constafit is remembered from
covered S edge the metallic state, labeled Ill, can readily b&ec. VI that the S lattice and the protrusions in the bulk
identified with the metallic S edge stdtalso labeled Il in  region coincide. Next we focus on the imaging of the S
Fig. 5@)]. Still, the band structures of the two metallic edge monomer configuration. Since neither of the edge states are
states, Ill in Figs. B8) and %b), are noticed not to be com- metallic the tunneling current is expected to be zero for a
pletely identical, but a discussion of this difference is post-small bias voltage. However, by applying a voltage beyond
poned to Sec. IX C. Returning to the Mo edge this meanshe band gap tunneling states become available and in Fig.
that there are no metallic edge states associated with th&b) a simulated STM image of the S monomer configuration
edge and it is thus rendered semiconducting by the S monds shown forU=—0.18 V. Here the presence of a bright
mers. However, this observation does not necessarily excludaim that also extends in the row behind the S monomers is
the existence of nonmetallic edge states. Indeed, the presenceticed. The protrusions of the brim are located at the S
of such states is inferred by the reduced band gap. In Ficatoms but as the underlying atomic structure they display
5(b) the transition between the edge-state conduction bansuperstructure with a periodicity of two lattice constants.
and the edge-state valence band is indicated. The energy gsforeover, the S monomers are noticed to be imaged very
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(a) (b)

S dimers ———
S monomers ———

y(arb. unit)

(H) 8) (D
| Il

-1.2 -0.8 -04 0.0
Mg Msmulk (€V)

FIG. 7. (1,6) MoS; stripe on A111). The edge free energy as
a function of the chemical potential of sulfytg, shown for two
different configurations at the Mo edge: the S dimer configuration
and the S monomer configuration. The MaoSripes have a fully
covered S edge. The arrows indicate the valueg otinder STM
and HDS conditions, see Table II.

more realistic conditions and in Fig. 7 the edge free energies
of the S dimer and S monomer configurations in the presence
of an Au substrate are compared.

Here it is clearly seen that the ALll) substrate influ-
ences the structural stability of the Mo edge, cf. Fig. 4. The
transition point between the two edge terminations has
contour value is determined by-0.18 eVX p(gg,fg)=—1.5 moved fromus— s(uiy™~ —0.21 eV for the isolated MoS
x 1078 A~3. Both color scales correspond to a corrugation of edge t0—0.52 eV in the presence of the Au substrate. These
15 A changes are important for the STM experiment where the S
dimer configuration is now noticed to be the most stable
gtructure. In fact, this is the case during both imaging and

weakly. In summary these characteristic features should™ "~ .
make the S monomer and S dimer configurations clearly dis21/fidation,(l) and(S), respectively. On the other hand the S

tinguishable in a STM and will be the subject of a forthcom- monomer configuration is still clearly preferred under HDS

ing publication®® conditions. _ | _
P We now proceed to investigate the influence of(2ii)

on the electronic structure of the Mo edge with emphasis on
the S dimer configuration. In Fig. 8 we compare for this edge

FIG. 6. Simulated STM images fda) a (1,12 MoS, stripe with
S dimers adsorbed at the Mo edge dhda (2,6) MoS, stripe with
S monomers adsorbed at the Mo edge. The contour valu@)fis
p(ro,ep)=8.3x10"% (A%eV)"1. For the S monomers the STM
topograph is calculated using E¢R3) with U=-0.18 V. The

E. Interaction with Au substrate

In Sec. VI we found that the presence of a metallic
Au(111) surface has important consequences for the elec T = SuA
tronic structure of the insulating M@lab. In this section 3 =S
we shall study the influence of Au on the Mo edge. First the . <
energetics of the edge is studied and we then investigate th <
interaction between the Au states and the metallic edge;™ ;
states. 2 AN edge

In order to investigate the influence of Au we have carried
out DFT calculations for &1,6) MoS, stripe adsorbed on an e Y T
Au(111) surface with both S dimers and S monomers ad- 3 A Mo
sorbed at the Mo edge. The relative sulfur binding energy 21 LA
between these configurationskEg , is now found to be 0.19 ! y
eV per S atom. This implies that in the presence of the Au -8 -
substrate the S dimer configuration has now become the mos.
stable structure at the Mo edge at zero temperature. Compar-
ing with the sulfur binding for the isolated edg&Eg
=—0.12 eV, the change of stability is 0.31 eV. A portion of
this energy diﬁerenge, however., derives'from 'Fhe sjze of theGlt the edge (Mgy), and a Mo in the interior of the stripe (Mg).
applied supercell. Since the unit vector in thelirection of  the ADOS is calculated by first projecting the localized set of
the MoS /Au system has the length of a single lattice con-4omic orbitals on the self-consistent Kohn-Sham wave function
stant the S monomers cannot achieve their lowest-energyng then adding the contributions from all the orbitals situated on
configuration where the Mo edge atoms form dimers, as dethe same atom. Right: simulated STM image for(1a6) MoS,

scribed in Sec. VII A. The energy gain associated with thisstripe. For clarity the Au atoms have not been retained. The contour
superstructure is estimated to be 0.09 eV for the isolated M@alue isp(ry,e£) =8.3x 107 ¢ (A% eV) ™! and the color scale corre-

edge. The zero-temperature results can now be extended $ponds to a corrugation of 1.5 A.

edge

DOS(eV

FIG. 8. MoS /Au(111) with S dimers adsorbed at the Mo edge.
Left: Atom projected density of statéADOS) for selected atoms in
the MoS stripe: the top S atom in the S dimerg(g), the Mo atom
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termination the atom projected density of stg#®BOS) cal- S dimers: Edge structure
culated for three different atoms in the MoStripe with and Label (a)
without an underlying Au surface. <@ =
In general, it is seen that the interaction with the elec-
tronic Au states causes a broadening of the features in the
ADOS as well as a small shift down in energy. For the S and
Mo atoms at the Mo edge the electronic structure at the
Fermi level remains essentially unchanged thus indicating ABa(eV) 030 037 003
that the metallic edge states are only weakly perturbed by the —Tapel @ @
presence of Au. However, as expected from the discussion in
Sec. VI the ADOS for the Mo atom in the interior of the
MoS, stripe becomes nonzero within the intrinsic band gap
of bulk MoS,. These trends are also reflected in the simu-
lated STM image for the S dimer configuration shown in Fig.
8. It is seen that the imaging of the metallic states localized
at the edge is essentially unchanged by the presence of Au. AEu(eV) 0.17
When moving away from the edge the interaction with the _S monomers: Edge structure
substrate becomes clear, cf. Figae The LDOS at the Label ___ (e)
Fermi level is now nonzero and the S atofivo atoms are
imaged as protrusion@epressions These observations are
in agreement with the simulated STM image for the infinite
MoS,/Au system showrisee Fig. 2

(©)

-

AEn(eV) ~0.30 0.61 0.16

VIll. ADSORPTION OF HYDROGEN
FIG. 9. The investigated Mo edge adsorption sites for hydrogen

It is well known that the basal plane of M@$ chemi-  and their calculated binding energiesEy,. The configurations are
cally not very active. Experimentally it has been shown thatiewed from the side of the Mo edge. Each configuration represents
organic molecules such as thiophene and butene only adsoatlocal) minimum on the potential-energy surface for hydrogen. We
there at cryogenic temperatur@dvioreover, based on a DFT note that the calculations are performed with(2a6) [*=(1,12]
study Byskovet al. have reportetf that hydrogen cannot MosS,; stripe.
form stable bonds with the Mg$asal plane. This indicates,
as is generally accepted, that the chemically active sites influence of hydrogen on the electronic structure and STM
HDS must be associated with the edges and a few previoumaging is discussed.
studies have therefore focused on the reactivity of the edges
towards hydrogef®=42

As discussed in Sec. VII A the Mo edge atoms are fully
coordinated when either of the two stable configurations, S A number of different adsorption sites for hydrogen have
dimers or S monomers, is present. This immediately suggestseen found at both the S dimer and S monomer configura-
that the Mo edge is chemically inert. However, the electronidions. These sites are identified by first placing hydrogen in a
structure at the Mo edge is also influenced by the presence olumber of different initial configurations. Then all atomic
edge states. These states may interact with the adsorbates ambrdinates are relaxed according to the calculated forces
form stable chemical bonds. It should be stressed that thend in this way &alocal) minimum on the potential-energy
origin of such bonds will not be of a localized nature that cansurface for hydrogen is obtained. The atomic structures thus
be accounted for by simple electron counting. found are listed in Fig. 9 along with the calculated values for

In the following we shall study the adsorption of atomic AE,, see Eq(21).
hydrogen at the Mo edge. The reason for this is twofold: first Here it is seen that only a single site is associated with an
hydrogen may be regarded as a simple probe testing thenergy gain, AE,<0. A weak bond, the configuration of
chemical activity of the edges. Second, hydrogen is abundariig. 9g), may be formed with the Mo edge when H adsorbs
under HDS conditions and during sulfidation of the MoS on every second S monomer. On the other hand, there are no
clusters in the STM experiment. In relation to the HDS pro-stable configurations associated with the S dimer configura-
cess the dissociative adsorption of hydrogen is important. ition. From Fig. 9 it is seen that three hydrogen configurations
is often referred to as hydrogen activation and the activatedt this edge structure havkE, close to zero, Figs. (8),
hydrogen can then react with the sulfur atom of an adsorbe€(d), and 9f), and the binding energies per H atom are only
organic compound. separated by 0.07 eV. One of them is seen to involve the

First the atomic structure for a number of different ad-adsorption of two hydrogen atoms between the S dimers and
sorption sites will be presented and we then extend théhe two others have H adsorbed atop both sides of the S
thermodynamic treatment of Sec. VII B to include the possi-dimers. For the two latter ones the adsorption of hydrogen
bility for hydrogen adsorption at the Mo edge. Finally, the causes the S dimers to split into two S-H groups. However,

A. Adsorption sites
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. . T 0.0
Smonomer +H <
104 &
(H) ol B 704 "o
i E w
S monomer D {-0.8 ~h
@ =y

[, . \ .1-1.2

12 -08 -04 0.0

HsHspulk)(€V)

FIG. 10. The stable configurations at the Mo edge for realistic ~FIG. 11. A(2,6) MoS, stripe with S monomers- H adsorbed at
values of ug and uy. The labels refer to the three experimental the Mo edge, see the configuration in Figg)9 and a fully covered
situations listed in Table II. S edge. Left: the band diagram for energies around the Fermi level.

Right:  simulated STM  image  with p(eg,rp)=8.3
in thermodynamic equilibrium neither of these configura->10 ° (eVA%)~*. The color scale corresponds to a corrugation of
tions is expected to be stable and hence only the configurd-> A
tion of Fig. 9g) is likely to exist at the Mo edge. This result

also indicates that the S monomer configuration in general igonducting to metallic. The metallic edge state is noticed to

chemically more active than the S dimer configuration. have a low occupation witke=0.07 A" L. A simulated STM
image of the Mo edge is also shown in Fig. 11. Like the STM
B. Thermodynamic treatment images for the S monomer and S dimer configurations it is

In Sec. VII B the relative stability of the S monomer and S€€n to have a bright brim extending along the row behind
the S dimer configurations was examined in thermodynamidh® adsorbates at the edge. However, the protrusions of the
equilibrium. We now extend this treatment to also includePright brim are now located at the Mo atoms. This implies
the possibility for hydrogen adsorption and the edge fredhat they will appear out of registry with the S lattice and
energy then becomes dependent on hothand 1. Since  thus with the protrusions in the bulk region. Moreover, the
the stable structure will be the one that minimizes the edgénterstitial region between the S monomers is seen to be
free energy,y, we can plot a diagram indicating the pre- imaged rather than the S monomers themselves. This in turn
ferred structure for realistic values @fs and u,y. Such a implies that the protrusions at the edge will be in registry
diagram is shown in Fig. 10. with the protrusions of the basal plane. In summary these

Here it is seen that by allowing for the adsorption of H oncharacteristic features should make the S monomercon-
the Mo$S stripe a new stable structure emerges for high valfiguration clearly distinguishable from the clean S dimer and
ues ofuy . This structure corresponds to the configuration inS monomer configurations using STM.

Fig. Ag) where a hydrogen atom is adsorbed on every sec- Next we focus on the S dimer configuration at the Mo
ond S monomer. In Fig. 10 the poirtg and(S) indicate the  edge. According to Sec. VIII B hydrogen is not expected to
positions of the chemical potentials during the STM experi-adsorb at this structure in thermodynamic equilibrium. How-
ment. Due to their low value gk, the adsorption of hydro-  eyer, experimentally MoSclusters with S dimers adsorbed

gen at the Mo edge is seen not to be relevant under thes§ the edgeshave been exposed to doses of reactive H
conditions. Under HDS conditions, however, the chemicabioms®3 This, of course, changes the binding energies for the
potential is right above the transition line where hydrogenhydrogen dramatically. In order to evaluate this new binding

will start to adsorb at the S monomers. This suggests that i :
this regime hydrogen is abundant at the edge in the form Ognergy the term in Eq21), Ny EHZ/Z’ should be replaced by

S-H groups. The presence of hydrogen will also influence th&\HEH, WhereEy is the DFT energy for an isolated H atom.
electronic structure, and this issue will be addressed in morEOr the configurations Figs(), 9(d), and 9f) the hydrogen
detail in the next section. binding energies now becomeE, = —4.51 eV (0.03 eV,

—4.37 eV(0.17 eV}, and—8.93 eV(0.17 eV}, respectively.
(In parentheses the binding energies in the presence aféd
indicated) This shows that the configuration in Fig(fp
In Sec. VIII B it was established that in thermodynamic where H atoms are adsorbed on both sides of every S dimer
equilibrium the configuration, where hydrogen is adsorbececomes by far the most stable configuration, the reason be-
on every second S monomer, may be realized for large vaing that this structure is the one that can bind the most H
ues of uy. In fact, this configuration was predicted to be atoms per unit edge length. The associated band structure is
observed under HDS conditions and its electronic structurgahown in Fig. 12.
must thus be important for understanding the catalytic prop- Comparing with the clean S dimer configuration it is seen
erties of the Mo edge. In Fig. 11 it is seen that two metallicthat the number of metallic bands has remained constant, and
edge states exist. the influence of hydrogen is simply to induce a small shift in
The edge state labeled Il is readily identified with the energy of the two metallic bands at the Mo edge. As seen in
metallic edge state localized at the S edge. The other metallieig. 12 the imaging of the edge is also essentially un-
state labeled is localized at the Mo edge. This shows that changed, cf. Fig. 6, retaining all the characteristic features of
the adsorption of hydrogen changes the Mo edge from semthe clean edge.

C. Electronic structure and STM imaging
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Edge structure
Label (b) (c)
’ - -«

@ ‘
E'(ﬂ Efif

. . _ AEqu(eV) -0.61 -1.26
FIG. 12. A (1,12 MoS, stripe with S dimers and hydrogen Tabel @) @)

adsorbed at the Mo edge, see the configuration in Fi), &nd - 4—1

(ex-€p)(eV)

r X

a fully covered S edge. Left: the band diagram for energies around
the Fermi level with(solid) and without (dotted hydrogen ad-
sorbed. Right: simulated STM image witlp(eg,rp)=8.3
x107% (eV A%)~1. The color scale corresponds to a corrugation of
15A.

AEH (eV)
Label

IX. S EDGE

A. Edge configurations

The sulfur-terminated (@10) edge, the S edge, exposes a
row of S atoms. This configuration, shown in Fig. 1, is re-
ferred to as the fully covered S edge. It clearly breaks the
symmetry of the S lattice along the edge: the S edge atoms _2Zu(eV) -0.42 025
form dimers and every second S dimer is pointing either up . ] o
or down. The Mo atoms in the row behind are also found to F!G- 13. The investigated S edge adsorption sites for hydrogen
dimerize in thex direction with a small amplitude of 0.1 A and their calculated binding energi@st-, . The configurations are

We have estimated the energy gain associated with this WOt?_iewed from the side of the S edge. Each configuration represents a

bling to be 0.23 eV. Vacancies can also be formed by remov-loc"j‘[)hnmn'r?nUIm lonlth.e pofm'alé)energy Sfurfacz for gydr'?/lgen. we
ing S atoms from the edge. In contrast to the Mo edge neithegrt?itget at the calculations have been performed wi@,8 MoS,
of these configurations reconstructs. Hence having a cover- =
age below 100% automatically implies the presence of coor-
dinatively unsaturated Mo atoms. Two examples of such conHaving a coverage of 50% Fig. 13 shows thd, is always
figurations are shown in Fig. 1 indicating the atomic positive indicating that stable hydrogen will not be present at
structure of the 75% and 50% covered S edge. low coverages €£50%). On the other hand, hydrogen may
form stable bondsAEy <0, with the fully covered S edge.
The adsorption of hydrogen causes the S dimer to split cre-
ating one or two S-H groups. In Fig. 13 it is noticed that the
As for the Mo edge the different edge configurations atconfiguration of Fig. 1®), where two H atoms are adsorbed
the S edge are related via the reaction in @g. We find for ~ on top of the two S dimers of a fully covered S edge, yields
the 75% covered S edge thAE;=0.23 eV, see Eq(25), the strongest binding energy. In fact, the energy gain associ-
relative to the fully covered S edge. Moreover, the removakted with the addition of two H atoms, see the configuration
of an additional S atom thus achieving a coverage of 50%d.3(d), is large and negative. For the 75% covered S edge two
yields AEg=0.64 eV. Therefore the creation of a vacancystable configurations are seen to exist, the configurations
and thus the exposure of unsaturated Mo atoms is an actiigs. 13e) and 13g), having an energy difference of only
vated process and it becomes energetically increasingly ex-13 eV. Hence both structures are likely to exist for this
pensive to remove additional S atoms. However, comparingoverage and their relative stability will depend on the tem-
these values with the formation energy of a single unsaturperature and partial pressure of hydrogen.
ated Mo atom at the Mo edgd E5=0.49 eV, we see that These results can now be extended to more realistic con-
unsaturated Mo atoms are more easily accessible at the ditions by application of the thermodynamic model. In Fig.
edge. For this reason the S edge is expected to be chemicall# is shown a diagram for the S edge indicating the stable
more active than the Mo edge, and this difference is, ofstructures for realistic values @fs and w, .
course, important for the HDS process. It is seen that four different structures may be present: at
A number of adsorption sites for hydrogen has also beehigh values ofug and low values ofuy having 100% cov-
identified at the S edge using the same procedure as in Segrage yields the lowest edge free energy. However, by de-
VIl A for the Mo edge. Figure 13 displays the investigated creasingus the creation of vacancies becomes more favored
configurations along with their calculated values for the hy-and atus — uspuiy™~ —0.56 €V there is a change of stability.
drogen binding energy\Ey, . Below this value the 75% covered S edge is more stable.
In general, it is seen that the hydrogen bonds formed aReducing g further an additional vacancy is created at
the S edge are stronger than those at the Mo edge, cf. Fig. f.s — uspuiy~ —0.97 eV resulting in a coverage of 50%. It

B. Energetics
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T - — 0.0 For both systems the presence of three metallic states,
(. 100 % cov. + H 04 A denoted 1, Il, and IIl (ll}y), is noticed. Since the MgS
| 3 "r\.\ e | stripes both have S dimers adsorbed at the Mo edge, the
o w . . i .
L 2 o ] 08 - states | and Il are readily identified with the two one-
& {75% 1100 % cov. : i i : :
g | cov. «(S) I dimensional, metallic edge sfcates localized at the Mo gdge.
, i . , 112 [Because the supercell contains two rows of Mo atoms in the
12 -08 -04 0.0 x direction, Il is seen to be zone folded, cf. Figap] Direct
M Hs(buiky(eV) inspection of the remaining states Ill andyllireveals that

) o they are both localized at the S edge. For the clean S edge,
FIG. 14. A diagram indicating the stable structures at the S edg§y is seen in Fig. 15 to approach the Fermi level when mov-
for different values of fis,uy). The labels refer to the three ex- i towards the Brillouin-zone boundary without actually
perimental situations listed in Table II. crossing it. A difference compared to Fig. 5 is noticed: there
the energy band of the edge state lll is seen to cross the
should be emphasized, though, that for the real S edge theermi level. This derives from the superstructure displayed
coverage will not be reduced in steps of 25% but rather deby the fully covered S edge. Since the calculation presented
crease continuously from a coverage of 100%uasis low-  in Sec. VII C was performed with a supercell containing only
ered. The stepwise reduction stems from the finite size of the single row of Mo atoms it did not allow for the superstruc-
unit cell parallel to the edge. Now, having a high value ofture to be formed. The difference between the two bands thus
my Stabilizes the fully covered S edge and hydrogen willreflects the changes caused by the wobbling of the fully cov-
adsorb as shown in the configuration of Fig(l)3 Due to  ered S edge. Adsorbing H on the S dimers changes the band
the large energy gain associated with this structure, the corstructure of the S edge state, now denoted lIFigure 15
figurations Figs. 1@) or 13(g) do not become stable for any shows that the edge state has become truly metallic and
realistic value ofug. In fact, as indicated byH) in Fig.  crosses the Fermi level &t =0.15 A%,
14(b), the configuration is expected to be stable even under Contour plots of the metallic edge states Il and, ltre
HDS conditions.(I) and (S) refer to the imaging and sulfi- also displayed in Fig. 15. For the clean S edge the edge state
dation conditions, respectively, during the STM experimentl|| is characterized by two chemical bonds: tded bond
It is seen that if an S edge is exposed a fully covered edgpetween the first row Mo atoms and tped bond between
will be synthesized under sulfidation, but as imaging condithe same Mo atoms and the S atoms at the edge. Like the
tions are achieved hydrogen adsorption at the edge becomagomic structure, the bonds exhibit a periodicity of two along
favored. the edge. Thal-d bond is seen to be between the Mo atoms
that belong to different dimers. In contrast, the Mo atoms
only couple with the S dimers located in the direction of the
dimerization. Turning to the other metallic edge statg llit
In this section we focus on the fully covered S edge withis generated when H adsorbs on top of every S edge atom.
or without hydrogen adsorbed. The one-dimensional energfigure 15 shows that it is primarily characterized by the
bands for these structures are shown in Fig. 15. bond between the orbital on the lower S atom at the edge

C. Electronic structure

—

FIG. 15. (Color) Top: Com-
parison of the one-dimensional
energy bands at the Fermi level
for a (2,6) MoS, stripe having a
fully covered S edge witfred, the
configuration in Fig. 1@®)] and
without H adsorbedgreen, 100%
coverage in Fig. 1 The Mo$S
stripes have S dimers adsorbed at
the Mo edge. Bottom: Contours of
the KS wave functions corre-
sponding to the one-dimensional,
metallic edge states at the S edge.
The left (right), labeled 11 (1114)
as indicated by the arrow, h&s
=0.49 A (ke=0.15 A1),

(e-ep)(eV)
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(b) structure of the edges may occur. This section is devoted to a
study of these effects where the emphasis will be on the Mo
edge with S dimers adsorbed.

In order to investigate the finite-size effects we have car-
ried out DFT calculations for small M@Sriangles. The cal-
culational details are presented in Sec. X A and the electronic
and structural changes caused by the triangular shape are
then studied in the subsequent section.

A. Calculational details

We have carried out DFT calculations for three differently
sized Mo$S triangles, all exposing the Mo edge with S
dimers adsorbed. The islands haMe=4-6 S dimers ad-

FIG. 16. Simulated STM images f¢a) a(2,6) MoS,; stripe with  sorbed along the edges. Each supercell contains a single
a fully covered S edge an) a (1,12 MoS, stripe with configu-  MoS, triangle and the repeated triangles are separated by
ration (b) at the S edgep(ro,e¢) =8.3x10 ° (A’eV) tisusedas  approximately 10 A4
the contour value and the color scale corresponds to a corrugation At the corners of the MosStriangles a number of different
of 15 A atomic structures are feasible. We have investigated three

L ) . different configurations with either an S dimer, an S mono-
and the Mod orbital in the row behind. The corresponding mer, or a vacancy present at the corner Mo atom. The sulfur

Hamiltonian matrix element is seen to bigy;, . binding energy is calculated using E@5) and we find that
o the vacancy corresponds to the energetically most stable con-
D. STM imaging figuration. This result is not surprising since a vacancy ren-

STM images have been simulated for the fully covered iers the corner Mo atom coordinated by six S atoms.
edge with and without hydrogen. They are displayed in Fig.
;6_ and for the fully cpvered S _edge t_he following character- B. Electronic and structural effects
istic features are noticed. A bright brim is seen to extend in ] . o
the row behind the edge. As the underlying atomic structure _We first focus on thé&\=4 MoS, triangle shown in Fig.
it displays a clear superstructure with a periodicity of two 17. Inspection of the electronic structure around the .Fc_erml
lattice constants. This periodicity is also retained at the outeteVel reveals the presence of three states that are reminiscent
row of S atoms where only the elevated S dimers are image®' the metallic S dimer state, referred to as edge state I in
The simulated STM image for the fully covered S edge has>ec. VII C. Their eigenvalues are=—0.10 eV, 0.06 eV,
the periodicity of the lattice, see Fig. . It has a bright and 0.06 eV and the wave functions are shown in Figs.
brim that extends in the row behind the edge. Furthermorel 7(2)—17(c). _
the S—H groups are noticed to be imaged clearly. In sum- The triangle has &; symmetry and the state of Fig. (&7

mary these characteristic features should make the two co§a@n thus be identified with th& representation of this group.
figurations clearly distinguishable in STM. On the other hand the two degenerate states belong to the

two-dimensionaE representation.
In order to understand the underlying physics we adopt a
simple tight-binding picture. This is justified by the observa-
The theoretically studied MgSstripes have infinite edges tion that the energy band of the metallic S dimer state for the
and it is certainly possible that when such stripes are termiinfinite edge, see Fig. 5, is seen to closely resemble the well-
nated by corners, changes in both the electronic and atomknown shape of a one-dimensional tight-binding band,

X. EFFECTS CAUSED BY FINITE-SIZE EDGES

FIG. 17. (Color N=4 MoS, triangle. (a)—(c) show contours of the KS wave functions for the S dimer states. The eigenvalues are
=-0.10 eV, 0.06 eV, and 0.06 eV and the contours are colored according to the phase of the wave fudcsbosvs a simulated STM
image.p(ro,ep) =8.3x10° (A%eV) 1 is used as the contour value and the Gaussian width is set to 50 meV. The color scale corresponds
to a corrugation of 2.0 A.
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FIG. 18. (Color Contours of the KS wave functions representing the S dimer statdé=fagt—6. The eigenvalues are0.10 eV, 0.31
eV, and—0.07 eV, respectively, relative to the Fermi level, and the contours are colored according to the phases.

£(K) = g9+ 2teqqeCOSK), Wheree, is the center of the band bet\_Neen_ two dimers is decreased the overlap betweep the

andted o is the hopp|ng matrix element between neighboringorb|tals IS Changed: the destructive interference between the
S dimgrs. With this identification we estimatigy. to be of lobes of these orbitals becomes stronger and the resulting
the order of 1 eV. The energy splitting of the S dimer statedntensity of the protrusion is weakened. The opposite effect

in Fig. 17,6 ~0.1 eV, can then be taken as the measure fowill, of course, be relevant when the distance between two S

the hopping matrix element between the different edges‘,jimers is increased. Recently Schweiger and co-workers

PR ; have presented calculations for larger Mdfangles having
teomer- This implies that at the corners of the Mo®iangle , cY
the hopping matrix elements are an order-of-magnitud&'P t© ten S dimers adsorbed along each eddear this size
smaller than along the edges, e thus only needs to be of triangles they report the S dimers to show a weak pairing

treated as a first-order perturbation connecting the three otfarallel to the.edge. According to thg discussion above and in
erwise isolated, finite chains of S dimers. In Fig. 17 the?dreement with a simulated STM image of the Md8-

phase of the orbitals is noticed to change by between the angle, see Ref. 35, the resulting protrusions along the. Mo
two central S dimers. Following the lines of the dis:cussion_edge show a superstructure where every second profrusion is
above this pattern can be understood within a tight-bindin mf'iged more clearly than Its two neighbors. Our DFT C_alcu-
picture: the S dimer states extending along the individual&tions for theN=6 MosS, triangle have shown a similar
edges may simply be regarded as eigenstates of the finifgi"ng for the S dimers along a.smgle edge. Th|§ configura-
tight-binding Hamiltonian. tion is, however, me_tastable with an energy difference of

We shall now study how the triangular shape influence@'E_A eV to the Uf‘pa'fed stable structure. We stress tha_t Fhe
the STM imaging. Since the MaSriangles are of finite size pairing of the S dimers must be an effect cau.sed by thg finite
they will have a discrete excitation spectrum. At small biasi€N9th of the Mo$ edges, and based on the investigation of
voltages Eq(24) applies but due to thermal smearing, states® MO stripes the pairing is expected to disappear in the
that are approximately within the rangelgf T of the Fermi  lImit of an infinite MoS;, edge.
level will contribute to the current. In Fig. 1@) a simulated
STM image of theN=4 MoS, triangle is shown. For this
image the Gaussian width is set to 50 meV. It is seen that the In this section we will relate the theoretical analysis pre-
effects of the corner discussed above are also clear from theented in this paper to a recent STM experiment on MbS
STM image in Fig. 1) where the interstitial regions be- First we briefly outline the details of the STM experiment
tween the two central S dimers are noticed to have morend give a description of the recorded STM images. The
pronounced protrusions. This is explained by the observatiosxperimental images are then compared with their simulated
that when there is a change of phase dybetween two counterparts. Finally, the STM experiment is discussed in
neighboringp orbitals, the lobes in the interstitial region will relation with the thermodynamic treatment.
begin to interfere constructively instead of destructively. The STM experiment is performed in ultrahigh vacuum
Consequently, this region will also have more pronouncedUHV) using a reconstructed AliL1) surface as a template.
images. Triangular shaped, single-layer Mp&lands are then syn-

In the following we discuss how this effect carries over tothesized on the substrate with the parameters given in Table
larger triangles. In Fig. 18 the singlet S dimer states closedl. For imaging the temperature is lowered to 300 K and
to the Fermi level are shown fdd=4-6. UHV conditions are achieved. The STM images are recorded

Again it is noticed that the corners introduce standingin constant current mode with a bias voltage in the mV
wave patterns along each of the edges. HoweveiNfe a  range. For more experimental details, see Ref. 7. An experi-
small structural relaxation of the S dimers is also observedmental STM image of a single-layer Mg®&iangle is shown
Along each edge the S dimers are found to form two groupsn Fig. 19.
of trimers. Such a structural relaxation will also influence the  The triangular shape implies that all three sides will be
STM imaging. In general, it is expected that if the distanceterminated by the same type of edge, i.e., either an Mo edge

XI. RELATION TO STM EXPERIMENTS
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omitted. In that case the calculations for the isolated Mo
edge show that the S monomer configuration is the more
stable structure, cf. Fig. 4.

Xll. SUMMARY

We have presented a detailed investigation of both the
electronic and atomic structure of the edges of single-layer
MoS,. Depending on the edge termination several one-
dimensional metallic edge states have been identified at both
the Mo edge and the S edge. These intrinsic metallic states
may be regarded as one-dimensional analogs to two-
dimensional surface states. However, we have also identified
a single edge configuration, the Mo edge with S monomers
adsorbed, that is found to be semiconducting.

Using hydrogen as a probe the chemical activity of both
the Mo edge and the S edge has been investigated. We find
that the strongest hydrogen bonds are formed at the S edge
thus suggesting this edge to be chemically more active than
the Mo edge. However, a weak bond may also be formed

FIG. 19. An STM image of a triangular MeSanocluster (48  between hydrogen and the Mo edge when S monomers are
x53 A2, U,=5.3 mV, 1,=1.28 nA). The cluster is synthesized Present.
with pyy,s= 109 bars andr =673 K. (Figure adapted from Ref.)7. In order to extend the DFT energies to finite temperatures
a scheme for calculating the edge free energy in the presence

or an S edge. In Fig. 19 it is clearly seen that a bright brim of0f molecular B and HS has been derived. We find that

high conductance extends in the row behind the edges. Agnder HDS conditions hydrogen is expected to be adsorbed

discussed in Sec. VI the nonzero current measured in that both the Mo _edg_e_ and the_ S edge in the _form .Of S-H
roups. The availability of activated hydrogen is an impor-

interior of the cluster is due to the Au substrate and we cary ¢ isite for the HDS dih it "
associate the protrusions in this region with the triangular dant prerequisite for the process, and the results sugges

atom lattice. However, in terms of this lattice the protrusionsthat in order to understand the catalytic nature of the MoS

in the outermost row are seen to be shifted by half a Iattic@dgetS ;\f:?hprle\z/lsem(:je Oft ﬁ'H groupshmustthbet éal:ﬁr;hlnt_o ac-
constant. The intensity of these protrusions also shows ount. € Mo edge It has been shown that bo € Insu-

variation with a periodicity of two lattice constants: every .atln? tan(tj the_t.metalllc fedgest may Be stalt?le. dAb met.?l'gl)'
second protrusion is imaged more clearly than its two neigh'—ns‘_u ator transition can, for instance, be reafized by suttably
bors. adjusting the partial pressures of&and H.

The theoretical analysis has also been applied to a recent
STM experiment on Mos nanostructures. Simulated STM
dmages have been compared with their experimental counter-

We are thus led to conclude that the observed edge structuP@ts thereby providing an identification of the experimen-

can be associated with this configuration. There is, howevef2lly observed edge structures. It is found that the edges of

a difference between the two images. As described abov t]e nanoclusters are assocllated with one-dimensional metal-
edge states and the triangles can thus be regarded as

the experimental image displays a superstructure along t . .
b g play b ¢ closed, nanometer-sized wires. In general, we expect that

edges that is not retained in the simulated image of the infi-h di onal tallic ed at il al tai
nite MoS, edge. This suggests that the observed superstrué— ese one-dimensional, metallic edge states will also pertain

ture is due to the finite length of the edges of the experiment—0 other geome.tnes, Sl.JCh as steps of {901 s_urface. of
tal structure. In fact, as discussed in Sec. X B recent prPulk MoS,. Having, for Instance, an Mo edge V.V'th S dimers
calculations on finite-size Mo edges display a similar period-@dsorbed' t_he step edge wil t_)e metallic having two local-
icity due to a pairing of the S dimers. ized, one-dimensional conducting channels. We suggest tha_t
In summary we have established that during the imagin uch structures can be _used as template_s for future experi-
of the MoS, triangles their sides are terminated by an Mo ental studies of one-dimensional metallic systems on the
edge with S dimers adsorbed. In terms of the thermodynami@anorneter length scafe,
treatment this corresponds to situatidhin Table Il. Refer-
ring to Fig. 7 it can be seen that in the presence of the
Au(11)]) substrate the S dimer configuration is indeed the We gratefully acknowledge stimulating discussions with
most stable structure. In fact, the S dimers are expected to ke V. Lauritsen, F. Besenbacher, B. S. Clausen, and H.
stable even during sulfidation. We emphasize that a differenfopste. The Center for Atomic-scale Materials Physics is
result would be obtained if the effect of the substrate wasponsored by the Danish National Research Foundation.

Comparing with Fig. 6a) we see that the characteristic
features observed for the Mg®iangle are also retained in
the simulated image of an Mo edge with S dimers adsorbe
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