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Surface atomic structures, surface energies, and equilibrium crystal shape of molybdenum
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Using first-principles calculations, we calculated the atomic structures and surface energies of molybdenum
surfaces in th€100), (110), (111), and(211) orientations. The equilibrium crystal shape of molybdenum is
then found using the Wulff construction. We find that all four orientations appear on the Wulff plot and hence
they are stablg.S0163-182¢08)06803-9

I. INTRODUCTION of the Mo(111) and W(112) surfaces upon the adsorption of
metallic overlayers has been carefully and systematically
The surface properties of the isoelectronic transition metstudied'>® It was found that some metal overlayeesg.,
als tungsten and molybdenum have attracted a lot of atterRt) can drive the M@L11) surface to be unstable and cause
tion for many years because of their interesting physical anéhe substrate to facet to thel12 orientations. A careful
catalytic propertie='* In addition to being easy to clean, Study of the “rougher”(111) and(112) surfaces is a neces-
Mo and W surfaces exhibit surface states, surface reconstrug'y first step in understanding these interesting and complex
tions, as well as interesting electronic and structural changd§ceting phenomena. o
during chemisorption. They have thus been favorite plat-. 1"rough a series of first-principles total-energy calcula-
forms for studying surface phenomena for many decadedions, we present in this work the results of the atomic struc-

They are both body-centered-cubic metals with nearly identUres and surface energies of the Mo surfaces at several ori-
tical lattice constanté3.15 A for Mo and 3.16 A for Wand entations and the equilibrium crystal shape of molybdenum

- . ) at low temperature. We calculated the atomic relaxations of
have rather similar bulk and surface properties. While the[ e surface atoms and surface energy(i@0), (110), (111

tungsten surface in various orientations has been investigat% d(211) molybdenum surfaces. The equilibrium shape of a
extensively by both a variety of theoretical methods and SUrf10 crystallite is then found using the Wulff constructibh,

face techniques, comparatively less detailed information,qqming that these four orientations are those that appear on
about the molybdenum surfaces is availabie.In many re-  ya wylif plot. This is, to our knowledge, the first construc-
spects, the structural properties of the molybdenum surfacgo of the equilibrium crystal shape of a bcc metal using
are similar to those of tungsten, but there are also subtlfyst-principles results.
differences. For example, the cle@b00) tungsten surface
shows a (/2 \2)R45° reconstruction, while more complex
reconstructions of the clean NIDO) surface have been
observed:? For a long time, the MA00 surface was The first-principles calculations were done within the
thought to reconstruct from axil structure at room tem- local-density-functional formalisti!® together with norm-
perature to an incommensuraté2.2x2.2) structure when conserving pseudopotentiafsThe wave functions are ex-
cooled below 220 K:? The driving mechanism for these panded by means of a mixed basis set consisting of plane
reconstructions and the difference between W and Mo havevaves with kinetic energyk(+G)? up to a certain cutoff
attracted considerable attention and have been the focus ehergy, plus a set of localized numerical functions centered
many experimental and theoretical studies. Recentlyat atomic sites to describe the more tightly boudd
Daley et al. found that M@100 forms a commensurate orbitals?* This approach has been successfully applied to the
c(7ZXx J2)R45° at low temperatur& electronic and structural properties of many transition

The (110 tungsten and molybdenum surfaces are alsanetals®? The shape of the numerical orbitals are chosen to
interesting for their differences. While the (M0 surface optimize the total energy and when that is done, total ener-
has been observed to reconstruct upon hydrogen adsorptigies can be converged with a relatively small set of plane
via a uniform lateral shift along thg)l_l] direction of the waves. In our calculations we used a plane-wave basis with
surface layer relative to the second layéthe Mo(110) sur-  kinetic energy up to 11.5 Ry. For the molybdenum bulk, this
face was not observed to reconstrifct. approach gives a lattice constaag=3.16 A and a bulk

For Mo, rougher surfaces such as tfel1l) and (112 modulus B;=2.8 MBar. It agrees well with experimental
have received little attention in theoretical studies, but thesdata @**'=3.15 A andB§*™=2.73 MBa.
orientations are actually important since they may appear in The surfaces were simulated by the standard slab geom-
the Wulff plot and thus may be important in governing theetry. Slabs of eleven atomic layers are used, separated by a
equilibrium crystal shape. In the past few years, the stabilitwvacuum of 9.5 A, and repeated periodically along the normal

II. METHOD OF CALCULATION
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TABLE |. Distribution of the nearestNN) and next-nearest
(NNN) neighbors for a surface atom at different orientations. The
top layer is the called first layer. The first two lines mean that for

(100) the (100 surface, a surface atom has four NN's at layer 2, four
NNN's at layer 1, and so on.
Orientation Neighbor Number of atoms Layer
(100 NN 4 2
NNN 4 1
(110) ! >
(110 NN 4 1
2 2
NNN 2 1
2 2
(11 NN 3 2
1 4
NNN 3 3
(111)
(211 NN 2 1
2 2
1 3
NNN 2 2
1 3

eight NN atoms at a distance of8/2)a and six NNN atoms
at a distance od, wherea is the lattice constant, the number
211) of NN and NNN broken bonds can be deduced readily from
Table I. We note that structural information of bcc systems
are also documented elsewhéte.
The calculated atomic relaxations of th&00), (110),
(111), and(211) Mo surfaces are given in Table Il, where we

FIG. 1. Top view of the bcq100, (110, (111, and (213  give the percentage change of the interlayer spacings for
surfaces. Atoms in the first, second, and third layers are represent&@rious orientations. Available theoretical and experimental
by black, gray, and white circles, respectively. results are quoted for comparison. In the tahilg denotes

the percentage change of the interlayer distance between the

N . L ith andjth layers. In the full-potential linear muffin-tin or-
direction of surfaces. For the-point sampling in the surface bital (FP-LMTO) calculations quoted in the table, seven-

calculations, a uniform grid of not less than 100 points in theI )
S . ayer slabs were used and only the outermost layer is relaxed,
surface Brillouin zones has been used. We restrict ourselves

. - ; While in our calculations all eleven layers of slabs are re-
to 1X1 surface unit cells, and within that constraint, all the )
) ) : laxed. The experimental data are for the reconstructed
atoms in the unit cell were fully relaxed by computing the

: 0(100) surfacé® and unreconstructed Mbl0) surface?’
Hellmann-Feynman forces on the atoms. Relaxation o : . :
. o : - . . . _As expected, surface orientations with a larger number of
atomic positions is facilitated by a force matrix, which is

N . L missing neighbors have larger relaxation of the interlayer
initially taken to be a diagonal matrix with force constants . :
.spacings. Except for th€211) surface, symmetry requires

estimated from the Debye temperature. The forpe matrix Rhat the atoms have relaxations only along the surface normal
then updated during the course of atomic relaxations using (az direction) since we have adopted a<il surface unit cell.

modified Broyden schenfd.The whole procedurells accel- However, the atoms on th@11) surface have an additional
erated by a force-corrector schethand the relaxation stops

when the maximum of the remaining forces is smaller tharfiégree of freedom and can relax along [riel1] direction
0.03 eV/A. (which is designated as thedirection and the displacement

in theith layer is represented hy, ;). The dominant relax-

ations of thg(100), (110, and(211) surfaces are the contrac-
[ll. RESULTS AND DISCUSSIONS tion of the first interlayer spacing, consistent with the generic
picture of Smouluchowski smoothirf§?° Relaxation of
deeper layers is rather small. The most comgadt) sur-

The top views of th€100), (110), (111, and(211) sur- face has the smallest relative contractidfo) of the inter-

faces of a bcc crystal are shown in Fig. 1. The distribution oflayer distance between the top two layers, while the contrac-
the nearest neighbor€\NN’s) and next-nearest neighbors tions are larger for th€l00) orientation(11%) and the(211)
(NNN's) at various layers for a surface atom are listed inorientation(16%). This is roughly consistent with the total
Table I. Keeping in mind that an atom in a bcc crystal hasnumber of NN and NNN bonds broken: four f@t10), five

A. Atomic structures
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TABLE Il. Layer relaxation given in the percentage change of the unrelaxed interlayer distance for
various orientationsA ; is the lateral displacemeifin angstroms of the ith layer in the[ 111] direction
relative to the atomic positions of a truncat@d 1) surface. Available data from other studies are also listed
for comparison(GPT denotes generalized pseudopotential thgory.

Orientation Study Aqp Asg Agy Ays Asg
(100 this work -11.1 2.3 -1.7 0.3 -0.6
FP-LMTO? -9.0
GPTP -10.2 1.3
Expt.© -9.5+3.0 1.0-2.0
(110 this work —43 -0.2 -04 -0.7 -0.5
FP-LMTO? -39
GPT® -5.8 1.8
Expt.¢ -1.6x2.0
(111 this work —18.7 -20.3 13.7 -3.0 1.6
(211 this work —16.2 2.9 -1.9 2.2 -1.8
Ay, Ay Ays Ayg Ays
(211 this work 0.02 0.04 —0.04 -0.01 0.00

%Reference 10.
bReference 38.
‘Reference 26.
dReference 27.

for (100, and six for(211). The (111) surface exhibits sub- per surface atomr can be calculated from the total energy of
stantial atomic displacements up to the third layer. THg) a supercell of that surface orientation as
surface is the most open among all the orientations consid-
ered and atoms in the top three layers are exposed in the top
view of a simple ball-and-stick model. With the significant
reduction in the interlayer distances between the top three i .
layers and an increase in distance between the third an{nereEsasis the total energy of the supercell containing
fourth layers, the relaxation pattern is such that the top threM0 atoms ande,, is the total energy of bulk Mo. Each slab
layers come together, “floating” above the rest of the sub-iS bounded by two surfaces and hence a factor of 2 in the
strate. In the other orientations, it is essentially the top tw@Pove equation. In this article we will use to denote the
layers that are exposed to the vacuum and only the top twdurface energy per surface atom aptb denote the surface
layers move towards each other. Holzwaethal ** have con- ~ €N€rgy per unit area. _ .
sidered the multilayer relaxation pattern for(¥¥2) thin The calculated surface energies per atom and per unit area
S|abs W|th first-princip|es Ca'cu'ations up to seven |ayersf0r the various orientations are tabulated N Table I”, Where
thick and with an embedded-atom modetith angular We also include for comparison previous theoretical and ex-
forces up to 15 layers. The relaxation pattern is very similarPerimental work. The surface energy of a solid at a specific
to What we have obtained_ Such a re|axati0n pattern may tthientation iS d|ff|CU|t to measure dil’ecﬂy and feW reliable
be rather generic for bét11). results are available. The experimental data of the surface
Our results show that the percentage change of the intenergy in Table lll were estimated by Tyson and Miller and
>A,(100)>A,,(110). In more general terms, we may tie which has been deter_mmed aCCl_Jrater. Our results shpw rea-
the amount of relaxation to the “surface roughness,” Whichsonaple agreement Wlth' the available results from earlier cal-
is defined! as the inverse of the fraction of the area in oneculations and the experiments.
plane occupied by atoms of radii equal to one-half the bulk
nearest-neighbor distance. For ttil1), (211), (100), and TABLE IlI. Surface energies per unit area (Hymand per sur-
(110 surfaces of bce crystals, the roughnesses so defined af&ece atom(eV/atom for 1X1 Mo surfaces at different orientations.
2.94, 2.08, 1.70, and 1.20, respectively. We hence have &

0= (Eglas—NEpui)/2, 1

simple picture that the “rougher” surfaces have bigger per- Study (100 (110 (11D (21D
centage relaxation of interlayer distances. this work (J/rf) 334 292 324 311
this work (eV/atom 2.09 1.29 3.51 2.38
B. Surface energies FP-LMTO (J/nf) 3.52 3.14
Expt. (J/nf)® 2.93

The orientational dependence of the surface energy is im-
portant since it determines the equilibrium shape of crystals 2Reference 10.
and governs the stability of a surfateThe surface energy PReference 33.




1878 J. G. CHE, C. T. CHAN, W-E. JIAN, AND T. C. LEUNG 57

As expected, the calculated surface energies per surface
atom for different surfaces decrease with the roughness of
the surfaceo(111)>0(211)>¢(100)>¢(110). In forming
the (111), (211), (100), and (110 surfaces, four, three, four,
and two nearest-neighbor bonds are cut, respectively, while
the number of next-nearest-neighbor bonds that are severed
are three, three, one and two, respectively. For bcc crystals,
the difference between the nearest-neighbor distance
(y/3/2)a and the next-nearest-neighbor distarees not
large. The trend of the surface energies for the various ori-
entation is indeed consistent with the total number of NN
and NNN bonds that are broken when the surface is created.

Going from the surface energy per atom to the surface
energy per unit area, the variation is much smaller from one
orientation to another. Among the orientations considered in
this work, the(100 surface has the highest surface energy
per unit area and thél10) surface the lowest. From our o )
calculations, the ratio of the surface energies per unit area F'G- 2. Equilibrium crystal shape of Mo constructed with sur-
yit! Y100 are 1.0, 0.97, 0.93, and 0.87 for thE00), (111), face energies calculated from first principles.

(211), and (110 surfaces, respectively, compared with theyector whose length is equal to the surface eneygy this
values 1.0, 0.87, 0.80, and 0.71 obtained from a bond-cuttingrientation is chosen and then a plane perpendicular to the
model>* We see that even the simplest bond-cutting modelsiector is drawn, passing through the tip of the vector. The
predict correctly the trend of the surface energies. When wWehner envelope of all these planes gives the equilibrium
compare the numbers, we see that the bond-cutting modghape of a crystallite under ideal conditions. Crystal planes
overestimates the surface energies of less compact orientgrat are part of this construction are thermodynamically
tions relative to the most compat10) orientation. Bond-  stgple.

cutting or lattice models do not allow for the energy gained  ynder the assumption that only theoq, {110, {111},

by relaxations. Since less compact surfaces usually havgng {211} facets appear on the Wulff plot and using the
more relaxations, it is not surprising that the empirical mod-syrface energies we have calculated for these Mo surfaces
els will overestimate the surface energies of less compagtraple I11), the equilibrium shape for Mo is shown in Fig. 2.
orientations. . _ We see that facets corresponding to {440 orientations
_Inthe past few years it was observed that ultrathin metahaye the largest area, while thiel 1} orientations occupy the
films adsorbed on Md11) and W(11]) can induce the sub- smajlest area. It was found experimentally that the(Md)
strate to facet, exposing facets{®&L1; orientations, but the g face is stabl&>*® consistent with the fact thgl 11} facets
clean(11]) surface is stablesee, e.g., Ref. 35Accordingto  gppear on the Wulff plot. However, adsorption of an over-
thermodynamic theori€¥, faceting from (111 to (112 is layer of some metals such as Pd and Pt on(}d) can

thermodynamically favorable when induce a faceting transformatidh® forming triangular
pyramids exposing three equivalefitl? facets. The same
7112/€080) ~ 71110, 2) phenomena have been observed inlmd).> We see from

where §=19.47° is the angle between th&11] and the Fig. 2 that the area occupied §%11} is very small. If the
[112] orientations andy is the surface formation energy per Surface energy anisotropy is enhanced in favor of{the2
unit area. The co#j factor takes care of the increase in area®fiéntations upon adsorption, the area corresponding to the
when faceting occurs. {112 faces on the ECS will increase, while the correspond-
Our results indicate that the211) surface has a lower Ing area for thef111} faces will shrink and may eventually
surface energy per unit area théil1), but Eq.(2) is not disappear. Th¢111] onen;ated sm_Jrfape woqld then become
satisfied. The anisotropy is not large enough to compensat¢nstable and may facet if the kinetic barriers can be over-
for the 6% increase in total area due to faceting. The cleafoMe. It is almost visually obvious from Fig. 2 that triangu-
(111 surface should thus be thermodynamically stabldar Pyramids of{112 will form when {111 becomes un-
against faceting, consistent with experimental results. Th&table with respect to a faceting transformation. .
surface energy and its anisotropy can change significantly Although the first-principles calculations and a simple
upon chemisorption, and overlayer covered surfaces can b@ond-cutting model give the same ordering of the surface

have very differently from the clean surfate. energy per unit area for the four orientations we have con-
sidered, as we have noted in Sec. Il B, the equilibrium crys-

tal shape from these two approaches can be rather different.
We show in Fig. 3 the equilibrium crystal shape of a bcc
The equilibrium crystal shapECS can be obtained by solid with surface energy anisotropy corresponding to a
minimizing the total surface free energy for a fixed crystalsimple bond-cutting modédlwith the ratios of surface ener-
volume!’ The equilibrium crystal shape is determined if the gies given in the previous sectiprOnly {110 and {112}
orientational dependence of the surface free enésgsface  facets appear on the ECS and the shape is very different from
energy aff =0) is known. According to the procedure of the the first-principles results. This will have certain physical
Waulff construction, a polar plot of surface energy is made. Aimplications. For example, such an equilibrium crystal shape

C. Equilibrium crystal shape
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atoms within one surface layer has not been considered.
However, calculations have shown that for the (M@0 sur-
face, the energy gained by surface atomic rearrangements
mainly comes from the relaxation normal to the surface and
the energy gained by reconstruction on top of the relaxation
is small®> For example, we compared the total energy of a
fully reconstructed Debe-King model within2X 2) sur-
face unit cell(both vertical and lateral degrees of freedom
are fully relaxed and that of a fully relaxedp(1Xx1)
Mo(100) surface(vertical relaxation onlyand we found that
the surface energy of thg2X2) is more favorable than the
fully relaxed p(1x 1) by about 1 mRy per surface atcth.
Such a small gain in energy has little effect on our results.
The ordering of surface energies will be the same and taking
FIG. 3. Equilibrium crystal shape of Mo constructed from a that into account will only increase the area of 00

bond-cutting model(see the text surfaces slightly on the Wulff plot.
would mean that a clean Mbl1) surface is unstable with
respect to a faceting transformation to {142 orientations, IV. CONCLUSIONS

which is apparently not the case experimentally. This is a
consequence of the overestimation of the surface energies of In conclusion, we have presented a theoretical study of
the less compact surfaces in bond-cutting models. the equilibrium atomic structures of the Md00), (110,

We remark that, in principle, the Wulff plot should be (111), and(211) surfaces, using first-principles total-energy
determined by the surface energy at all possible orientationgnd force calculations. Our results found that rougher sur-
while we have first-principles information for four principal faces tend to have larger relaxations and higher surface en-
orientations only. This restriction is probably not a seriousergies per surface atom. Atomic relaxations for different ori-
problem since for most of the generic mod&st is these  entations are mainly dominated by the reduction of the
four orientations that appear on the equilibrium crystal shap&eparation between the top two layers, except for(1ie)
of a bee crystal aT=0. It is possible to take one step further surfaces where the top three layers come together. This can
to fit the available information to an empirical model and be rationalized because thi&l1) surface has three layers of
then extrapolate from our calculated results to other orienta@toms exposed, while other orientations have two. We ob-
tions. This approach has been adopted by Wei and €hou,tained the equilibrium crystal shape of Mat T=0), which
who have considered the equilibrium crystal shape for sevis probably the first time that the equilibrium crystal shape of
eral fcc metals with a model based on surface energies fro bcc crystal has been determined entirely from first-
variousab initio calculations. This procedure seems to workPprinciples results without mapping to fixed-lattice models.
very well for fcc metals. The relaxations for the bcc surfacesAll four orientations appear on the Wulff plot and we found
are comparatively larger, and higher index surfaces will havéhat the M@111) surface is thermodynamically stable against
even larger relaxations. Since the model extrapolations igforming facets in the{211} orientations according to the
nore relaxation effects, it is not clear at this point whetherHerring criteria.
such a process will give us additional reliable information in
addition to the first-p_rinciples results for bcc sqrfaces. ACKNOWLEDGMENTS
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