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Faceting Induced by Ultrathin Metal Films: A First Principles Study
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Using first principles calculations, we studied the overlayer growth mode and the substrate stability
when ultrathin layers of various metals are grown on a Mo(111) substrate. We found that the growth
mode is Stranski-Krastanov, and the overlayer can induce the substrate to facet, in accordance with
recent experimental observations. The growth-induced instability of the substrate towards faceting is
driven by the enhancement of the surface energy anisotropy. However, faceting can be forbidden
in some cases if the overlayer adsorption does not lower the surface formation energy significantly.
[S0031-9007(97)04532-8]

PACS numbers: 68.35.Bs, 68.35.Md, 68.55.—a, 71.15.Nc

Ultrathin metal films supported on metal substrates camtoms. One PML is two geometrical monolayers for
have novel physical and chemical properties that renddscc(112) and three geometrical monolayers for bce(111).
them useful in applications such as magnetic technology5) Only some metals like Au, Rh, Pt, Ir, and Pd (with
catalysis, and material science. These novel properties d®auling electronegativity>2) cause faceting. Others do
pend on factors such as the overlayer-substrate interactionpt. (6) A critical coverage of approximately one PML is
the overlayer growth mode, and the substrate morphologiheeded to induce the facet formation.
cal change. Recently, some metal overlayers are observedThe general phenomenon of faceting has attracted much
to induce the substrate to facet [1]. Such a flat to hill-attention for almost a century [5,6], and the thermodynamic
and-valley surface reconstruction involves morphologicalriving force is attributed to the surface energy anisotropy
changes in a macroscopic scale, and is quite different frorfb—8]. Low index clean metal surfaces seldom facet since
the more familiar atomic scale adatom-induced surface rethe anisotropy is usually small, but stable metal surfaces
construction [2]. The main objective of this paper is to usecan facet upon adsorption of O and CI [9]. Embedded-
first principles calculations to study the overlayer growthatom [10] and earlier local-density approximation (LDA)
and the induced substrate faceting. We focus on variousesults [11] indicate that metal overlayers can also enhance
metallic overlayers on bcc (111) substrates, where thersurface energy anisotropy significantly, although these
exist comprehensive experimental data [1,3,4]. These syphenomena are actually rather subtle since isoelectronic
tems are particularly worth studying since they involvemetals like Cu, Ag, and Au can behave differently [1].
simultaneously the physics of the surfaces, thin films, We seek to understand these observations by first prin-
bimetallic interfaces, and reconstructions in macroscopiciples calculations. We choose Mo as the substrate, and
length scales. Each of these aspects is interesting in itgse consider the energetics of the adsorption and growth
own right and when combined together, they present af pseudomorphic layers of different fcc metals (Cu, Ag,
complex and challenging problem that mandates the usi&u, Pd, Pt) on different orientations of the Mo substrate.
of ab initio calculations for an accurate description at theThe calculations are done using the local density formal-
atomic level. This is to our knowledge the first attemptism [12] and norm conserving scalar-relativistic pseudopo-
using first principles calculations to address directly theentials [13]. We employ a mixed basis set [14], which
problem of overlayer-induced faceting. consists of both numerical orbitals centered on the atomic

When thin metal layers are grown on the (111) surfacesites, and plane waves with a kinetic energy up to 11.5 Ry.
of bcc metals like Mo and W, the following generic Thek points are sampled on a uniform grid of not less than
features are observed [1,3,4]: (1) The clean surfaces a@4 points in the surface Brillouin zones. The substrate is
stable. (2) Annealing is needed to observe the overlayerepresented by a slab of 11 layers of Mo, and the overlay-
induced faceting. (3) The (111) surfaces facet to triangulaers are added as additional pseudomorphic layers on either
pyramids with [112] orientations. The pyramids are madeside of the slab. The slabs are separated by a distance of
up of the substrate atoms (Mo or W) coated with a thin9.5 A. All atomic positions are fully relaxed.
wetting layer of overlayer atoms. The observed facetingis A schematic top view of bcc(111) and (112) is given
thus a macroscopic morphological change of the substraia Fig. 1. Since the [112] direction makes the smallest
induced by the overlayer. (4) Excess overlayer atoms formangle with [111], it is natural for the (111) surface to
3D islands after the completion of one wetting “physicalfacet to pyramids exposing three equivalent facetd tf}
monolayer” (PML), which is defined as the number of surfaces, provided thdi 12} has a lower surface energy
geometrical monolayers needed to shadow all the substragend that the surface energy anisotropy is big enough to
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FIG. 1. The top view for bcc(111l) and bcc(112). Black,
grey, and white balls are on the top, second, and third
layers, respectively. Physical monolayer (PML) refers to three
geometrical layers for (111) and two for (112), respectively.
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compensate for the increase in surface area. Faceting from 3.0
(111) to (112) is thermodynamically favorable when [5] i

y112/co46) — yin <0, (1)

where § = 19.47° is the angle between the two orien-
tations, andy is the surface formation energy per unit
area. Interms of the surface formation energ%/ per surface
atom (o), the faceting condition iSAoc = 50112 —

o111 < 0. The factor of 32 in the above expression
takes care oboththe difference in area per surface atom
andthe increase in total surface area due to faceting. We
define a surface formation energy of a substBatmvered

by ultrathin layers ofA as
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O'A/B:0'3+H, (2)

where H is the heat of formation of overlayers df on
substrateéB (using bulk cohesive energies as references). It
is orientation and coverage dependent. Since one physicBlG. 2. Surface formation energies rbstratesurface atom
monolayer carriegxactlythe same number of adsorbate for Au, Pd, Pt, Ag, and Cu on Mo(111) (triangles) and Mo(112)
atoms on a flat (111) andfaceted(112) surfaceA o does (squares) as a function of the overlayer coverage given in

d d h f fth I the number of physical monolayers. The surface formation
not depend on the reference energy of the overlayer energies for the [112] orientation are scaled by a factor/@f 3
We found that for clean Mog1, and o111 are 2.36

and 3.51 eV, respectively [15]. Thusei, is greater Krastanov: 3D islands should form after the substrate is
than o1, and the clean substrate is stable as observeghyered by one physical monolayer of Au for both (111)
experlmentally.' and (112), consistent with experimental observations. Pd
We now consu;erthe change when overlayers are addegnq pt [Figs. 2(b) and 2(c)], the other faceting agents,
InFig. 2, we plot; 112 anda1; vs coverage for a number show similar behavior. For these elements, the lowering of
of metal overlayers. If%am < o111, it is energetically  SFE is substantial, and surface energy anisotropy is much
favorable for the surface to facet. The marked points aréarger than for the clean surface, and most importantly,
the calculated values. The surface energy at intermediat@12) is now lower in energy than (111) even after taking
coverages will follow the straight lines connecting theinto account of the area increase due to faceting, so that
calculated points if large and compact (not dendritic)these systems should facet [16].
islands are formed. The adatom coverages are given in For nonfaceting agents like Ag and Cu, we found that
the number of physical monolayers, which carry the saméhe energetics are different [Figs. 2(d) and 2(e)]. First, the
density of adatoms on the flat (111) and faceted (1123urface formation energies decrease only slightly initially,
surfaces. and for Cu, it increases again before the completion of
We will first focus on Au [Fig. 2(a)]. We see that the physical monolayer. It means that Ag and Cu also
the surface formation energy (SFE) is lowered upon Auvet Mo, but for Cu, 3D islands may form at a coverage
adsorption, implying that AwetsMo(111) and Mo(112). less than one PML for both (111) and (112). This signals
The SFE decreases monotonically up to one PML fomveaker overlayer-substrate interaction compared with the
both orientations after which the SFE increases. Wheffaceting agents (if we use the cohesive energy of the
an additional geometrical monolayer is added, the SFE peyverlayer element as reference). Adsorption of Ag and
surface atom increases by 0.2 eV for (111) and 0.05 e\Cu only lowers the surface formation energy of the Mo
for (112). This means that the growth mode is Stranskisubstrate slightly. For the case of Cu, although the Herring
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condition [Eq. (1)] is marginally satisfied at half PML, The results agree well with the salient features observed
o111 at a coverage of B PML is lower than%(f”z at in experiments. The questions remaining are: (i) Why
any coverage of Cu. There is thus no thermodynamicshould Ag’Mo(111) be stable, although it also satisfies the
reason for CyiMo(111) to facet. However, for the case Herring faceting condition? (i) Why should faceting be
of Ag, %0.112 is clearly lower thans;; at half physical —Strongly correlated with low surface formation energy al-
monolayer coverage. There is a thermodynamical drivinghough thermodynamics states that it is only the anisotropy
force for Ag/Mo(111) to facet, although the surface energythat matters? .
anisotropy is smaller than the typical faceting agents. ~ These can be understood intuitively with the follow-
We found that metals that cause faceting have a largdRd considerations. The thermodynamic (Herring) con-
heat of overlayer formation relative to their bulk cohesivedition for faceting [Eq. (1)] assumes macroscopically big
energies than those that do not. For example, the calcii@céts so that boundary effects can be ignored. When
lated heats of formation for the first geometric monolayerthe€ pyramidal facets are small, faceting causes an en-
(1/3 PML) on Mo(111) for Au, Pd, and Pt are found to be €9y changeAE = a(Ay)i* + byl + C, whereAy =
~0.71, —0.63, and—0.76 eV/atom, respectively, and are 112/C068) — yu is the surface energy anisotropy (per
higher than the-0.31 and—0.30 eV we found for Agand  Unit aréa),n and C are, respectively, the energy of the
Cu [17]. ‘.‘edges" (per unit length) and “apgxes” of the pyr.amlds,
These fcc metals wet the Mo surface because Mo ha$§ the length of the base of pyramids, and> are dimen-
relatively high surface energy, and the exposed Mo surfacéionless geometrical constants. The edge and apex energy
atoms with half-filledd shells can gain a lot of energy by ¢an be regarded as the extra energies needed to buckle flat
being covered with overlayers of fcc elements (with typi-1112} facets to form a pyramid and are positive in values.
cally much lower surface energy). The first geometricalf Ay < 0, AE is necessarily negative for large erjquh
monolayer, which has the maximum number of Mo sub-but there exists a critical size of the pyraniid= 5 35
strate atoms as neighbors, has the most negative (favdess than which the energy change is positive (unfavorable)
able) heat of formation; while the energy of second andvith an energy barrier o8 = f—;(,"—M) + C. Inorderto
third geometrical layers becomes progressively less favovercome the formation barrier at a reasonable tempera-
able as they are increasingly shielded from the substrate kayre, B must be small, which means that {yy must be
other adatoms. Upon the completion of the PML, whichbig (and negative), and (ity andC must be small. While
is three geometrical monolayers for (111), additional overit is impractical to calculatey andC by first principles cal-
layer atoms will not have any Mo atoms either as nearesgulations, we expect that a lower surface formation energy
or next nearest neighbors. It is then more favorable foshould imply lower edge and apex energies. The surface
these additional atoms to form 3D islands than to formformation energies, the edge, and the apex energies may
overlayers at a wrong structure and at an unfavorable latll be viewed as defect formation energies due to the trun-
tice constant. The states of Ag and Cu are more core- cation of the bulk in different manners. If the capping of
like than those of Pt, Pd, and Au, and as a consequencthe substrate by an overlayer lowers the surface formation
they tend to bond weaker with Mo and their adsorptionenergy, it should also lower the edge and the apex ener-
causes a smaller drop in SFE than the faceting agents. Gjies in a similar manner. Thus, we have a smaller barrier
switches to 3D-island formation before the completion ofto “nucleate” the pyramidal facets if we haleege surface
the PML because of the weaker adatom-substrate interaenergy anisotropy anldw surface formation energy. We
tion, and large overlayer strain (atomic volume of Cu isdo find largeAy and smally for the faceting agents Au,
25% smaller than Mo). Pd, and Pt, while the nonfaceting agents Ag and Cu have
The (112) surface is more compact and has less bremallerAy and larger values of [18]. We also see from
ken surface bonds than (111), so that, is generally Fig. 2 thatAy becomes negative for Au, Pd, andidefore
lower thany;;;. However, clean Mo(111) is stable as the the completion of the physical monolayer. However, the
anisotropy is too small for the clean surface to compensatgalue ofy for the faceting agents is at its minimum on the
for the increase in area upon faceting. Upon overlayecompletion of the PML, so that the thermodynamic driving
adsorption, the heat of formation includes both adatomforce is at its maximum and the barrier is at its minimum at
substrate and adatom-adatom interaction, and the interacne PML. This behavior underlies the experimental obser-
tion is more favorable for overlayer atoms on (112) tharvation of an universal threshold coverage of approximately
on (111) again because (112) is more compact. The morgne physical monolayer.
negative heat of formation of the adsorbed overlayers on One may argue that these bigger barriers can be over-
(112) lowers the SFE of (112) further relative to (111), in-come by just annealing to higher temperatures. This is
creasing the surface energy anisotropy to the extent thaiot viable for two reasons. First, these overlayers desorb
the Herring condition may be satisfied, and this providest higher temperatures [1,3,4]. Second, the surface energy
the thermodynamic driving force for faceting. The ele-anisotropy, which is the thermodynamic driving force, gen-
ments that have larger heats of formation are quite natwerally decreases with increasing temperature [19]. Al-
rally stronger faceting agents. thoughAvy = y12/cod6) — y11 <0 atT =0, it can
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become positive ay;;, approaches;;; as temperature [2] See, e.g.Physical Structure, Handbook of Surface Sci-
rises. In that case, even a faceted surface can “defacet” ence,edited by W.N. Enertl (Elsevier, New York, 1996),
and becomes flat again below the onset temperature for Vol. I; Atlas of Surface Structuregdited by P.R. Wat-
desorption. Such phenomena have been observed recently SOn, M.A. Van Hove, and K. Hermann (AIP, New York,
by Songet al. [3]. 1994). .
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. . ; .~ [4] J. Guan, Ph.D. thesis, Rutgers, The State University of

strate with one physical monolayer, while for nonfaceting New Jersey, 1994
agents, 3D islands may form before the completion of the [5] C. Herring, Ii-’hys. he\m, 87 (1951).
PML. Our results highlight the significant qualitative dif- 6] see, e.g., E.D. Wiliams and N.C. Bartelt, Ultrami-
ference in adsorption energetics between faceting agents * croscopy31, 36 (1989), and references therein.
and nonfaceting agents. Itis customary to focus all the at-[7] G. Wulff, Z. Krist. Mineral 34, 449 (1901).
tention on the surface energy anisotropy. Faceting agent$8] M. Wortis, Chemistry and Physics of Solid Surfaces,
like Pt, Pd, and Au do induce significant anisotropy in edited by R. Vanselow and R. Howe (Springer-Verlag,
the surface energy. Experimentally, elements like Ag and  Berlin, 1988).
Cu do not facet bcc(111) substrates. It does not necesl®] F. Bonszek, T. Engel, and E. Bauer, Surf. 387, 595
sarily mean that the thermodynamics condition is not sat- ~ (1980); J.C. Tracey and J.M. Blakely, Surf. Sdi3
isfied, but rather that the surface formation energy is not 313 (1968); H. Niehus, Surf. Scl49, 326 (1985); R. E.
low enough and faceting is probably forbidden by kinetics. Kirby, C. S. McKee, and M. W. Roberts, Surf. 66, 725

. . d (1976); M. Eizenberg and J. M. Blakely, J. Chem. Phys.

This shows that the surface energy anisotropy is a neces- 71, 3467 (1979).
sary but not sufficient condition for faceting and other fac-[19] s.p. Chen, Surf. Sc274, L619 (1992).
tors like low surface formation energy is also as important{11] M. Weinertet al., Phys. Rev. B39, 12585 (1989).
This is particularly important here because there is a relgf12] See, e.g.,Theory of the Inhomogeneous Electron Gas,
tively small temperature range that can be used to drive  edited by N.H. March and S. Lundqgvist (Plenum, New
the transition since the thermodynamic driving force itself ~ York, 1983), and references therein; L. Hedin and B.1I.
disappears at high temperatures. Lundqvist, J. Phys. @, 2064 (1971).
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Our main conclusions actually do not demand very high

accuracy on surface energy calculations, since adsorption
generally carries fairly large heat of formation and also

enhances surface energy anisotropy. Thus our Fig. 2 can
be presented in a large energy scale.
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