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Double stripe reconstruction of the Pt(111) surface
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Abstract.

We have studied thereconstruction of the Pt(111) surface theoretically, using a 2D generalization

of the Frenkel-Kontorova model. The parametersin the model are obtained by performing ab initio density
functional theory calculations. The Pt(111) surface does not reconstruct under normal conditions but experi-
ments have shown that there are two waysto induce the reconstruction: by increasing the temperature, or by
depositing adatoms on the surface. The basic motif of thisreconstruction isa ‘double stripe’ with an increased
surface density and alternating hcp and fcc domains, arranged to form a honeycomb pattern with a very large
repeat distance of 100-300 A. In this paper, we have studied the ‘double stripe’ reconstruction of the Pt(111)
surface. In agreement with experiment, we find that it is favourable for the surface to reconstruct in the

presence of adatoms, but not otherwise.

Keywords.

1. Introduction

Recondruction is the rearrangement of atoms a a crystd
suface to form a dructure with a periodicity and/or
symmetry different from that of the underlying crystd
planes. The reason for this recondruction is that the sur-
face atoms have fewer neighbours than aoms in the bulk.
The quedtion of the arangement of aoms a platinum
surfaces is of gspecid interest because of the indudrid
importance of Pt as a cataydt, since it is known that the
rale of chemica reactions can be very sendtive to the
structure of the catalyst surface.

The unrecondructed (111) surface of the face centred
cubic (fcc) metds is usudly dable However, ab initio
caculaions (Needs et al 1991) on the (111) surfaces of
duminium (Al), iridium (Ir), plainum (Pt) ard gold (Au)
have shown that these surfaces are under tensile dress,
i.e the suface would like to increese its dendty. Ini-
tidly, it was thought that the Au(11l) surface was the
only fcc(111l) metal surface which underwent a recon-
sruction (Harten et al 1985, and references therein). In
1992, it was found in X-ray scettering experiments
(Sendy et al 1992; Gribd et al 1993) that the PY(111)
arface dso  reconstructs, but  only a  temperatures
>1330K. Bedow this temperature the unreconstructed
phase of the Py(111) surface is stable. Shortly theresfter,
another group (Bott et al 1993) reported that the
recondruction of the P(111) surface can aso be induced
a lower temperatures in the presence of a supersaturated
Pt gas phase above the Pt(111) surface. They sudied this
recongtruction by scanning tunneling microscopy  (STM).
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Pt aoms from the supersaturated gas phase get adsorbed
on the surface and this collection of adatoms possbly
behaves as a paticde reservoir, supplying the extra atoms
needed in order to increase the surface densty.

In our present work, we want to first confirm that the
Pt(111) surface will not reconstruct under norma condi-
tions, i.e. when there are no adatoms. Then we want to
examine whether the surface will recongruct if adatoms
are availablefor incorporation in the surface layer.

In both sats of experiments mentioned above (Sandy et
al 1992; Bott et al 1993) it has been found that the
Pt(111) surface recondructs into a ‘honeycomb’  struc-
ture, with a lage unit cdl of sze 100-300A ad an
increesed  densty of surface aoms. Along the [111]
direction of an fcc crydd, a@oms are aranged in a hexa
gonad pattern in each layer. Atoms in the topmost layer of
the (111) surface can occupy different Stes with respect
to underlying bulk layers. For example if the atoms in
the topmost layer St directly above the atoms in the
second, third or fourth layers, the surface aoms are sad
to be occupying the ‘top’, ‘hexagond cdose packed (hcp)
and ‘fcc’ dtes, regpectivey (as shown in the insat of
figure 1). When the surface recondtructs, to make space
for the extra aoms (to increase the dendty), some of the
aoms on the suface move from their origind fcc Sites
towards the hcp stes. In this process, some of the atoms
end up dtting a the bridge dtes (hafway between fcc
and hcp Stes); these atoms will show up as bright spots
in STM images as they are raised relative to aoms a fcc
and hcp gtes. This dtructure (shown in the inset of figure
2), composed of fcc, hcp and bridge domains, is known
asthe‘double stripe’.

Smilar recondructions have been found on the
Au(111) (Bath et al 1990; Huang et al 1990), Ag/Pt(111)
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Figure 1. The inset shows a top view of the unreconstructed
Pt(111) surface. Atoms in the first, second and third layers are
shown as filled circles, open circles and open sgquares, respec-
tively. The top layer is shown occupying fcc sites, however in
ab initio caculations, we dide this layer and put it at hcp,
bridge (halfway between fcc and hcp sites) and top sites to cal-
culate the substrate potential at these sites. The graph shows the
results for the substrate potential, Vs, as given by (3) aong the
line PS marked in the inset.
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Figure 2. Difference in the energy densities of the recon-

structed and unreconstructed surfaces as a function of the unit
cel length, n. When we use G= Gy, (stars), we find that it is
unfavourable for the surface to reconstruct; however, when
G= Ggaom (triangles), reconstruction is favoured. The inset
shows a top view of the unit cell for the reconstructed surface
when n=9; atoms in the first, second and third layers are
shown as filled circles, open circles and open squares,
respectively. fcc, hcp and bridge domains are marked.

(Bromann et al 1997) and CuwRu(0001) (Potschke and
Behm 1991; Gunther et al 1995) surfaces On Au(11l),
the double dripes are aranged dong two of the three
equivalent  directions, giving rise to a ‘hering

dructure;  however, on Pt(111), dl three equivaent
orientations of the double dripe are seen, resulting in the

honeycomb shaped superstructure. One reason  for the
interest in these large scde recondructions is the poss-
bility of usng them as templates for building nanostruc-
tures, eg. in experiments on the growth of Ni, Fe and Co
on Au(11l) (Chambliss et al 1991; Voigtlander et al
1991; Tolkes et al 1997), Ni, Fe and Co ae observed to
nuceate a the ‘dbows of the herringbone, resulting in
an ordered array of idands.

2. Modelling thereconstruction

The very large unit cdl of the recondructed surface
makes it impossble to study the recongruction in a fully
ab initio caculation; we will, therefore, insead use ab
initio cdculations to parametrize a modd that contains
dl the essentid physcd features, teking into account dl
the interactions which favour and oppose the reconstruc-
tion. Following previous authors (Takeuchi et al 1991,
Narasmhan and Vanderbilt 1992, Hamilton et al 1999),
who peformed sSmilar  cdculdions on  Au(11l) and
Ag/iP(111), we have used a modified two-dimensond
(2D) verson of the ‘Frenkd—-Kontorova (FK) modd’
(Frenkd and Kontorova 1938). The Hamiltonian is given

by

H = Q K(; - b)> + & Vi(r;) +GN. @
i j

In this modd, nearet neighbour surface aoms (in the
topmost layer) interact by a spring potentid which is
described by the firgt term in the Hamiltonian, where k is
the soring constant, b the equilibrium length of the
sorings and |; the length (bond length) of the ith spring.
Because the surface is under tensle dress the equili-
brium length b of these springs is shorter than the bulk
spadng a, and the springs would like to reduce ther
length, i.e the surface layer would like to increase its
dendsty. This is the driving force for the recongruction.
However, the surface atoms will creste dtacking faults if
they move from their origind fcc stes which will cost
energy. Thus the underlying substrate will oppose the
recondruction. So there will be a competition between
surface-surface  and  surface-substrate  interactions.  The
second term in the Hamiltonian is the subgtrate potentia
Vs(rj), where r; is the position of the jth atom. To increase
the densty of the surface, we will have to supply extra
aoms to the surface, which will dso cost energy. This is
described by the third term in the Hamiltonian. G is
andogous to a chemicd potentid; it is discussed in
grester detal in 85 below.

There has been a previous theoreticd sudy of the
Pt(111) recondruction by Mandfield and Needs (1990)
who map the 2D surface problem to one dimenson aong
the unfolded zig zag path which connects adjacent fcc
and hcp dtes. They assume that the fcc and hep stes are
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degenerate in energy, and hence they use a sine potentid
as the substrate potentid. They dso assume that the force
congtant, k, for surface bonds is the same as the force
congant for bulk bonds, which they obtan from the
vadue of the bulk modulus. While they correctly predict
that Pt(111) will not reconstruct under norma conditions,
they dso predict that the Au(11l) surface does not recon-
struct, wheress the recongtruction of the Au(1ll) surface
iswell known experimentaly and theoreticaly.

In the cdculaions presented in this paper, we will
retain the full 2D nature of the problem, dlow fcc and
hcp gtes to have different vdues of Vs and use a vdue
for k that is appropriate for surface bonds. For these rea
ons, we bdieve that our cdculaions are more redigic
than those of Mansfield and Needs.

3. Abinitiototal energy and stresscalculations

The ab initio cdculaions ae peformed using the
‘pwscf’ package (Baroni et al 2001). We solve the Kohn—
Sham equations (Kohn and Sham 1965) in a plane wave
basis sst with a 20Ry cut off, usng an ultrasoft pseudo-
potentid  (Vanderbilt 1990) and the locd densty
goproximation (LDA) (Perdew and Zunger 1981) for the
exchange-correlation interaction.

To check the posshility of surface reconstruction
under different conditions, we have peformed a series of
cadculaions on bulk Pt, a Pt dab with (111) surfaces, and
a dab with an adatom adsorbed & an fcc ste. The bulk
cdculaions ae performed using 100 k points in the irre-
ducible Brillouin zone (IBZ) in evaduding Brillouin zone
sums. From these bulk cdculations, we get the lattice
condant, ag, a 391A and the cohesve energy, E., as
53 mRy. The experimentd lattice constant and cohesive
enegy ae 30R2A and 420mRy, respectively  (Kittel
1976). The discrepancy between the experimentd and
cdculaed vdues of E; is presumably due to overbinding
of the LDA gpproximation used in our caculations.

In the suface cdculaions, we use a dab supercel
containing 9 aomic layers and 6 layers of vacuum. 27 k
points are used in the IBZ. We dlow the three outermost
layers on both sdes of the dab to redax. In agreement
with experiment (Adams et al 1979; van der Veen et al
1979; Davies et al 1980; Feder et al 1981, Hayek et al
1985, Ogletree et al 1986, Maerer et al 1995), we find
that there is a amdl expanson of the fird interlayer
sacing (d;p) and a smdl contrection of the second
interlayer spacing (dp3) with respect to the bulk spacing.
A summary of the vaues of di, and dy3 obtained by vari-
oustechniquesisgivenintable 1.

We obtain the suface dress, s, as 294 mRy/A? and
urface energy, g as 9M3mMRy/A% In table 2, we com-
pare our results with those of previous authors, our va-
ues of s and g ae in good agreement with those obtained
in earlier experiments and ab initio cdculaions We find

Table 1. Percentage change in the first and second interlayer
spacing (dy» and das, respectively) of the Pt(111) surface, from
experiments (*) and from ab initio calculations ().

Dd12 (%) Dd2s (%)
Present(t) 029 —-0%65
Adamset al (1979) (*) 14+ 44
van der Veen et al (1979)(*) 14+ 1%
Davies et al (1980) (*) 00+ 04
Feder et al (1981) (*) 06+ 04
Hayek et al (1985) (*) 00 £ 2%
Ogletree et al (1986) (*) 00+ 14 14+ 14
Materer et al (1995) (*) 14+ 04 00+ 18
Feibelman (1997) (1) 0144 -081
Boisvert et al (1998) (1) 04 -02

Table 2. The results of ab initio cdculations (a)—d) and
experiments (€) for the lattice constant (a), surface energy (g)
and surface stress (s).

ap g s
(A (mRy/R) (mRy/A&)

(@) Present 391 943 294
(b) Needsand Mansfield (1989) 386  10%7 255
(c) Feibelman (1997) 389 1007 288
(d) Boisvert et al (1998) 302 942 27%
(6) Miedema (1978) 392 1169 -

that our value of s is closer to that of Feibelman (1997);
whereas our value for g agrees better with that of Bois-
vet et al (1998). Both these previous cdculations have
adso made use of the LDA, in the form given by Ceperley
and Alder (1980).

To cdculate the adatom adsorption energy, E, we use
a dab containing 5 atomic layers with 9 atoms per layer.
An adatom is adsorbed a an fcc Site on this dab and the
coordinates of the adatom and al atoms in the top two
layers of the dab are dlowed to rdax. We take 9 k points
in the IBZ. We obtan E, as 426 mRy. This is somewhat
larger than the vdue of 393mRy obtaned by Febdman
et al (1999) in an ealier ab initio cdculation, and 4ill
larger than the vdue of 353mRy caculated by Jacobsen
et al (1994), who used potentids derived from effective
medium theory (EMT).

The potentidd from bulk atoms will have the periodicity
and symmetry of the unrecongructed surface. Therefore,
the subdrate potentid can be expanded in a Fourier
sries

V() = § Vee'®, @
G

where the Gs are reciprocd lattice vectors and Vgs ae
the Fourier coefficients. r =(x,y) is the postion of an
aom in the surface layer. In order to determine the Vgs,
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we cdculate the subdtrate potentid at fcc, hcp, bridge and
top stes from ab initio cdculations in which we com-
pute the change in the totd energy of the dab when the
aoms of the outermost layer occupy hcp, fcc, bridge and
top stes ingtead of fcc stes. We find that it suffices to
retain the first three shells of Gs; the substrate potentia
isthen given by

Vo(x y) = e tVr a7 Ve §
4 é 9 @
i é4 é2p e ol é2p &
Loosg 22 s cose 22 Br L G cose 2 - LG
i &3 a e 31 e? 3 dip
A/ +Vo +Vr Vg ol édp é2p u
* : e X+ c0sg—(x+/3y)
& o 44 8a 0 8 v
p uU aVC+VA
+oos g (x- +/3Y)y
ga ul\; g 33 ra
} épae yal  é4p U  épae y of
[SNg—GLX+—=1)- SNa—=Y;- SN&—E&X- —=
i 8ag 3@ &Ban ga J‘%’y
(©)

whee Va, Vg, Ve ad Vi ae the vdues of the substrate
potentiadl a hcp, bridge fcc and top Stes, respectively
and a the bulk nearest neighbour distance (a:—z). Our
results for the substrate potential are plotted in figure 1
for a cut dong the [112] direction. Note that the energy
difference between fcc and hcp sites is 5mRy, Suggesting
that the assumption of the degeneracy of fcc and hcp sites
made by previous authors (Mansfidd and Needs 1990)
may lead to erors. In the case of Au(1ll), the fcc and
hcp energy difference is 1 mRy (Tekeuchi et al 1991).
Hence a sacking fault costs more energy for PY(111) than
Au(11l); this is patly why Au(11l) reconstructs under
normal conditions whereas Pt(111) does not.

4. Valuesof k andb

The force congtant, k, that appears in (1) is the harmonic
coefficient  when the sufacesurface potentid  is
expanded about the equilibrium length, b. However, we
do not know b a priori. In order to smultaneoudy deter-
mine k and b, we will make use of two relations coupling
them. One is the expresson for the suface dress as
given by our modd,

s =+/3k(- b/ a), G

the vdues, a and s are known to us from ab initio cdcu
laions, as described in 83, The other expression is the
empirical Badger’ srule (Badger 1934):

a

k= ng; G

where b is the surface force condant when the surface
aoms ae a the bulk spacing, a. We obtan b from den-
Sty functional perturbation theory caculations (Baroni et
al 1987) on the unreconstructed surface, where we cd-
culge the dynamicd matrix for a 7-layer dab on a
4" 47 1 grid of wavevectors in the Brillouin zone we
obtain b as 183mRy/A’. We hae d veified in these
cdculations tha next-nearedt-neighbour interactions are
negligible

Solving (3) and (4) smultaneoudy, we obtan k and b
& 294mRy;A? and 2608A, respectivdly. For a, we
ue the experimentdly reported vaue of (Zeppenfed
1989) 8.

It should be noted that the way in which we have
obtained the surfacesurface potentiad is different from
that of earlier authors (Takeuchi et al 1991; Hamilton et
al 1999).

5. Chemical potential, G

The chemicd potentid, G, that appears in (1) can be
regaded as the difference between two energies, E; and
E,, where E; is the energy required to take an a@om from
the particle reservoir to infinity, and E, the energy to
bring an aom from infinity and put it in the surface. Note
that E; depends upon the nature of the particle reservoir.
When the particle reservoir condsts of bulk aoms, i.e
when the extra a@oms come from the bulk, the chemicd
potentid is Gk =E.—E;, whee E. is the cohesve
energy of bulk Pt To cdculae Gy, we will equate the
surface energy, g of the unreconstructed surface from the
F—K modd Hamiltonian,

_ 3K(a- b)®+2Gu

J3a? '

to the gobtained from ab initio caculations.

When the particle reservoir condsts of adatoms, the
chemicd potentid will instead be Guaom = Ea—E2, where
E, is the adatom adsorption energy. Upon subgtituting the
vaues from our ab initio cdculations for E, E; and g we

gd Gadatom and c':bulk as _68mRy and 49mRy: I
tively.

©)

6. Reconstruction

Now that we have obtaned dl the parameters for the
FK modd Hamiltonian, we can check whether or not
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the surface will recondruct into a double dripe (the basic
motif of the overdl honeycomb recondruction) under
various conditions. To do this we consder a unit cel of
length na dong the [110] direction and +/3a dong the
[112] direction. If the surface were unrecondructed, this
cdl would contan 2n surface atoms, however, we ingead
put in 2n+2 suface aoms, i.e. the recondructed surface
has a densty that is increased by (2n+2)/2n. In order to
find the optimd surface densty, we will minimize the
energy per unit area as obtained from (1) with respect to
n. The postions of the surface aoms within the unit cdl
ae optimized by usng a deepest descent agorithm and
the Hamiltonian of (1). The inset of figure 2 shows a unit
cdl of the recondructed surface for n=9. Note that if the
aurface does not recongdruct, for al vaues of n, the sur-
face energy density will be higher than that of the unre-
congtructed surface.

Our reallts for the redive energies of the recon-
structed and unreconstructed surfaces are plotted in fig-
ure 2. In agreement with the prediction of Mangfiedd and
Needs (1990) and observation in experiments (Sandy et
al 1992; Bott et al 1993), we find that when atoms from
the bulk are removed and incorporated into the surface,
the surface does not recondruct, i.e. the surface energy
densty is higher than that of the unreconstructed surface
for dl vdues of n (stars in figure 2). In contrest, we find
that when the particle reservoir ingead condsts of ada
toms, the surface energy density goes bedow tha of the
unrecongructed surface, reeching its minimum vaue for
n=9, for the double dripe recongtruction (triangles in
figure 2). This vaue of n is less than the experimenta
vdue of n»40 (Hohege et al 1995) found for the honey-
comb dgructure. In the honeycomb, the compression is
divided amongst three equivdent directions hence the
compression dong any one direction will be less (and n
will be larger) than for the double stripe, where the com-
pression is uniaxid. Upon partitioning the unit cel into
fcc and hcp domains, we find that 70% of the atoms st in
the fcc domain, which is in excdlent agreement with the
vdue of 65% found in STM experiments (Hohage et al
1995).

Our result that the surface will recongtruct in the pres
ence of adaoms but not otherwise is reasonably robust;
for example, replacing the cdculaed vdue of E; by the
expeimentd vaue does not change our condusons. The
only empirica parameter we have used is the vdue of 8
for the power a in (5); however, our reslts are not very
sengtive to this choice We have checked that our con-
cdudons remain undtered for vdues of a between 0 and
30.

There is a previous cdculation (Jacobsen et al 1994)
where the Pt(111) recondtruction was sudied using po-
tentids obtained from effective medium theory. Though
they ae primaily interested in the nuclegtion of the
recongruction in the form of threelegged ‘dark das,
they adso present data on the double stripe for the single

cax, n=50. They find that incorporation of an adatom
into the surface layer is favoured by 7mRy; in compari-
son, the corresponding vaue obtaned by us is 63mRy
(for n=9). We bdieve tha some (but not al) of this
discrepancy may be due to overbinding by the LDA and
the rdativdy smdl cdl dzes used in our adatom cacula
tions.

In future work, we plan to extend this study to the full
honeycomb reconstruction.

7. Conclusions

We have dudied the double dripe recondruction of the
P(111) sufece, usng a 2D generdization of the
Frenkd—Kontorova modd, with  parameters  obtained
from ab initio cdculations. We have found that when
extra aoms come from the bulk, the surface does not
recongruct i.e the energy to remove an aom from the
bulk is higher than the energy relessed upon putting the
aom in the surface. Therefore the surface does not prefer
the recondruction under ‘normd conditions. However,
in agreement with experiment, we find that when a reser-
voir of adatoms is avalable for the surface to increase its
dendity, the surface recongtructs.
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