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Multilayer-relaxed structure of the „132… Pt„110… surface
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The multilayer-relaxed structure and electronic properties of the (132) Pt~110! surface have been investi-
gated by the self-consistent all-electron full-potential linearized augmented plane-wave method. The relaxed
geometry, determined by total energy and atomic force calculations, shows large contractions in the first and
second interlayer spacings, significant buckling in the third layer, and a lateral displacement in the fourth
~center! layer of the slab. In general, our calculated results are consistent with experimental data. The micro-
scopic origin of the relaxed structure is discussed using the calculated electronic structures. The large inward
relaxation of the surface atoms is attributed to the more localized nature of their 5d electrons, which weakens
the d-d hybridization.@S0163-1829~99!06804-6#
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I. INTRODUCTION

Various experimental and theoretical investigations h
confirmed that the~110! surfaces of Au and Pt exhibit (1
32) missing row structures. It is also generally accepted
(132) Pt~110! and (132) Au~110! undergo a large con
traction in the first interlayer spacing, a slight row pairing
the second layer, and significant buckling in the th
layer.1–15 The low-energy electron diffraction~LEED! data
analysis for the first interplanar relaxation in th
(132) Au~110! surface gave20.29 Å ~Ref. 2! and that of
x-ray diffraction~XRD! produced20.3260.10 Å.7 The re-
sults calculated by the embedded-atom method~EAM!
(20.21 Å)9 and by molecular dynamics using the empiric
‘‘glue’’ Hamiltonian (227.5%)10 are comparable to the ex
perimental results. The calculation by the tight-bindi
scheme again resulted in a smaller relaxation (26.16%).11

The first principles pseudopotential density-functional cal
lation for the (132) Au~110! performed by Ho and
Bohnen12 supported the LEED~Ref. 1! and ion scattering13

experiments, but disagreed with the x-ray diffraction16 and
high-resolution electron microscopy17 results. The situation
for the (132) Pt~110! surface is similar to that for the (1
32) Au~110! surface.

The observed first-layer relaxation in (132) Pt~110!,
however, shows a considerable variation from20.22 Å
(216% of the unrelaxed interlayer spacing! to 20.5
60.1 Å(236.167.2%):20.26 and20.28 Å by LEED,2,3

20.22 Å by medium-energy ion scattering~MEIS!,4

20.27 Å by XRD,7 20.3460.04 Å by reflection high-
energy electron diffraction~RHEED!,8 20.42 Å by x-ray
photoemission diffraction~XPD!,14 and 20.560.1 Å by
neutral impact collision ion-scattering spectroscop18

~NICISS! ~cf. Table I!. Contrary to experiments, the calcu
lated results predicted rather smaller values for the fi
interlayer relaxation:27.74% by a Slater-Koster paramete
ized tight-binding scheme11 and 27.4% by the linear
combination of atomic orbitals~LCAO! formalism including
PRB 590163-1829/99/59~3!/1673~4!/$15.00
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repulsive Born-Mayer-type interactions.19 The theoretical
embedded-atom method9,15 results, however, produced va
ues (20.25 Å and20.19 Å) that are comparable to mo
of the experimental values. However, as far as we know,
first-principles calculations have been made on the re
ations for (132) Pt~110!. Under these circumstances, it
very meaningful to calculate the relaxed geometry of
reconstructed systems. In this study, the multilayer relaxa
in (132) Pt~110! is determined by the full-potential linear
ized augmented plane-wave~FLAPW! method20,21 imple-
mented with total energy and atomic force calculations a
the mechanism driving the relaxed structure is discussed
ing the calculated electronic structures.

II. CALCULATIONAL METHOD

We model the (132) Pt~110! surface by a single slab
consisting of seven layers~cf. Fig. 1!. For the outermost
surface layer on each side of the slab, the missing row
32) structure is assumed. The bulk lattice constant of fcc
is taken to be 7.407 a.u.~3.92 Å!;22 the corresponding unre
laxed interlayer spacing is then 2.619 a.u.~1.39 Å!. The
Kohn-Sham equations23 incorporating the Hedin-Lundqvis
exchange-correlation potential24 are solved self-consistentl

FIG. 1. Schematic drawing of the geometry of the missing-r
structure for the (132) Pt~110! surface.
1673 ©1999 The American Physical Society
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TABLE I. Comparison of the calculated relaxation of the (132) Pt~110! surface with various experiments and other calculations.Dd12

andDd23 denote the relaxation of the first- and second-interlayer spacings, respectively, in Å and %~in parentheses!, P2 andP4 represent
the second-layer and fourth-layer pairing, respectively, andb3 denotes the buckling in the third layer.

Dd12 @Å ~%!# Dd23 @Å ~%!# P2 ~Å! b3 ~Å! P4 ~Å! Ref.

LEED 20.26 ~218! 20.18 ~212.6! 0.065 0.320 0.120 2
LEED 20.28 ~220! 20.01 ~20.7! 0.04 0.17 0.05 3
MEIS 20.22 ~216! 10.06 ~14! , 0.04 0.10 4
RHEED 20.3760.03 ~22762! 10.0760.01 ~1561! 0.0860.01 0.1860.02 6
RHEED 20.3460.04 ~219.562.9! 20.0160.05 ~20.763.6! 0.0960.04 0.1260.05 8
XRD 20.27 ~219.5! 20.11 ~27.9! 0.05 0.04 7
XPD 20.42 ~230.3! 14
NICISS 20.560.1 ~236.167.2! 18
LCAO 20.10 ~27.4! 19
Tight-binding 20.11 ~27.74! 10.02 ~11.55! 0.02 11
EAM 20.19 ~213.8! 20.06 ~24.3! 20.06 0.08 0.06 15
EAM 20.25 ~218.0! 20.07 ~25! 20.03 0.04 0.11 9
Present result 20.24 ~217.6! 20.007~20.5! 0.036 0.25 0.11
tin
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by use of the all-electron FLAPW method. The Pt muffin-
radius is set equal to 2.3 a.u.~1.219 Å!. Inside each muffin-
tin sphere, charge densities and potentials are expande
lattice harmonics with angular momentum up tol 58. The
core electrons, including the 5p states, are treated fully rela
tivistically and the valence electrons derived from the atom
5d,6s, and 6p orbitals are treated semirelativistically,25 i.e.,
dropping the spin-orbit term but keeping the other relativis
terms in the Hamiltonian.

Within the irreducible wedge of the two-dimensional Br
louin zone, eigenvalues and eigenvectors are calculated
ing 16 k points; the Gaussian interpolation scheme is u
to perform integrations over the first Brillouin zone. Se
consistency is assumed when the root-mean-square d
ence between the input and output charge densities is
than 231024 electrons/~a.u.!3.

After obtaining the converged result for the unrelaxed
ometry, the equilibrium surface geometry is optimized
total energy and atomic force calculations, which allow a
tomatic structure optimization.26 For each self-consisten
structure, the forces on all atoms were calculated. In
process, a Broyden27 scheme was used. A stable configur
tion was found when the 3n-dimensional force vector of the
system~with n atoms! is close to zero. A final relaxed struc
ture was assumed when the force on each atom was sm
than 1.5 mRy/a.u.

III. RESULTS

We found the optimized structure of (132) Pt~110! in
which the surface atoms@(Pt(S)# move directly down into
the bulk region by 0.21 Å and the atoms in the subsurf
layer @Pt(S-1)I and Pt(S-1)II] move up by 0.03 Å, which
makes a large contraction in the first-interlayer spacing. T
atoms in the subsurface layer also have a small lateral
placement~0.036 Å! and move closer to each other. For a
oms in the third layer, one atom@Pt(S-2)I# moves up and the
other atom@Pt(S-2)II# moves down to make a buckling ge
ometry. We also find a lateral displacement of the atoms
the fourth~center! layer.
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From the above data, the relaxation of the first (Dd12) and
the second (Dd23) interlayer spacings are calculated
be 20.24 Å(217.6% of the interlayer spacing! and
20.007 Å(20.5%), respectively. The magnitude of th
fourth-layer~C! pairing P4 is 0.11 Å and is relatively larger
than that of the second-layer (S-1) pairingP2 ~0.036 Å!. The
magnitude of the third-layer (S-2) bucklingb3 is quite large,
i.e., 0.25 Å ~or 9.4 % of the interlayer spacing!. These re-
sults are summarized in the last row of Table I.

A comparison of our calculated results with those of va
ous experiments and other calculations is made in Tabl
For the relaxation of the first-interlayer spacing, our resul
close to those of LEED,2,3 MEIS,4 XRD,7 and one RHEED
~Ref. 8! experiment, and one EAM~Ref. 9! calculation. The
XPD,14 the other RHEED,6 and recent NICISS~Ref. 18! data
have larger values than ours. For the second layer relaxa
our result is close to that of the LEED experiment by Fe
et al.,3 but the experimental data themselves have a la
variation. When considered together with the second
fourth layer displacements and the buckling in the th
layer, our results are consistent, in general, with those
LEED by Fery et al.3 and RHEED by Korte and
Meyer-Ehmsen8 — both in the tendency and the magnitud
of the displacements.

Having established the relaxed geometry for the (132)
Pt~110! system, we now discuss the possible mechanism
hind the relaxation. For this purpose, we present in Tabl
the number of electrons in each MT sphere for the unrela
and relaxed structures. By the creation of a (132) recon-
structed surface, there is a spilling out of electrons into
vacuum region. The spill-out charge, mostlyp like, serves to
alleviate the sudden discontinuity at the surface and in
missing atom region. The Pt(S-1)I and Pt(S-1)II atoms also
lose considerablep electrons. With the breaking ofd bonds,
the d electrons are more localized at the surface atoms—
can be seen from the fact that the number ofd electrons of
the surface atom is increased by a small amount compare
other atoms. This makes the surface Pt(S) atoms contract
down into the bulk region. The displacement of the atoms
the subsurface layer@Pt(S-1)I and Pt(S-1)II] can be easily
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understood. The subsurface atoms move close to
missing-row site to smooth the large corrugation produ
by the missing rows. The net change in position for the
atoms isDx560.036 Å andDz510.033 Å. With this
displacement, the interplanar distance between surface
subsurface layers contracts considerably.

One also needs to notice that the atoms in the third la
Pt(S-2)I and Pt(S-2)II have different numbers ofd elec-
trons. This is due to the different geometrical environm
surrounding them: there is a missing-row site at the surf
layer directly above the Pt(S-2)I atom. Because of the larg
presence ofp electrons spilled out from surface atoms in t
missing-row region, the spill out ofp electrons from
Pt(S-2)I is suppressed. Instead, thed electrons move out to
be more delocalized and they increase thep-d hybridization
with the Pt(S-1) atoms. This increasedp-d hybridization
makes the Pt(S-2)I atoms move up considerably (Dz5
10.16 Å) and this displacement also decreases the inter
nar distance between the second and third layers. The
siderable up displacement of Pt(S-2)I atoms causes a latera
displacement in the layer below. The Pt(S-2)II atoms re-
ceive repulsive forces from the contracted Pt(S) atoms, and
thus they move down to the bulk region byDz520.08 Å.
As result of this displacement, there is a buckling (b3
50.25 Å) in the third layer. Thez-direction distance be
tween the Pt(S) and Pt(S-2)II atoms is also decreased fro
its bulk value~2.772 Å! to 2.646 Å, which results in a sligh
increase in the hybridization between these atoms.

We consider now the density of states~DOS! associated
with each atom type. The layer-by-layer DOS~LDOS! for
each atom type is given in Fig. 2. As mentioned above,
creation of the surface causes greater localization of thd
electrons in the surface layer. The width of the surface la
LDOS is decreased and the center of thed states shifts up
compared to that of the center layer. We note here tha
large peak is located at the Fermi energy, which predicts
the unrelaxed structure is unstable. After the relaxation, th
is an increase in the number ofp electrons in the MT sphere
of the Pt(S) atom and the width of the LDOS is broadene
The general shape of the LDOS in each layer becom
blurred after relaxation.

TABLE II. Angular momentum decomposed electronic valen
charge in the muffin-tin sphere of a seven-layer (132) Pt~110! film
for the unrelaxed and relaxed geometries.

s p d Total

Unrelaxed Pt(S) 0.37 0.15 7.16 7.72
Pt(S-1)I 0.37 0.20 7.15 7.75
Pt(S-1!II 0.37 0.20 7.15 7.75
Pt(S-2)I 0.38 0.26 7.09 7.76
Pt(S-2)II 0.37 0.26 7.14 7.82

Pt(C) 0.37 0.27 7.13 7.82
Relaxed Pt(S) 0.40 0.18 7.17 7.78

Pt(S-1)I 0.38 0.21 7.14 7.77
Pt(S-1!II 0.38 0.21 7.14 7.77
Pt(S-2)I 0.39 0.26 7.09 7.79
Pt(S-2)II 0.36 0.26 7.15 7.82

Pt(C) 0.37 0.25 7.12 7.79
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IV. SUMMARY

The multilayer-relaxed structure and electronic propert
of (132) Pt~110! have been investigated by the se
consistent all-electron full-potential linearized augmen
plane-wave~FLAPW! method. The relaxed geometry, dete
mined by total energy and atomic force calculations, sho
large contractions in the first-interlayer spacing (217.6%)
and second interlayer spacing (20.5%), and a significan
buckling ~0.25 Å! in the third layer. There is a lateral dis

FIG. 2. Partial density of states associated with each atom
for the~a! unrelaxed and~b! relaxed (132) Pt~110! film, in units of
states /eV atom. Dashed lines indicated states, dotted lines repre
sent s (••••), and dotted-dashed lines representp (2•2•2)
states.
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placement in the fourth~center! layer. Our calculated result
are consistent with those of many experiments, espec
those of LEED by Feryet al.,3 but not with some experi-
ments.

The microscopic origin of the relaxed structure was d
cussed using the calculated electronic structures, i.e.,
number of electrons in MT spheres and the layer-by-la
DOS. A large peak in the surface LDOS located at the Fe
energy of the unrelaxed structure reveals the instability
this structure; this peak moves down to lower energy for
c

uc
lly

-
he
r
i
f
e

relaxed structure. The large relaxation of the surface ato
into the bulk region is attributed to the more localized natu
of their 5d electrons, which weakens thed-d hybridization.
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