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Multilayer-relaxed structure of the (1x2) Pt(110 surface
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The multilayer-relaxed structure and electronic properties of the )L P{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
(centey 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 thelebtrons, which weakens
the d-d hybridization.[S0163-182809)06804-4

[. INTRODUCTION repulsive Born-Mayer-type interactioh$.The theoretical
embedded-atom methdt? results, however, produced val-
Various experimental and theoretical investigations haveles (—0.25 A and—0.19 A) that are comparable to most
confirmed that thg110 surfaces of Au and Pt exhibit (1 of the experimental values. However, as far as we know, no
X 2) missing row structures. It is also generally accepted thafirst-principles calculations have been made on the relax-
(1x2) P{(110 and (1x2) Au(110 undergo a large con- ations for (1x2) P(110. Under these circumstances, it is
traction in the first interlayer spacing, a slight row pairing in V&Y meaningful to calculate the relaxed geometry of the
the second layer, and significant buckling in the third _reconstructed systems. In t_h|s study, the mulnlaygr rglaxatlon
layer'~15 The low-energy electron diffractiofLEED) data N (1X2) P(110 is determined by the full-potential linear-
analysis for the first interplanar relaxation in the ized augmented plane—wav((ELAPW) method® mple—
(1x2) Au(110 surface gave-0.29 A (Ref. 2 and that of mented W|th_ total energy and atomic force cglcqlaﬂons and
. : 7 the mechanism driving the relaxed structure is discussed us-
x-ray diffraction(XRD) produced—0.32+-0.10 A’ The re- ing the calculated electronic structures
sults calculated by the embedded-atom metH&hM) 9 '
(—0.21 A)® and by molecular dynamics using the empirical
“glue” Hamiltonian (—27.5%):° are comparable to the ex- Il. CALCULATIONAL METHOD

perimental results. The calculation by the tight-binding We model the (X2) P{110 surface by a single slab
scheme again resulted in a smaller relaxatier6(16%) consisting of seven layer&f. Fig. 1). For the outermost
Th.e first principles pseudopotential density-functional calcurface layer on each side of the slab, the missing row (1
lation for the (1x2) Au(110 performed by Ho and x2) structure is assumed. The bulk lattice constant of fcc Pt
Bohnert” supported the LEEDRef. ) and ion scattering s taken to be 7.407 a.43.92 A):?? the corresponding unre-
experiments, but disagreed with the x-ray diffractfband  |axed interlayer spacing is then 2.619 a(@.39 A). The
high-resolution electron microscopyresults. The situation Kohn-Sham equatioRs incorporating the Hedin-Lundqvist
for the (1X2) Pi(110 surface is similar to that for the (1 exchange-correlation potentialare solved self-consistently
X 2) Au(110 surface.

The observed first-layer relaxation in X2) P{110), L op PKS)
however, shows a considerable variation frorD.22 A Pl s
(—16% of the unrelaxed interlayer spacingo —0.5
+0.1 A(—36.1+7.2%):—0.26 and—0.28 A by LEED?? O
—0.22 A by medium-energy ion scatteringMEIS),*
—0.27 A by XRD/ —0.34+0.04 A by reflection high-
energy electron diffractiofRHEED),2 —0.42 A by x-ray
photoemission diffractionXPD),** and —0.5+0.1 A by
neutral impact collision ion-scattering spectroscdpy
(NICISS) (cf. Table ). Contrary to experiments, the calcu- “””L 2%
lated results predicted rather smaller values for the first-
interlayer relaxation=7.74% by a Slater-Koster parameter-
ized tight-binding schenté and —7.4% by the linear FIG. 1. Schematic drawing of the geometry of the missing-row
combination of atomic orbitald. CAO) formalism including structure for the (X 2) P{110 surface.
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TABLE I. Comparison of the calculated relaxation of theX(2) P{110) surface with various experiments and other calculatidn.,,
andAd,; denote the relaxation of the first- and second-interlayer spacings, respectively, in A @mgatenthesgsP, andP, represent
the second-layer and fourth-layer pairing, respectively, lmndenotes the buckling in the third layer.

Adgp [A (%] Adys[A (%)] P2 (A) bs (A) P4 (A) Ref.
LEED -0.26(—18) -0.18(—-12.6 0.065 0.320 0.120 2
LEED —0.28(—20) -0.01(-0.7 0.04 0.17 0.05 3
MEIS —0.22(—16) +0.06 (+4) < 0.04 0.10 4
RHEED —0.37£0.03(—27+2) +0.07+0.01 (+5=1) 0.08+0.01 0.18-0.02 6
RHEED —0.34+0.04(—19.5+2.9 —0.01+0.05(—0.7*+3.6) 0.09+0.04 0.12£0.05 8
XRD —0.27(—19.5 —-0.11(-7.9 0.05 0.04 7
XPD —-0.42(-30.3 14
NICISS —0.5+0.1(—36.1*+7.2 18
LCAO —-0.10(-7.9 19
Tight-binding —-0.11(-7.79 +0.02(+1.5H 0.02 11
EAM -0.19(—13.8 -0.06(—4.3 —0.06 0.08 0.06 15
EAM -0.25(—18.0 -0.07(-5) —-0.03 0.04 0.11 9
Present result -0.24(-17.6 —0.007(-0.5 0.036 0.25 0.11

by use of the all-electron FLAPW method. The Pt muffin-tin ~ From the above data, the relaxation of the fistl{,) and
radius is set equal to 2.3 a.(1.219 A). Inside each muffin- the second 4£d,3) interlayer spacings are calculated to
tin sphere, charge densities and potentials are expanded fje —0.24 A(—17.6% of the interlayer spacihgand
lattice harmonics with angular momentum uplte8. The  —0.007 A(-0.5%), respectively. The magnitude of the
core electrons, including thepSstates, are treated fully rela- fourth-layer(C) pairing P, is 0.11 A and is relatively larger
tivistically and the valence electrons derived from the atomignan that of the second-layes{L) pairingP, (0.036 A). The
5d,633 and o_rbltals_ are treated semlrelatlwstlcaﬂ@l.e..,. _ magnitude of the third-layerS2) bucklingbs is quite large,
droppl_ng the spln—_orbl_t term but keeping the other reIat|V|st|ci.e” 0.25 A (or 9.4 % of the interlayer spacingThese re-
terms in the Hamiltonian. sults are summarized in the last row of Table I.

Within the irreducible wedge of the two-dimensional Bril- o comparison of our calculated results with those of vari-
louin zone, eigenvalues and eigenvectors are calculated u&

) A o X ; us experiments and other calculations is made in Table I.
ing 16 k points; the Gaussian interpolation scheme is Useq the relaxation of the first-interlayer spacing, our result is

to perform integrations over the first Brillouin zone. Self- . |5se to those of LEER3 MEIS* XRD,” and one RHEED
consistency is assumed when the root-mean-square diffe(Ref. 8 experiment, and one EANRef. 9 calculation. The
ence between the input and output charge densities is Ie?@D,“the other RHEED,and recent NICISSRef. 18 data
than 210" electronsfa.u)’ have larger values than ours. For the second layer relaxation,
After obtaining the converged result for the unrelaxed ge+r result is close to that of the LEED experiment by Fery
ometry, the equilibrium surface geometry is optimized byet 41 3 byt the experimental data themselves have a large
total energy and atomic force calculations, which allow au-yayiation. When considered together with the second and

tomatic structure optimizatiof?. For each self-consistent fourth layer displacements and the buckling in the third
structure, the forces on all atoms were calculated. In th"f’ayer, our results are consistent, in general, with those of

process, a Broydéhscheme was used. A stable configura-| Egp by Fery etal® and RHEED by Korte and
tion was found when ther8dimensional force vector of the Meyer-Ehmse?]— both. in the tendency and the magnitude
system(with n atoms is close to zero. A final relaxed struc- ¢ the displacements.

ture was assumed when the force on each atom was smaller Having established the relaxed geometry for the< @)

than 1.5 mRy/a.u. Pt(110) system, we now discuss the possible mechanism be-
hind the relaxation. For this purpose, we present in Table Il
the number of electrons in each MT sphere for the unrelaxed
and relaxed structures. By the creation of ax@) recon-

We found the optimized structure of x12) P{110 in structed surface, there is a spilling out of electrons into the
which the surface atomPt(S)] move directly down into  vacuum region. The spill-out charge, mostljyike, serves to
the bulk region by 0.21 A and the atoms in the subsurfacalleviate the sudden discontinuity at the surface and in the
layer [Pt(S-1)1 and PtS-1)1l] move up by 0.03 A, which missing atom region. The (1)l and Pt&-1)Il atoms also
makes a large contraction in the first-interlayer spacing. Théose considerablp electrons. With the breaking af bonds,
atoms in the subsurface layer also have a small lateral dighe d electrons are more localized at the surface atoms—as
placement0.036 A and move closer to each other. For at- can be seen from the fact that the numbeddaflectrons of
oms in the third layer, one atopt(S-2) 1] moves up and the the surface atom is increased by a small amount compared to
other atom Pt(S-2) 1] moves down to make a buckling ge- other atoms. This makes the surface Spt@toms contract
ometry. We also find a lateral displacement of the atoms irdown into the bulk region. The displacement of the atoms in
the fourth(centey layer. the subsurface laygPt(S-1)1 and PtG-1)I11] can be easily

lll. RESULTS
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TABLE II. Angular momentum decomposed electronic valence unrelaxed
charge in the muffin-tin sphere of a seven-layex@) P{110) film 4
for the unrelaxed and relaxed geometries. , PY(S)
s p d Total 0 W\V\A
Unrelaxed Pt) 0.37 0.15 7.16 7.72 5] Pt(S-1) |
PYS1)l 037 020 715  7.75 5 W\AA
Pt(S-DlI 0.37 0.20 7.15 7.75 g 0 <
Pt(S-2)I 038 0.26 7.09 7.76 g 5 PHS-1) Il
Pt(S-2)Il 037 026 7.4 7.82 > W
Pt(C) 037 027 713 7.82 % 0 km
Relaxed PtE) 040 018 717  7.78 S 5 Pt(S-2) |
Pt(S-1)! 038 021 714 7.77 o W\%Nw
PHS-DII 038 0.21 7.14 7.77 Q 0 =
P(S2)l 039 026 7.00  7.79 o PUSAI
PYS2)Il 036 026 7.5  7.82 W\AJ
Pt(C) 037 025 7.12 7.79 0
Pt(C)
27 W
understood. The subsurface atoms move close to the 0_10 8 6 4 2 0 2 4
missing-row site to smooth the large corrugation produced (@) E(eV)
by the missing rows. The net change in position for these
atoms isAx=+0.036 A andAz=+0.033 A. With this relaxed
displacement, the interplanar distance between surface and 4
subsurface layers contracts considerably. PY(S)
One also needs to notice that the atoms in the third layer, 2
Pt(S-2)1 and Pt&-2)Il have different numbers ofl elec- W
trons. This is due to the different geometrical environment 0 PH(S-1) |

surrounding them: there is a missing-row site at the surface
layer directly above the P&2)| atom. Because of the large
presence op electrons spilled out from surface atoms in the
missing-row region, the spill out op electrons from
Pt(S-2)1 is suppressed. Instead, theelectrons move out to

be more delocalized and they increase phe hybridization

with the Pt&-1) atoms. This increased-d hybridization
makes the P&-2)l atoms move up considerablyAfg=
+0.16 A) and this displacement also decreases the interpla-
nar distance between the second and third layers. The con- 2
siderable up displacement of Bt@)| atoms causes a lateral
displacement in the layer below. The 8#)Il atoms re-

PY(S-1) II

Pt(S-2) |
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%
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Pt(S-2) II

E
!

ceive repulsive forces from the contractedHtatoms, and 2 | P(C)
thus they move down to the bulk region By =—0.08 A. W
As result of this displacement, there is a buckling; ( 0_10 B 6 7 5 o0 2 4
=0.25 A) in the third layer. The-direction distance be- ) EeV)
e

tween the Pt§) and PtG-2)I1l atoms is also decreased from
its bulk value(2.772 A to 2.646 A, which results in a slight FIG. 2. Partial density of states associated with each atom type

increase in _the hybridization b,etween these atoms. . for the (a) unrelaxed andb) relaxed (1x 2) P{110 film, in units of
~We consider now the density of stat30S) associated  giates /eV atom. Dashed lines indicatstates, dotted lines repre-
with each atom type. The layer-by-layer DQEDOS) for ¢t s (----), and dotted-dashed lines represent(—-—-—)

each atom type is given in Fig. 2. As mentioned above, th&;ates.
creation of the surface causes greater localization ofdthe
electrons in the surface layer. The width of the surface layer IV. SUMMARY

LDOS is decreased and the center of thetates shifts up —  The multilayer-relaxed structure and electronic properties
compared to that of the center layer. We note here that g¢ (1x2) P{110) have been investigated by the self-
large peak is located at the Fermi energy, which predicts thaionsistent all-electron full-potential linearized” augmented
the unrelaxed structure is unstable. After the relaxatlon, ther9|ane_wavdFLAPW) method. The relaxed geometry, deter-
is an increase in the number pfelectrons in the MT sphere mined by total energy and atomic force calculations, shows
of the PtS) atom and the width of the LDOS is broadened. large contractions in the first-interlayer spacing X7.6%)
The general shape of the LDOS in each layer becomeand second interlayer spacing-0.5%), and a significant
blurred after relaxation. buckling (0.25 A) in the third layer. There is a lateral dis-
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placement in the fourtkcentej layer. Our calculated results relaxed structure. The large relaxation of the surface atoms
are consistent with those of many experiments, especiallinto the bulk region is attributed to the more localized nature
those of LEED by Feryet al,® but not with some experi- of their & electrons, which weakens tiied hybridization.
ments.
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