PHYSICAL REVIEW B 70, 235423(2004)

Comparative study of ab initio and tight-binding electronic structure calculations applied
to platinum surfaces

S. Baud and C. Ramseyer
Laboratoire de Physique Moléculaire, UMR CNRS 6624, Université de Franche-Comté, F-25030 Besancon Cedex, France

G. Bihimayer and S. Blugel
Festkorperforschung, Forschungzentrum Jilich, 52425 Jilich, Germany

C. Barreteau and M. C. Desjonquéres
DSM/DRECAM/SPCSI, CEA Saclay, Batiment 462, F-91 191 Gif sur Yvette, France

D. Spanjaard
Laboratoire de Physique des Solides, Université Paris Sud, F-91 405 Orsay, France

N. Bernstein
Center for Computational Materials Science, Naval Research Laboratory, Washington, D.C., 20375, USA
(Received 17 March 2004; revised manuscript received 8 June 2004; published 28 December 2004

We have applied the full-potential linearized augmented plane-{&v&PW) ab initio method and thepd
tight-binding (TB) model to the calculations of the surface enerdieghkl) and relaxations of the three
low-index[(111), (100), (1107] surfaces of platinum. The two methods give similar results, and in particular the
anisotropy ratiofg(110/Eg(111) andEg(100/Eg111) are very close. The calculation of surface energy of
reconstructed1 X 2) Pt(110) confirms that this face undergoes a missing-row reconstruction and the corre-
sponding structural parameters agree well with experiment. The local densities of ISEX®S) calculated by

each of the methods on the flat surfaces are almost the same. We have also investigatédiljhe(611)
vicinal surface and found a similar agreement for the LDOS.
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l. INTRODUCTION a pured band modef°These first results gave an interpre-
tation of the roughly parabolic variation of surface energies
The surface energy represents a fundamental property @flong the transition-metal series since, for these elements,
materials. It is defined as the energper surface atom or per the cohesive properties of the solid are governed bydthe
unit surface arganeeded to split an infinite crystal into two electrons. Quantitative results were found for elements that
semi-infinite crystals bounded by a crystallographic planeare not too close to the beginning or the end of the series. On
with a given orientation. A variety of experimental tech- the contrary, when thd band is almost filled or empty, the
niques has been developed to measure the surface énergypband plays a non-negligible role in the cohesive properties
but all measurements are performed at high temperaturemnd thus the results obtained with a putédand were, at
where surfaces are badly defined. Most experimentaPdata best, qualitativé® In order to improve the mode$pd tight-
stems from surface tension measurements in the liquid phasgnding methods were develop&d.
and by extrapolating the orientation-averaged surface free Due to the development of the DFT during the last two
energies to zero temperature. However, a detailed knowledggecadesab initio methods can now be used to calculate
of surface properties is necessary to predict the equilibriunmany physical properties with unprecedented accuracy.
shape of a mesoscopic crystal and is important for the undeMethfessekt al'? have done a pioneering work in determin-
standing of a wide variety of phenomena such as catalysisng the surface energy, work function, and relaxation for the
surface reactivity, growth, creation of steps and kinks on surwhole series of bcc and fccd4transition metals, using a
faces, etc. full-potential version of the linear muffin-tin orbitalFP-
The lack of experimental data can be replaced by calcuLMTO) method in conjunction with the local density ap-
lations of different kinds. Generally, two main types of cal- proximation(LDA) to the exchange-correlation potential. In
culations are used, based either on semi-empirical potentiathe same spirit, Skriver and co-work&r$* have used a
[embedded atom modéEAM),* second moment approxima- LMTO technique to determine the surface energy and the
tion (SMA),® effective medium theoryEMT),® Sutton-Chen  work function of most of the elemental metals. For Pt, a first
and Finnis-Sinclair potentialk or on the determination of attempt has been done by Feibelman using LDA in a basis of
the electronic structure from density functional the@¥T)  contracted Gaussian orbitdfs.Vitos et al,'® using full-
or parametrized Hamiltonians such as tight-bindifid) charge Green’s function LMTO technique in the atomic
models. The first calculations of the surface energy of transphere approximatiofASA) in conjunction with the gener-
sition metals were performed using the TB scheme based aalized gradient approximatioGGA), have elaborated a
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very useful database that contains the low-index surface eh=8. Throughout this paper, the total-energy results have
ergies for 60 metals of the periodic table, but neglectingbeen obtained using basis functions including wave vectors
atomic surface relaxation. In the last decades, several fullap to k,,.x=4 a.u. amounting to around 130 basis functions
potential linearized augmented plane-wd#&APW) calcu- per atom. Within the irreducible wedge of the two-
lations have also been carried out for tltkadd 4 transition  dimensional Brillouin zon€BZ), eigenvalues and eigenvec-
metalst® In contrast, the 8 series has been much less stud-tors were calculated using different sets of Monkhorst-Pack
ied with this method except for tungsten surfate®. k or k; points. The calculations of bulk Pt were performed

The two methodsab initio or TB, have their own advan- with 216 k points in the irreducible wedge of the three-
tages and drawbacks. The strengttabfinitio calculations is  dimensional BZ. In order to keep an equivalently dense mesh
their high transferability and predictive power, but they re-in the two-dimensional BZ(2DBZ) we used a special
main, compared with TB methods, lengthy and are usuallk-point set of 57 points within 1/6 of the 2DBZ for the
restricted to systems with a limited number of inequivalent(111) face, 48k, points within 1/4 of the 2DBZ for th€110)
atoms. TB calculations mostly rely on some parameterdace and 36k, points within 1/8 of the 2DBZ for th€100)
whose transferability has sometimes been questioned btéce. Self-consistency was achieved when the root-mean-
which can produce quantitative results for systems with asquare difference between the input and the output charge
large number(up to a few thousangiof geometrically in-  densities was less thanx210™ electrons(a.u)?, which has
equivalent atoms. Thus TB methods open up the possibilityyeen proved to be sufficient.
of studying rough surfaces, homoepitaxial growth, step flow
growth, surface melting, or cluster deposition. Indeed such
problems would be difficult to model witab initio methods B. The spdtight-binding method
due to the CPU time required even on very powerful com-
puters. In any case before using a set of TB parameters in Let us briefly describe thepd TB model for platinum. A
such systems, it is necessary to first check that this set prgonorthogonal minimal basis set of p, and d valence
duces results in good agreement wath initio calculations atomic orbitals|i\) is assumed|i) denoting the orbitah
on simple systems. centered at siteé. Indeed platinum is at the end of thel 5

In this work, we have mainly investigated the low-index Series and andp electrons, which are better described in a
surface energies of platinum. Indeed, the study of low-indexaonorthogonal scheme, play a significant role in cohesive
surfaces is a prerequisite to that of vicinal surfaces of platiproperties. In this basis, solving the Schrédinger equation
num which are often used as a template to construct selfequires the knowledge of the matrix eleme(us-site and
organized structures such as nanowité&displaying spe- intersitg of the Hamiltonian and of the overlap matrix. The
cific magnetic or electronic properties. Moreover, strongintersite matrix elements of the Hamiltonian are limited to
couplings between these nanostructures and the substrdwo-center integrals. All these matrix elements are assumed
could occur. A detailed knowledge of the electronic properto obey given functional forms as a function of the inter-
ties of such surfaces is thus needed for future work. Here, watomic distance including parameters that are determined us-
focus on the main crystallographic faces of platinf(ii1), ing a nonlinear least mean square fit @mn initio bulk band
(100, and(110)]. In particular, we have calculated the sur- structure and total-energy curve for typically 4-6 interatomic
face energie€4(hkl) and compared the results given by andistances and two crystallographic structures, bcc and fec.
ab initio method based on a full-potential scheme tepsl ~ The corresponding functional forms and parameters can be
TB model. In addition, we have also investigated thefound in Ref. 11. One should note that these parameters are
missing-row reconstruction of th€110) surface and the obtained from systems in which all atoms are neutral since
6(111) ¥ (Tll) vicinal surfacé This paper is organized as they are geometrically equivalent. When this is not the case,
follows. In Sec. Il, we summarize briefly the two methods. Infor instance, in the presence of a surface, a shitis added

Sec. Il the results are presented and discussed. Concludirﬁ;?eeogg:getrit;:?;n'r;é)ggﬁirnto :tcfﬁggtui?égge:gﬁglg t:r;
remarks are given in Sec. IV. 9 9 : ’

nonorthogonality leads to a generalized eigenvalue problem.
In this case it is well known that a rigid shift of the on-site

Il. COMPUTATIONAL METHODS matrix elements of the Hamiltonian does not produce a rigid
shift of the eigenvalue¥. The potential that must be added to
A. The FLAPW method the Hamiltonian matrix4} to produce a rigid shiftV, of

The results were obtained with the ELAPW in bulk andthe eigenvalues has the following expression in the atomic
film geometry? as implemented in the computer code Orbital basis’
FLEUR?® based on density functional theory in LDA or GGA.
For LDA we used the exchange-correlatiofC) potential of
von Barth and Hedid? and for GGA the version of Perdew é\/ﬁ“: (N 6V|j ) = VoS, (1)
et al?® The surfaces were modeled by slabs wittn=11)
atomic layers of Miller indiceghkl). The Pt muffin-tin ra-
dius was set equal to 2.3 a(1.219 A). Inside each muffin- where S{\]“ is the overlap integral between orbit@h) and
tin sphere, the charge density and the potential were exarbital |ju). The generalization of this formula to the case of
panded in spherical harmonics with angular momentum up tan inhomogeneous system is straightforward:
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1 10 —
OV = (IN|oVlj ) = SV, + V) ). )

Of course one has to subtract the double counting term du
to electron-electron interactions, which has exactly the same¢ 5
expression as in the orthogonal case, i.e.,

1
Boe= Noar 2 OV + 22, 8VioN, (3)
| |

(eV)
=

whereN, 4, N;, andoN; are, respectively, the total number of ™
valence electrons per atom of the metal, the Mulliken popu-

lation of atomi, and its Mulliken net charge. As in Ref. 28 SE
the following relation,

oV, =UoN;, (4)

has been assumed with=5 eV. The local chargeéN; are -10 -—"/
determined self-consistently and obe&¥%éN;=0. Conse-

quently the double counting term in the total energy reduces = 0
to

Al
ol

1 FIG. 1. (Color onling The surface band structure of(P1l).
Eqc= EE U;(8N;)2. (5) Dotted lines(black) correspond to the FLAPW method and circles
i (blue) to spd TB calculations. Both FLAPW and TB calculations

The summations over the 2DBZ. involved in the TB calcu-"ere done using a 13 layers slab. The zero energy is taken at the
. Fermi level.

lations, were performed using 135, 136, and 256 Cunning-
ham specialk, point$® in the irreducible wedges of the

face of platinum usin@b initio and TB methods. The agree-
(111), (100), and(110) 2DBZ, respectively. platinum USInG it g

ment is almost perfect, up to 5 eV above the top of the
band, for the projected bulk band structure as well as for the
IIl. RESULTS

In this section, we present all the results we have obtained
using the full-potential method and tlspd TB method. The
bulk structural features calculated with the two methods
agree well with the available experimental data. With the
computer cod€LEUR, we have determined the theoretical Pt
bulk lattice constantg,, and bulk modulusB, to be equal to
3.89 A and 3.14 Mbar, respectively, within the LDA ap-
proximation, and to 3.98 A and 2.59 Mbar, respectively,
within the GGA approximation. These values are in good
agreement with the experimental values of 3.92 A and
2.78 Mbar® respectively. Nevertheless, as mentioned in
other works1=3*we find that LDA offers better agreement
for the lattice constant—0.43% compared to experimént
than GGA(+1.71% compared to experiménin addition the
bulk modulus is overestimate@inderestimatedwith LDA
(GGA). This is clearly connected to the underestimation
(overestimatiopof the lattice parameters obtained with LDA
(GGA). Within the spd TB theory, the calculated lattice pa-
rameter is 3.90 A. This value only differs by 0.25% from the ,
experimental one. The bulk modul(®.06 Mbay is close to 2 A l i
the value obtained with LDA. This was rather expected since -10 E (E,V) 10 -10 E (QV) 10
the TB parameters have been fitted to LDA calculatibns.

The calculated lattice parameters will be used in the follow- FIG. 2. Left column: LDOS on the bulklike atoms, i.e., belong-
ing. ing to the central layer of the slatshaded parjsand the surface
atoms(solid lineg in the case of FLAPW calculations. Right col-
umn: LDOS on the surface atoms obtained with the FLAPW
method(solid lineg, and spd TB calculations(dashed lines (a)

We start this study by considering unrelaxed surfaces, and 11), (b) (100), and(c) (110). The origin of the energy scale refers
first we compare the band structures obtained for(lid)  to the Fermi energy.

LDOS (arb. units)

-—

[

LDOS (arb. units)

(©

LDOS (arb. units)

4 A
J) I “

A. Electronic structure of the low-index surfaces
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TABLE |. Electronic valence charge of, p, and d character in the muffin-tin spher@LAPW) or
projected on the atomic orbita{spd TB) of the different(hkl) films for unrelaxed geometries. The surface,
first subsurface, and central atomic layers are denoted as S, S-1, and C, respectively.

FLAPW TB

Orientation Atom S p d Total S p d Total

11y P1(C) 0.379 0.282 7.136 7.845 0.696 0.679 8.605 9.978
Pi(S-1) 0.374  0.277 7.135 7.835 0.694 0.664  8.629 9.987

PLS) 0.385 0.218 7.133 7.770 0.795 0.622 8.684 10.101

(100 P1(C) 0.379 0.281 7.135 7.844 0.696 0.678 8.600 9.975
P{(S-1) 0.376 0.277 7.125 7.827 0.701 0.675 8.602 9.978

PL(S) 0.376 0.189 7.162 7.758 0.797 0.560 8.776 10.136

(110 P1(C) 0.379 0.282 7.133 7.843 0.696 0.677 8.602 9.975
P(S-1) 0.377 0.263 7.109 7.794 0.727 0.689 8.592 10.008

Pt(S) 0.365 0.164 7.198 7.752 0.784  0.503 8.869 10.156

dispersion curves of the surface states present in the gapsound 80% of thel electrons are insid& (see Table)l
(Fig. 1). Another interesting quantity describing the surfaceThis is the reason for the similarity of the LDOS obtained
electronic structure is the local density of stateBOS) on  with the two methods. However, tlewave functions near
atoms belonging to successive layers. In both methods thethe Fermi level have an antibonding character and thus ex-

are defined starting from the LDQOSr ,E) at pointr: tend less outsid&y. This qualitatively explains the differ-
) ences found near the Fermi level. This argument was
n(r,E) = > |¢n(r)[PS8E - Ey), (6)  checked in detail for bulk Pt where the density of states
n

(DOS) of both methods are in perfect agreement.

wherey,,(r) andE, are the eigenfunctions and the eigenval- N order to go further in the comparison between the two
ues, respectively. In the FLAPW method the LDOS at site Methods, we have analyzed the distribution of the charge

is defined as the integral ofr ,E) over the muffin-tin sphere 0etween thes, p, and d orbitals in the muffin-tin sphere
S centered at sité, i.e. (MTS) of the FLAPW method and in thg p, andd orbitals

of the TB basis set. In Table I, we present the number of
electrons in each orbital for the bulklike atof@), the sur-
()= SE- EH)J [l P (") face(S), and subsurfacéS-1) atoms. Noteogh;t the MTS
" . volume is about half the atomic volume. The comparison
In the TB approachy,(r) is written as a linear combination between the total populations per atom given by TB and in
of atomic orbitals|in) with coefficientsc;,(E,). The total the MTS given by FLAPW shows that the electrons are
density of states is obtained by integrating E8). over the  strongly localized in the MTS, as stated above, while she

whole space. This can be written andp electrons are almost equally shared in the MTS and in
the remaining volume. Moreover, it is worthwhile to observe
n(E) = > ni(E), (8)  that on the surface atoms of the three surfaces there is a
‘ decrease of the total charge in the MTS, this change being
thereby defining the LDO®;(E) as mainly due to the decrease of thepopulation.
We have also calculated the work functigat O K) for
n(E)= >, CT)\(En)Cj;L(En)S)}'ué(E_ E,. (9)  each surface orientation with the FLAPW method using the
njAu film geometry. Unfortunately, thepd TB method does not
Thus the LDOS calculated with the two methods are not o
expected to be strictly the same. TABLE Il. Work functions (in eV) of flat surfaces.
In Fig. 2, we present the LDOS,(E) for two different i _
sitesi of the three different faces using the two methodsCrientation  FLAPW-LDA Others Expt.
(note that they have been renormalizethe shapes of these (111 6.53 6.0726.740 6.1%

LDOS are very similar. In both methods we observe the
well-known overall narrowing of the LDOS on surface at-
oms. However, the amplitudes of the LDOS are slightly dif- 19

ferent especially at the Fermi level. Indeed, in any case thesee Ref. 33.
LDOS are dominated by the electron contribution and bSee Ref. 13.
should be very similar when these electrons are almost confSee Ref. 61.
pletely contained inside th§ sphere. In the present case YSee Refs. 62—665.

(100) 6.52 6.97 5.77-6.10
6.19
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TABLE IlIl. Surface energiegg(hkl) of low index surfaces of platinum calculated using $ipelTB and FLAPW methods compared with
previous results from Refs. 13, 16, and 37. The experimental value is also reefed. All results are given in e\(éurface atonand
refer to unrelaxed surfaces.

Orientation FLAPW-LDA FLAPW-GGA spdTB LMTO-GGA KKR-LDA LMTO-LDA Experiments

(111 1.10 0.85 1.01 1.00 0.96 0.98 1.03
(100 1.50 1.16 1.45 1.38 1.27 1.19
(110 2.26 1.70 2.18 2.01 1.97

allow us to have access to this physical quantity. Our resultare repeated periodically and separated by 5, 5, and 8
are listed in Table Il together with other theoretical calcula-vacuum layers for th¢11l), (100), and (110) surfaces, re-
tions and experiments. The work functions of {141) and  spectively. Within thespd TB method, 13-layer slabs were
(100) faces are nearly the same while the values obtained bysed for(111) and(100) surfaces and 17 layers for tli&10)
Skriver and Rosengadit exhibit a deviation of 3%. It surface. In both cases it was checked that increasing the
should be noted that in the case of Agheoretically calcu- number of layers does not change the surface energy signifi-
lated work functions of th€111) and(100) faces were found cantly. The surface energies per surface atom were then de-
to be nearly identical. At this stage, we cannot concluddined by
whether this difference is realistic or not. The Pt work func-

tions W obey the relation:

1
Eg(hkl) = E[Ehkl(n) = NEpyl, (11
Wi111 > Wa0g > W19 - (10

o hereE;,(n) is the total energy per unit cell of the slab, and
Note however, that theL10) surface exhibits &1 x 2) recon-  WN€r€Enki )
€10 & x2) (Jj:—bulk is the bulk energy per atom andis the number of

struction at equilibrium. These inequalities can be explaine tomic | in the siab. Note that for th lculati f
on the basis of geometric considerations. In general, one eft O]En'c ayers in tﬁ sg t ote i a c:cr th N t(;allfu ation o
pects the work function to decrease as the surface becomgyf'ace energies, ine determination ot the bulk energy 1S

more open due to the smoothing of the modulation of thEcr:‘ntical. This energy can be extracted from a true bulk calcu-

- . tion or from the difference of two slab calculations. We
electron density at the surface. This argument apparently ap® . .
y 9 bb y ave checked that both procedures give the same results if

plies to Pt surfaces. Finally, compared to the work function h ber of | is | ht hi h
of Skriver and Rosengaard, our values are closer to exper}— € number of ayers IS large enough to achieve the energy
onvergence. The different results are listed in Table IIl. The

ment since it is known that the work function decreases’ | ted iouslv by Vitost al 6 Galanakiset
slightly with temperature. It should also be mentioned thatv‘lr’l 1317es rgpglig pl’chIiOLIJ?5y y élﬁob a.’l aanat Ijef
reconstruction could modify the work function value. In par- al,” an fiver and Rosenga re aiso reported for

ticular the(100) surface is metastable and can undergo seyeomparison. One first notes that the values for the surface
eral reconstructions, thélx 5) being the most common energies obtained with GGA are the smallest ones reported in

one5.:36 this table, even though Vitost al. used also the GGA in their

' calculations. The FLAPW-LDA values argpd TB ones are
quite similar and differ at most by 9%. These values are the
largest and are closer to those calculated by \&bal. Dis-

Let us now discuss the surface energies of the three maierepancies between the FLAPW-LDA method and other
flat surfaces. In a first step, no atomic relaxation has beemethods have been already reported by Galanetkas38 in
allowed. In the FLAPW approach, a 13-layer slab was usedhe case of Au surfaces. However, for Au the values obtained
to model the(111) surface, 15 layers for th€l00) orienta- using the full-potential Korringa-Kohn-RostokéFKKR)
tion, and a 19-layer slab for th@10) surface. These slabs method are larger than the FLAPW-LDA ones.

B. Surface energies of low-index surfaces

TABLE V. Unrelaxed surface energy and work function of 0) given by several LDA exchange
correlation potentials at fixed lattice paramet@192 A).

Exchange correlation potential Surface enefgy/atom) Work functions(eV)
Moruzzi, Janak, and Willianis 1.50 6.21
von Barth and Hedth 1.53 6.57
\Vosko, Wilk, and Nusafr 1.50 5.96
Perdew and Zunggr 1.50 6.12

3Reference 66.
bReference 24.
‘Reference 42.
dReference 43.
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24 —
22 (2'.16) —
2.06
i (2'.0 %) (2.01) (2.00) ( - b FIG. 3. The anisotropy ratios
2 = = of surface energieger atom for
= t 4 platinum,Eg(100/Eg(111) (lower
ST _ valueg andEg(110)/Eg(111) (up-
= L i per valuegy using spd TB,
2 FLAPW, LMTO from Ref. 16 and
uf” 1O N FKKR from Ref. 38 methods. The
- 14 1 two solid lines represent the ideal
u (1.36) (1.37) (1.37) . . b .
14+ . - - (133) first-neighbor broken-bond ratios:
C = = 4/3 for (100) and 2 for(110.
12+ -
1 | | I | I
TB FLAPW-LDA  FLAPW-GGA LMTO FKKR

Actually, the surface energy may be sensitive to the techperimental value becomes as good as the one obtained with
nical details and approximations made in the calculationspdTB method while in GGA we get 4.01 A. The relativistic
Thus we have carried out several computations in order taorrections to the XC potential do not modify the values of
check the accuracy of our results. First, we have verified théhe surface energy obtained previously. In contrast, the
convergence with respect to the numb@r” of k; points.  surface energy is more sensitive to the introduction of
Indeed, in Ref. 38, the authors have shown that, at leaghe SO coupling since it leads to an energy equal to
for the (111) face, the surface energy is very sensitive t00.90 eV/surface atom This decrease of the surface energy
N, (Fig. 2 of Ref. 3. We have recalculated the surface can be understood qualitgtively using a simple B model
energy of the(111) face with Nk”:300 instead of 57 within !lmlted to the_d ba_lnd. In this model the total energy is split
the LDA. The value obtained1.12 eV/surface atopj  Into two antnbutlons, a band term and a repulsive té_the _
is similar to the one previously calculatefil.10 ev/ former being the leading one. In the usual approximation
(surface atoni, i.e., the convergence was achieved sinceVhere only intra-atomic matrix elements of the spin-orbit
these two energies differ only by 2%. This feature contrast$OUPIINg interaction are taken into account, the second mo-
with the study of the noble metals done by Galanakial.in ~ ment of the LDOS of an atom in tf(&ll)zsurfazce and in the
which the value of the surface energy was much more serPUlk are respectively & +3¢2/2 and 1% +3¢%/2, whereps

sitive to NkH- As explained in Ref. 37, unlike thel11) sur- Is an effective hopping integral between nearest neighibors

face of fcc transition metals, noble metals exhibit an occu-and.§ the spin-orbit parameter. The ratio of the k_:Jand contri-
— bution to the surface energy with and without spin-orbit cou-

pied surface state centered at tepoint just above thel  jing is given by
band, and thus a very denkepoint grid is needed in the

calculations of the slab total energy for the latter elements. Ega”d(g) B V12B%+ 36212 —\9B8% + 3822
Second, still considering th&11) face, we have also tried Ega”d(O) - V1232 - \9—,82 ' (12

to estimate the effect of spin-orlfisO) coupling and also of

relativistic corrections of MacDonald and VosRintroduced  For Pt 8=0.41 eV (Ref. 40 and £&=0.62 eV (Ref. 41) we

in the XC potential in LDA. Indeed, these corrections mayfind E2"{(¢)/E2"(0)=0.86, to be compared with the value
be important for the heavy elements of the &eries. We 0.82 found in FLAPW calculations.

have first recalculated the lattice parameter introducing the Third, the choice of the XC potential could also be tested.
SO coupling. For LDA(3.91 A), the agreement with the ex- A large variety of XC potentials in the LDA approximation

TABLE V. Relaxed surface energies and relaxation of the inter-planar distakegn %) for ideal low
index surfaces of Pt calculated from FLAPW-LDA asdd TB.

P11 Pt(100 Pt(110
FLAPW TB FLAPW B FLAPW B
Surface energyeV/atorn) 1.10 0.98  Experiments 1.49 1.45 2.16 2.04
Ady, (%) +1.3 +3.8 +1.1 -1.9 -0.5 -14.0 -16.7
Adyz (%) +0.3  +0.2 +0.2 +0.3 +0.4 +83  +124
Ads, (%) +0.5 -0.4 - +0.9 +0.04 -0.8 -3.0

3Reference 48.
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P, PrS) depending on the surface orientation. The number of nearest-
i ~ S neighbor bonds broken by the surface is 3, 4, and 6 for the
(1112), (100, and (110 orientations, respectively. Actually
Pis-1l P(S-2)ll 2 LMTO, FKKR, and FLAPW give results very close to 4/3

- for E4(100)/E4(111) and to 6/3=2 forEg(110/Eg111). In
PUs-2)l dss the following, we will only present results corresponding to
S-2 LDA calculations and compare them with those obtained
d with the spd TB method.

The relaxation of the three flat surfaces has also been
investigated. The relaxation of the interplanar distance
between planes and j is expressed as the ratibd;; = (d;;
—do)/dy (in %), whered; is the interlayer spacing between
PHC) the layers andj, anddy is the interlayer spacing distance in
the clean unrelaxed surface. Within tapd TB method, all
layers were relaxed whereas in the case of the FLAPW

FIG. 4. Schematic drawing of the geometry of the missing-rowmethod, only the three outermost layers were allowed to
structure for thg1 X 2) P{(110) surface. Shaded circles correspond move. We have verified the validity of this assumption on the
to the relaxed positions and empty circles the unrelaxed ones. (100) face considering the relaxation of a larger number of

planes. In Table V the structural parameters and the relaxed
can be found in the literatuf&:*?4*We have compared in surface energies are presented. As expected, the surface en-
Table IV the surface energy and the work functions ofergies of relaxed surfaces are slightly smaifeom —0.07%
Pt100) using a number of these potentials. Note that weto —6.5% with respect to the unrelaxed cases, the largest
have used the same lattice parameter, namely the experimegieviation being observed for the most opdi0) surface.
tal one (3.92 A). The four XC potentials give almost the Indeed the(110) surface exhibits a large inward contraction
same surface energy, the largest difference being of the ordef the first interlayer spacing by —14%LAPW) or —16.7%
of at most 2%. Note that the work functions depend morgspdTB), and an expansion of the second interlayer spacing
strongly on the choice of the XC potential, as was alreadyoy +8.3% (FLAPW) or +12.4% (spd TB). Note that the
mentioned by Alderet al** for Ni(100). FLAPW results are very similar to those obtained by Jenkins

Fourth, the cutoffik.,,,) of the wave vector in the plane- et al#” using anothemb initio code, and that thepd TB
wave expansion of the wave functions may be too small tanodel has a tendency to overestimate the contractions or
describe the wave functions outside the MTS. For(t@0)  expansions of the distance between the layers. Orjlth
face, we have done a calculation wkh,,=4.8 a.u. in order face, both approaches agree in predicting an outward relax-
to check the validity of our first choice. With this new cutoff, ation of the top layer(also verified by experimerfty.
the surface energy is also equal to 1.50 eV/atom. Thus inWhereas it reaches a value of +3.8% wisipd TB, it
creasingky,ax does not modify the surface energy. amounts to only +1.3% with the FLAPW, in very good

According to these checks, LDA seems to be a good comagreement with the experimental results of Materenl 8
promise to get a realistic description of platinum surface enfor the(100) face, contrary to the two former ones, thed
ergies. In addition, LDA gives better agreement with experi-TB model seems to underestimate the first interlayer contrac-
ment for the atomic volume. Note, however, that, as alreadyion compared to FLAPW but once more, the general tenden-
stated the bulk modulus is better described in GGA. Theseies are similar.
slight differences have been already largely discussed in the In the case of platinum, it is nowadays well known and
literature?>*¢ Nevertheless, it should be noted that the aniso-observed experimentally, as well as found theoretically, that
tropy ratiosEg(hkl)/Eg(111) given by LDA and GGA(Fig.  the (110 face exhibits g1 X 2) missing-row reconstruction.

3) are almost the same whilepd TB gives slightly larger The experimental studies reveal a considerable variation of
values. Galanakist al3” have suggested that the transition- the first interplanar distance: —0.26 A or —0.28 A by low-
metal surfaces usually follow the broken-bond rule but withenergy electron diffractiof»>°-0.42 A by x-ray photoemis-
larger deviations than for noble metals because tthéiand  sion diffraction®® and —0.5+0.1 A by neutral impact colli-

is not filled and their LDOS present peaks at the Fermi levekion ion-scattering spectroscotfyOn the theoretical side, a

Pu(S-2)ll

TABLE VI. The relaxed structural parameters for the reconstructétl1Bi-(1 X 2) surface[P; denotes
pairing displacements in théh row; &; denotes buckling in the third Pt layésee Fig. 4].

Ads (%)  Adyg (%)  Adgy (%) Adgs (%) P, (A) 8 A) Py A) References
-18.8 +0.5 +1.7 +1.4 0.04 0.28 0.07 Present results FLAPW
-26 -3.7 -1.5 +2 0.05 0.42 0.08 Present ressifid TB
-16 0 +2 0 0.03 0.27 0.07 TheotRef. 49
-17.6 -0.5 - - 0.04 0.25 0.11 TheotRRef. 57
-20.8 -1.1 -1.1 +0.4 0.05 0.17 0.05 ExperimefRef. 50
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TABLE VII. Surface energies and reconstruction energies in eV /‘ n
per (1 X 2) cell for the ideal(1 X 1) and reconstructefl X 2) (110 N N
Pt surfaces. hi{\ 4 e
ng ) (“ ................
FLAPW spdTB fbo
(1x 1) unrelaxed 4.36 4.36 d=(p-1+f) b |
(1) relaxed a.17 4.10 FIG. 5. Cut of a vicinal surface through a plane normal to the
. O u VICI u u
(1x2) unrelaxed 4.23 4.16 step edgesb is the distance between two consecutive stégss
(1x2) relaxed 3.93 3.63 the distance between two consecutive rows in a terréds, the
Reconstruction energgunrelaxed -0.13 -0.20 misorientation angle ang the number of atomic rowéncluding
Reconstruction energyelaxed -0.24 -0.47 the inner edgeparallel to the step edge in a terraéés a geometri-

cal factor depending on the vicinal surface, dnig the interplanar

) ] spacing along the direction normal to the terraces.
Slater-Koster parametrized TB schef® predicted rather

smaller relaxations, whereas the EAM® and FLAPW’
methods gave results comparable to most of the experiment
values. We have also studied this reconstructed structure
means of our two approaches. In order to go further than Le
et al,> who also used a full-potential technique but with
slabs of seven layers only, we have modeled th& 2)

laxed valug(-0.47 eV to the value given by Jenkiret al*’
—0.2 eV). In contrast, the FLAPW value of the reconstruc-
on energy is in better agreement with the one given by
enkinset al. Finally, it should be noticed that the surface

energies obtained with FLAPW for the ided X 1) surface

P1(110) surface by a single slab consisting of eleven IayeréDer (1x2) unit cell are not exactly twice those given in
instead of seven. This choice was made in order to decread@Ple Il (unrelaxed caseand Table V(relaxed case These
finite size effects that are present in the Legeal. calcula- _5|ght dlscrep_anCIes are due to the thferent number of layers
tions since their results show that the atoms belonging to thi¢luded (11 instead of 17, respectivhand also, may be
central layer have an atomic environment still significantlydu€ the differenk; point samplings in thé2x 1) and the
perturbed from the bulk one. On the surface layer on eacht X 1) cell.

side of the slab the missing-row structure was assumed and
the slab was repeated periodically with 8 vacuum layEig.

4). With theFLEUR code the Kohn-Sham equation was solved
at 24k, points within the irreducible wedge of the 2DBZ. e consider vicinal surfaces presenting a periodic succes-
ThespdTB calculations were carried out for a 17-layer slabsjon of terraces with equal widths, separated by steps of
using 64k, points. Our results for the structural parametersmonoatomic heightsee Fig. 5. Using the simple model pro-
are presented in Table VI. The outermost interlayer spacingosed by Vitoset al,5® we have calculated the energies of
shows a significant contraction dfd;,=18.6% (FLAPW) different kinds of isolated steps. Starting from ttil1),

and Ad;,=26% (spd TB) with respect to the bulk distance. (100, and(110) surface energies three effective pair poten-
In addition, a large vertical buckling; in the third layer, and  tials (EPP V (s=1,2,3 can be evaluated using the follow-

a lateral row pairing in the secort@&,) and fourth(P,) layers  ing relation:
are observed. They reproduce, especially within the FLAPW

approach, the calculations of Le¢al®” and Jenkingt al*’

and corroborate the experimental findings. Table VII gives

the surface energy peilx 2) unit cell for the ideal and Es(hkl):ElnS(hkl)VS. (13)
reconstructed P110) in the relaxed and unrelaxed cases. .

The reconstruction energies, namely the surface energy dif-

ference between thél X 2) and (1X 1) phases peflXx2) In this expressionng(hkl) is the number of broken bonds in
unit cell, are also reported. The two methods conclude to &e sth coordination shell for a surface of indicéskl). Us-
stabilization of the system by the missing-row reconstrucing the surface energigsee Table Ilj for each method the
tion. Relaxation reinforces this behavior. The surface enervalues ofVy, V,, andV; have been determined and are listed
gies obtained by the TB method tend to overestimate thén Table VIII. From these pair potentials, the energy of an
reconstruction energies especially if one compares the rdsolated step can be expressed as:

C. From low-index surfaces to vicinal surfaces

3

TABLE VIIl. The effective pair interactions in eV derived from the surface energies of Table Ill. The
values obtained using the LMTO-GGA values of the surface energies can also be found in Ref. 58.

Pair interactions FLAPW-LDA spdTB LMTO-GGA KKR-LDA
Vy 0.410 0.441 0.316 0.38
V, -0.017 -0.055 -0.0197 0.002
V3 -0.007 -0.012 0.0096 -0.016

235423-8



COMPARATIVE STUDY OFAB INITIOAND TIGHT-... PHYSICAL REVIEW B 70, 235423(2004)

TABLE IX. Calculated step energies for several vicinal surfaces of platinum using the effective pair potential BRigel

Stepped surface orientation Miller indices EPP FLAPW-LDA spdTB LMTO-GGA KKR-LDA
p(111) X (100) (p+1,p-1,p-1) 2V, +4V; 0.792 0.832 0.670 0.697
p(111) x (T]_]_) (p-2,p,p) 2V +4V, 0.792 0.832 0.670 0.697
p(100 X (117 (1,1,p-1) Vi+2V, 0.376 0.330 0.277 0.384
p(100 X (010 (0,1,p-1) 2V1+2V, 0.786 0.771 0.593 0.764
p(110) X (111) (2p-1,2p-1,1) V,o+2Vs3 -0.048 -0.080 -0.001 -0.029
3 surface energy database. For example, using the energy da-
EstedP) = > Nsteps(P) Vs, tabase of Galanakist al,2® V, is positive, contrary to the
s1 other methods. In addition, all calculations give a very small

(14 negative step energy on the vicinal surfaces withO) ter-
Nsteps(P) = Ns(P) — (p— 1 +f)ng(=0), races for steps witkil1l) ledge orientation. This shows that
the ideal(110) surface is not the most stable one as discussed
wherep characterizes the number of atomic rog@rcluding  in details in Refs. 58 and 60. Indeed, as stated above, the
the inner edgeé parallel to the step edge in a terrace, dris (110 surface of Pt exhibits €l X 2) missing-row reconstruc-
a geometrical factor depending on the vicinal surfésee  tion.
Fig. 5. The numbers(p) andng(=) are the total number of In order to conclude this study of the platinum surfaces
bonds in thesth coordination sphere broken by the vicinal and also to make comparisons between the two methods, we
and flat surfaces, respectively. Due to the short range of theave carried out similar calculations for the unrelaxed
EPP,ngeps(p) becomes a constant as soonpasvercomes a  6(111) X (111) [or (233)] vicinal surface. Figure 6 gives the
valuep.., which is actually very small: most often, according geometry of this surface and indicates the geometrically in-
to Vitos et al,*® p,,<2. Raouafiet al> have shown that the equivalent atoms in the unit cell when the vicinal system is
method proposed by Vitost al. is quite valid if an estima- modeled by slabs of 45 layers oriented in f883] direction
tion of step energies te=10"2 eV is needed and step-step separated by 20 vacuum layers. In FLAPW calculations the
interactions as well as atomic relaxation are disregarded. Usonvergence was achieved usingk 5points in the irreduc-
ing Eg. (14), we have calculated the step energies correible wedge of the 2DBZ and the LDOS were computed with
sponding to stepped surfaces with eith@dl), (100, or 40k, points. With the TB method 6K, points were used in
(110 terraces. The results are listed in Table IX. The agreethe irreducible wedge. Within TB calculatiorBye,is found
ment between all results is reasonable for the stepped sut be equal to 0.815 eV and is very close to the value deter-
faces with(111) terraces. Considering the vicinal surfacesmined with the EPP approach. FLAPW calculations give a
with (100 terraces, for which the value &f, plays an im-  smaller valug0.582 eV. In Fig. 7, we present the LDOS of
portant role, larger differences are found. From Table V it isdifferent atoms of the stepped surface. It is seen that the
indeed seen that the value 8§ is strongly dependent on the

. _ atom 0 atom 22 : atom 21
£
22 ; f‘
21 = i
o 200 T e i
@'—.:f’CQ 18 12 ot & e 8
V17 LT M L [a)
O :,\;.‘—._@ @ :.\\-;‘.’@' = y y
O s @~ .
e i . @ S ~ » - atom 20 | atom 19 atom 17
L L@ O O £
CAleT 0 ¢l M ,. J
- O 1 @ T O 2
O x q
0 ,’ Y | f/ les, 1
) 1 | L | % I | 1 | 2 1 | 1 |
FIG. 6. Cross section by a plane perpendicular to the step edge 8 E((e)\/) 8o E(g\,) 508 E(g\,) ’
of the 6111 X (111) or (233 Pt vicinal surface. Empty circles
correspond to atoms in the plage 0 whereas dotted circles corre- FIG. 7. The local densities of states obtained from FLARWI

spond to atoms in the plang=a/2, a being the nearest-neighbor lines) andspdTB (dashed linesfor different atoms of the P233)
distance. The geometrically inequivalent atoms in the unit cell ofvicinal surface. The numbering of atoms is defined in Fig. 6. The
the 45-layer slab used in the calculations are labeled from 0 to 22rigin of the energy scale refers to the Fermi energy.

235423-9



BAUD et al. PHYSICAL REVIEW B 70, 235423(2004)

agreement between TB and FLAPW LDOS is quite goodfects were also checked. We show that the surface energy of
From the LDOS, we can say that contrary to rhodium forthe (111) surface and the relaxation of the three low-index
which outer step edges might become magnetic dependingurfaces agree well with the experimental findings using TB
on the step geomet®,it is unlikely that platinum becomes as well as FLAPW-LDA methods. An outward relaxation is
magnetic at least for this step configuration. Indeed thdound for P{111) while less close-packed surfadé$00) and
LDOS at the Fermi level are not enhanced compared to th€l10)] exhibit inward relaxations. However, it is well known
bulk one even on the outer edge atom. Thus, according to thithat the(110) surface undergoes @ X 2) missing-row re-

Stoner model, no local magnetic moment is expected. construction and, indeed, the calculated surface energy of
this structure is smaller than that of the idéd10) surface.
IV. CONCLUSION Following the effective pair potential method developed by

] ) o Vitos et al, we have calculated the step energies for various
In this paper we have made a careful investigation of thesiep geometries. Finally, we have carried out full calculations
electronic structure of platinum surfaces by comparing twagyp, the(233) vicinal surface and found that the LDOS were
different approaches. We have used a nonorthogonal basis $¢darly identical with the LDA and TB methods. In the near
of s, p, andd valence orbitals in the tight-binding scheme in fytyre, we would like to extend this study by considering
order to better describe the cohesive properties of platinumnetallic adsorbed speciegrowth, equilibrium structures,

The sources of uncertainties _inherent to DFT caIcu_Iation%md electronic propertigon flat and stepped Pt substrates.
have been carefully analyzed in the FLAPW method imple-
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