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A systematic study of the bulk and surface geometrical and electronic properties of a series of
transition-metal carbide6TMC with TM=Ti, V, Zr, Nb, Mo, Hf, Ta, and W by first-principles
methods is presented. It is shown that in these materials the chemical bonding is strongly covalent,
the cohesive energies being directly related to the bonding-antibonding gap although the shift of the
center of the @2s) band related peak in the density of states with respect to diamond indicates that
some metal to carbon charge transfer does also take placd0Uheface of these metal carbides
exhibits a noticeable surface rumpling which grows along the series. It is shown that neglecting
surface relaxation results in very large errors on the surface energy and work function. The surface
formation induces a significant shift of electronic energy levels with respect to the corresponding
values in the bulk. The extent and nature of the shift can be understood from simple
bonding-antibonding arguments and is enhanced by the structural rippling of this surf26850
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I. INTRODUCTION by near edge X-ray absorption fine structUldEXAFS)
spectroscopi€sand also by theoretical methods. However,
Transition-metal carbides exhibit broad and amazinghe amount of information is quite limited and sometimes
physical and chemical propertiésheir properties may be contradictory. A key issue of these studies concerns the de-
viewed as resulting from a combination of those of covalenigree of charge transfer between metal and carbon atdms.
solids, ionic crystals, and transition metals. Thus, they exAll studies indicate a certain amount of charge transfer from
hibit extreme hardness and brittleness as diamond and othghte metal to the carbon which is evidenced by clear shifts on
covalent solids, very high melting points and simple crystalthe relevant bands. However, it is difficult to relate these
structures such as many ionic compounds, and electrical arshifts with the actual extent of the charge tran&f@ruzalski
thermal conductivities typical of metals. The curious behav-and Zehner have shown that in bulk TaC and HfC, the direc-
ior of metal carbides makes these materials very attractiveion of the metal core-levels shifts is differeh&urface core-
from the fundamental and technological point of viewgor  level shifts with respect to the bulk have been observed on
example, transition-metal carbidéBMC) are being used in- most metal surface$*® although there is almost no infor-
creasingly in heterogeneous catalysis because in many asation for the corresponding carbides except for TiC. For
pects they display a chemical behavior which is reminiscenTiC, density functional theoryDFT) calculations based on
of platinum and other transition metals such as Pd, Ru, or Rthe local density approximatiof. DA) suggest that there is
but in addition exhibit important advantages over these bullho bulk-surface core-level shift for the(%) level and that
transition metals in activity, selectivity, and resistance to poifor the Ti(2s) level it is of ~0.05 eV only?4 However, the
soning, especially by sulfdrin some reactions, the TMC predicted lack of a shift for the @s) core level is not con-
can also equal or surpass the catalytic activity of the preciousistent with subsequent photoemission experiments where a
metals. They can catalyze reactions of hydrogenation angmall surface-to-bulk core-level shift has been measured
dehydrogenation, hydrolysis isomerization, hydrodesulfurfrom the deconvolution of the experimental pealCareful
ization, and hydrodenitrogenatidn. theoretical analyses reveal that the final surface-to-bulk core-
The electronic structure and chemical bonding in bulklevel shift arises from the cancellation of various effects and,
transition-metal carbides have been studied by experiment&lence, is quite often of-0.5 eV or even smallér’® There-
techniques, mainly X-ray photoemissfoand more recently ~fore, more precise experimental data would require the use of
high-resolution core-level spectroscopy exploiting the prop-
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bonding mechanisms have been discussed by various apling has later been confirmed by LDA calculations using a
thors. In his comprehensive review, CReomments thatthe FP-LMTO basis set>* Further experimental efforts have
ionicity decreases along the series—ZrC more ionic tharfocused on determining if rippling takes place on other car-
MoC—and that the bonding involves three main contribu-bides such as HE although, apart from the recent work of
tions. A metallic one arising from the rearrangement of theHugossoret al?® on the unrelaxed001) surface of a wide
metal-metal bonds, a covalent part due to the formation oferies of transition-metal carbides, there is no experimental
typical chemical bonds between metal and nonmetal atom®r theoretical information for thg€001) surface of other
and a third contribution from ionic bonding arising from the transition-metal carbide surfaces.
metal-to-carbon charge transfer. However, it is very difficult In the present work we describe the crystal and elec-
to extract information concerning the extent of each of thesdronic structures of a series of TMC having a 1:1 stoichiom-
contributions by experimental techniques. This kind of infor-etry. In order to investigate trends in a systematic way, three
mation can better be obtained by electronic structure calcudifferent groups of transition-metal elements have been cho-
lations. Based on full-potential linear muffin-tin orbit@P-  sen. These are group(i, Zr, Hf), group 5(V, Nb, Ta), and
LMTO) DFT calculations within the generalized gradient group 6(Cr, Mo, W). For most of the carbides under consid-
approximation(GGA), Djellouli and Aourad’ decompose eration(TiC, VC, ZrC, NbC, HfC, and Taf, the most stable
the density of state€DOS) of TiC into three well separated phase corresponds to a fcc crystal packing; for MoC various
regions, one clearly dominated by the&26) orbitals, one Stable phases exist and ti#eMoC, although not being the
bonding region (hybridization of d-metal orbitals with ~most stable phase, has been chosen because it displays also a
p-carbon orbitals and the corresponding antibonding region fcc structure. The tungsten carbi@&/C) has been included
just above the Fermi level, dominated by the metattates in spite of exhibiting a distorted hexagonal close packed
but with small degree of hybridizeﬂ-carbon states. These structure. Fina”y, chromium carbide has been excluded be-
results are also similar to those reported earlier by Haglungause it does not exhibit any phase with CrC stoichiometry.
et al®2*and more recently by Hugossenal,?®>?the later  In a first step, bulk properties such as lattice parameter, bulk
focusing as well on the electronic structure of metal carbidénodulus, and electronic structure are calculated, whereas in a
surfaces. These studies are also based on the use of th@cond step the electronic and geometric structure of the
LMTO basis but within the LDA method. Furthermore, Djel- (001 surface is investigated in detail including surface for-
louli and Aourag’ propose a model for TiC where the mation energies and work functions. In particular, the influ-
chemical bond is different depending on the crystal direction€nce of surface relaxation on these properties is stressed.
mainly covalent in th¢001] but ionic along thg111] direc-
tions with significant charge transfer from the metal to the
carbon. This is difficult to rationalize due to the symmetric
rock-salt structure of TiC. However, this interpretation arises  The calculations were carried out in the framework of
from the analysis of the electron density maps, a propertypFT within the GGA. All electron calculations were carried
which provides important qualitative information but which out with the DMof code® while frozen core calculations
otherwise is difficult to use in a more quantitative way.were performed with a parallel version of VASP4.5
Zhukov and GubandV use a similar approach and decom- code®**! Two different implementations of the GGA were
pose the bulk moduluBy in contributions of the main fea- used: the exchange-correlation functional proposed by Per-
tures of the band structure. Zhaegal. have reported a study dew et al,*? hereafter referred to as PW91, and the revised
of the decomposition of cohesive energies dfcarbides on  version of the Perdew—Burke—Ernzerhof functiottaisually
different bonding contribution® Finally, for metal carbides referred to as RPBE" In the PW91 calculations with VASP,
of cubic structure, a direct correlation between core-leveh plane-wave basis set was used to span the valence elec-
shifts andB, has been report@a. tronic states and the core electrons were represented by the
Transition-metal carbide surfaces have been characteprojected augmented way®AW) method of Blochf*® This
ized experimentally through various surface science techean be regarded as an all-electron frozen core method, which
niques(LEED, XPS, STM, etg. The stability of the three combines the accuracy of an all electron description with the
low-index surfaces has been studied in detail for’fighd it computational simplicity of the pseudopotential approach,
was concluded that th@01) surface is the most stable one, especially in the implementation of Kresse and Jouffert.
the (111 surface is metal terminated and that €0 sur-  This representation of the core states allows one to obtain
face does not exist because of the formation of microscopiconverged results with a cutoff kinetic energy of 415 eV for
(310 oriented facets. Early impact collision ion scatteringthe plane-wave basis set. A Monkhorst—Pack grid has been
spectroscopyICISS) experiments carried out for T{G01) used to select the specilil points necessary to carry out
did not reveal significant rippling of the surfaééalthough numerical integrations in the reciprocal space. The number
later experiments on T4001)* show a clear displacement of k points in each direction has been adapted for each sys-
of the carbon atoms outwards to the vacuum accompanied ktgm, until total energies computed with increasing setk of
an inwards relaxation of the Ta atoms. Recent LEED experipoints differ by less than 0.01 eV. The meshes used vary
ments on TiCO01) have also found evidence of a significant from 11X 11X 11 to 17X 17X 17 for bulk carbides and from
relaxatior’® and the same trend is observed in high-9x9Xx 1 to 13x 13X 1 for the different(001) surfaces. The
resolution medium-energy ion scattering spectroscopy catchoice of odd numbers in thepoint grids is just for com-
ried out for both TiG001) and TaG001).>* This surface rum- putational convenience. In this way, the high symmetry,

II. METHOD OF CALCULATION
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points coincide with some of thepoints on the Monkhorst— TABLE I. Calculated and experimental values for the lattice parameger

Pack grid. No point group symmetry constraints are im|Oose¢ndao expt), calculated and range of experimental values of the bulk modu-
in the calculations us (By and B, expt., respectivelyand the relative error§%a,) given in

L . . percent. Distances are in angstrom and bulk modulus in GPa. Notice that
A second set of peHOd!C calculations has'been Carr_|e@xcept for WC the metal-carbon distance is g2 whereas for the former
out for selected systems using the RPBE functionals, whichs 1.34,,

in principle, is thought to provide more accurate adsorptiort

energies. The RPBE calculations have been carried out using~empound a ag (expt) %ay Bo B, range
a numerical_basis of dogbl@quality plus polarizg'iié)n func- Tic 4.30% 4.328 013 258  232-390
tions (DND in our notation reported by Delley’*® These
calculations have been carried out using the DMampu- 4.33¢ 018 244
tational code gnd a Brillouin unit cell of 2<ch_)ints along the Ve 24167 4.165 008 317  308-390
most symmetric directions. However, even if the RPBE func-
tional seems to provide adsorption energies closer to experi- 4.166 0.03 298
ment than those obtained by the PW91 functidfiat, has 7c 4708 4683 088 227 159224
also been pointed out that it tends to lead to worse results for
bulk properties such as lattice parameters and bulk m8duli. 4716 0.5¢ 214
Moreover, there are examples where the RPBE functional ¢ 4514 4.469 10f 33F  300-330
may even overcorrect adsorption energies, thus predicting
incorrect adsorption energié Therefore, a comparison of 4.488 043 200
results .obtained using both PW91 and RPBE seems very syoc 4.39% 4.270 28h  31%
convenient.

For the bulk, structural optimization was performed us- 4.361 213 326
ing a (;onjugated 'gradie.r.lt technique in which the iterative 2.65% 4.641 028 247 241
relaxation of atomic positions was stopped when the change
in the total energy between successive steps was less than 4.707 142 242
0.001 eV. With this criterion, forces on th(_a atoms are gener-  15c 4.488 4.454 068 316  214-404
ally smaller than 0.1 eV/A. Once the lattice parameter was )
determined for each carbide, a model for (801 surface 4.436 048 356
has been constructed u;ing a sI:_;lb model approach. In this \yc 2 928 2906 078 385  329-587
approach one uses a unit cell which is repeated periodically
in two dimensions while it has a finite extent in the third one.bR\'gvgé ‘gﬂiZ'

In order to use the plane-wave basis set which is periodic in
nature the corresponding slab is repeated in the third direc-
tion with the slabs separated by a sufficiently wide vacuum In a first step, the geometry optimization of each
region. The vacuum width was progressively increased untifransition-metal carbide has been carried out; both the coor-
energy variations were not significant. A vacuum width ofdinates of the atoms in the unit cell and the unit cell param-
10 A proved to be good enough for the present purposegter were allowed to relax. From the final geometric data the
Slab models having fou¢Slab-4 or eight (Slab-§ atomic  bulk modulusB, was computed as in E¢l),

layers were tested and the three or four outermost atomic JP

layers, respectively, were fully relaxed using the optimiza- By=- <—)
tion procedure outlined above. Hence, the remaining atomic

layers—one for Slab-4 and four for Slab-8—were fixed atyaking use of one of the features of VASP which, for a given

the bulk geometry. The Slab-4 still exhibits some minor edge it cell volume, provides the equivalent external pressure
effects in the third direction, so that most of the dlscussmr}rom the corresponding analytical energy gradient.

will focus on the results obtained with Slab-8. Nevertheless, The lattice parametes, and B, values are reported in

the Slab-4 has also been used for comparison purpoSefapie | and compared with available experimental data. Ex-

mainly to investigate the differences between the two diﬁer'perimental cell parameters have been taken from the inor-

ent computational methods. ganic crystal structure databad€SD).>! In all cases, we
found that the calculated, values, both PW91 and RPBE,
IIl. GEOMETRY AND ELECTRONIC STRUCTURE OF a_re_in exce_llent agreement with experiment, the largest de-
BULK METAL CARBIDES viations being always less than 1% except for thloC
where a somehow larger deviation is found. Interestingly
The fcc crystal packing of most of the metal carbidesenough, both functionals provide similar results with small,
studied in the present work—TiC, ZrC, HfC, VC, NbC, TaC, albeit erratic, deviations from experiment.
and -MoC—results from an ABC layer stacking. This work Due to the uncontrolled amount of vacancies in these
focus on the(001) surface, which has the same amount ofrefractory materials, experimentB}, values are scattered in
metal and carbon atoms. However, WC presents a distorteal rather broad rang&:>°> and may also be affected by the
hcp packing since the WC structure is made of alternatingemperature. This does not allow a direct comparison with
(001) layers of metal and carbon atoms. the calculated daté@rable | although it appears that all cal-

N (1)
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culated values are within the experimental range. HowevefThus, the present results are in agreement with the previous
note that for TiC the calculated values are both close to gerDFT results based on a LMTO basis 56t® The DOS for
erally accepted experimental value 233 GPa. Moreover, the other metal carbides studied in the present work are very
for NbC, the present results are in very good agreement witkimilar; almost in all the cases, there are significant amounts
the accurate FP-LAPW recent calculations of Amréaial®  of states on the Fermi level in agreement with the conducting
In order to investigate the electronic structure of thenature of these materials. The main difference in the metal-
metal carbides studied in the present work we make use afarbide DOS appears in the relative position of the Fermi
the corresponding DOS, scaled to the Fermi level. The DO%evel between the bonding and antibonding states and three
of the different carbides exhibit similar features, the corre-different patterns can be distinguished. In group 4 TMCs
sponding plot for TiC is given in Fig. 1. The projection of the (TiC, ZrC, and HfG and also in WC, the Fermi level is
DOS on the atomic components permits to decompose thglaced almost at the middle of the gap between the bonding
main contributions to the chemical bonding. Here it is im-and antibonding staté=ig. 1). Note that the behavior of WC
portant to remark that because of the use of a plane-wavis due to its different crystal structure which results in a DOS
basis set the projection into local atomic states is notvhich is reminiscent of that of the group 4 carbides. In VC
straightforward. In the present work the projected DOS isand TaC the extra electron shifts upwards the Fermi level
obtained using harmonic spherical functions in a givenmaking them better conducting materiélisg. 2). The same
atomic radius and hence, although qualitatively correct, it ihappens in NbC but in this case the metaldand is well
somehow arbitrary. Here, the radii of the atomic spheres usedithin the Fermi level; this is also the case f&MoC (Fig.
to carry out the integration of the projected DOS were the3). This feature is not observed in the FP-LAPW of Amriou
VASP standard internal values. An alternative representatiopt al. since only projection onto the Néd) and Q2s, 2p) is
can be obtained by means of the numerical basis calculationeported. Nevertheless, these authors claim that th&s3\b
although this does also have a certain degree of arbitrarinessand is vey high in energy due to the repulsion with the
However, the DOS is mainly used for interpretation and it isC(2s) state. However, one must realize that the correspond-
unlikely that the qualitative description will change. ing states are partially hybridized and not atomically pure.
For TiC, a sharp peak at—33.5 eV corresponding to Moreover, this feature is as expected from the Nisbell
the Ti(3p) orbitals appears, which is not shown in the corre-partial occupancy of atomic Mo and Nb.
sponding figures. Clearly, these orbitals do not contribute to  The analysis of the DOS provides useful information
the bonding. The next peak appears-at9.5 eV, it is rather about the covalent contributions to the chemical bond but
sharp and mainly of s) character although with some does not permit one to evaluate the importance of ionic con-
Ti(3d) character; this peak is sufficiently far from the Fermi tributions. A possibility consists in using some kind of popu-
level so that it can also be considered as essentially nonbontition analysis but this is rather difficult when using a plane-
ing. Just below the Fermi level a very broad structure withwave basis set and always arbitrary when using a localized
two well defined main peaks shows up corresponding to &asis set due to the subjective partition of the overlap popu-
mixing of Ti(3d) and G2p) orbitals. These peaks correspond lations. A possible, although quite qualitative, alternative is
to the bonding states, and their antibonding counterparts ape investigate the relative position of the center of a particu-
pear just above the Fermi level. These bonding and antibondar band, deep enough to be considered as nearly atomic, and
ing peaks exhibit a clear mixing of metatl&and carbon @ its shift with respect to a given reference. Here, it is neces-
states although the latter has a stronge3d)i character. sary to point out that energy level shifts are caused by a
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variety of physical phenomena, charge transfer among thentively charged C atoms. These two features are consistent
Although the latter is in many cases the dominant effect, thevith a non-negligible ionic contribution to the chemical
remaining contributions cannot be neglected. Hence, it id®ond. Note that TiC, ZrC, and HfC exhibit the largest shift
very difficult to extract charges from core-level shifts. Nev- with respect to diamond. According to the interpretation
ertheless, comparison of core-level shifts along a series aibove, the ionicity of these materials decreases along the
similar compounds in similar conditions can provide a rea-series in agreement with charge-transfer arguments estimated
sonable qualitative trend for charge redistribution. To thisrom XPS and NEXAFS core-level shifts. Interestingly
end, we find it appropriate to compare the center of tf2sC  enough, this interpretation is also supported by the net
band of the different carbides relative to the Fermi level withcharges on the metal atoms estimated from the Mulliken
the corresponding value for bulk diamond which can be conpopulation analysis carried out using the all electron DND
sidered as a prototype of a pure covalent s@hi). 4 and localized basis set and the RPBE mettiddble Il).

for bulk graphite which exhibits a metallic like, delocalized The next important point involves the cohesive energies
7 electron density. There are various important featuresf the different metal carbides. The cohesive endfgy, is
which emerge from the comparison of thé€2§) levels. First, defined as the difference between the energy of the con-
the Q2s) peak for the carbides is much narrower than that ofdensed system and that of the atoms in the vacuum. In this
diamond and graphite indicating that the electrons are morease there are only two atoms per unit dethe C and one
localized. Second, in the carbides th€2§) is shifted to- meta) and thereforeE., is simply the difference between
wards lower binding energies, this suggests a more negdhe energy per unit cell and the energy of the carbon and of
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the metal atom; note that within this definitié,, is nega-  tionship with the electronic structure various correlations be-
tive. The summary ofg.,, values is reported in Table Il tweenE.y, and electronic structure parameters have been in-
together with experimental values and those previously revestigated. No relation between the cohesive energy and
ported from LMTO/LDA calculations?® The present GGA either the peak positions, the cell parameter, or the centre of
values, either PW91 or RPBE, are in good agreement witlthe metald band has been found. However, for fcc TMC, it is
experiment with deviations which, in general, do not exceedound thatE,,, varies almost linearly with the energy sepa-
0.5 eV. The improvement on the,,, values over previous ration between the centers of the bonding and antibonding
LMTO/LDA calculations—with deviations with respect to peaks in the DO$Fig. 5. The center of each peak is defined
experiment that in some cases are larger than 3 eV—is reallgs the position at which the integral of the DOS is half that of
clear. Nevertheless, one has to be aware that the atomic etie total value for the peak. Therefore, the relative stability
ergies have been calculated placing the atom in a box suof the metal carbides is dominated by the bonding-
rounded by a sufficiently large vacuum width. Hence, theantibonding splitting. This would seem to indicate that cova-
total angular space and spin moments are not well definedent effects play a dominant role. However, one must realize
the multiplet structure is lost and the only information aboutthat the bonding-antibonding splitting is not symmetric and
the atomic state is the electronic configuration. Previousence accounts as well for ionic contributions. Nevertheless,
work has shown that the GGA predicted ground state electhe linear behavior in Fig. 5 would seem to indicate that in
tronic configuration of the different transition-metal atoms isspite of the fact that the chemical bond in these carbides has
in agreement with experiment except for Ni and V, for fur- metallic, ionic, and covalent contributions, the latter grossly
ther details see Refs. 55 and 56. THg, values, either cal- explains the relative order of stabilities. Moreover, one can-
culated or experimental, increase along the group but do natot claim that it is dominated by the covalent contribution
show any particular trend along the series. In order to try twsince the @2s) energy level shifts indicate the presence of
understand the origin of the different stability and its rela-non-negligible charge transfer. This is in agreement with a

TABLE II. Experimental, PW91, and RPBE calculated absolute values of the cohesive energy of groups 4, 5,
and 6 metal carbides. The two rightmost columns contain the energy difference between bonding and antibond-
ing peaks in the DOSsee Figs. 1-Band the net charge in the metal atdim atomic unit3, respectively.
Experimental(Refs. 27 and 58—6land previous LMTO/LDA values of the cohesive energy are included for
comparison(Refs. 19-21 All energy values are in eV.

Compound ‘Ecoh‘ (expt.) |Ecoh| (PW9:D ‘Ecoh‘ (RPBB |EcofJ (LDA) A am

TiC 14.31+0.14 15.11 14.48 18.29 6.182 1.14
VC 13.88+0.16 14.22 14.22 17.44 6.074 1.00
ZrC 15.86+0.19 16.08 15.37 17.69 7.666 1.29
NbC 16.52+0.19 15.91 15.27 17.25 7.412 1.23

5-MoC 14.45+0.19 15.85 14.42 15.78 7.392 1.14
HfC 16.22+0.16 16.53 15.74 8.122 1.34
TaC 17.12+0.14 17.48 17.23 8.715 1.37
wC 16.49+0.22 16.67 .. 5.453
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significant charge on the metal atom as predicted from thenimic the bulk. In the Slab-8 models the same strategy is
RPBE calculations carried out in a local basis set althouglused but now four atomic layers are relaxed and four are
the difference between compounds is rather siisaié Table fixed. The interlayer distances for the relaxed structures are

). given in Table IlI for the Slab-4 model. Since the metal and
carbon atoms of a given atomic layer can relax in a slightly

IV. GEOMETRY AND ELECTRONIC STRUCTURE OF different way—rumpling—we use andn’ to define the car-

THE METAL CARBIDES (001) SURFACE bon and metal atoms of the atomic layer. Thereforeq,,

Two different slab models have been used to simulat&rresponds to the rumpling of tireatomic layer whereas
the (001) surface of the metal carbides studied in the presenh(n+1) COrresponds to the minimum distance between atoms
work, these are the Slab-4 and Slab-8 models described if different layers(see Fig. 6 For the Slab-4 model, the
Sec. . Both models exhibit a surface made of mixed square&GA calculated values obtained using either the all electron
of metal and carbon atoms, and hence the surface composi¥ the PAW implementations, and using the RPBE or PW91
tion respects the bulk stoichiometry. In the Slab-4 model theexchange-correlation potentials, respectively, are in very
three outermost atomic layers have been allowed to relax igood agreement except féorMoC and TaC where the latter
the [001] direction while keeping the fourth one fixed to approach predicts a slightly larger rumpling effect in the sec-

TABLE lIl. Intralayer and interlayer atomic perpendicular distan@esngstrom obtained with the Slab-4 model and at the PW91 and RPBE levels of theory.
n andn’ define the carbon and metal atoms of thatomic layerd,, corresponds to the rumpling of teatomic layer, wheread, .1y corresponds to the
minimum distance between atoms in different layers. The percent rumpling is also indicated for comparison.

TiC (001) VC (001) ZrC (001) NbC (001) 5-MoC (001) HfC (001) TaC (001)
dyy 0.14(6.5%? 0.11(4.7%? 0.2009.0%?
0.11(5.1%" 0.178.2%" 0.083.4%" 0.177.6%" 0.24(10.9%" 0.083.4%" 0.229.8%"
0.10(4.6%° 0.178.2%° 0.052.1%° 0.167.1%° 0.26(11.8%° 0.06(2.6%° 0.198.5%°
oy 0.031.4%? 0.031.3%? 0.041.8%%
0.031.4%" 0.094.3%" 0.031.3%" 0.125.3%" 0.052.3%" 0.031.3%" 0.167.1%"
0.01(0.5%9° 0.104.8%9° 0.031.3%° 0.135.8%° 0.01(0.5%° 0.031.3%° 0.093.699°
sy -0.03-1.4%)° -0.09-4.3%)" -0.03-1.3%)° -0.14-6.2%)" -0.06-2.7%)" -0.03-1.3%)" -0.17-7.6%)"
dyo 2.258 2.36° 2.3%
222 218 2.3¢ 2.36 2.2¢ 2.34 2.44
2.20 2.26 2.36 237 2.3 2.37 2.4%
dyrp 214 222 2.08
2.09 1.92 227 2.07 2.0 221 2.07
2.09 1.93 2.28 2.07 2.05 2.28 214

%Experimental values within accuracy of +0.03(Refs. 32, 33, and 37
PPWI1 values.
‘RPBE values.
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ond atomic layer. In any case, it is worth to point out thatsults from Table IV show that the rumpling effect grows
only the outermost atomic layers exhibit a significant rum-from group 4 to group 6 whereas along the groups no clear
pling. Hence, values for the rumpling of the innermosttrends exist. Hence, the extent of intralayer relaxation seems
atomic layers are not reported in Table Ill. The results disto be driven by the number of metdl electrons. Unfortu-
cussed below evidence that surface relaxation is importantately, comparison to experiment is only possible for
and should not be neglected. Nevertheless, values for tHEC(001) and TaG001). From a qualitative point of view the
unrelaxed surfaces, even if somehow unphysical, are represent calculations are in agreement with experimental evi-
ported precisely to highlight the importance of surface relax-dence showing an outward relaxation of C atoms and an
ation effects. inward relaxation of the metal ators.>*3" Moreover, the
The agreement between the two different approaches fgeresent results for Ti@©01) and TaGQ001) are in excellent
the Slab-4 model permits to use the computationally moreagreement with the recent quantitative low-energy electron
efficient plane-wave basis with the PAW description of thediffraction (LEED) analysis of Tagawat al > for TiC(001)
core electrons to study the influence of the slab thickness otexperimental value of 6.5% compared to the present calcu-
the surface final geometry. The results for the rumpling effectated value of 5.1% and Gruzalskiet al® for Taq001)
are presented in Table IV using the same definitions as fofexperimental value of 9% compared to the present calcu-
Table Ill. The relaxation and rumpling values for the first lated value of 8.9%and represent a significant improvement
layer are very similar for the Slab-4 and Slab-8 models. Inover the LDA calculations of Kobayasf‘ﬁ.This author stud-
contrast, the relaxation and rumpling values for the secondéed TiC(001), TaQ001), HfC(001), NbC(001), and ZrG001)
and third atomic layers predicted by the Slab-8 models arand found that these surfaces exhibit a significant rippling
noticeably smaller than the values predicted by the Slab-4lthough the calculated values appear to be 2% larger than
model. This result is important and implies that predictionsthe present ones.
from rather thin metal-carbide layers have to be handled with  The surface energy formation per surface até&g,
caution. In fact, the origin of these differences is the lack ofalong the series has been calculated as in &ygnd(3) for
enough bulk material below the relaxed atomic layers. Rethe unrelaxed and relaxed surfaces, respectively,

2

TABLE IV. Intralayer and interlayer atomic perpendicular distan@iesangstrom obtained with the Slab-8
model at the PW91 level of theorm. andn’ define the carbon and metal atoms of thatomic layer,d,
corresponds to the rumpling of the atomic layer, whereas, ., corresponds to the minimum distance
between atoms in different layers. The percent rumpling is also indicated in parenthesis for comparison.

TiIC (001)  VC (00)  ZrC(001) NbC(00)  &MoC (001) HfC (00)  TaC (001

Oy 2.17 2.08 2.36 2.25 2.20 2.33 2.24

d;y 011519 0.188.79% 0.093.8%) 0.188.0%  0.2511.4% 0.093.9% 0.208.9%
dyy 0.041.8%9 0.073.4% 0.052.19% 0.052.2%  0.083.6%9 0.041.7% 0.052.2%
dsy 0.020.9% 0.021.09% 0.020.8%9 0.020.9%  0.00.0%  0.010.4% 0.031.3%
dsy 0.000.09%9 -0.02-1.0%) 0.000.099 -0.04-1.8%) -0.01-0.5%) 0.00.09% —0.05-2.2%)

diy 2.22 2.19 2.39 2.33 2.35 2.36 2.34
dy, 2.08 1.93 2.26 2.10 2.01 2.23 2.09
dyy 2.20 2.10 2.40 2.27 2.24 2.36 2.25
dyz 2.15 2.05 2.34 2.25 2.15 2.31 2.23
dyy 2.18 2.09 2.28 2.28 2.17 2.34 2.27
dyy 2.16 2.09 2.26 2.26 2.16 2.32 2.24
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TABLE V. Surface formation energies of TMQO01) surfaces(TM  the calculated value of the surface energy. Indeed, the differ-

=Ti,V,Zr,Nb,&-MoC, Hf, Ta in eV per surface atom. The two first col- anca petween the two values follows the degree of relaxation
umns report the PW91 values for fixed and relaxed surfaces using the Slab-4

model, the next two columns report the corresponding values for the Slab-éeDOrted n Table I\_/' .Hence' the effect is very Sma_‘” for zrC
model, whereas the rightmost column includes the LMTO/LDA values re-and HfC which exhibit the smallest surface relaxation effects
ported by Hugossoat al?® and rather large fos-MoC and TaC where the surface relax-
ations are the largest. For the unrelaxed surfaces the com-

Slab-4 Slab-8 Slab-7 parison with the LMTO/LDA values of Hugossacet al. is
Eadrelay  Eqfix)  Egrelax — Eqfix)  Eq(fix) straightforward and indicates that the present PW91 values
(eViatom  (eV/atory (eV/atom)  (eV/atom)  (eV/atom) are roughly~0.3 eV smaller. In principle this is a small
Tic 0.48 0.52 0.48 0.52 0.83 dlfferenc_e although the relative error is Iarger. t.han 50%.
Ve 0.28 0.43 0.30 0.44 0.77 These differences seem tq have two d|ffere!’1t origins: on one
7rc 0.55 0.58 0.54 057 0.86 hand the use of the atomic sphere approximati®8A) in
NbC 0.38 0.55 0.47 0.52 0.87 the LMTO calculations, and on the other hand the use of the
5-MoC 0.19 0.44 0.28 0.46 0.77 LDA exchange-correlation potential. For some carbides the
HfC 0.55 0.64 0.59 0.63 0.90 use of the ASA introduced differences 6f0.15 eV in the
TaC 0.37 0.71 0.48 0.61 0.88 surface energy as compared with the full potential LMTO

results®® The remaining difference can be ascribed to the
well-known tendency of LDA to overbind; this will also re-
sult in too large surface energies.

_ EYE®(n) — 2nEpy

Eunretax™ 2Nyt sup 2 Next, we comment on the work function values calcu-
lated for the Slab-8 model at the PW91 ley&hble VI). The
EC2n) — 2nEqy work function ¢ is computed asp=V-E;, whereV is the
Erelax= T T Eunrelax ) electrostatic potential in the vacuum aBgthe correspond-
at-sup

ing Fermi level energy. Overall, the calculated values are
In these equations),.s,p, Stands for the number of surface within 0.5 eV from experiment which represents an average
atoms in the slab unit cell; 4 in the present calculations. Irerror of 10%-15%. It is important to remark that ignoring
the unrelaxed case, the factor 2 in the denominator comesurface relaxation results in additional errors of about the
from the fact that two surfaces are formed. The surface ensame order of magnitude. In general, the inclusion of surface
ergy for the relaxed surface is obtained from the relaxed slabelaxation effects results in larger values of the calculated
calculation, where one surface is kept fixed, subtracting thevork function. The largest error is found for TaC and HfC
surface energy for the unrelaxed surface. This procedure emvhich correspond to thedbtransition metals. It is likely that
sures that the number of atoms in the bulk and in the slab ithe error arises from the relativistic effects not completely
the same but it depends moderately on the number of atomiacluded in the PAW potential. Overall, the present results
layers on the slab model. Table V reports thg, values for  represent a considerable improvement over those reported
the Slab-4 and Slab-8 models at the bulk and relaxed geonmecently using the LMTO/LDA approach. However, while in
etries, the small differences between the two models are inmost cases the present results have a lower error, it is also
dicative that in this case the results for the thicker model carmlear that the LMTO/LDA performs better for TaC and HfC.
be considered as converged. Table V also includes valueSince the present results are obtained using a more flexible
reported recently by Hugossat al® using the LMTO ap-  representation of the valence and core densities and also by
proach to describe the core electrons and the LDA methodtonsidering a complete geometry optimization for the sur-
From the results in Table V one can easily deduce that igface, it is likely that the better performance of LMTO/LDA
noring surface relaxation may result in quite a large error orin these two systems is due to a cancellation error.

TABLE VI. Fermi level energies;, electrostatic potential in the vacuuv) and work functionsp of some
TMC (TM=Ti,V,Zr,Nb, 5-MoC,Hf, Ta). The three leftmost columns correspond to eV, and ¢ values
calculated with PW91 for the fixed Slab-8 surface models. Next three columns are the corresponding values for
the relaxed surface. The seventh column reports the values reported previously Hugbssoumsing the

LDA/LMTO method. Finally, the rightmost column includes available experimental vaRefs. 62—64 All
values are given in eV.

Fixed Slab geometry Relaxed Slab geometry

E¢ \Y ¢ E¢ \Y ¢ ¢ (LDA/LMTO) ¢ (Expt)
TiC 2.59 6.67 4.08 2.50 6.90 4.40 4.94 3.8/4.1
VC 2.97 6.91 3.94 2.89 7.08 4.19 5.02 4.3
ZrC 2.75 6.48 3.73 2.67 6.64 3.97 4.45 35
NbC 3.85 7.23 3.38 3.75 7.41 3.66 4.45 4.1

6-MoC 4.23 8.23 4.00 4.09 8.47 4.38 5.10

HfC 2.34 6.09 3.75 2.25 6.27 4.02 4.45 4.63
TaC 3.69 7.02 3.33 3.59 7.20 3.61 4.36 4.38
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To conclude this section we analyze the DOS of theincrease upon surface relaxation. Finally, the formation of a
Slab-8 model and compare to the corresponding bulk valuesurface results in a noticeable shift of the most prominent
The most salient general features are a broadening of sonfeatures of the total DOS with respect to the corresponding
peaks(the metal outermost valengelevel, for examplg a  values in the bulk. The extent and nature of the shift can be
destabilization of the bonding peaks, and a stabilization ofinderstood from simple bonding-antibonding arguments and
the antibonding ones. The first one is caused by symmetris enhanced by the structural rippling of this surface.
breaking with respect to that of the bulk due to the appear-
ance of the surface. The surface metal atoms loose the cubic
symmetry and, hence, the otherwise threefold degenerate
levels split into two components;- ande-like). The differ-
ential shift of bonding and antibonding levels contributes toACKNOWLEDGMENTS
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