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The bulk and surface electronic structure of hexagonal WC have been investigated by means of
self-consistent scalar relativistic calculations that apply the linear augmented-plane-wave method.
The surface studies consider WC(0001)-W(1&(1) and -C(1&1) faces and assume a slab geometry
with bulk interlayer spacings. Separate calculations have been carried out for symmetrical nine-

layer slabs containing either W(1 && 1) or C(1)& 1) surfaces and an asymmetrical eight-layer slab con-

taining both. The bulk calculations show that WC is a semimetal with a low density of states (DOS)
at E~ and a Fermi surface consisting of several small electron and hole pockets. According to the
surface studies, both the W(1)& 1) and C(I && 1) faces exhibit distinctive surface-state features and an
enhanced surface DOS near Ez. The calculated work function for the W surface, P(W) =S.2 eV, is

1.2 eV smaller than that for C. Additional differences between the two surfaces are reflected in the

corrugation amplitudes of the charge density in the vacuum region. These features will be useful for
establishing the surface composition in experimental studies on WC(0001) samples.

I. INTRODUCTION

The monocarbides of transition elements from the
group-IVB, -VB, and -VIB columns of the Periodic Table
are well known for their great hardness and strength, high
melting temperatures, metal-like thermal and electrical
resistivities, nonstoichiometry, and superconducting prop-
erties. ' Most experimental and theoretical efforts to
understand the fundamental properties of these technolog-
ically important materials have focused thus far on the
group-IVB and -VB carbides, all of which crystallize with
the cubic rocksalt structure. Despite their structural sim-
plicity, progress towards a comprehensive understanding
of these materials has been inhibited by their non-
stoichiometry and tendency to incorporate appreciable va-
cancy concentrations on both the metal and carbon sublat-
tices.

Considerably less work has been done thus far on the
group-VIB monocarbides. Chromium and molybdenum
carbide are unstable at room temperature and are formed
only by quenching from high temperatures. Tungsten
carbide is stable at room temperature and crystallizes with
a hexagonal rather than a cubic structure. This hexagonal
WC compound is unique among the transition-
metal —carbide family in yet another respect. Namely,
high-quality single-crystal WC samples can be prepared
with few vacancies and the ideal 1:1 stoichiometric com-
position. As a result, good WC single-crystal samples are
found to exhibit lower electrical resistivities [p(4.2
K) =0.5 vs 10 pQcm] and larger residual resistance ra-
tios ' ['p(300 K)/p(4. 2 K)=70 vs 2] than typical tran-
sition-metal carbides. This has permitted, for example,
the recent observation of de Haas —van Alphen oscilla-
tions in this material, thereby providing the first detailed
measurements of the WC Fermi surface.

In addition to its bulk properties, comparable interest in
the surface electronic structure of WC has been generated
by its promise as a catalytic agent. This has been particu-

larly true since the work of Levy and Boudart, who
showed that WC exhibits catalytic properties which are
similar to those of Pt but are totally unlike those of W.
This led them to conclude that "the surface electronic
properties of the latter are therefore modified by the car-
bon in such a way that they resemble those of platinum. "

Bennett et al. have proposed that this WC-Pt similari-
ty is not confined to the surface electronic structure, but
extends to that of the bulk as well. By comparing
valence-band x-ray photoemission spectroscopy (XPS)
data for W, WC, and Pt, they have argued (neglecting
transition probabilities) that the bulk WC density of states
near Ez, X(Ez), is intermediate between the correspond-
ing W and Pt curves, where X(EF) falls near local mini-
ma and maxima, respectively. One problem with this pro-
posal is that it conflicts with the relative values for the
measured electronic specific-heat coefficients y for W
(Ref. 6) and WC (Ref. 1) for which y(W) ~ y(WC).

In order to provide a better understanding of the bulk
and surface electronic structure of hexagonal WC and to
stimulate further experimental studies on this material,
self-consistent, scalar relativistic energy-band calculations
have been carried for WC in bulk and thin-film forms
with the use of the linear augmented-plane-wave (LAPW)
method. The surface studies have considered WC(0001)
faces for which preliminary photoemission data have been
reported. The surface calculations utilize an ideal (0001)
slab geometry which involves alternate W and C hexago-
nal layers and bulk interlayer separations. Surface LAPW
calculations have been carried out for symmetric nine-
layer WC(0001) slabs with undistorted W(1 X 1) and
C(1X 1) faces and an asymmetric eight-layer slab which
contains both.

The present bulk energy-band results for hexagonal WC
are qualitatively similar to those obtained in previous
studies, ' though differences are found in the band order-
ing near EF. The stability of the hexagonal phase for
the group-VIB carbides is reflected in the valence-band
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II. COMPUTATIONAL DETAILS

A. WC structure

The hexagonal WC structure has the symmetry of the

D31, (P6m2) space group. The structure contains a single
WC formula unit per primitive cell. It consists of alter-
nating simple-hexagonal layers of W and C atoms whose
registry and rotational alignment is such that the nearest-
neighbor coordination at both the %' and C sites is trigo-
nal prismatic. (See Fig. 1.) This is in contrast to the
NaCl structure (which is characteristic of the group-IVB
and VB mon-ocarbides) where the coordination at each
site is octahedral. An intermediate structure is that of
NiAs, where the nearest-neighbor coordination at a Ni site
is octahedral while the corresponding As sites are sur-
rounded by trigonal prisms of Ni atoms.

(0) (b)
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I H )
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I
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FIG. 1. Primitive unit cell {a) and Brillouin zone {b) for the
hexagonal WC structure.

density-of-states curve. This exhibits a minimum near Ez
which falls close to the middle of a broad (-15 eV) 2p-5d
bonding-antibonding complex. The Fermi surface is that
of a semimetal, consisting of several small electron and
hole pockets whose dimensions are consistent with the de
Haas —van Alphen data.

The surface electronic structure calculations for the
WC(0001)-W(1X1) and -C(1X1) faces predict several
surface-state branches within the energy range EF+2 eV
on both faces and, relative to the bulk, an increase in the
surface density of states near EF. The calculations fur-
ther predict a 1.2-eV difference between the W(l X 1) and
C(1X1) work functions and a stronger corrugation of the
vacuum charge density for the C(1X1) surface. These
characteristics will be useful for identifying the surface-
layer composition in experimental studies on WC(0001)
samples.

The organization of this paper is as follows. The essen-
tial details of the present LAPW calculations are summa-
rized in Sec. II, including an analysis of the hexagonal
WC structure and its symmetry. The principal results of
this investigation are presented and discussed in Sec. III.
These include bulk and slab energy bands, density-of-
states curves, and charge-density results.

The primitive vectors that generate the hexagonal lat-
tice can be written in the form

t ~
——(a/2)(v 3i —j ), t2 aj,——t 3—ck

where the lattice parameters a and c for WC are
a=2.9065 A and c=2.8366 A, respectively. ' In terms of
this nonorthogonal coordinate system, the W and C atom
positions are (0,0,0) and ( —,', —,', —,

'
), respectively. The prim-

itive unit cell for the hexagonal WC structure is shown in
Fig. 1. The point symmetry at both the W and C sites is

The primitive reciprocal-lattice vectors corresponding
to Eq. (1) are given by

b~ ——(4m/v 3a)i, b2 ——(2nlv 3a)(i+v 3j ),

b3 ——(2m. /c)k .

By means of the usual construction, these generate the
familiar hexagonal Brillouin zone which is shown to the
right in Fig. 1. It is noted that while the D3~ point group
contains only half of the full-hexagonal (D6q) symmetry
operations, time-reversal symmetry' causes the restora-
tion of full-hexagonal symmetry to E(k ) and produces
an irreducible Brillouin-zone (IBZ) wedge with —„rather
than —,', of the Brillouin-zone volume. This IBZ wedge is
indicated by the solid lines in Fig. 1. Its vertices are la-
beled using standard notation. "

In designating crystal directions and planes, the stan-
dard notation involving four indices is adopted. These
directions and planes are written [hkil] and ( hkil), respec-
tively, with the condition i = —(h +k). In terms of this
notation, the I M, IK, and I 3 directions in Fig. 1 are
[1010], [1120], and [0001], respectively. Similarly, the
I AI.M, .MI HK, I AHK, and I MK planes are denoted by
(1210), (1100), (1010),and (0001), respectively.

Luehrmann" has worked out and tabulated the irredu-
cible representations for all of the symmorphic space
groups, including those for D3I, . For convenience, his re-
sults and notation have been adopted in the present
analysis and discussion of the WC structure. Group-
theoretical methods can provide valuable information re-
garding the crystal wave-function composition at atomic
sites for wave vectors k at symmetry points in the Bril-
louin zone. In particular, using standard techniques, one
can determine which angular-momentum states YI can
occur in a wave function that transforms according to a
given irreducible representation of the D3~ space group.
The results of such an analysis for hexagonal WC are
summarized in Table I. These results are sufficient for
identifying the symmetry of energy-band states in calcula-
tional schemes like the present one where the basis func-
tions are unsyrnmetrized.

The full D3$ space-group symmetry of bulk WC is
preserved for symmetric WC(0001) slabs that contain an
odd number of layers. However, translational symmetry
is now confined to the plane of the slab. This yields a
two-dimensional surface Brillouin zone (SBZ) with an ir-
reducible triangle I M K which is identical in size, shape,
and symmetry with the I MK portion of the bulk BZ in
Fig. 1.
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TABLE I. Orbital-symmetry analysis at the W and C sites for the hexagonal WC structure (D3~

space group).
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One can extend the methods used to generate the results
in Table I to this (0001) slab geometry. We summarize
briefly the results of this analysis at I . For example, in
the case of a central W-atom layer, the symmetry of s, p,
and d states at kii=O (s I', ;p I,I; d 1,
I 3+,I' ) is identical to that for the bulk (Table I). Non-

central W layers contribute additional states, often having
different symmetry (s~l; p~l, +,I 3

', d~l
I 3+,13 ). Similarly, for noncentral C-atom layers, the

bulk-type states (s~l, ; p —+I,I;d I, , I
I'3 ) are supplemented by an equal number of extra states

(s I;p I &,I3', d l, I 3,I3 ) in a slab

geometry where the size of the primitive cell is propor-
tional to the number of layers in the slab.

The space-group symmetry is reduced from D3$ to
C3„(83m I) for asymmetric slabs which contain an even
number of layers. Because of the lost reflection symme-

try, the surface states no longer occur in pairs such that
sums and differences of nearly-degenerate slab state pairs
[involving, for example, the symmetric slab combinations

(I, , I 2 ),(I z
I', ),(I'3, I

3 ), etc.] yield wave func-

tions which are localized on one surface or the other. In-
stead, individual surface states are already localized on the
appropriate surface.

B. LAPW calculations

The present LAPW calculations have been carried out
for both bulk and thin-film forms of WC. The latter cal-
culations have involved related studies on three separate
thin films. These include two symmetric nine-layer
WC(0001) slabs with unrelaxed W(1)& 1) and C(1 X 1) sur-
faces and an asymmetric eight-layer slab containing both.
Each of the calculations has been performed self-
consistently in the scalar-relativistic limit, in which all
relativistic effects except spin-orbit coupling are includ-
ed 12

There are several reasons for carrying out calculations
on the asymmetric slab as well as the two symmetric

slabs. First, comparison of the three sets of results pro-
vides an important consistency check. Second, the j,nvari-
ance of the work function and surface-state positions for a
given surface between the appropriate pair of calculations
has allowed us to verify that interactions between the sur-
faces are not signficant. Because of computational limita-
tions, this could not be verified by considering a substan-
tially thicker slab. Finally, the asymmetric slab has the
bulk stoichiometry, W4C4, and this enables us to check
possible Fermi level shifts in the W5C4 and W4Cs sym-
metric slabs. Such a test has not been demonstrated previ-
ously.

In the LAPW method, the unit cell is subdivided into
muffin-tin (MT) spheres and an interstitial region. In ad-
dition, the slab geometry includes two surface regions.
The LAPW wave function is continuous across each
boundary and has a different analytic form in each re-
gion. ' Both the charge density and crystal potential are
expressed in completely general form so that they are free
from any shape approximations. '

The same MT radii, R(W) = 1.20 A and R (C)=0.96 A,
have been assumed in both the bulk and slab calculations.
These radii yield nearly-touching spheres along the
nearest-neighbor W—C bond directions and provide simi-
lar convergence for both the W 5d and C 2p states. The
calculations utilize a frozen-core approximation in which
atomic charge densities are used to represent the
W( 4f' 5s 5p ) and C(ls ) core. Tails of the core
charges outside the MT spheres are treated exactly. Ex-
change and correlation effects are treated in the local-
density approximation using the Wigner interpolation for-
mula. "

The bulk and slab wave functions are expressed as su-
perpositions of LAPW's, with the expansion coefficients
determined variationally. The bulk and slab calculations
have included about 30 and 40 LAPW's per atom, respec-
tively. This is expected to yield results which are con-
verged to about 0.1 eV.

In the course of the self-consistency iterations, the
LAPW valence charge density has been evaluated by us-

ing twelve special points' to average over the bulk BZ.
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Five special points were included in the slab calculations.
Previous experience on analogous systems indicates that
this sampling is sufficient to yield results which are con-
verged within the overall 0.1-eV goal. The bulk calcula-
tion converged to a self-consistent solution within six
iterations while the slab calculations required about twice
as many cycles. In all cases, the final self-consistent
eigenvalues were stable to better than 0.01 eV.

III. RESULTS AND DISCUSSION
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FIG. 2. LAPW E(k ) curves for bulk hexagonal WC. States
labeled s or p have predominant C 2s-2p weight in the C
muffin-tin sphere; unlabeled states have predominant W 5d
character.

The bulk energy-band results for hexagonal WC are

shown in Fig. 2. Here, E„(k ) is plotted along symmetry
lines of the hexagonal Brillouin zone that is shown in Fig.
1. The symmetry of individual bands is indicated at the
plot boundaries. The labels (s,p) at the interior symmetry
points identify the principal angular momentum com-
ponent of the LAPW wave function for each band. These
correspond to the integral over the appropriate MT sphere
of the s,p, d, . . . components of the LAPW charge density.
The bands labeled s (p) have predominant C 2s (2p)
weight. The unlabeled states have predominant W 5d
character.

In addition to a low-lying C 2s band, the valence-band
results feature a broad (-15 eV) eight-band 2p-5d mani-
fold which is approximately centered about the dashed
Fermi energy EI;. The strong 2p-5d admixture is such
that approximately half the bands at or below E~ have
predominant 2p and 5d character, respectively. This im-

plies a nearly equal distribution of valence-band charge or
a net charge transfer from W to C. This is expected from
the corresponding electronegativities' for W (1.7) and C
(2.5). It is also consistent with the observed ' chemical
shifts in the core levels of WC relative to elemental W and
C.

A striking difference between the electronic properties
of hexagonal WC and those of the cubic carbides is re-
flected in the density-of-states (DOS) curves. The DOS
curve for WC is shown in Fig. 3. This curve has been cal-
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FIG. 3. Density-of-state curve for bulk WC. An experimen-

tal value, derived from heat-capacity measurements (Ref. 1), is

shown by the triangle.

culated by a root-sampling procedure involving LAPW
results at 70 special points. The individual levels were
then broadened with a Gaussian function having a full
width at half maximum (FWHM) of 0.3 eV. According
to Fig. 3, the WC valence-band DOS curve for the eight-
band 2p-5d manifold is separated symmetrically into
bonding and antibonding peaks which are joined by a
DOS minimum near EF. This contrasts with the cubic
carbides, ' where the bonding-antibonding distribution is
found to preserve the 3:5 ratio of the 2p:5d degeneracy.

The separation between the centers of gravity of the
bonding and antibonding complexes is approximately 9
eV. This large "average gap" reflects a substantial co-
valent contribution to bonding in WC, which is certainly
related to its hardness and high melting temperature. For
comparison, the average gap in diamond is 13.5 eV. If
we correct for the ionic contribution to the WC gap based
on Phillips's values for semiconductors with comparable
electronegativity differences, we find a purely covalent

gap of about 7 eV.
The triangle at E~ in Fig. 3 represents the DOS value

which is derived from heat-capacity measurements. ' Al-

though this experimental DOS value is renormalized by
the factor 1+A, as a result of electron-phonon coupling,
these corrections are expected to be small in WC, where
superconductivity has not been observed ' at temperatures
as low as 0.3 K.

Additional information regarding the shape and width
of the occupied WC DOS is available from XPS measure-
ments. ' The high-resolution valence-band spectrum of
Colton et al. ' exhibits peaks at binding energies of 1.6,
3.2, and 7.0 eV. These are in good agreement with the
calculated peaks at 1.5, 2.9—3.9, and 6.3 eV. According
to soft-x-ray appearance potential spectroscopy (SXAPS)
data, the unoccupied WC bands have an estimated width
of 6.7 eV. This is also in good agreement with the calcu-
lated value of 7—8 eV.
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The energy-band results of Fig. 2 characterize WC as a
semimetal with a Fernii surface consisting of small pock-
ets of electrons and holes. In particular, the calculations
predict a single electron sheet centered at A plus several
hole pockets at the I. and E points and along the I A line.
The calculated Fermi-surface dimensions are similar to
those inferred from the de Haas —van Alphen data of Ish-
izawa and Tanaka. A detailed analysis of calculated and
measured WC Fermi-surface properties will be deferred to
a future publication.

The present LAPW energy-band results for symmetric
nine-layer WC(0001) slabs with exposed W(1&1) and
C(1x 1) faces are contained in Figs. 4(a) and 4(b), respec-
tively. Using Ez as a common reference energy, E(k~~) is
plotted along symmetry lines of the SBZ. As mentioned
above, the I M IC triangle of the SBZ is identical in size
and symmetry with the I MK wedge of the bulk BZ
shown in Fig. 1. Although the number of valence elec-
trons per primitive cell differs for the two slabs (46 versus
44), the overall results are relatively insensitive to the use
of Ez as a reference energy. This is confirmed by a com-
parison of the LAPW results for an asymmetric eight-
layer WC(0001) slab with those in Fig. 4, including
surface-state and DOS features.

Tl1osc slab cncI'gp-band states that aI'c connected bg tl1c
solid lines in Figs. 4(a) and 4(b) represent surface states or
surface resonances. These correspond to LAPW slab
states whose MT weight is concentrated plcdominantly on
the surface layers. The criteria for identifying these de-

pend on the distribution of the LAPW charge density
within each of the MT spheres in the slab unit cell. The
relevant qQaIltktf Is thc integral over tlM Ath MT sphcI'c
of the square of the LAPW wave function, f . Since the
wave function is normalized over all space (MT, surface,
and interstitial regions), the sum over these MT contribu-
tions, f=gf «1.

Those slab levels that are identified as surface states or
surface resonances in Fig. 4 are such that (i) the surface-
atom MT weight fs )0.3f, or (ii) the MT weight of the
two outermost layers fs+fs i )0.4f. In either case, tak-
ing sums and differences of the appropriate surface-state
pairs yields wave functions that are localized on either
surface with a fractional MT weight of at least 0.6 on the
GUtcITQost lager GI' 0.8 on tIlc GUtcHIlost pair.

The results in Fig. 4 exhibit an accumulation of
surface-state bands within an energy range EF+2 eV for
both the W(l X 1) and C(1X1) surfaces. The only surface
feature at lower energies occurs on the C(1&1) face. It
corresponds to a C 2s surface-state band which is well lo-
calized on the surface for wave vectors k

~~
near the boun-

daries of the SBZ, where its binding energy is about 1.5
eV less than that for the bulk 2s band. This band be-

come increasingly delocalized as k
il

approaches Iw,here
it acquires a splitting (resulting from the finite thickness
of the slab) of about 0.8 eV.

The surface-state bands that are derived from the sym-
metric nine-layer slab results of Fig. 4 are replotted to the
righ't iii Fig. 5. Tlm i'esults sliowii lieie satisfy 'tlm above
criteria rcgax'ding I AP% MT weights as %'cH as thc spIQ-

metry requirement that surface states occur as appropriate
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FIG. 4. l.AP%' energy-band results for symmetric nine-layer %'C(0001) films with exposed W(I & I ) and CI,'I & I) faces. Surface-
state bands are indicated by the solid CUIves.
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FIG. 5. Comparison of surface-state dispersion curves E(k~~)
for W(1)&1) and C(1)&1) faces as determined from LAPW cal-

culations on symmetric and asymmetric WC(0001) slabs.

pairs of slab states. The finite splitting of the surface-
state-band pairs, most evident near points at which they
terminate and merge with the bulk band structure, van-

ishes in the thick-slab limit.
The results shown to the left in Fig. 5 have been ob-

tained from LAPW calculations on an asymmetric eight-
layer WC(0001) thin film which contains both W(1X1)
and C(1X 1) faces. Since this slab no longer has a central
reflection plane, the surface states no longer occur in
pairs. The corresponding surface-state criteria for this
asymmetric geometry are fq)0.6f and fq+fs ~)0.8f,
respectively.

As shown in Fig. 5, the surface-state bands which are
derived from the asymmetric and symmetric slab calcula-
tions are in generally good agreement. The two sets of re-
sults differ principally in regard to details such as the ter-
mination points of some surface-state bands. These minor
differences are due to a combination of effects, including
the finite thickness of the slabs, their 12%%uo difference in
thickness, and the rigid nature of the cutoff criteria for
identifying surface states.

The symmetry and connectivity of the surface-state
bands is indicated for the asymmetric slab results shown
to the left in Fig. 5. The X line contains a vertical reflec-
tion plane so that the corresponding surface-state wave
functions possess either even or odd reflection symmetry
which is indicated. This symmetry is absent along both
the T and T' lines, where the surface-state wave func-
tions contain both even and odd components.

A single surface state is predicted at I for the W(1)(1)
surface. It has predominantly (3z —r )-type symmetry
and a binding energy of about 1.2 eV. It disappears rap-

SYMMETRIC SLAB

WC (0001) —W (1 x1)
TOTAL

10
(b)

WC (0001)-C (1x 1)

W(S) C (S)

0
C (S-1) W (S-1)

0-
W (S-2) C (S-2)

o=~
0) P4I

LLI

(I)

I—
0 I

I— —14 -10

C (S-3)
EF

-2 0 2 4

W (S-3)

t I

—14 -10 -6 -2 0 2 4

LIJ
I—

I—9.0

ASYMMETRIC SLAB

C (S)

C (S-1)

W (S-2) C (S-2)

0 I

—14 -10

C (S-3)
EF

0 2 4 -14 -10 -6 -2 0 2 4
ENERGY (eV)

FIG. 6. Total and layer-projected density-of-state curves for
W(1&(1) and C(1&&1)faces.

idly for kII&0. Although no detailed photoemission data
have been reported thus far for WC(0001), it is interesting
to note that an analogous surface state has been observed
at I' in photoemission studies on TiC(111)-Ti(1XI),
where the surface geometry is similar. In particular, sur-
face features have been observed at I with binding ener-
gies of 0.2 and 0.8 eV in these studies.

A tight-binding calculation of the TiC(111) surface-
state properties has been carried out using a slab geometry
and bulk band-structure parameters. This calculation
predicts a single surface state at I for a Ti(1X 1) surface
with an energy that is above EF by about 1 eV. Overall,
these tight-binding results exhibit general features that are
in qualitative agreement with the LAPW results of Fig. 5.
This is particularly true if EF is raised by 1—2 eV in the
TiC results to accommodate, in rigid-band fashion, the ex-
tra two valence electrons of the WC molecular complex.

The concentration of surface-state bands within E~+2
eV for both the W(1 X 1) and C(1 X 1) faces of WC((X)01)
is also reflected in the layer-projected DOS curves that are
shown in Fig. 6. These curves have been calculated from
the LAP% states at 14 special points in the irreducible
triangle of the SBZ for symmetric nine-layer and asym-
metric eight-layer slabs. The individual levels were then
smoothed using a Gaussian function with a FWHM of 0.3
eV.

In each of the four panels, the separate curves represent
the total slab DOS as well as the layer-projected DOS
curves for a surface layer (S), first interior layer (S—1),
etc. These layer-projected curves are calculated by
weighting the total DOS by f~, the LAPW weight in the
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o;=S,S —1. . . MT spheres. The close similarity between
the projected-DOS curves that are derived from the
LAP%' symmetric and asymmetric slab results is evident,
both for the W(1 X 1) and C(l X 1) surfaces.

For both faces, the surface-layer DOS near Ez is
enhanced over that of the bulk while that of the first inte-
rior layer is affected to a lesser degree. Over an energy
range EF+2 eV, the overall DOS enhancement relative to
the bulk is larger for the W(1X1) surface. As expected
from the C(1X 1) surface-state dispersion curves of Figs.
4 and 5, a predominant feature of the C(1X1) surface
DOS is a 2s peak at a 9.5-eV binding energy that is about
1.5 eV above that of the bulk 2s band.

As mentioned above, the calculated work function for
the W(1X 1) surface, p(W) =5.2 eV, is about 1.2 eV lower
than that for the corresponding C(l X 1) face, where
P(C)=6.4 eV. (It is noted that the corresponding values
derived from the symmetrical and asymmetrical slab cal-
culations agree to within 0.03 eV.) This 1.2-eV difference
in work functions implies, along with the corresponding
electronegativities' for W (1.7) and C (2.5), a net transfer
of charge from W to C in the case of a WC(0001)-C(1 X 1)
surface. The work function P(W) =5.2 eV for the
W(1X1) surface is close to the value (/=5. 25 eV) ob-
served for W[110j, which has a similar density of sur-
face atoms, namely, 0.14 A

The difference between the C(1X 1) and W(l X 1) work
functions causes the charge density in the vacuum region
above the C(1X1) surface to fall off more rapidly than
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FIG. 7. Comparison of bulk and slab LAP& valence-
charge-density results in a (2T10) plane. Adjacent bulk con-
tours differ by 0.01 electrons/a. u. , while those in the vacuum
region (p & 0.01) scale by the factor V 10.

that for a W(1 X 1) face. This is illustrated in the right-
hand portion of Fig. 7 where valence charge-density con-
tours are plotted in a (2 1 10) plane containing the [0001]
and [1010] axes. This plane is centered on one pair of
nearest-neighbor W—C bond directions and also includes
second-neighbor W or C atoms at a distance V 3a along
[1010]. In the surface region where p&0.01 electrons
a.u. , the neighboring contours differ by a factor of ~10.
Comparing the results for the C(1X 1) and W(1X 1) sur-
faces, it is seen that at a height c above a C(l X 1) face, the
charge density is an order of magnitude smaller than that
above a W(1X1) surface. The corrugation amplitude is
also more pronounced for the C surface; this suggests that
He atom diffraction studies may provide a valuable tool
for identifying the surface-layer composition of
WC(0001) samples.

The results shown on the left in Fig. 7 corresponds to
valence charge densities for bulk WC. The plot origins
have been chosen to facilitate a direct comparison between
the bulk and slab results. In the bulk regions of each plot
where p ~ 0.01 electrons a.u. , the contour interval
Ap=0. 01. It is interesting to note that the charge con-
tours just below the W(1X1) surface heal rapidly to their
bulk form within an atomic radius of the surface. This
healing is more gradual near the C(1X1) surface. Here,
the nearest-neighbor C—W bond charge density is
enhanced and the charge contours surrounding the W
atoms at the underlayer sites are noticeably deformed in
comparison with those for the bulk.

While the present study of the surface electronic struc-
ture of WC has been restricted to (0001)-type surfaces, it
is worthwhile to consider briefly the implications of these
results in regard to the catalytic properties of WC. The
surface-state bands near EF in Fig. 5 for the W(1X 1) and
C(1 X 1) faces represent "dangling-bond"-type states
which are caused by the truncation of bonds at the sur-
face. One expects analogous surface-state bands to occur
on other crystal faces, through their multiplicity will de-
pend undoubtedly on the number of broken nearest-
neighbor W—C bonds. The resulting enhancement of the
surface DOS for powder samples with a variety of ex-
posed faces should provide a favorable environment for
catalytic processes.

A recent study of catalytic properties of %C by Ross
and Stonehart ' illustrates the complexity of the problem.
They have shown that the ability of %'C to exhibit Pt-like
behavior in regard to hydrogen chemisorption is extreme-
ly sample and treatment dependent. In particular, they
find that the "active" material has a surface composition
which is different from the bulk and consistently C defi-
cient. They identify the excess W with an increase in the
active sites available for hydrogen chemisorption. How-
ever, as Bennett et a/. have pointed out, it is possible to
have excess %' on the surface without any deviation from
stoichiometry simply by exposing the appropriate crystal
faces. Thus, the difference between WC powders showing
high and low hydrogen chemisorption may be due to the
preferential exposure of optimum crystallite faces depend-
ing on the method of preparation. Clearly, single-crystal
surface studies will be helpful in resolving this and other
issues regarding the catalytic properties of VVC.
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IV. CONCLUSIONS

The present I.APW results for hexagonal WC suggest
that the strength and stability of this compound is due
primarily to the formation of strong nearest-neighbor
W—C bonds. This is reflected both in the valence-
electron charge-density plots in Fig. 7 and, less directly, in
the valence-band DOS curve in Fig. 3. According to Fig.
3, the WC valence-band DOS exhibits a minimum near
the middle of the eight-band C 2p —W 5 d bonding-
antibonding manifold. This is in sharp contrast to the
corresponding DOS curves for the group-IVB and -VB
carbides, ' which crystallize with the rocksalt structure.
The rocksalt-structure DOS minimum occurs near Ez for
the group-IVB compounds so that in terms of a simple
rigid-band picture, the structure becomes increasingly de-
stabilized as the extra electrons of the group-VB and -VIB
elements begin filling the higher-energy antibonding sub-
bands. This destabilization effect is partially compensated
by a lowering of the d bands relative to the C 2p states, '

but apparently this is insufficient for stabilizing the
group-VIB compounds.

The bulk WC DOS is in satisfactory agreement with
XPS (Refs. 5 and 18) and SXAPS (Ref. 22) data in regard
to the overall 2p-5d bandwidth (-15 eV) and the similar
widths (-7—8 eV) of the occupied and unoccupied por-
tions. The WC Fermi surface is that of a semimetal, con-
sisting of several small electron and hole sheets. The cal-
culated dimensions are qualitatively consistent with those

inferred from de Haas —van Alphen data, though a quan-
titative comparison has not yet been carried out. Qualita-
tively, the angular dependence of various branches of the
de Haas —van Alphen data exhibit features characteristic
of the electron sheet at A and the hole pockets at X and
along I A. However, these data do not appear to contain
any indication of hole pockets at I. that are predicted by
the LAPW results in Fig. 2. A more detailed analysis will
be required in order to clarify the relationship between the
calculated and observed WC Fermi surface.

A critical evaluation of the calculated WC(0001)
surface-state features must await future experimental
studies on the surface properties of this material. A dis-
tinctive feature of these results is the accumulation of
surface-state bands near EF for both the W(l&(1) and
C(1)&1) faces. This produces an enhanced surface-layer
density of states near EF, a factor which could be impor-
tant for understanding the catalytic properties of WC.
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