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a b s t r a c t

The WC(1 0 0) surface has been studied by using ab initio methods of the density functional theory and
pseudopotentials. Calculations have shown that surface and undersurface atoms move from their bulk
positions. Namely, carbon atoms moved outward, while tungsten atoms moved inward. Five geometric
cases for Co/WC(1 0 0) system were compared: (A) Co atoms are above C atoms; (B) Co atoms are above W
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atoms; (C) Co atoms are in the four-fold sites above WC pairs; (D and E) Co atoms are above the W–W–C
and C–C–W three-fold sites, respectively – and the (A) case has been found to be energetically preferable.
In all cases, Co layers have been found to be ferromagnetic. The densities of states for the bulk fcc-WC,
the WC(1 0 0) surface, and the WC/Co system were compared.

© 2010 Elsevier B.V. All rights reserved.
b initio calculations

. Introduction

Bulk cubic WC phase is unstable at room temperatures, there-
ore there are only a few theoretical works devoted to studying its
roperties. Price and Cooper [1] have calculated the equilibrium

attice constant, the bulk modulus and the bulk density of states;
ugosson et al. [2] have reported the calculated surface energy
nd the work function for the WC(1 0 0) surface; Vojvodic et al.
3] have studied the adsorption properties and electronic states
f the WC(1 1 1) surface; Vines et al. [4] have discussed the rea-
ons of instability of cubic-WC; Ilyasov et al. [5] have modeled the

C–Fe–Ni hard materials based on cubic WC; Christensen et al.
6] have used cubic WC as a model for studying the interaction of

C with cobalt. Meanwhile, a significant part of WC nanocrystal-
ites included in advanced Co-cemented hard alloys demonstrates

cubic symmetry [7–10]. Moreover, recent ab initio calculations
11] have demonstrated that the atomic structure of the WC trig-
nal nanocrystallites has much in common with the structure
f cubic crystallites. Namely, boundaries of both types of parti-
les contain W and C atoms in the NaCl-like manner. Besides, it

as concluded in Ref. [3] that the (1 0 0) surfaces of transition-
etal carbides are more energetically stable than the (1 1 1) ones.
owever, even nowadays there is no detailed information on the
tomic structure (relaxation effects) and electronic states of the

∗ Corresponding author. Tel.: +7 4212 226956; fax: +7 4212 226598.
E-mail address: vzavod@mail.ru

169-4332/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.apsusc.2010.11.080
WC(1 0 0) surface. Thus, the investigation of the WC(1 0 0) surface
is timely and important for nanostructured materials applica-
tions.

Knowledge of atomic structure and energetics of the WC/Co
interface is a keystone for understanding the properties of hard
alloys especially for the cases when the sizes of WC crystallites
aspire to 50–100 nm and the thickness of Co interlayers falls
to 1–2 nm. The smallest observed particles, 300–500 nm in size,
are characterized by trigonal or cubic shapes [7–10] with very
sharp interfaces (not thicker than 1–2 nm). Quantitative analysis
of WC/Co interface for hex-WC crystal boundaries was performed
in some works [6,9,12–15], however, there is lack of information on
the structure of the Co boundary with the fcc-cubic WC. Energetics
and electronic states of the WC(1 0 0)/Co interface were studied by
Christensen et al. [6], however, the authors considered only peri-
odically layered WC/Co systems without free surfaces, and besides,
ignored the ferromagnetism of cobalt.

Therefore, the goal of the present work is to study a clean
WC(1 0 0) surface and a monolayer of cobalt placed on a free
WC(1 0 0) surface taking into account spin-polarization effects.
Though we assumed to use our results for particles, we regarded
the surface of an unlimited crystal as a surface of a particle of some
tens or hundreds nanometers in size.
2. Methods and approaches

All calculations were performed within the framework of the
density functional theory (DFT) [16,17] using the plane wave basis

dx.doi.org/10.1016/j.apsusc.2010.11.080
http://www.sciencedirect.com/science/journal/01694332
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Fig. 1. Total energy Etot (V) (low panel) and magnetic moment M (top panel) for
fcc-Co as a function of the cell volume V. Black squares are calculated points; the

F
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et, the generalized gradient approximation (GGA) [18], and the
seudopotential method [19], as implemented in a spin-polarized
ersion of the FHI96md package [20].

Pseudo-potentials for carbon and tungsten used were the same
s utilized in Ref.11. They were generated through the FHI98PP
ackage [21] and were tested to describe lattice constants and bulk
lastic modules for WC, both the hexagonal and cubic phases. The
seudopotential for cobalt has been constructed with the following
arameters: rs = 1.15 Å, rp = 1.54 Å, rd = 1.15 Å, rcore = 0.53 Å. Here rs,
p, and rd are the cutoff radii for s-, p-, and d-components and rcore

s the radius of the nonlinear core-valence correction. The Co pseu-
opotential, calculated in the scheme of Troullier–Martins [22],
as checked for the absence of ‘ghost’ states. Then it was tested

or determining the equilibrium lattice parameter a0, the magnetic
oment M and the bulk elastic modulus B for the bulk fcc-Co. The

alues of a0 and B were found using the Murnagham equation of
tate [23]. The calculated values of the total energy versus the cell
olume, Etot (V), are plotted in Fig. 1

Calculated equilibrium values for bulk fcc-Co (a0 = 3.62 Å,
= 205 GPa, and M = 1.75 �B) are close to experimental ones [24]

3.54 Å, 191 GPa, and 1.72 �B). For these calculations the 6 k-
oints of the Brillouin zone (�-point (0,0,0) with a 2 × 2 × 2 grid
s proposed by the Monkhorst–Pack scheme [25]) were used with
he kinetic energy cutoff of 680 eV. For comparison, the 3 × 3 × 3

onkhorst–Pack scheme with 18 k-points leads to a0 = 3.60 Å,
= 212 GPa, and M = 1.65 �B.

In order to investigate Co layers on the WC(1 0 0) surface we
sed a periodic WC slab consisting of seven WC layers with two
C pairs in each layer. The planar 1 × 1 periodicity of the slab cor-

esponded to the calculated equilibrium fcc-WC lattice with the
0 = 4.39 Å [11]. (The experimental value is equal to 4.22–4.27 Å
see citations in Ref. [6]). To eliminate possible artificial asym-

etric effects, cobalt layers were placed simultaneously on both
urfaces of the slab. One of the sides of the slab is presented in Fig. 2
ogether with the adsorbed Co atoms. The empty space between
he WC/Co slab systems was established at approximately one
anometer. In the majority of the cases the WC-Co calculations

ere implemented with the number of k-points of 9 (the 3 × 3 × 1
onkhorst–Pack scheme) with the energy cutoff of 680 eV, but in

pecial tests the number of k-points has increased to 28. Special
ests included studying the sensitivity of results to the slab thick-

solid curve in the low panel is obtained following the Murnagham equation. Vertical
dotted line indicates the equilibrium volume value.

ig. 2. Atomic scheme of WC slab with WC(1 0 0) surfaces. A, B, C, D, and E are the different configurations in which atoms of the Co monolayer were placed. Gray circles are
atoms, black ones are C atoms, and white circles represent Co atoms.
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WC(1 0 0) surface. In the (A) and (B) cases, the behaviors of W and
C atoms of the first surface layer have changed drastically: the car-
bon atoms moved inward and the tungsten atoms moved outward.
In the (C) case, the character of relaxation did not change, but the
W–C separation more than doubled.
ig. 3. Vertical (d1) and subsurface (d2) separations of W and C atoms at the free
C(1 0 0) surface.

ess and to the energy cutoff. Only two WC layers (surface and
ndersurface) were relaxed, but internal layers of the slab were
ept in their bulk positions. The self-consistence convergence was
rovided by stabilization of the total energy with an accuracy of
.005 eV per atom. Electron densities of states were represented by
uperpositions of the Gaussian functions centered on each electron
evel.

. Results and discussions

.1. Clean WC(1 0 0) surface

The first task of this work was to study the clean WC(1 0 0) sur-
ace. Calculations have shown that surface and undersurface atoms

oved from their bulk positions. Namely, carbon atoms moved out-
ard, while tungsten atoms moved inward. Vines et al. [4] observed

he same behavior of the (1 0 0) surface in the case of cubic car-
ides of some transition metals (MeC) and reported the values
f the vertical Me–C separations (d1 = 0.09–0.25 Å for the surface
ayer and d2 = 0.04–0.08 Å for the undersurface layer, dependently
n metal), however, they did not provide such calculations for WC.
ur calculations show d1 = 0.30 Å and d2 = 0.06 Å (Fig. 3).

By comparing the total energies of bulk crystal (Ebulk) and of the
lab (Eslab) it is possible to find the surface energy Esurf:

surf = (Eslab(N) − Ebulk(N))
2S

here N symbolizes that Ebulk and the Eslab correspond to the same
umber N of WC pairs, S is the one-side surface square of the slab.

Our calculations estimate the WC(1 0 0) surface energy at
.14 J/m2. The known reported values are 2.64 J/m2 for the relaxed
urface [2] and 1.6 J/m2 for unrelaxed [12].

This study does not apply to detailed research of electronic
tructure of the WC(1 0 0) surface, however, it is interesting to con-
ider and discuss here the density of the surface states. The WC
lab, used in this work, contains surface states mixed with bulk-
ike ones, and it is rather difficult to separate them. However, it is

ossible to obtain some important information by comparing the
ensities of states (DOS) of slab and bulk.

The calculated DOS for the WC slab are plotted in Fig. 4 in
omparison with the bulk data. The bulk DOS calculations were
erformed here by using the same cell and k-points as in the slab
Energy, eV

Fig. 4. Densities of states for the tungsten carbide slab with the (1 0 0) surface and
for the bulk cubic WC. Vertical dotted line shows the Fermi level.

calculations. One can see that the DOS for the slab differs from the
DOS for the bulk crystal mainly by two peaks: namely, S1 and S2
at −4 eV and −11 eV under the Fermi level. One can conclude that
these peaks may be interpreted as surface peaks.

3.2. Cobalt layers on the WC(1 0 0) surface

The Co/WC(1 0 0) interface was regarded as a hetero-epitaxial
boundary between two fcc-structures. As the fcc-WC lattice con-
stant (a0 calculated = 4.39 Å) is larger than the lattice constant of cobalt
(a0 calculated = 3.62 Å), the cobalt layers have been stretched to obtain
coherent periodic structures. For the one monolayer (1 ML) film
five configurations have been studied (see Fig. 2): (A) Co atoms are
above C atoms; (B) Co atoms are above W atoms; (C) Co atoms are in
the four-fold sites above WC pairs; (D) and (E) Co atoms are above
the W–W–C and C–C–W three-fold sites, respectively. Schemes of
equilibrium relaxations for the (A), (B), and (C) cases are shown in
details in Fig. 5.

One can see that the relaxation of the WC(1 0 0) surface in con-
tact with the Co monolayers differs from the relaxation of the free
Fig. 5. Schemes of atomic displacements for the WC/Co-1 ML system. Distances are
shown in angstroms. Notations A, B, and C are the same as in Fig. 2.
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Table 1
The binding Ebind and separation Esep energies, the magnetic moment M and the distance d from a Co atom and a surface atom, calculated for the 1 ML Co film on the WC(1 0 0)
surface. Data of Ref. [6] are presented in brackets.

Interface configurations

A B C D E

Ebind (eV) 4.05 3.04 3.6
Esep (J/m2) 4.18 (4.50) 1.52 (1.58) 3.4
d (Å) 1.84Co–C (1.80) 2.35Co–W (2.37) 2.0
M (�B) 1.37 1.55 0.8
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ig. 6. Densities of states for the Co-1ML contacted with the WC(1 0 0) surface. Nota-
ions A, B, and C are the same as in Fig. 2. Solid curves represent calculated DOS for
he WC/Co-1ML system; dotted curves show the sums of DOS for the bulk WC(1 0 0)
lab and the free Co layer. Vertical dotted line indicates the Fermi level.

For the energetic characterization of the Co/WC system the bind-
ng energy Ebind and the separation energy Esep were calculated:

Ebind = Etot − Eslab − nECo1

n
,

Esep = Etot − Eslab − Efilm

2S
,

here n is the number of Co atoms, Etot, Eslab, ECo1, and Efilm are,
espectively, energies of the Co/WC system, the WC slab, one free
o atom, and the unsupported cobalt film with the geometry cor-
esponding to the relaxed film on the WC surface.

Calculated values of Ebind, Esep, the magnetic moment M and the
istance d from a Co atom and the nearest surface atom are listed

n Table 1.
From these data it is clear that monolayers of cobalt with atoms

ositioned above carbon atoms are energetically preferable: they

ave maximal absolute values of the binding and separation energy.
s for the magnetic moment, its value does not correlate directly
ith energy, and further detailed studies are called for. However, it

s remarkable that our results for the separation energy and cobalt-
urface distances, obtained with the spin-polarization approach,

[

[

9 3.62 3.64
3 3.31 3.35
2Co–C; 2.50Co–W 2.05Co–C; 2.50Co–W 2.00Co–C; 2.50Co–W

7 1.15 1.22

are close to the corresponding spin-restricted data [6]. This means
that spin-restricted calculations can also give correct enough infor-
mation about the energetics of the WC/Co systems.

The densities of electronic states for the 1 ML cobalt films are
plotted in Fig. 6. As it is shown, the shape of the DOS may be on the
whole considered the sum of DOSes for the bulk fcc-WC and a Co
layer. The main visible distinction is the sharp peak I lying at 1.7 eV
below the Fermi level. This peak may be interpreted as an interface
peak. This peak has the same position as the corresponding peak
in the bulk states but its intensity is much larger. In the (B) and (C)
cases, the surface peak S2 observed in DOS of the WC(1 0 0) slab
exists in DOS of the WC/Co systems too.

4. Conclusions

Quantum-mechanics calculations demonstrate that the free
WC(1 0 0) surface undergoes a relaxation. Namely, carbon atoms
move outward, while tungsten atoms move inward. The shape of
the density of states for the surface mainly differs from DOS for the
bulk crystal by two surface peaks: namely, S1 and S2 at −4 eV and
−11 eV under the Fermi level. The monolayers of cobalt with atoms
positioned above carbon atoms are energetically preferable. The
density of states for the WC/Co-1 ML system looks approximately
like the superposition of DOSes for bulk fcc-WC and Co monolay-
ers. Co layers are ferromagnetic, however, magnetization does not
essentially influence their energetics and geometry.
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