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Structure, bonding, and adhesion at the TiC „100…ÕFe„110… interface
from first principles

A. Arya and Emily A. Carter
Department of Chemistry and Biochemistry, University of California, Los Angeles, California 90095-1569

~Received 30 September 2002; accepted 12 February 2003!

Metal carbide ceramics offer potential as protective coatings for steels. Here we report a
pseudopotential-based density functional~DFT! investigation of one such coating, wherein we
predict the atomic structure, bonding, and the ideal work of adhesion (Wad

ideal) of the interface
between a TiC~100! coating and a bcc Fe~110! substrate. Calibration of the DFT approximations
used yields TiC and Fe bulk properties in reasonable agreement with experiment. Subsequent
characterization of the low-index TiC and Fe surfaces reveals that all surfaces retain near bulk
termination, in agreement with experiment. Stabilities of both TiC and Fe surfaces increase with
their packing densities, i.e., (110),(111),(100) for TiC and (111),(100),(110) for bcc Fe. We
estimate that the minimum critical stress required for crack propagation in bcc Fe is 27% larger than
that in TiC. The TiC~100!/Fe~110! interface exhibits a lattice mismatch of;2.1%, leading to a
smooth interface with only a small structural relaxation, except for the ultrathin 1 monolayer~ML !
coating. A mixture of metallic and covalent bonding dominates across the interface, due to
significant Cp-Fed interaction and somewhat less pronounced Tid-Fed mixing; the latter is found
to decrease with increasing coating thickness, but reaches a saturation value for 3-ML-thick coating.
The asymptotic value ofWad

ideal for the TiC~100!/Fe~110! interface is predicted to be;2.56 J/m2

and is reached for a 3-ML-thick coating of TiC on Fe. This interface strength is considerably smaller
than the energy required for cracking TiC or Fe, but may still be strong enough to survive as a
coating for steel in extreme environments. ©2003 American Institute of Physics.
@DOI: 10.1063/1.1565323#
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I. INTRODUCTION

Transition metal carbides are used for high-tempera
applications in which thermal shock, wear and corrosion
sistance are required.1–4 These materials comprise structur
components in automotive engines, gas turbine engines,
other machinery, as well as entering into several other a
space and military applications.5,6 These ceramics posse
unusual combinations of physical, chemical, and mechan
properties which make them highly attractive from a tech
logical as well as fundamental point of view. In particula
valence band photoemission, X-ray emission, and opt
spectroscopic studies1,4,5,7reveal a a high amount of covalen
bonding in combination with small band gaps or even me
like transport properties. The multifunctional behavior
transition metal carbides result from a mixture of ionic, c
valent, and metallic bonding present simultaneously in
given crystal structure.8 High melting points, hardness, an
stiffness combined with good corrosion and oxidati
resistance6,8,9 also make these carbides ideal candidates
protective coating materials under extremely harsh and
rosive environments.10,11 Hence, during the last two decade
or so, interest has shifted from properties of bulk crystals
those of their surfaces12–14 and interfaces formed betwee
these ceramics and metal–alloy substrates.15,16 Metal–
ceramic interfaces also appear in thermal barrier coatin
heterogeneous catalysts, microelectronics, metal proces
and tribology.4,5,17 No wonder then that an important thru
8980021-9606/2003/118(19)/8982/15/$20.00
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in applied and fundamental research has been focused
understanding and optimizing the mechanical, chemical,
electrical properties of these interfaces.18–20

Given the wide use of steel in harsh operating enviro
ments, optimal protective coatings are desirable. The cur
chrome coating on ferritic steels contains inherent micr
racks formed during the electrodeposition process. Th
cracks tend to widen under severe operating conditions, le
ing to diffusion of reactive gases to the base metal. T
causes materials degradation via compound formation, m
ing, etc., thereby limiting the lifetime of the component.6,9

These ferritic steels are used in several indust
applications,5,6 e.g., pressure vessel and tubing, oil and g
pipe lines, transmission towers, and gun barrels. As a re
alternative coatings that can withstand high-amplitude th
mal and mechanical fluctuations and can protect steel aga
reactive and corrosive gas environments are of consider
interest. The other desirable property of good coating is
have strong adhesion to the steels, which implies that
mechanical and thermodynamic properties of the coating
terial should be commensurate with those of steels. Th
properties include coefficients of thermal expansion, melt
point, stability over a wide range of composition, hardne
and stiffness. A literature survey of several carbides, nitrid
and oxides of transition metals, in relation to that of ferri
steels,21–24 indicates that optimal choices may include TiC
ZrC, andc-BN. These ceramics have several favorable pr
erties: melting points above 3000 °C, thermal conductivit
2 © 2003 American Institute of Physics
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much lower than that of the conventional chrome coati
coefficients of thermal expansion comparable to that
steels, and in some specific orientations, lattice mismatc
with bcc Fe<3%; i.e., they should form coherent interface
Hence, these ceramics may be able to act as suitable co
materials for steels to provide wear and thermal shock re
tance.

The electronic structure of bulk transition metal carbid
has been studied theoretically using both cluster models25,26

and all-electron three-dimensional~3D! periodic DFT-based
methods, e.g., the augmented plane wave~APW! method,27

muffin-tin orbital ~MTO! technique,28 and their linearized
versions LAPW and LMTO.29 Several review articles on
these investigations are available.2,3,8The band structures ob
tained using APW and LAPW methods for carbides of Ti,
V, and Nb compare well with photoelectron spectrosco
~PES! using X-rays~XPS! and ultraviolet radiation~UPS!, as
well as other spectroscopic methods,1,4,7e.g., electron energy
loss spectroscopy~EELS! and X-ray emission specroscop
~XES!. The basic conclusions are thatM –X bonding domi-
nates overM –M bonding and significant charge transf
from metal to nonmetal atoms occurs. We shall see that
pseudopotential-based DFT calculations agree well w
above findings, where TiC is found to exhibit a mixture
covalent, ionic, and metallic bonding.

Two excellent reviews on the surfaces of transition me
carbides are available,12,30 in which experimental and theo
retical investigations of surface- and vacancy-induced sta
chemical shifts, and surface shifts in core-electron bind
energies, surface relaxations, and reconstructions are
cussed. The low-index surfaces of these compounds g
with few exceptions, distinct 131 low-energy electron dif-
fraction ~LEED! patterns indicating no surface reconstru
tions. Chemical shifts in core-level binding energies ha
been utilized to investigate the extent of charge transfe
these compounds. Among the low-index surfaces of th
ceramics having the NaCl structure, the~100! surface was
found to be the most inert, while the~111! surface was mos
reactive. The~111! surfaces of these cubic ceramics are co
posed of alternating layers of metal and nonmetal ato
yielding polar surfaces that are preferentially me
terminated.31–33

To our knowledge, only two theoretical studies have e
amined TiC surfaces. Fujimoreet al.34 used a tight binding
~TB! model with parameters fit to the local density appro
mation ~LDA ! band structure results of Neckel3 to calculate
the density of states~DOS! of a five-layer~001! and a eight-
layer ~111! TiC film. They observed that the surface laye
valence band peak in the local DOS shifted by about 0.7
to higher energies as compared to that in the bulk DO
while the surface conduction band is shifted by 0.7 eV
lower energies, thereby decreasing the band peak separ
at the surface. Wimmeret al.35 studied the band structure an
DOS of TiC~100! using the LDA–FLAPW method for a
five-layer slab. They predicted the C 2s and C 2p–Ti 3d
states to split and shift to smaller binding energies by ab
0.5 eV, compared to the bulk, due to the presence of
surface. The absence of any core-level shift for the Cs
states demonstrated that the TiC~100! surface states are no
Downloaded 14 May 2003 to 128.97.45.185. Redistribution subject to A
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due to a shift in the potential of the surface C atoms,
rather are due to a change in bonding at the surface, whe
2s and 2p states experience a less attractive potential co
pared to the bulk. Similarly, Priceet al.36 studied the relax-
ation of the TiC~100! surface using the FP-LMTO metho
and predicted an outward relaxation for the surface car
atoms and inward relaxation for surface titanium atom
Identical observations were made by Kobayashi37 on ~001!
surfaces of TiC, ZrC, NbC, HfC, and TaC using LDA-bas
molecular dynamics calculations. To our knowledge,
present work provides the first data concerning the ato
level properties of (110) and metal-terminated (111) s
faces of TiC.

The surface energies of bcc Fe have been evaluated
experimentally38,39 and theoretically.40,41 The experimental
surface energies have been determined from the surface
sion measurements in the liquid phase extrapolated to
temperature. First-principles calculations of the surface e
gies of bcc Fe have also been attempted Vitoset al.40 used
the full-charge-density~FCD! LMTO method under the gen
eralized gradient approximation~GGA! to calculate the sur-
face energies of different low index surfaces@e.g., ~110!,
~100!, ~211!, ~310!, and~111!# of ferromagnetic bcc Fe, find
ing the close-packed~110! to be the most stable, as expecte
Similarly, Skriver and Rosengaard41 used the Green’s func
tion LMTO method to calculate the work functions and su
face energies of the bcc Fe~110! surface.

Many first-principles calculations of metal–ceram
bonding based on DFT have been reported in the last de
or so.20,42–51DFT, currently the most accurate method ava
able for such studies, can reveal the atomic structure
nature of the bonding, as well as estimate adhesion ene
ics at these interfaces. Early theoretical work was devote
study the interfaces involving oxide ceramics~see Ref. 20!;
however, other interfaces of technological importance h
also been studied recently, often incorporating interfacial
fects and impurities,52,53 more diverse geometries,54 and the
effect of environment.55

The interfaces involving transition metal carbides a
nitrides have not been explored extensively theoretica
Earlier attempts to determine the nature of interfacial bo
ing were confined to correlating the wetting behavior and
electronic properties of various carbides~see Ref. 56!. Based
on the linear dependence of the work of adhesion on the s
in energy of C 1s electrons, it was concluded that mo
stable the carbide, the smaller the wettability. Recen
Dudiy et al.48,49 examined Co~001!/TiC~001! and Co~001!/
TiN~001! interfaces using the plane wave pseudopoten
DFT method under the GGA–PW91~Ref. 57! approxima-
tion. They concluded that strong covalents bonding be-
tween Co 3d and C~N! 2p states was mainly responsible fo
interface adhesion. The weaker Co/TiN adhesion was
plained in terms of relative energies of the N 2p and Co 3d
states. Later, Dudiy found that magnetized Co at Co/T
interfaces50 decreases the work of adhesion, compared
nonmagnetic Co films on TiC without significantly affectin
the nature of interfacial bonding. Similarly, Christensenet
al.51 compared Co/TiC and Co/WC interface adhesion us
the plane wave pseudopotential DFT method under
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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GGA. The stronger adhesion observed for the Co/WC in
face was attributed to substantial metallic Co–W bonding
the interface.

Fe/TiC interfaces have thus far been modeled only us
less accurate theories. Mizunoet al.15 studied the bonding a
Fe/TiX (X5C, N, or O! interfaces using the spin-polarize
discrete variationalXa method,25 an early version of the
LDA, using a model cluster composed of two bcc Fe lay
and two TiX layers~a Fe9–Ti9X9 cluster! with relative ori-
entation (001)Feuu(001)TiX or @110#Feuu@100#TiX . They con-
cluded that covalent bonding dominates at the interface
the strength of the Fe–Ti bond decreases going from TiC
TiN to TiO, concomitant with an increase in the Fe–X bond
strength in that order. Their calculated interfacial bo
strengths reflected correctly the potential for TiX to nucleate
intergranular ferrite in steels. However, the lack of an e
tended crystal structure, with very thin layers, calls for ve
fication of these ideas with more refined calculations. T
second investigation of such interfaces employed a disc
lattice-plane~DLP! nearest-neighbor broken-bond~NNBB!
approach to calculate the energetics of interfaces formed
tween austenite~fcc Fe! and carbides of Ti, V, Zr, and Nb.16

The required bond energies in this approach were evalu
from the semiempirical model of de Boeret al.38 They found
~100!-type @fcc~100!/fcc~100!# interfaces to be the mos
stable, followed by~110!-type interfaces, with~111!-type
fcc/fcc interfaces least stable. They concluded that lat
misfit strain in~111!-type interfaces can overwhelm chemic
bonding. The approximate nature of both theXa cluster cal-
culations and the semiempirical model of de Boeret al. also
motivates the present work, where we focus our attention
the interface formed between the most stable surfaces of
Fe and TiC, in particular the TiC~100!/bcc Fe~110! interface,
which exhibits least lattice mismatch among other poss
combinations.

A good starting point leading to the evaluation of t
adhesion properties of metal/ceramic interfaces is to un
stand the nature of bonding operative in the bulk phase
to characterize the change in the electronic structure as
goes from the bulk to the surface and finally to t
interface.42,58 Such bulk and surface calculations also p
vide useful calibrations of the approximations inherent
any implementation of DFT. With these goals in mind, w
initiated our first-principles study of the structure and bon
ing of bulk bcc Fe and TiC, and then some of their low-ind
surfaces before coming to the Fe/TiC interface. For our
vestigation of coating TiC on a bcc Fe~110! substrate, we
examine up to 3 ML of TiC~100!. In the next section, we
outline the theoretical approach used for our calculations
the bulk, surface, and interface properties. This is follow
by results and analysis of the bulk and surface structu
electronic, and thermodynamic properties. Finally, pred
tions of the atomic structure, bonding, and adhesion at
interface are presented and implications for TiC’s poten
as a coating on steel are discussed.

II. CALCULATIONAL DETAILS

We performed pseudopotential plane-wave-based D
calculations, using both the LDA and the GGA for th
Downloaded 14 May 2003 to 128.97.45.185. Redistribution subject to A
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exchange-correlation potential, as parametrized by Per
and Zunger59 and Perdewet al.,57 respectively. We used the
‘‘Vienna ab initio simulation package’’~VASP!,60,61 which
solves the Kohn–Sham equations using a plane wave ex
sion for the valence electron density and wave functions. T
interactions between the ions and electrons are describe
the Vanderbilt ultrasoft pseudopotentials~USPP!,62 which re-
duce considerably the number of plane waves required
convergence. Nonlinear partial core corrections to excha
and correlation were included for all species. We carried
spin-restricted self-consistent calculations for TiC and
surfaces and spin-polarized calculations for bcc Fe and
surfaces as well as for the TiC/bcc Fe interface.VASP uses the
‘‘traditional’’ self-consistency cycle to calculate the ele
tronic ground state, where the Mermin free energy63 is the
variational quantity. Our calculations are fully converg
with respect to size of the basis set@kinetic energy cutoff
(Ecutoff)] and the number ofk points for all systems studied
~Table I!.

The pseudopotentials used in this study are those
vided inVASP database~version 4.4!. These nonlocal pseudo
potentials are of the separable Kleinman–Bylander64 form
generated using the Rappe-Rabe-Kaxiras-Joannopo
~RRKJ! scheme~see Ref. 65!. The local part of the pseudo
potential is the all-electron potential that has been
screened with respect to the valence electrons beyon
given cutoff radius. The supplied database contains two
of PP, one for LDA calculations and the other for GGA; w
of course, employed the PP appropriate for each choice
exchange-correlation potential. The atomic electronic c
figurations for which the respective pseudopotentials w
constructed are nonmagnetic~NM! d3s1, s2p2, andd7s1 for
Ti, C, and Fe, respectively. For titanium, we used the US
with explicit 3p semicore states, whereas for carbon,
used the softer@i.e., lower default energy cutoff (Ecutoff)#
version of the pseudopotential as provided inVASP. For iron,
we used the normal USPP, as provided by theVASP database,
with Perdew and Wang’s parametrized form of the excha
correlation under the GGA. DFT-GGA must be used for F
as DFT–LDA predicts the wrong ground-state bulk structu
~nonmagnetic fcc Fe instead of ferromagnetic bcc Fe!.66 For
Brillouin zone integration, we employed the first-ord
Methfessel–Paxton smearing scheme67 using a smearing
width of 0.1 eV, which resulted in a very small entropy ter
(,0.5 meV/atom) in all cases.

In order to study surfaces and interfaces, we used
periodic ‘‘supercell’’ or ‘‘slab model’’ approach, in which the
bulk crystal is cut along the Miller plane (hkl) to expose the
corresponding surface and then a number of equivalent
ers of vacuum are included above this as-cut crystal surf
This extended unit cell consisting of a thin slab of crystal a
vacuum is what is termed a supercell or a slab~see Fig. 1!.
The interface slab is created by joining the surfaces of
coating and the substrate materials. The vacuum layers
are added on the open surfaces of this interface slab.
initial interfacial separation between the coating and s
strate is appropriately adjusted according to their interla
spacings, before structural relaxation. These slabs are
odically repeated in three dimensions to obtain all trans
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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Downloaded 14 M
TABLE I. Converged parameters used for self-consistent DFT calculations on bulk TiC and bcc Fe
surfaces, and interfaces.Ecutoff , Nk , tslab, andtvac are the kinetic energy cutoffs for the plane wave basis,
number of irreduciblek points, and the thickness of the slab and the vacuum, respectively. The numbers
in parentheses in the second column are the defaultEcutoff for the corresponding elements, as given in theVASP

database.NA andNB are number of atoms of typesA andB contained in the bulk or the slab unit cell.

Ecutoff Nk tslab ~No. of layers! tvac

System ~eV! ~Fourier grid! @NA ,NB# ~Å!

TiC 278.0 110 - -
~Ti–222.37! (10310310) @1 ~Ti!, 1 ~C! #
~C–211.29!

bcc Fe 300.0 120 - -
~237.51! (15315315) @1 ~Fe! #

TiC ~100! 278.0 15 5 10
(10310) @5 ~Ti!, 5 ~C!#

TiC ~111! 278.0 30 7 12
(10310) @4 ~Ti!, 3 ~C!#

TiC ~110! 278.0 25 5 10
(10310) @5 ~Ti!, 5 ~C!#

bcc Fe~110! 300.0 64 7 12
(15315) @7 ~Fe!#

bcc Fe~100! 300.0 64 7 12
(15315) @7 ~Fe!#

bcc Fe~111! 300.0 27 7 12
(15315) @ 7 ~Fe!#

1 ML TiC~100!/Fe~110! 300.0 36 5~Fe! 1 1 ~TiC! 12
(636) @3 ~C!, 3 ~Ti!, 25 ~Fe!#

2 ML TiC~100!/Fe~110! 300.0 36 5~Fe! 1 2 ~TiC! 12
(636) @6 ~C!, 6 ~Ti!, 25 ~Fe!#

3 ML TiC~100!/Fe~110! 300.0 36 5~Fe! 1 3 ~TiC! 12
(636) @9 ~C!, 9 ~Ti!, 25 ~Fe!#
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tional symmetry components in order to facilitate calcu
tions in reciprocal space. The vacuum layers are added to
surface or interface to minimize interatomic interactions
tween periodic images of the slabs. Given that TiC and
surfaces are known not to undergo reconstructions,12,38 we
may employ small surface unit cells without artificial co
straints due to the supercell size. Therefore, for TiC~100! and
TiC~110! slabs~Fig. 1!, we employed 131 surface geom-
etries, where each layer contain one atom each of Ti an
while for polar TiC~111!, where each layer contains either
or C atoms, again a 131 surface geometry was employe
but the slab was terminated on both sides by a Ti layer.
mentioned earlier, these polar (111) carbide surfaces h
been observed experimentally12 to be preferentially meta
terminated. For all bcc Fe surfaces, a 131 surface unit cell
was used having one Fe atom per layer~Fig. 2!.

When performing surface/interface calculations, it is i
portant to be sure that finite-size effects inherent in the s
model do not affect the surface/interface properties. This
be achieved by ensuring that the calculations are well c
verged with respect to thickness of the slab (tslab, for sur-
faces! and the vacuum region (tvac, for both surfaces and
interfaces!. That is, we ensure that perturbations to the el
tronic structure due to the presence of the surface have
cayed going from one side of a slab to the other. We chec
the influence of varyingtslab and tvac on the total energy pe
atom of the unrelaxed structures and converged our res
with respect to these two parameters. The final conver
values of these parameters are listed in Table I.

One other important factor is the interaction betwe
ay 2003 to 128.97.45.185. Redistribution subject to A
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he
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d
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d
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two surfaces of the slab, because of long-range strain fi
induced by ionic relaxations. The magnitude of this effec
rather dependent on surface orientation and the mater
This factor was eliminated in our calculations as we allow
relaxation for all the atoms in the slab such that the resid
forces on each atom was less than 1 meV/Å.

We used the conjugate gradient method to relax the i
into their local minima. All ionic relaxations were performe
by keeping unit cell shapes and volumes fixed to the equi
rium bulk structures predicted at the~appropriate! GGA or
LDA level. Further, all the atoms in the slabs~both surface
and interface! were allowed to relax. For surface studies, t
surfaces on both sides of the slab stayed equivalent b
symmetry constraint~inversion or mirror/glide plane! located
in the middle of the slab. Since our interest is to model
heteroepitaxial growth of TiC on Fe substrate, we mode
the substrate by considering a five-layer bcc Fe~110! slab,
which was found to be sufficient to reliably model an infini
Fe substrate. The lattice parameters of the interface slab w
determined by the bcc Fe~110! unit cell parameters which, in
turn, were fixed by our GGA values for bulk bcc Fe. The
interface supercells~Fig. 6, below! consisted of five layers o
substrate bcc Fe~110! with 5 Fe atoms/layer and each mon
layer of TiC~100! contained 3 C and 3 Ti atoms/layer. The
total number of layers and atoms of each kind for all t
interface supercells studied are listed in Table I. As de
mined from our surface calculations, we employed a vacu
thickness of 12 Å for each interface slab~Table I!, which was
sufficient to ensure vanishing wave function overlap acr
the vacuum region. The Brillouin zone integrals were p
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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formed on a 63631 Monkhorst–Pack grid in the reciproca
space of these interface supercells. This sampling co
sponded to 18k points in the irreducible wedge for relaxe
~36 k points for unrelaxed! 1-ML-coated interface and 36k
points for other interfaces.

For atomic calculations, the kinetic energy cutoffs f
the plane wave basis (Ecutoff) used were 275.0, 275.0, an
300 eV for Ti, C, and Fe atoms, respectively. TheseEcutoff

values were found to be sufficient to converge atomic en
gies to within 2 meV. Similarly, for bulk, surface, and inte
face calculations, theEcutoff used are tabulated in Table
which were found to be sufficient to converge the respec
energies to within 2 meV. Calculations on isolated ato
were performed using a cubic unit cell of length 10 Å a
keeping the partial occupancies fixed appropriately throu
out.

The characteristic features of bonding can be best s
in the DOS and charge density plots. The DOS are projec
onto atoms in different layers and decomposed inside

FIG. 1. ~a! Bulk TiC and unrelaxed~b! TiC~100!, ~c! Ti-terminated
TiC~111!, and~d! TiC~110! surface slab unit cells used for our DFT–GG
calculations. All the surface slabs have a 131 surface geometry. Both
TiC~100! and TiC~110! slabs are comprised of five layers with each lay
containing one Ti and one C atom in the unit cell. The polar TiC~111! slab
consists of seven layers having an alternating arrangement of Ti an
layers and is Ti terminated at both the ends.
Downloaded 14 May 2003 to 128.97.45.185. Redistribution subject to A
e-
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e
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en
d
e

atomic spheres intol components. The Wigner–Seitz~WS!
radii used for the calculation of partial DOS(site and l pro-
jected! were 1.477 Å for Ti, 1.189 Å for C, and 1.4095 Å fo
Fe. These WS radii were chosen by scaling the eleme
muffin-tin radii of the constituent elements to the compou
in question such that a volume-filling criterion was fulfille
Note that these spheres have nothing to do with calculat
of the total energy or density, but merely determine, in
post-calculation analysis, the amount of charge density
closed in the given sphere around each atom to derive
character of a given peak in the DOS. For our elemen
Ti~hcp! and C~graphite! calculations, the WS radii~1.60 Å
for Ti and 1.15 Å for C! were chosen such that the spher
captured;95% of the total charge density, although the
radii were not volume filling. This was particularly the ca
for C~graphite!, which has an open 2D planar structure. T
charge density plots include the full valence charge dens
i.e., contributions from Ti 3p semicore and augmentatio
charges are also included.

III. RESULTS AND DISCUSSION

The results obtained using the above methodology
divided into two parts: those obtained for the bulk TiC a
bcc Fe phases and their low-index surfaces and those
tained for the TiC~100!/bcc Fe~110! interfaces.

A. Bulk crystals and surfaces: Structural, cohesive,
and electronic properties

1. Bulk properties

Again, our approach consists of going from the bulk
the surface and finally to the interface in order to analyze
understand the change in the nature of bonding and e
tronic structure, and also to test the accuracy of the pseu
potental approximation. The bulk structural and cohes
properties calculated include the equilibrium lattice para

C

FIG. 2. Unrelaxed~a! bcc Fe~110!, ~b! bcc Fe~100!, and ~c! bcc Fe~111!
surface slab unit cells used for our spin-polarized DFT–GGA calculatio
Each slab has a 131 surface geometry and contains seven layers with o
atom per layer.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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TABLE II. DFT–LDA and DFT–GGA ground-state properties of bulk TiC and DFT–GGA ground-state properties of bcc Fe. For the top three entries
cell, the top value is USPP DFT–GGA, the middle~in parentheses! is the corresponding experimental value, and the bottom value~square brackets! is USPP
DFT–LDA. All-electron LDA and other USPP–GGA results are also shown. The up and down arrows for bcc Fe indicate up-spin and down-spin com

Lattice Bulk Cohesive Formation DOS ateF Magnetic
parameter modulus energy energy moment

(B0) (Ecoh) (Eform) @r(eF)# (m)
System ~Å! ~GPa! ~eV/atom! ~eV/atom! @(eV/atom)21# (mB)

TiC
USPP–GGA 4.348 247 7.740 21.921 0.127 0.00
Experiment ~4.313–4.329! a ~241! b ~7.104! c (21.906)d 0.00
USPP–LDA @4.277# @275# @8.709# @21.967# @0.108# 0.00
FPLMTOe 4.329 214 8.890 0.116
~LDA !
bcc Fe
USPP–GGA 2.862 158 4.461 - 0.518 (↑) 2.32

0.285 (↓)
Experiment ~2.87! a ~168! b ~4.316! b - ~2.22! b

KKR–LDA f 2.789 217 6.259 - 2.15d

Other USPP–GGAg 2.86 155 5.150 - 2.32
Other USPP–GGAh 2.87 166.0 5.200 2.24

aReference 68. eReference 32.
bReference 22. fReference 69.
cReference 1. gReference 70, normal valence USPP for Fe used.
dReference 24. hReference 70, USPP that includes semicore 3p contributions for Fe used.
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eters (a and c/a), bulk moduli (B0), cohesive energies
(Ecoh), and energies of formation (Eform). In Table II, we
summarize our results obtained for TiC using both the LD
and GGA. For bcc Fe, as mentioned above, we used only
spin-polarized GGA. Also given are available experimen
values, all-electron FPLMTO-LDA,32 other USPP–GGA
~Moroni et al.70!, and all-electron spin-polarized Korringa
Kohn-Rostaker-~KKR-! LDA ~Ref. 69! results.

TiC has the NaCl~B1! structure, in which the cation
and the anions independently form fcc lattices, where th
two interpenetrating lattices are displaced from each othe

a^ 1
2

1
2

1
2& @see Fig. 1~a!#. The equilibrium lattice parameters fo

both TiC and bcc Fe were obtained by minimizing t
ground-state total energyET(V), with respect to the volume
~V! ~or, equivalently, the lattice parameter! of the unit cell.
TheEcutoff values in Table I were found to be sufficient ev
for the smallest volume considered in the global volu
minimization of ET . As seen in Table II, the GGA slightly
overestimates~by ,1%), whereas the LDA~consistently!
slightly underestimates the lattice parameters of TiC co
pared with experiment.68 The FPLMTO–LDA lattice param-
eter~4.329 Å! for TiC is in better agreement with experime
than our GGA results. For bcc Fe, the GGA value of eq
librium lattice parameter~2.86 Å! is in excellent agreemen
with experiment~2.87 Å!, as well as with the USPP–GGA
results of Moroniet al. ~2.86 and 2.87 Å!.

The bulk modulus (B0) is related to the second deriva
tive of ET with respect to the volume, evaluated at the eq
librium volume (V0):

B052V0S d2ET

dV2 D
V5V0

. ~1!
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Calculated values often have errors of 10% or higher. T
bulk modulus was obtained by fitting theET–V data to the
Murnaghan equation of state:71

ET~V!5
B0V

B08
F ~V0 /V!B08

B0821
11G1C, ~2!

whereB0 is the bulk modulus,B08 is the pressure derivative
of B0, and C is a constant. For both TiC and bcc Fe, t
GGA results forB0 are within 3–6% of the correspondin
experimental values.21,22 The LDA bulk modulus for TiC is
overestimated by ;10%, while the corresponding
FPLMTO–LDA result is underestimated by the sam
amount, indicating inaccuracies in the LDA USPPs.

The cohesive energies (Ecoh) in Table II were calculated
in the usual way from the difference in total energies b
tween isolated atoms and theAxBy compound:

Ecoh~AxBy!5@xET
at~A!1yET

at~B!#2ET~AxBy!. ~3!

Cohesive energies output byVASP are with respect to the
nonmagnetic reference configurations used to generate
pseudopotentials, even though, e.g., the true ground sta
Ti is high spins2d2 (3F), not NM s1d3. Therefore, we re-
quire the energy difference (DEat5Eat

NM2Eat
g.s.) in order to

correctVASP cohesive energies and reportEcoh referenced to
the experimental ground states of the atoms. Our G
~LDA ! calculated value ofDEat for Ti was 2.289~2.228! eV
which is consistent with the 2.24~1.99! eV value reported in
the VASP manual. Similarly, for Fe the true ground state
high spins2d6 (5D), though the pseudopotential was co
structed using a NMd7s1 configuration, and for C, the true
ground state is high spins2p2 (3P), not NM s2p2. Our
DFT–GGA values ofDEat for Fe and C atoms are 3.848 an
0.950 eV, respectively. The corresponding LDA value for
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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atom is 0.910 eV. Taking these energy differences into
count yields cohesive energies of TiC@GGA ~LDA !# and Fe
@GGA# of 7.740 ~8.709! and 4.461 eV/atom, respectivel
Overall, the GGA results for both TiC and Fe are in mu
better agreement with experiment @Ecoh

expt(TiC)
57.104 eV/atom andEcoh

expt(Fe)54.316 eV/atom] than the
LDA results, though still off by;10%. The remaining erro
is due to systematic errors in the description of exchan
correlation, e.g., the spurious self-interaction terms72

USPP–GGA~Moroni et al.! cohesive energies for bcc F
deviate from experiment by as much as 15%; this is due
part to improperly accounting for the final states of the
oms.

The systematic errors inEcoh can be minimized by in-
stead considering the energy of formation (Eform), where iso-
lated atomic contributions will cancel out:

Eform~AxBy!5Ecoh~AxBy!2xEcoh
g.s.~A!2yEcoh

g.s.~B!. ~4!

This is reflected in theEform value for TiC, which agrees
quite well ~within 1%! with the experimental value.24 Our
DFT–GGA cohesive energies for Ti~hcp! and C~graphite!,
properly referenced to the true atomic ground states,
5.463 and 8.097 eV/atom, respectively. The correspond
LDA values are 6.285 and 9.165 eV/atom, respectively.

The metallic character of TiC and Fe is evident from t
nonzero DOS at the Fermi levelr(eF) ~Table II! and the
ferromagnetic nature of bcc Fe producesm52.315mB , in
good agreement with the experimental value of 2.22mB and
USPP-GGA values~Moroni et al.! of 2.32mB and 2.24mB

~Table II!. These features are evident also in total DOS a
site and l projected for TiC~Fig. 3! and bcc Fe~Fig. 5,
below!. For example, the spin-polarized DOS for bcc
@Fig. 5~a!# is clearly dominated by Fed states with negligibly
small contributions coming from Fes, which is mostly delo-
calized.

The DOS of bulk TiC provides evidence for both meta
lic ~finite DOS ateF) and covalent Ti–C bonding@Fig. 3~a!#.
A low-lying band at;29.5 eV exhibits almost exclusively
C 2s character, while at higher energies, one obser
three overlapping bands (;24.0 eV, ;23.0 eV, and
;22.0 eV) separated from the C 2s band by an energy gap
These overlapping bands consist of not only the C 2p states
but also Tid states, indicating a strong interaction between
2p and Ti 3d electrons. This band represents the main co
lent bonding component, exhibiting strong mixing. The c
responding antibonding band lies in the unoccupied reg
(;14.0 eV). These results are consistent with previo
LDA predictions3,8,11 on carbides of Ti, V, Zr, and Nb.

An ionic component of the bonding also exists, in whi
electron transfer from Ti to C occurs~see Table III!. This has
been observed by other workers,3,8 independent of the radi
of the Wigner–Seitz spheres selected. Our choice
Wigner–Seitz radii suggests that Ti loses;0.1e and C gains
;0.4e, compared to the respective bulk elements~see Table
III !. This loss–gain inequivalency here is indicative of t
limitations of this type of analysis~arbitrary choice of sphere
radii!; therefore only qualitative conclusions should
drawn. A comparison of thel-decomposed charges betwe
bulk TiC and respective bulk elements qualitatively sugge
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that Ti s electrons are donated to Cp states. This is exactly
what is expected based on ionization energies~IEs!:
IE(Ti s),IE(Ti d). Charge transfer here for TiC is some
what lower than that obtained by the APW–LDA calcul
tions of Neckel,3 which predicted a loss of 0.36e by Ti and a
gain of 0.43e by C. The all-electron LDA calculations o
Wimmer et al.35 predicted the charge transfer to be 0.2e
from Ti to C. However, the qualitative feature of electro
transfer from Ti to C is found by all three sets of calcul
tions.

The total valence electron density distribution in t
~100! plane @Fig. 4~a!# of TiC is also suggestive of this
charge transfer from Ti to C, given the nearly spherica
symmetric charge density around each C atom, indicative
a close to half-filledp shell. Some localized Ti–C interac
tions are also evident in the~100! plane of TiC.

2. Surface properties

Here we discuss predictions of structural and electro
properties for the~100!, ~110!, and ~111! surfaces of both

FIG. 3. Thesite- andl-projected partial density of states~DOS! for ~a! bulk
TiC and the surface layer of~b! TiC~100!, ~c! polar Ti-terminated TiC~111!
~surface Ti and subsurface C!, and~d! TiC~110!.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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TABLE III. Partial electronic charges (Ql) of C, Ti, TiC, and Fe, partitioned according to their angul
momentum, for bulk and surface~S! atoms inside their Wigner–Seitz spheres.QT’s are the total number of
valence electrons inside the Wigner–Seitz sphere. The up and down arrows for bcc Fe surfaces indicate
and down-spin components, respectively, andm is the magnetic moment~in mB /atom) for Fe atoms in bulk or
surface layers.

C M5Ti/Fe a

m
System Qs Qp Qd QT Qs Qp Qd QT (mB /atom)

C„gr… b 1.420 2.142 0.270 3.832 -
Ti „hcp… b 0.532 6.465 2.374 9.371 -
TiC 1.431 2.698 0.077 4.204 0.348 6.542 2.364 9.254 -
TiC „100… -
~S! 1.430 2.551 0.058 4.039 0.337 6.468 2.304 9.109
TiC „111… ~S! - - - - 0.368 6.392 2.341 9.101 -
~S-1!c 1.436 2.752 0.098 4.287 - - - -
TiC „110… -
~S! 1.447 2.403 0.049 3.899 0.346 6.404 2.366 9.115
bcc Fe 2.320
(↑) 0.255 0.263 4.399 4.917
(↓) 0.270 0.329 1.985 2.584
Fe„110… 2.742
(S)(↑) 0.258 0.212 4.545 5.015
(S)(↓) 0.260 0.227 1.786 2.273
Fe„100… 3.046
(S)(↑) 0.258 0.192 4.640 5.091
(S)(↓) 0.248 0.195 1.601 2.045
Fe„111… 2.978
(S)(↑) 0.262 0.171 4.624 5.057
(S)(↓) 0.248 0.161 1.670 2.079

aThe Ti values reflect integration of charges including the 3p semicore electrons.
bThe Wigner–Seitz sphere radii selected for evaluation of partial charges for Ti~hcp! and C~gr! phases are 1.60
and 1.15 Å, respectively.

cThere are no surface C atoms for the metal-terminated TiC~111! surface.
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TiC and bcc Fe. The properties evaluated are the sur
energies, relaxations, and electronic properties, e.g., D
surface states, and charge transfer effects.

The surface energyEsurf is approximated in the slab
model as

Esurf5

FEslab2S Nslab

Nbulk
DEbulkG

2A
, ~5!
ay 2003 to 128.97.45.185. Redistribution subject to A
ce
S,
whereEslabandEbulk are the total energies of the surface sl
and the bulk unit cell, respectively, where we are neglect
finite temperature contributions to the surface free ene
Nslab andNbulk are the number of formula units contained
the slab and the bulk supercells, respectively.A is the area of
the surface unit cell.

a. TiC surfaces. All the low-index surfaces of TiC are
observed to undergo minimal structural relaxations, as ca
ch

m.
ted
FIG. 4. Total valence charge density distributions, ea
sliced through both Ti and C atoms, on the~a! ~001!
plane of bulk TiC, depicting cp–Ti d interactions,~b!
~011! plane of TiC~100!, and ~c! ~001! plane of
TiC~110!, depictingp–d andd–d interactions. Both the
surface slices show corrugation of charges over C ato
The charge concentration is proportional to the depic
intensity. Note that the Ti density includes the 3p semi-
core electrons.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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seen in Table IV. The maximum relaxation is observed
polar TiC~111!, where the surface Ti atoms move into th
bulk by about 0.156 Å, thereby reducing the interlayer se
ration between the surface and subsurface layers. Overal
~100!, ~110!, and ~111! surfaces of TiC show nearly idea
bulk truncation consistent with 131 patterns as also ob
served by LEED experiments.12 The possibility of a rippled
relaxation, i.e., C and Ti rows displaced in opposite dir
tions on the TiC~100! surface, was considered in impact co
lision ion scattering spectroscopy73 ~ICISS! experiments, but
the measurements indicated an ideal bulk truncation,
though a very small rippled relaxation could not be ruled o
FPLMTO ~Ref. 32! predictions of a rippled relaxation on th
TiC~100! surface showed surface C atoms moving sligh
toward vacuum~10.02 Å! and Ti atoms moving slightly into
the bulk (20.04 Å). From Table IV, we find the magnitud
of this rippling to be10.030 Å for carbon and20.077 Å for
Ti, in qualitative agreement with FPLMTO results. Th
FPLAPW calculations35 also predicted rippling, but with op
posite directions of Ti and C displacements. The effec
small enough that one should consider this to be in the n
of the calculational method: the surface is essentially b
terminated.

The electronic structure of TiC~100! reveals severa
surface-induced features@see Fig. 3~b!#. A comparison with
the bulk DOS@Fig. 3~a!# shows that new states appear in t
energy range between24.0 eV and14.0 eV around the
Fermi level. The C 2p and Ti 3d peaks in the occupied pa
of DOS shift towards lower binding energy by about 0.5 e
thereby reducing the valence band width and enhancing
degree of localization of electrons at the surface. Sim
DOS shifts were predicted by FPLAPW~Ref. 35! and TB
~Ref. 34! calculations for TiC~100!.

TABLE IV. Vertical displacements@Dz, ~Å!# perpendicular to the surface
upon relaxation of the surface~S! and directly subsurface~S-1! atoms, from
bulk-terminated positions. Minus signs indicate movement into the bulkdi

is interlayer distance between the layer in question and the next layer be
The values in parentheses are for the unrelaxed slabs.

~C! (M5Ti ÕFe)

Dz di Dz di

System ~Å! ~Å! ~Å! ~Å!

TiC~100!
~S! 0.030 2.204~2.192! 20.077 2.113~2.174!
~S-1! 0.012 2.186~2.174! 20.016 2.159~2.174!
TiC~111!
~S! - - 20.156 1.025~1.256!
~S-1! 20.007 1.407~1.255! - -
TiC~110!
~S! 0.007 1.496~1.537! 20.137 1.379~1.537!
~S-1! 0.047 1.585~1.537! 10.022 1.559~1.537!
Fe~110!
~S! 20.002 2.017~2.024!
~S-1! 0.005 2.033~2.024!
Fe~100!
~S! 20.020 1.374~1.431!
~S-1! 0.037 1.465~1.431!
Fe~111!
~S! 20.086 0.797~0.826!
~S-1! 20.057 0.648~0.826!
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The partial DOS for TiC~111! projected onto surface T
and subsurface C atoms@Fig. 3~c!# shows a dip at around
21.0 eV in the occupied part of the valence band, wh
separates the covalent Tid–C p mixing region at higher
binding energy and the totally Tid-dominated region at the
Fermi level that reveals the metallic character of the surf
layer. By contrast, partial DOS for TiC~110! exhibits prima-
rily Ti d–C p covalent interactions@Fig. 3~d!#. The partial
charges for surface Ti and C atoms~Table III! suggest only
small changes compared to bulk TiC, with the general tre
of some charge transfer from Ti to C remaining upon form
tion of surfaces.

Our fully converged DFT–GGA results for the surfac
energies of various unrelaxed and relaxed surfaces of
and bcc Fe are given in Table V. For comparison, we a
show LDA results for the most stable surface of TiC, vi
TiC~100!. As usual, the LDA surface energy is much high
than the GGA one. Generally, the higher the packing den
of a given surface, the more stable the surface. The theo
ical packing densities of~100!, ~110!, and ~111! surfaces of
NaCl-like structures~here TiC! are roughly in the ratio
1.000:0.530:0.577@4/a2:3/(a2A2):4/(a2A3)#, suggesting a
stability sequence of (100).(111).(110). Our calculated
stabilities of low-index surfaces of TiC indeed follow pac
ing densities, as can be seen from the surface energy va
for the relaxed structures in Table V. Note that we found
polar TiC~111! surface to be preferentially Ti terminate
@other (111) surface terminations yielded much higher s
face energies#, as also observed experimentally.12

The surface energy values can serve as a guideline
predicting the critical stress required for crack propagation
a brittle material, which, according to Griffith theory,74 is
proportional to twice the surface energy. For ductile mate
als ~e.g., Fe metal!, where the plastic deformation energ
plays a more conclusive role, the proportionality to the s
face energy is still valid, as a first approximation.74 Our
DFT–GGA surface energy values~Table V! indicate that the
critical stress required for crack propagation in bcc Fe alo
@110# is about 27% larger than that in TiC along@100#.

b. bcc Fe surfaces. Like TiC, the low-index surfaces o

w.

TABLE V. DFT–GGA surface energies@Esurf (mJ/m2)] of low-index sur-
faces~both unrelaxed and relaxed! of TiC and bcc Fe. Values in parenthese
are DFT–LDA results for the most stable surface of TiC. The change
energy upon relaxation@DErelax ~meV/formula unit!#.

Esurf Esurf

~unrelaxed! ~relaxed! DErelax

System (mJ/m2) (mJ/m2) ~meV/formula unit!

TiC ~100! 1799 1665 31.7
~2492! ~2254! ~56.0!

TiC ~111! 3613 3122 77.3
TiC ~110! 3891 3631 86.7
bcc Fe~110! 2289 2288 0.1

@2417-2475# a

$2430% b

bcc Fe~100! 2323 2301 3.2
bcc Fe~111! 2667 2586 20.3

@2733# b

aExperimental~Refs. 38 and 39!.
bFCD–LMTO ~GGA! ~Ref. 40!.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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bcc Fe also exhibit nearly negligible structural relaxati
~see Table IV!. The Fe~110! shows almost perfectly smoot
termination. For bcc Fe~100!, the surface atoms move int
the bulk, while the subsurface atoms move out tow
vacuum, thereby decreasing the interlayer separation
about 0.057 Å. In Fe~111!, both surface and subsurface a
oms move into the bulk by 0.086 Å and 0.057 Å, respe
tively, and the interlayer separation decreases by 0.029

The partial DOS plots~Fig. 5! for surface Fe atoms show
that the (110) surface looks quite bulk like@compare Figs.
5~a! and 5~b!#, while the (100) and (111) surfaces sho
larger shifts in the occupied states that differ for up and do
spin channels. This leads to net magnetic moments for
surface Fe atoms in Fe~110!, Fe~100!, and Fe~111! of
2.742mB /atom, 3.046mB /atom, and 2.978mB /atom ~see
Table III! as compared to 2.32mB/atom for bulk Fe. The in-
tegrated valence electron charges~up spin1 down spin! for
Fe atoms in the bulk and at the (110), (100), and (11
surfaces are 7.4e, 7.3e, 7.1e, and 7.1e, respectively. The
decrease in integrated charges at the surfaces is no doub
to delocalization of the electron density tails into t
vacuum. Despite this, we see that the close-packed (1

FIG. 5. Spin-polarizedsite- andl-projected partial DOS for~a! bulk bcc Fe
and the surface layer of~b! Fe~110!, ~c! Fe~100!, and~d! Fe~111!. Thea and
b correspond to up-spin and down-spin partial DOS.
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surface has very nearly a bulk electronic structure~based on
the integrated charges!, but with an enhanced magnetic mo
ment. Indeed all three surfaces exhibit increased magne
at the surface. The bulklike electronic structure of the (11
surface is partially responsible for its greater stability.

The stability trend of bcc Fe surfaces~see Table V! also
follow their packing density sequence, viz., (110).(100)
.(111). Experimental surface energies~extrapolated to 0 K!
of bcc Fe~110! vary between 2417 and 2475 mJ/m2.38,39The
GGA slightly underestimates the surface energy, yieldin
value of 2288 mJ/m2.

To summarize, the stability of all the low-index surfac
of both TiC and bcc Fe follow their packing density s
quence. All the surfaces show negligible relaxations with
most ideal bulk termination. While the~100! and ~110! sur-
faces of TiC are predominantly polar covalent in nature,
metal-terminated TiC~111! surface shows strong metallicit
at the surface in addition to the polar covalent compone
All surfaces of Fe are predicted to exhibit enhanced mag
tism.

B. TiC „100…ÕFe„110… interface

Here we focus on the structure, bonding, and energe
at the TiC/Fe interface. We have restricted our study to
interface formed between the most stable surfaces, v
TiC~100! and bcc Fe~110!, as it is observed experimentally17

that stable interfaces are generally formed between m
stable surfaces. Although more open surfaces might b
more strongly to each other because of the higher numbe
dangling bonds, these more open surfaces also have hi
surface tensions,17 and therefore, the deciding factor is th
relative bond strength at the interface in relation to that in
bulk. The other reason for selecting this particular interfa
is that it has a minimum lattice mismatch~2.1%! among all
combinations considered of low-index surfaces of TiC a
bcc Fe, suggesting it will be the least strained and there
the most likely to be the most stable interface. In order
achieve asymptotic values for the properties of the coat
we progressively increased the thickness of the TiC coa
from one monolayer to three monolayers.

1. Interface structure

The geometrical aspect of matching TiC to the bcc
substrate is relatively simple to approach: some surface
cell of TiC~100! with surface areaA2 is forced into registry
with a bcc Fe~110! surface unit cell with surface areaA1 and
an overlap areaV is then calculated. The misfit parameterz
defined as17

z5
2V

A11A2
, ~6!

is then calculated to select lattice vectors for the surface s
which correspond to minimumz. One needs to be careful i
this analysis, as excellent matching can be produced by c
sidering some exotic Miller indices for very large interfa
unit cells. An analysis of surface matching provided us w
a practical interface unit cell having a supercell area of 28
Å2 (a59.386 Å andb54.048 Å) and a lattice mismatch o
2.1%.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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FIG. 6. Structurally relaxed TiC~100!/Fe~110! interface
slab unit cells for~a! 1-ML-, ~b! 2-ML-, and ~c! 3-ML-
thick coatings of TiC. The Fe substrate has five laye
with five atoms per layer. Each ML of TiC contain
three atoms each of Ti and C.
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The main structural features of the relaxed TiC/Fe int
faces~Fig. 6! are listed in Table VI, which gives coordinatio
numbers and nearest-neighbor distances for atoms at or
the relaxed interface. The atoms have been designated
cording to their distances from the interface, e.g., atom C1 is
closer to the interface region than atom C2 and so forth. For
a 1-ML TiC coating @Fig. 6~a!#, the calculated Fe–C dis
Downloaded 14 May 2003 to 128.97.45.185. Redistribution subject to A
-

ear
ac-

tances are 2.05 and 2.07 Å for C1 and C2, respectively~see

Table VI!. The experimental value of the Fe–C distance

Fe3C is 2.02 Å,68 which is close to the interface Fe–C va
ues, suggesting strong Fe–C bonding at the interface.
minimum Fe–Ti bond lengths in the relaxed interface a
2.29 and 2.45 Å for Ti1 and Ti2, respectively. These ar
m

TABLE VI. Rough number of nearest neighbors~#nn! and their distance ranges@dnn ~Å!, in parentheses# for
atoms positioned at~subscript 1! and near~subscripts 2 and 3! the TiC/Fe interface. Bulk and surface ato
coordination analyses for isolated TiC and Fe are also included for comparison. The subscriptss andb refer to
surface and bulk atoms, respectively.

#nn @dnn ~Å!#

System Atom C Ti Fe

TiC C - 6 ~2.17!
Ti 6 ~2.17! -

TiC~100! Cs 5 ~2.18–2.22!
Cb 6 ~2.16–2.17!
Tis 5 ~2.08–2.18!
Tib 6 ~2.17–2.19!

bcc Fe~110! Fes 2 ~2.47! 1 2 ~2.86!
Feb 4 ~2.48! 1 4 ~2.86!

1 ML C1 4 ~2.14–2.22! 1 ~2.05!
TiC~100!/Fe~110! C2 4 ~2.18–2.27! 2 ~2.07!

Ti1 4 ~2.18–2.22! 1 ~2.29!
Ti2 4 ~2.14–2.27! 1 ~2.45! 1 1 ~2.70!
Fe1 1 ~2.05! 1 ~2.70! 2 ~2.54! 1 6 ~2.61–2.79!
Fe2 1 ~2.07! 1 ~2.45! 7 ~2.43–2.55! 1 1 ~2.79!

2 ML C1 4 ~2.10–2.20! 1 ~1.99!
TiC~100!/Fe~110! C2 5 ~2.18–2.25! 2 ~2.26–2.29!

C3 5 ~2.12–2.22!
Ti1 5 ~2.12–2.22! 1 ~2.49! 11 ~2.74!
Ti2 5 ~2.18–2.20! 1 ~2.51!
Ti3 5 ~2.10–2.22!
Fe1 1 ~1.99! 1 ~2.74! 7 ~2.55–2.67!
Fe2 1 ~2.26! 1 ~2.48! 7 ~2.38–2.55!
Fe3 1 ~2.51! 2 ~2.26–2.28! 1 6 ~2.51–2.58!

3 ML C1 5 ~2.13–2.20! 1 ~1.99!
TiC~100!/Fe~110! C2 5 ~2.19–2.45! 2 ~2.24–2.27!

C3 6 ~2.09–2.20!
Ti1 5 ~2.09–2.23! 1 ~2.52! 1 1 ~2.76!
Ti2 5 ~2.17–2.20! 1 ~2.57!
Ti3 6 ~2.16–2.22!
Fe1 1 ~1.99! 1 ~2.76! 7 ~2.55–2.69!
Fe2 1 ~2.27! 1 ~2.51! 7 ~2.38–2.55!
Fe3 1 ~2.57! 8 ~2.27–2.58!
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shorter than the experimental Fe–Ti bond length in bulk F
(Pm3̄m) ~2.58 Å!,68 indicating also strong Fe–Ti bonding a
the TiC/Fe interface. In both relaxed 2-ML and 3-ML coa
ings @Figs. 6~b! and 6~c!#, the Fe1–C1 distance is reduced
slightly to 1.99 Å, compared to 1-ML coating, indicatin
slightly increased Fe–C interactions. By contrast, the m
mum Fe–Ti bond distances are 2.49 and 2.52 Å, resp
tively, for 2-ML and 3-ML coatings, indicating decrease
Fe–Ti interactions as compared to the 1-ML film, but co
parable interactions to those in bulk FeTi. The minimum F
C2 bond distances are 2.07, 2.26, and 2.24 Å, respectiv
for 1-, 2-, and 3-ML films, while the minimum Fe–Ti2 bond
distances are 2.45, 2.51, and 2.57 Å, respectively. This i
cates progressively decreasing Fe–Ti interactions as coa
thickness increases. The Fe–C2 interaction reduces going
from 1-ML to 2-ML coating, but then it increases slight
going from the 2-ML to 3-ML case. The Fe3 atoms, in the
layer adjacent to the interface layer, exhibit interactions w
Ti atoms ~Table VI!, indicating high coordination of thes
metal atoms. A comparison of various interatomic distan
for the relaxed interface supercells and those in the b
phases~Table VI! shows that these interfaces are more
less smooth with very little relaxations~Fig. 6!.

2. Interfacial bonding

The characteristic features of bonding across the 1-
film’s interface can be seen in partial DOS plots in Fig.
where we display spin-polarizedsite- and l-projected DOS
for the constituent atoms. Figure 7~a! shows a strong inter
action between C1 2p and Fe1 d electrons in the valence
band, which is the main covalent component of bond
across the interface. Similarly, mixing of Ti1 d–Fe1 d states
can also be observed in this plot, although most of Tid band
is unoccupied. The partial DOS for the interface atoms a
show a finite DOS at the Fermi level, indicating metal
bonding across the interface, arising mainly because of T1 d
and Fe1 d states. Taking into account the higher coordinat
of Ti and Fe than C, it may be concluded that both Fe–Ti a
Fe–C interactions contribute strongly to the interfacial bo
ing. In Fig. 7~a!, the strong peak contributing to Fe–C bon
ing in the lower part of valence band is depleted in DOS
C2 and Fe2 @Fig. 7~b!#, indicating reduced covalent bondin
with increased bond distance. A comparison of total vale
charges of these interfacial atoms~Table VII! with their cor-
responding surface values~Table III! shows that C1 and Fe1
gain;0.02e and;0.11e, respectively, while Ti1 loses about
0.07e, as compared to their surface values, although
charges are well below their respective bulk values. Si
larly, C2 and Fe2 gain ;0.05e and ;0.33e, respectively,
while Ti2 loses;0.11e. Thus, the Fe–TiC interface bondin
involves a small amount of electron transfer from Ti to F
Further, thel-decomposed spin-polarized charges in Ta
VII also show that Fe substrate induces magnetization in
neighboring TiC layer, which affects Tid states much more
than Cp states (Ti2 more than Ti1), indicating that thesed
states are definitely involved in the interfacial bondin
Moreover, the interface Fe atoms have much reduced m
netic moments (Fe152.392mB and Fe251.941mB) com-
Downloaded 14 May 2003 to 128.97.45.185. Redistribution subject to A
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pared to their surface value of 2.742mB , suggesting strong
spin pairing is involved in Fe–Ti interactions.

The bonding features in 2- and 3-ML-thick coatings a
identical in many respects. Hence, for the sake of brevity,
restrict our discussion to only the 2-ML case, pointing o
differences, if any, in the 3-ML coating. The spin-polarize
partial DOS for a 2-ML coating@Fig. 8~a!# shows that the Ti1

d DOS in the occupied part of the valence band has dim
ished with a concomitant increase in the C1 p contribution in
the lower part of the valence band compared to the 1-
case~Fig. 7!. The DOS at the Fermi level is clearly dom
nated by Fed states with almost negligible participation from
Ti1 d states, suggesting much reduced intermetallic bond
at the interface. The progressive increase in Tid–C p cova-
lent mixing can be observed going from first nearest nei
bors to third nearest neighbors@Figs. 8~a!, 8~b!, and 8~c!#,
indicating progressive increase in intraceramic bonding
one moves away from the interface. The Ti3 d states still
contribute to Fe–Ti bonding at the second-nearest-neigh

FIG. 7. Spin-polarizedsite- andl-projected partial DOS for atoms~a! near-
est, and~b! next nearest to the interface for 1 ML of TiC on a bcc Fe~110!
substrate. These atoms are designated with subscripts 1 and 2, respec
~see also Table VI!. The a and b correspond to up-spin and down-spi
partial DOS.
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level @see Fig. 8~c!#. This shows that for a 2-ML coating
although there is a slight increase in Fe–C interactions,
Fe–Ti bonding strength has decreased to a large extent a
interface, while Ti–C strength has increased. Thus, the
traceramic bonding has reduced the magnitude of interfa
bonding. We shall see this manifests itself directly in t
trends in the ideal work of adhesion as the film thickens.

Table VII shows that the total charge on interfacial T1

and C1 atoms increases significantly (0.21e and 0.14e, re-
spectively! from the 1-ML to the 2-ML films, perhaps indica
tive of increased localized Ti–C bonding at the expense
interfacial bonding. The reduced Fe–Ti interactions in 2–
ML-thick coatings also appear in the decrease in Fe-indu
magnetization in Ti1 and Ti2 ~Table VII!. Accordingly, the
magnetic moments of interface Fe atoms increase (2.39mB

and 2.438mB , for 2-ML and 3-ML cases, respectively! com-
pared to the 1-ML case. Overall, the interfacial bonding
similar in both 2-ML and 3-ML coatings; at even 2 ML
intraceramic bonding achieves full coordination.

3. Interfacial adhesion

DFT–GGA predictions of the ideal work of adhesio
(Wad

ideal) for the fully relaxed interfaces comprising up

TABLE VII. Spin-polarized partial electronic charges (Ql), partitioned ac-
cording to its angular momentum inside its Wigner–Seitz sphere, for at
nearest~subscript 1! and next nearest~subscript 2! to the TiC~100!/Fe~110!
interface.QT’s are the total number of valence electrons inside the Wign
Seitz sphere. Atom-resolved magnetic momentsma (mB) are also given.

1 ML 2 ML 3 ML

System (↑) (↓) (↑) (↓) (↑) (↓)

C1 Qs 0.713 0.712 0.714 0.715 0.715 0.715
Qp 1.291 1.273 1.368 1.368 1.346 1.350
Qd 0.036 0.036 0.051 0.051 0.052 0.049
QT 2.041 2.021 2.134 2.134 2.112 2.114
ma 0.020 0.000 20.002

C2 Qs 0.708 0.708 0.703 0.700 0.703 0.700
Qp 1.280 1.295 1.318 1.314 1.297 1.284
Qd 0.046 0.046 0.042 0.041 0.041 0.039
QT 2.035 2.049 2.063 2.055 2.041 2.023
ma 20.014 0.008 0.018

Ti1 Qs 0.166 0.164 0.181 0.185 0.179 0.183
Qp 3.209 3.205 3.267 3.273 3.264 3.272
Qd 1.058 1.237 1.155 1.247 1.167 1.236
QT 4.434 4.607 4.603 4.705 4.610 4.691
ma 20.173 20.102 20.081

Ti2 Qs 0.160 0.170 0.168 0.168 0.168 0.165
Qp 3.206 3.207 3.243 3.238 3.240 3.234
Qd 1.011 1.249 1.118 1.214 1.140 1.175
QT 4.377 4.626 4.529 4.620 4.548 4.574
ma 20.249 20.091 20.026

Fe1 Qs 0.247 0.246 0.244 0.247 0.243 0.246
Qp 0.270 0.313 0.275 0.316 0.273 0.310
Qd 4.377 2.503 4.389 1.950 4.407 1.929
QT 4.895 2.503 4.908 2.513 4.923 2.485
ma 2.392 2.395 2.438

Fe2 Qs 0.260 0.269 0.252 0.265 0.252 0.264
Qp 0.293 0.346 0.267 0.308 0.267 0.306
Qd 4.224 2.221 4.399 2.016 4.420 1.989
QT 4.777 2.836 4.917 2.588 4.938 2.559
ma 1.941 2.329 2.379
Downloaded 14 May 2003 to 128.97.45.185. Redistribution subject to A
e
the
-

ial

f
-
d

s

3-ML-thick coatings of TiC on bcc Fe are shown in Fig.
Wad

ideal is defined as the energy required~per unit area! to
reversibly separate an interface into two free surfaces,
glecting plastic and diffusional degrees of freedom. The
dissipative processes are responsible for the fact that en
needed in an actual cleavage experiment is always cons
ably greater than the ideal work of adhesion.20 Therefore, our
predictions may be considered as lower bounds for the w
of adhesion obtained by any cleavage experiment. Form
Wad

ideal is defined in terms of either the surface and interfa
energies relative to respective bulk materials or by the
ference in total energy between the interface slab and
isolated component slabs~substrate and coating!:

Wad
ideal5s1v1s2v2s125

Esubstrate1Ecoating2Einterface

A
,

~7!

wheres iv is the surface energy per unit area of thei th slab,
s12 is the interface free energy per unit area, andEsubstrate,
Ecoating, andEinterfaceare the total energies of substrate~iso-

FIG. 8. Spin-polarizedsite- andl-projected partial DOS for atoms~a! near-
est~b! second nearest, and~c! third nearest to the interface for 2 ML of TiC
on the Fe~110! substrate. These atoms are designated with subscripts
and 3, respectively~see also Table VI!. Thea andb correspond to up-spin
and down-spin partial DOS.
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lated!, coating~isolated!, and interface slabs, respectively.A
is the interface area. An attractive interaction between
two crystals corresponds toWad.0. We have used the sec
ond identity in Eq.~7! to calculateWad

ideal of TiC on a Fe
substrate. In order to approximately cancel the effect of
tice mismatch, we calculated the energy of the isolated c
ing using the same lattice vectors as for the interface, let
the atoms relax within that constraint. We find, similar to o
earlier work of ZrO2 on Ni,42 that bonding of a single ce
ramic layer to an Fe substrate is considerably stronger
that for 2- or 3-ML-thick TiC coatings. TheWad

ideal for the
relaxed single monolayer coating is 3988 mJ/m2, which
drops to 2572 mJ/m2 for 2 ML, reaching the asymptotic
value ofWad

ideal of ;2550 mJ/m2 for 3 ML. As illustrated in
the electronic properties~the DOS! discussed already, th
intraceramic bonding plays progressively more domin
role going from the 1-ML to 2-ML coating, with a concom
tant decrease in interfacial bonding. The intraceramic bo
ing contribution reaches a saturation level for 3-ML coati
for which the ideal work of adhesion has attained t
asymptotic value.

This TiC/Fe ideal interface strength is quite respecta
in size, but is below the energy required to form two surfa
of TiC~100! ~3330 mJ/m2) or of Fe~110! ~4576 mJ/m2). This
implies that the heterogeneous interface will be the weak
in the material. That said, TiC may still be useful as an
ternative coating for ferritic steels due to the strong coval
and metallic bonding that exists across the interface. Mo
over, the high melting point, hardness, and wear-resis
properties of TiC may allow such a coating to survive ha
operating conditions.

IV. SUMMARY

In this work, we studied bulk TiC, Fe, their low inde
surfaces, as well as one TiC/Fe interface using
pseudopotential-based DFT–GGA method. The primary g
of the work was to assess the prospects of TiC for use a

FIG. 9. Variation of ideal work of adhesion (Wad
ideal) with coating thickness.

Wad
ideal reaches its asymptotic value~2.56 J/m2) for a three-monolayer-thick

coating of TiC.
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alternative coating for steels~instead of Cr!, by determining
the nature of bonding at the interface and predicting the id
work of adhesion of the TiC coating on a bcc Fe substra
We selected an interface formed between the most st
surfaces~as determined by our calculations! of TiC and bcc
Fe, viz., TiC~100!/Fe~110! interface, which shows a lattice
mismatch of;2.1%. We studied up to 3-ML-thick coating
of TiC on a five-layer-thick bcc Fe substrate. We first ca
brated the numerical approximations to DFT by studying
bulk properties of TiC and Fe, which were found to be
reasonable agreement with experiment. We then chara
ized several low-index surfaces of TiC and Fe, confirmi
that the surfaces retain near bulk termination, again in ag
ment with experiment. The stability of both bcc Fe and T
surfaces were found to increase with packing density, w
(110) most stable for bcc Fe and (100) most stable for T
The metal-terminated TiC~111! surface was intermediate i
stability, with a mix of Tid–C p polar covalent bonding and
Ti d–d bonding. The stoichiometric TiC~100! and TiC~110!
surfaces exhibited predominantly polar covalent charac
Based on their surface energies, the critical stress requ
for crack propagation in bcc Fe was predicted to be 2
larger than that in TiC.

Our interface bonding analysis showed that the 1-M
coating utilized a mixture of covalent and metallic bondi
across the interface, arising from Fed–C p and Fed–Ti d
interactions, respectively. The equilibrium Fe–C and Fe–
distances for 1-ML coating were predicted to be 2.05 Å a
2.29 Å, respectively, which are close or significantly smal
than the experimental values in Fe3C ~2.02 Å!, and in FeTi
~2.577 Å!, suggesting strong Fe–C and Fe–Ti bonding
this ultrathin coating. As the coating thickens from 1 ML to
ML, intraceramic bonding plays a progressively more dom
nant role; the interfacial Fe–Ti metallic bonding at the inte
face fell sharply with a concomitant increase in Ti–C po
covalent bonding. As a result, binding of a single ceram
layer to an Fe substrate was much stronger than that of 2
3-ML-thick TiC coatings. This is borne out by theWad

ideal

values for these interfaces, which for a relaxed single mo
layer coating was calculated to be 3988 mJ/m2, and dropping
to 2572 mJ/m2 for the 2-ML film due to the increase in
intraceramic bonding. At 3 ML, the asymptotic value
Wad

ideal;2550 mJ/m2 is obtained. The intraceramic bondin
recovered its bulk nature by 3 ML and hence the ideal w
of adhesion also attained its asymptotic value.

Our investigation of the nature of interfacial bonding a
work of adhesion suggests that TiC may be useful as
alternative, environmentally friendly coating for ferriti
steels, since the coating may survive harsh operating co
tions owing to reasonably high adhesion at the interface.
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formed. Some computations were also performed
SGI2000 machines available at NCSA at the University
Illinois.

1L. E. Toth, in Transition Metal Carbides and Nitrides~Academic Press,
New York, 1971!.

2J.-L. Calais, Adv. Phys.26, 847 ~1977! and references therein.
3A. Neckel, Int. J. Quantum Chem.23, 1317~1983! and references therein
4B. G. Hyde, J. G. Thompson, and R. L. Withers, inMaterials Science and
Technology, edited by R. W. Cahn, P. Haasen, and E. J. Kramer, Vol.
edited by M. V. Swain~VCH, New York, 1993!, p. 1.

5R. Telle, inMaterials Science and Technology, edited by R. W. Cahn, P
Haasen, and E. J. Kramer, Vol. 11, edited by M. V. Swain~VCH, New
York, 1993!, p. 119.

6F. B. Pickering inMaterials Science and Technology, edited by R. W.
Cahn, P. Haasen, and E. J. Kramer, Vol. 7, edited by F. B. Pickering~VCH,
New York, 1992!, p. 335.

7F. Benesovsky, R. Kieffer, and P. Ettmayer, inEncyclopedia of Chemica
Technology, edited by H. Mark,et al. ~Wiley, New York, 1981!, p. 871.

8K. Schwarz, CRC Crit. Rev. Solid State Mater. Sci.13, 11 ~1987!, and
references therein.

9J. E. Truman, inMaterials Science and Technology, edited by R. W. Cahn,
P. Haasen, and E. J. Kramer, Vol. 7, edited by F. B. Pickering~VCH, New
York, 1992!, p. 527.

10Proceedings of ‘‘Coatings for High Temperature Applications,’’ edited by
E. Lang~Elesevier Applied Science, London, 1983!.

11R. Freer, inThe Physics and Chemistry of Carbides, Nitrides and Borid,
edited by R. Freer, NATO ASI Series E: Applied Sciences, Vol. 185~Ple-
num, New York, 1989!.

12L. I. Johansson, Surf. Sci. Rep.21, 177 ~1995!.
13V. A. Fomichev and M. A. Rumsh, J. Phys. Chem. Solids29, 1015~1968!.
14V. V. Khvostov, I. Yu. Konyashin, E. N. Shouleshov, V. G. Babaev, and

B. Guseva, Appl. Surf. Sci.157, 178 ~2000!.
15M. Mizuno, I. Tanaka, and H. Adachi, Acta Mater.46, 1637~1998!.
16Z.-G. Yang and M. Enomoto, Metall. Mater. Trans. A32, 267 ~2001!.
17A. Christensen, E. A. A. Jarvis, and E. A. Carter, inChemical Dynamics in

Extreme Environments, edited by R. A. Dressler, Advanced Series
Physical Chemistry, Vol. 11, series edited by C. Y. Ng~World Scientific,
Singapore, 2001!, pp. 490–546.

18J.-G. Li, J. Am. Ceram. Soc.75, 3118~1992!.
19F. Ernst, Mater. Sci. Eng., R.14, 97 ~1995!.
20M. W. Finnis, J. Phys.: Condens. Matter8, 5811~1996!.
21ASM Engineering Materials Reference Book~ASM International, Metals

Park, OH, 1989!.
22Smithells Metals Reference Book, edited by E. A. Brandes and G. B. Boo

~Butterworth-Heinemann, Oxford, 1998!.
23CRC Materials Science and Engineering Handbook, edited by J. F. Shack-

leford, W. Alexander, and J. S. Park~CRC, Boca Raton, 1994!.
24I. Barin, O. Knacke, and O. Kubaschewski,Thermochemical Properties o

Inorganic Substances~Springer, Berlin, 1989!.
25H. Adachi, M. Tsukada, and C. Satoko, J. Phys. Soc. Jpn.45, 875 ~1978!.
26D. E. Ellis and G. S. Painter, Phys. Rev. B2, 2887~1970!.
27D. D. Koelling and G. O. Arbman, J. Phys. F: Met. Phys.5, 2041~1975!.
28O. K. Andersen, O. Jepsen, and M. Sob, inElectronic Band Structure and

its Applications, edited by M. Yussouff,Springer Lecture Notes in Physic
Vol. 283 ~Springer, Berlin, 1987!, p. 1.

29O. K. Andersen, Phys. Rev. B12, 3060~1975!.
30A. Dominguez-Rodriguez and A. H. Heuer, inSurfaces and Interfaces o

Ceramic Materials, edited by L. C. Dufouret al. ~Kluwer, Dordrecht,
1989!, p. 761.

31S. Zaima, Y. Shibata, H. Adachi, C. Oshima, S. Otani, M. Aono, and
Ishizawa, Surf. Sci.157, 380 ~1985!.

32D. L. Price and B. R. Cooper, Phys. Rev. B39, 4945~1989!.
Downloaded 14 May 2003 to 128.97.45.185. Redistribution subject to A
n
f

,

.

.

33C. Oshima, M. Aono, T. Tanaka, S. Kawai, S. Zaima, and Y. Shibata, S
Sci. 102, 312 ~1981!.

34A. Fujimori, F. Minami, and N. Tsuda, Surf. Sci.121, 199 ~1982!.
35E. Wimmer, A. Neckel, and A. J. Freeman, Phys. Rev.B31, 2370~1985!.
36D. L. Price, J. M. Wills, and B. R. Cooper, Phys. Rev. Lett.77, 3375

~1996!.
37K. Kobayashi, Jpn. J. Appl. Phys., Part 139, 4311~2000!.
38F. R. de Boer, R. Boom, W. C. M. Mattens, A. R. Miedema, and A.

Niessen,Cohesion in Metals~North-Holland, New York, 1988!.
39W. R. Tyson and W. A. Miller, Surf. Sci.62, 267 ~1977!.
40L. Vitos, A. V. Ruban, H. L. Skriver, and J. Kollar, Surf. Sci.411, 186

~1998!.
41H. L. Skriver and N. M. Rosengaard, Phys. Rev. B46, 7157~1992!.
42A. Christensen and E. A. Carter, J. Chem. Phys.114, 5816~2001!.
43E. A. A. Jarvis, A. Christensen, and E. A. Carter, Surf. Sci.487, 55 ~2001!.
44E. A. A. Jarvis and E. A. Carter, Comput. Sci. Eng.4, 33 ~2002!.
45D. R. Jennison, C. Verdozzi, P. A. Schultz, and M. P. Sears, Phys. Re

59, R15605~1999!.
46D. R. Jennison and A. Bogicevic, Faraday Discuss.114, 45 ~1999!.
47D. R. Jennison and A. Bogicevic, Surf. Sci.464, 108 ~2000!.
48S. V. Dudiy, J. Hartford, and B. I. Lundqvist, Phys. Rev. Lett.85, 1898

~2000!.
49S. V. Dudiy and B. I. Lundqvist, Phys. Rev. B64, 045403~2001!.
50S. V. Dudiy, Surf. Sci.497, 171 ~2002!.
51M. Christensen, S. V. Dudiy, and G. Wahnstrom, Phys. Rev. B65, 045408

~2002!.
52R. Benedek, A. Alavi, D. N. Seidman, L. H. Yang, D. A. Muller, and C

Woodward, Phys. Rev. Lett.84, 3362~2000!.
53Y. F. Zhukovskii, A. Kotomin, P. W. M. Jacobs, and A. M. Stoneham

Phys. Rev. Lett.84, 1256~2000!.
54R. Benedek, D. N. Seidman, M. Minkoff, L. H. Yang, and A. Alavi, Phy

Rev. B60, 16094~1999!.
55W. Zhang and J. R. Smith, Phys. Rev. B61, 16883~2000!.
56A. M. Stoneham, M. M. D. Ramos, and A. P. Sutton, Philos. Mag. A67,

2221 ~1993!.
57J. P. Perdew, J. A. Chevary, S. H. Vosko, K. A. Jackson, M. R. Peder

and C. Fiolhais, Phys. Rev. B46, 6671~1992!; J. P. Perdew, K. Burke, and
Y. Wang, ibid. 54, 16 533~1996!.

58A. Christensen and E. A. Carter, Phys. Rev. B58, 8050~1998!.
59J. P. Perdew and A. Zunger, Phys. Rev. B23, 6512~1981!.
60G. Kresse and J. Furthmu¨ller, Comput. Mater. Sci.6, 15 ~1996!.
61G. Kresse and J. Furthmu¨ller, Phys. Rev. B54, 11169~1996!.
62D. Vanderbilt, Phys. Rev. B41, 7892~1990!; G. Kresse and J. Hafner, J

Phys.: Condens. Matter6, 8245~1994!.
63N. D. Mermin, Phys. Rev.137, 1441~1965!.
64L. Kleinman and D. M. Bylander, Phys. Rev. Lett.48, 1425~1982!.
65A. M. Rappe, K. M. Rabe, E. Kaxiras, and J. D. Joannopoulos, Phys. R

B 41, 1227~1990!.
66D. Das, inLectures on Methods of Electronic Structure Calculations, ed-

ited by V. Kumar, O. K. Andersen, and A. Mookerjee~World Scientific,
Scientific, 1994!, p. 1.

67M. Methfessel and A. T. Paxton, Phys. Rev. B40, 3616~1989!.
68P. Villars and L. D. Calvert,Pearson’s Handbook of Crystallographic

Data on Intermetallics~ASM, Metals Park, OH, 1991!.
69V. L. Moruzzi, J. F. Janak, and A. R. Williams,Calculated Electronic

Properties of Metals~Pergamon, New York, 1978!.
70E. G. Moroni, G. Kresse, J. Hafner, and J. Furthmu¨ller, Phys. Rev. B56,

15629~1997!.
71F. D. Murnaghan, Proc. Natl. Acad. Sci. U.S.A.30, 2344~1944!.
72J. P. Perdew and A. Zunger, Phys. Rev. B23, 5048~1981!.
73M. Aono and R. Souda, Jpn. J. Appl. Phys., Part 124, 1249~1985!.
74W. D. Callister, Jr.,Materials Science and Engineering~Wiley, New York,

2000!, p. 193.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp


