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First-principles density-functional study of metal-carbonitride interface adhesion: Cd@TiC(001)
and Ca'TiN(00))
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The energetics and the electronic structure of fc€00#)/TiC(001) and C4001)/TiN(001) interfaces, which
are of much practical importance in the sintering of hardmetals, are investigated by means of first-principles
density-functional calculations, using the plane-wave pseudopotential method. The effects of the large Co/
Ti(C,N) lattice mismatch are incorporated within an approach based on a comparative analysis of a represen-
tative set of high-symmetry model interface structures. It is shown that the dominating mechanism of the
ColTi(C,N) interface adhesion is strong covalenbonding between Coé8and C(N)-2 orbitals. An exten-
sive analysis of the electronic structure elucidates the interface-induced features of thil)dmading and
antibonding electronic states that are responsible for the enhanced strength of the interfabd Cmr(ared
to bonds in bulk carbonitrides, the effect describable as metal-modified covalent bond. A detailed comparison
of the energetics and relaxation effects at the Co/TiC and Co/TiN interfaces shows a weaker bonding and less
pronounced relaxation effects in the Co/TiN case, which can be connected to the experimentally observed
difference in the stability of those interfaces. The weaker Co/TiN adhesion is explained in terms of the relative
position of the energy region of the Na2states with respect to the Cal3tates. The calculated adhesion
strength is consistent with the available data from wetting experiments with liquid Co on a TiC surface.
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[. INTRODUCTION variations in the propertiegof which wetting is only one
component Therefore, it would be of great value to be able

A unique combination of properties found in transition- to predict the wetting behavior of different systems. Thus
metal carbides and nitrides makes them particularly interestCo/Ti(C,N) is the given first system to study.
ing from both technological and scientific points of view. In materials theory a number of approaches to the ener-
Here ultrahardness and high melting points, typical of covadetics and electronic structure of metal-ceramic interfaces
lent compounds, coexist with metallic conductivity. At the have been developed during the last two decddeBhey
same time, many of these carbides and nitrides have a Nadfclude simplified scattered-wave, atomic-orbital}

- 710 ; ; £ 11-13
structure, a typical feature of ionic crystals. The brittleness of/9nt-Pinding,”"and mage-mtt_aractldﬁ models, as ‘ﬁ’e3"
as first-principles density-functional-theory calculatidfis’

the carbonitrides is the reason why, in technological applicaH far th t extensively studied metal .
tions, in particular in the cutting-tool industry, they are used. OWEVET, SO Tar the most extensively studied meta-ceramic

in the form of cemented carbides and cernfétsnaterials interfaces are those where the described ceramic is a wide-

produced by sintering carbonitride powder with a powder Ofband—galg_zllomc oxide, like MgO(Refs. 13-18 or

. o alumina, while the situations of transition-metal carbides
a tough binder metal. Both the sintering process and the ped[jl

) ind nitrides are still quite unexplored.
formance of the final product are to a large extent controlle Existing attempts to elucidate the nature of the metal-

by the interfaces between the carbonitride grains and theggrpige adhesion were mainly confined to extracting infor-
binding metal phase. In this context, an understanding of,ation on the bonding mechanism from the analysis of cor-
metal-carbonitride bonding at the atomic level, a very validg|ations between the wetting behavior and the electronic
goal for fundamental science, could stimulate ideas for fur'properties of various carbidéseviewed in Refs. 1 and 24
ther technological developments. The linear dependence of the work of adhesion on the energy
For a long time, the dominating type of hard metal hasshift of the C Is electrons, shown in Ref. 25, is interpreted in
been WC-Co, often with the addition of TiC and other cubicterms of an ionic bonding, and allows one to establish a
carbides. An important reason for this is its very good wet-relation between wetting and carbide, stability: the more
ting (wetting angle equals zeromaking it possible to sinter stable the carbide, the smaller the wettability. The same re-
to a pore-free material, even at atmospheric pressure, andtion was found in Ref. 26, assuming covalent bonding. In
providing very good mechanical properties. In attempts taRef. 27 it was shown that the work of adhesion depends
eliminate WC for improved hardness and wear resistancdinearly on the carbide free-electron concentration, which
wetting is a key parameter. Nitrogen is now also being intro-supports a metallic bonding picture. More receffiyrends
duced into hardmetal systems. Most materiéds-called in the wetting behavior of liquid copper on metal carbides
“cermets”) in this extensive development are based onwere claimed to fit the predictions of the dielectric con-
Ti(C,N) and a metal binder phase, NCo, or preferably co- tinuum model of Barrera and Duke wéfl,which would
balt alone. mean that the main contribution to the bonding could be
It is a rather long-winded process to make and study dif-attributed to dispersion forces; however, this was questioned
ferent test materials and to try to understand the reasons fam Ref. 29. In spite of the attempts to understand the metal-
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carbide interactions on the basis of trends, the atomistic na- We choose to focus on the interfaces formed by the para-
ture of bonding remains an open question. More decisivenagnetic fcc Co phase and tl§@01) surfaces of TiC and
conclusions on the role of different bonding mechanisms reTiN. Experimentally, up to 418 °C the stable state of pure Co
quire detailed studies of the interface electronic structure ang ferromagnetic hcp’ However, in the binder phase of the
energetics. o sintered carbides residual stresses and the presence of carbon

Extending and continuing our recent pagethe present and tungsten can stabilize the high-temperature fcc structure
paper explores the relation between the energetics and thg co even at room temperatuteFor the titanium carbide
details of the atomic and electronic structures of the Cof, its NaCl structure, thé001) plane is a well-defined cleav-
TiC(001) and Co/TiNOOY) interfaces, by means of first- age plané® This makes the Ti@01) surface one of the
principles electronistsgucture calculations based on densityq,ost common faces of the TiC powder graffigor nearly
functional _theor§ at the generalized gradient ggichiometric TiC, the shape of the powder grains is re-
approximation(GGA) level. As measures of the interface (4ined during the sinterinhThese observations suggest that
energetics, the interface energy and the ideal work of sepape fcc Co/TiG001) interfaces represent very realistic situa-
ration are used. The atomic structure is determined by &ons Some analogous features are also expected in the case
minimization of the total-energy density functional under the ¢ TiN, because of the similarity of the TiC and TiN struc-
constraints given in each case studied. The electron structufg,a| and electronic properties.
is described in terms of the valence electron density, the Tp¢ complexity of the atomic structure of realistic Co/
electronic density of states, and the spatial distribution of the]'i(C,N) interfaces makes it impossible to do a brute-force
electron-density contributions. from separate KOhn‘Shan?irst-principles modeling in the same sense as for well-
bands. It has been analyzed in the %gntext of the theory ghatched epitaxial interfaces. A common way around this dif-
bonding in bulk carbides and mtndé‘é. We show that the  ficyty is to use simplified models for interatomic interac-
dominating mechanism of the Co(T,N) interface adhesion  5ns" However, the lack of understanding about the nature of
is strong covalentr bonding between thedBorbitals of co-  metal-carbonitride interface interactions leaves practically no
balt and the P orbitals of carbon or nitrogen. Moreover, our pasis for any reliable interaction models. A more adequate
previously reported resuff, that the Co/TiC interface Co-C  gyrategy is to keep the accurate treatment of the electronic
bonds are significantly stronger than the bonds in bulk CoCgtrycture given by the first-principles methods, at the expense
or even in bulk TiC, is now also found for Co/TiN, and is of having a more qualitative description of the interface
investigated in a greater detail. In addition, a detailed comyiomic structure. Such a first-principles analysis can provide
parison of the adhesion in Co/TiC and Co/TiN is made.  many valuable insights, which are typically difficult to ex-

The paper is organized as follows. Section Il specifies thg act from experiment.
model systems to be studied, and discusses our methodology. Following the above strategy, we attempt to obtain a basic
The computational method used and the details of the calcysngerstanding of complex-structured interfaces by consider-
lations are accounted for in Sec. lll, where the results o ng a series of high-symmetry model systems. On the one
extensive test calculations of bulk properties of Ti, Co, TiC!hand, if we assume that the behavior of each atom is domi-
TiN, CoC, and CoN, along with surface properties of TiC pateq hy its local environment, then such model systems can
and TiN, are also provided. The results of our interface calygyer a representative set of different local atomic configu-
culat|0n§ are presented gnd discussed in Sec. IV. Section Miions. This can be used to identify different possible types
summarizes our conclusions. of local behaviors. On the other hand, comparing the prop-
erties of different model systems, we can extract features that
are retained from one structure to another and, hence, can
survive at a generic complex-structured interface.

Very little is known about the energetics and structure of As model systems we choose different high-symmetry ro-
cermet interfaces. The primary goal of the present study i¢ation and translation states of the interface that can be
therefore to be explorative. For practical reasons, an unlimformed between th€001) surface of T{C,N) and the(001)
ited computational search for the structure is out of questionsurface of fcc Co(see Figs. 1 and)2On the scale of the
We have to start with restricted searches on model systenenergies required to distort the very stable rocksalt structures
that are simple enough to be possible to perform on the comnf TiC and TiN, the energy difference between the different
puter and yet complex enough to reveal the key physicaCo phases is small. In view of this fact, in constructing com-
features. Unfortunately, structural clues from experimentsmensurate interface structures the lattice constant of TiC or
are very few. In the following we give some arguments forTiN is kept as the unstrained-bulk one, while a change of the
the model systems that we have chosen to study. in-plane lattice constant of the Co layers is allowed. We also

So far no simple epitaxial interface between Co and TiCtake into account that the Co in-plane distortion induces a
or TiN has been obtained in experiment. A key reason forchange of the Co interlayer separatighe Poisson effett
this is probably the large lattice mismatch between bulk Co High-symmetry rotation states of the @©@01)/
and TiC or TiN, about 25%Table | and Fig. L The only  Ti(C,N)(00)) interface, all periodic with reasonably small
available experimental prototypes of the considered modalnit cells, are generated by matching the two-dimensional
systems are heterophase boundaries in the Q@:V) cer- square unit cells of the translation vector lattices for the
mets, and interfaces between liquid Co and TiC in wettingTi(C,N)(001 and Cd001) surface layers by adjusting the Co
experiments?® in-plane lattice constariFig. 1). The rotation states obtained

II. FORMULATION OF PROBLEM AND METHODOLOGY
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TABLE I. Equilibrium lattice constanta,, bulk moduliB, and cohesive energi€s,,y,, of Ti, TiC, TiN,
Co, CoC, and CoN: values from present plane-wave pseudopot@fidP calculations and compared with
the results of other calculations and experimefiEpt) data.

Crystal Method Source ag (A) B (Mban Econ (€V)
Ti(hcp GGA-PWPP This work 2.92 1.12 5.1
GGA-FP-LMTO Ref. 43 2.917 1.08 -
Exp Ref. 53 2.95 1.05 4.85
Ti(fce) GGA-PWPP This work 4.11 1.06 5.1
GGA-LMTO-ASA Ref. 59 4.22 1.08 45
TiC GGA-PWPP This work 4.33 2.52 7.3
GGA-FP-LMTO Ref. 44 4.315 2.2 -
Expt Ref. 54 4.317 24 -
Expt Quoted in Ref. 34 4.33 - 7.16
TiN GGA-PWPP This work 4.25 2.78 6.8
GGA-FP-LMTO Ref. 44 4.230 2.7 -
Expt Ref. 54 4.240 3.2 -
Expt Quoted in Ref. 34 4.24 - 6.69
Co(hcp FM GGA-PWPP This work 2.49 2.16 5.3
GGA-PWPP Ref. 58 2,51 2.05 -
GGA-LMTO-ASA Quoted in Ref. 58 2.52 2.24 -
Expt Ref. 53 251 191 4.39
Co(fcc) FM GGA-PWPP This work 3.52 211 5.3
GGA-PWPP Ref. 58 3.52 2.05 -
GGA-LMTO-ASA Quoted in Ref. 58 3.53 2.37 -
Co(fcc) NM GGA-PWPP This work 3.45 2.53 5.2
CoC GGA-PWPP This work 4.01 3.08 5.8
Expt Quoted in Ref. 34 4.05 - 5.7
LDA-LMTO-ASA Ref. 34 - - 7.8
CoN GGA-PWPP This work 4.00 3.02 47
Expt Quoted in Ref. 34 4.10 - 45
LDA-LMTO-ASA Ref. 34 - - 6.5

in this way are denotedCo/mTi(C,N), where the integens

symmetry axis of the TC,N) surface coincides with a four-

andm indicate that in the unit cell of the resulting interface fold axis of the Co surface. A symmetry analysis shows that
structure there ane surface atoms of Co pen surface atoms for each of the three chosen rotation stateSp/mTi(C,N),
of Ti or C(N). An elementary geometrical analysis showsthere are only two different high-symmetry translation states,
that for a square unit cell of a square lattice the allowedhere enumerated by nCo/mTi(C,N)-I and
values ofn andm are representable as,n=12+k?, wherel nCo/mTi(C,N)-Il. The rotation and translation states of all
andk are arbitrary integers. The choice is here restricted tahe considered high-symmetry model systems are summa-
three different rotation states: 1Co/1TiN), 5Co/4T(C,N), rized in Fig. 2, where the position of the Co surface layer
and 8Co/5TiC,N) (Fig. 2. The 1Co/1T{C,N) interfaces pro-  with respect to the TC,N) surface is displayed, all within
vide simple illustrations of the effects that are also present irone interface unit cell.
complex cases. The 8Co/3TiN) interfaces represent the  To save computational effort and to simplify analysis, this
situation with a moderate, within 5%, elastic strain of the Copilot study considers only the paramagnetic state of Co. For
layers. The 5Co/4TC,N) rotation state is an intermediate Co/TiC, the role of the Co ferromagnetism was analyzed in
case with respect to both strain and complexity. The rotatiorfRef. 40, where it was shown that the magnetism is not cru-
states excluded in Fig. 2 and in the calculations either in€ial for our present conclusions. The magnetic corrections to
volve too large a Co distortion or require larger interface unitthe interface energetics are reasonably well reproducible
cells without any promise of new qualitative features. within a rigid-band approach, as for free Co surfatiemk-

The high-symmetry translation states are distinguished byng as an input the density of the electronic states from the
the presence of a fourfold axial symmetry, i.e., a fourfoldparamagnetic case.
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Ti(C,N)(001) Co(001) sary number of plane waves in the basis set. For the Ti and
.*.*.*.*.. Co pseudopotentials the nonlinear core correcfids uged.
*‘Q* .§ The plane-wave cutoff is taken to be 26 B854 e\), which
%f;é&‘&. provides a good total-energy convergence of about 0.01 eV/
& 49%}3% atom. The Brillouin zone is sampled according to the
.#.*%‘b.#. Monkhorst-Pack methott. To improve thek-point conver-
C(N) gence, the Fermi discontinuity is smoothed using the Gillan
Ti() e @co scheme? with the effective electronic temperature 0.15 eV.

) ) ) The number ok points is chosen to provide a similar level
FIG. 1. Different possible unit cellehe square framgdor the o the total-energy convergence as with respect to the cutoff
(001 surfaces of TIC,N) and fcc Co. By adjusting the in-plane gnaray The specific size of tHepoint mesh used will be
lattice constant of the Co phase, one can make one of the unit Ce'ﬁiven below for each system studied

of Co(001) the same size as some unit cell of @jN)(001). In this o . .
Way%(erio)dic C@00D/Ti(C,N)(00]) interfaces c(an b)e( obt)ained. The T.O assess the reliability of our computational _methOd’ n
unit-cell frames shown by continuous, dashed, and dotted lines ar%amcmar of the pseudo_potentla_ls l.Jsed’. extensive calcula-
. tions for the bulk properties of Ti, TiC, TiN, Co, CoC, and
used to construct 1Co/1{G,N), 5Co/4T(C,N), and 8Co/5TiC,N)
interfaces, respectively. QoN have been performed. The calculatgd values of the lat-
tice constant, bulk modulus, and cohesive energy for each
material are presented in Table I, together with available data
from other calculations and experiment. The lattice con-
The general framework of the used computational methogtants, the bulk moduli, and the bulk total energies are ob-
is the density functional-theoR}; 3 with the exchange- tained by fitting the Murnaghan equation of stateo the
correlation energy treated in the generalized gradient apotal energies calculated at different volumes. The cohesive
proximation. We use th@ERDEW-WANGO1 version of the energies are evaluated as the difference between the bulk and
GGA (GGA-PW91),*? which has been shown to give a reli- atomic total energies. For spin-polarized atomic calculations
able and accurate description of the bulk ground-state propan 8-A-sided cubic supercell is used, and the Brillouin zone
erties of both transition metéfsand titanium carbides and is sampled with thd" point only.
nitrides?* The self-consistent total-energy calculations are Here we compare the results of our GGA-PW91 ultrasoft
performed with the plane-wave pseudopotential methdd  pseudopotentialUSPSP calculations with available results
implemented in the dacapo cotfeAll the involved elements  of the GGA or local-density-approximatio(LDA) full-
(Co,Ti,C,N are described by Vanderbilt ultrasoft potential(FP) calculations. Our calculated values for itya
pseudopotentiat® which substantially decreases the neces+atio, 1.58, and the equilibrium volume of hcp Ti agree
within 0.5% and 0.1%, respectively, with the results of the
GGA-PW91 full-potential (FP) linear-muffin-tin-orbital
(LMTO) calculationg® The bulk modulus is only overesti-
mated by 4%. The structural energy difference obtained be-
tween hcp and fcc Ti, 0.05 eV/atom, is close to the result
(0.06 eV/atom of LDA FP-LMTO calculations® The
pseudopotential used for GRef. 57 is similar to the one in
Ref. 58, and provides similar agreement with the FP results.
We obtain that the ferromagneti€M) hcp phase of Co is
0.02 eV/atom lower in energy than ferromagnetic fcc, and
the c/a ratio for hcp Co is 1.62. The calculated magnetic
moments are 1.56 and 1.6Q. per atom for the hcp and fcc
Co phases, respectively, whegieis the Bohr magneton.

IIl. COMPUTATIONAL METHOD

efje_ _a For TiC an_d '_I'iN(TabIe ) the calculated equilibrium vol-
.\.;!./ :3 umes 4f‘;‘lre Wlthln less than 1% of the GGA FP-_LMTO
og(‘>\ values,” while the bulk modulus values are overestimates,
a N 15% for TiC and 3% for TiN. It is knowif that the LDA

leads to noticeable overestimation, by more than 25%, of the
experimental cohesive energies of transition-metal carbides

U @@,
%%

® and nitrides. Our GGA-PW91 results for the TiC and TiN
{ Q . cohesive energies agree within 5% with the experimental
. I listed in Ref. 34.
CN) Ti Co values listed in Re

As the Co-C and Co-N bonds are expected to play impor-

FIG. 2. Relative positions of the first Co layer with respect to tant roles in the Co/TC,N) interface bonding, we also con-
the Ti(C,N) surface layer for the considered interface geometriesSider bulk CoC and CoN in the NaCl structu€able .

(@) 1Co/ATiC,N)-I: Co atom over CN) atom.(b) 1Co/1Ti(C,N)-II: Although experimentally unstable, these compounds were
Co atom over Ti atom(c) 5Co/4TiC,N)-I. (d) 5Co/4Ti(C,N)-Il. (e) studied previousf in the context of the systematics of the
8Co/5T(C,N)-1. (f) 8Co/5T(C,N)-II. bonding properties. Our calculated cohesive energies of CoC
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TABLE Il. Calculated values of the surface eneigy J/n¥) for TiC(001) relaxation is Ti0.036 A inward and C0.040 A
unrelaxed(Unre) and relaxedRel) TiC(001) and TiNOOY) sur-  gytward. TINOOD) has the same direction of relaxation, but

faces. the magnitude is about twice as large, Ti0.12 A inward and
TiC(00D TiN(00D N0.06 A outward. _ _
In summary, we find that the computational method we
Unrel Rel Unrel Rel . S
used provides an adequate description of the structural, elas-
1.84 1.71 1.64 1.36 tic, and cohesive properties of all the considered materials.
and CoN are in good agreement with the vaffiestimated IV. RESULTS AND DISCUSSION

from the experimental data. . . ] ]
For future reference we also calculate the (DC) and The CdOOD/Ti(C,N)(00)) interface is modeled in a su-
TiN(001) surface properties. The calculations are performedercell geometry, following the methodology discussed in
in a slab geometry with a fixed-height, 14-layer, supercellSec. Il. For TiC and TiN slabs, the optimized lattice con-
An 8 8% 2 Monkhorst-Pack-point grid is used. The thick- stants used are 4.331 and 4.245 A, respectively. The struc-
nesses of the TiC and TiN slabs are varied from three to tetre and energetics of the strained fcc Co phases used in our
layers, and the surface energies are extracted using tre@lculations are summarized in Table Ill. For a given inter-
method of the linear fit to the slab energies, as described iface rotational state, the in-plane lattice constant of Co is
Ref. 60. Three-layer slabs are enough to provide a converdjusted to have commensurate structures with ti€,N)
gence of the surface-energy values with respect to the nunslabs. Then for each choice of the in-plane lattice constant
ber of layers to a value of about 0.03 FinThe relaxation the out-of-plane lattice constant of Co is optimized in an
energies are calculated for seven-layer slabs, allowing relaxadditional set of bulk calculations. This is done in order to
ation of one surface layer on each side of the slab. For th&linimize the Co strain energy.
relaxed structures the ionic forces are less than 0.05 eV/A. It is worth noting that the considered Co structures can
The calculated surface energies for TG1) and also be viewed as body-centered-tetragdibal) structures
TiN(001) are presented in Table II. The obtained relaxationwith different values of the/a ratio. Atc/a= J2 we have a
of the TiO001) surface is Ti0.07 A inward and C0.04 A fcc structure, whilec/a=1 gives a bcc structure. The'a
outward. This gives a surface rippling, i.e., a difference in Cvalues in Table Il show that the Co structures for the
and Ti displacements, af=0.12 A. Compared to the pre- 5Co/4T{(C,N) case are closer to bcc than to fcc. The 1Co/
dictions of the LDA FP-LMTO calculatiofit where Ti  1Ti(C,N) case,c/a=0.8, is even farther from fcc, but the
moves 0.04 A inward and C0.02 A outward, the relaxationstrain energy is less than for 5Co/4CTiN). A similar behav-
is of the same type but with a larger magnitude. At the saméor of the strain energy versus the bota ratio has been
time our result is still consistent with the experimentalfound for the FM CE*>*The LDA FP(Ref. 64 and USPSP
work %2 which showsr<0.1. It is also in reasonable agree- (Ref. 58 calculations show that at fixed volume the strain
ment with recent highly accurate measureméhtshere the energy versus the/a ratio has a minimum at/a= /2 (fcc),

TABLE Ill. The strained paramagneti®M) fcc Co structures matched to the(@jN)(002) surface: bulk
and surface calculations. The first column indicates for which interface the given Co phase is to be used. The
(00D-plane lattice constard,(ay=3.452 A); the interlayer distancg,(d,=a,/2); the strain energy per
layer, E;, ; the bctc/a ratio; and the(001) surface energyunrelaxed and relaxe¢dre given. For compari-
son, also shown are calculated values of (@1 surface energy for unstrainédnstr) PM and ferromag-
netic (FM) Co, and the corresponding values from the LDA LMTO-ASA calculations of Ref. 41.

Interface ay/ag  d,/dy  Egy (InP) cla Egure (I/1P)
Unrel Rel
1Co/1TiC 1.255 0.691 0.400 0.78 3.04 2.96
5Co/4TiC 1.122 0.847 0.505 1.07 2.73 2.62
8Co/5TiC 0.992 1.008 0.0044 1.44 3.04 2.98
1Co/1TiN 1.230 0.698 0.351 0.80 3.04 2.97
5Co/ATiN 1.100 0.896 0.411 1.15 2.82 2.69
8Co/5TiN 0.972 1.026 0.063 1.49 3.03 2.98
Unstr. Co(PM) 1.000 1.000 0.000 141 3.04 2.97
Unstr. Co(FM) - - - - 2.67 2.63
Unstr. Co(PM) (Ref. 4] - - - - 3.40 -
Unstr. Co(FM) (Ref. 41 - - - - 2.78 -
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layers, we choose a few of the most representative interface
structureg1Co/1Ti(C,N)-I,Il and 8Co/5T{C,N)-1] and make

the final tests using 65 supercellJup to 90 atoms in the
supercell. For such tests the optimized interface interlayer
separation is taken from th&+3)-supercell calculations. In

the tables referred to below, the values obtained wittb5
supercells are given in parentheses. The results of the tests
show that, for the main conclusions drawn below, the results
with the (3+3)-layer supercells are sufficiently converged.

A. Atomic structure and energetics

FIG. 3. An example of the interface supercells. A side view of  The strength of the interface bonding can be described by
the (3+3)-layer supercell for the unrelaxed 8Co/&TjN)-1 inter-  the ideal work of separationWse,, which is the work per
face is displayed. The atoms within one super¢siiaded circlgs ~ unit area of interface required to separate the interface re-
and their periodic imagelank circles are shown. In the TC,N) versibly, thus creating two free surfaces. We calculatg,
slabs the larger and smaller circles correspond to Ti afid) @t- as in Ref. 19, i.e., as
oms, respectively. Herd, is the interface interlayer separation re-
ferred to in the text. Wsep= (Esiit Egio— Ejnt) 12A, (h)

a local maximum at/a=1 (bco), and a shallow local mini-  whereE;,, is the total energy of the supercell with the inter-
mum nearc/a=0.9. face systemEg; andEg), are the total energies of the same

The Co surface energig3able Ill) are calculated in the supercell when one of the slabs is kept and the other one is
same way as for TC,N)(001) (Table Il). In spite of the replaced by vacuum, andl is the interface area within one
noticeable distortion of Co, the surface-energy values diffesupercell. The factor 2 in the denominator accounts for the
relatively little from those of the unstrained Co. For compari-fact that there are twéidentica) interfaces per supercdkee
son, we also present our calculated values for the unstraingelg. 3). To calculateWs,,, for the relaxed interface struc-
FM fcc (001) Co surface energyTable Ill). The surface- tures the relaxed values &;; andEs, are used.

energy values in Table Il for unstrained fcc ©01) are Another useful characteristic of the interface energetics is
consistent with the LDA LMTO-ASA(atomic sphere ap- the interface energyi.e., the excess free energy associated
proximatiorn) results of Ref. 41. with a unit area of interface. The interface energy shows how

At the first step of our interface calculations, the Co andmuch weaker the bonding is at the interface than the inter-
Ti(C,N) slabs are taken as ideal truncations of the corretayer bonding in the corresponding bulk materials. This
sponding bulk structures. The lateral size of the supercell anguantity is quite often used in thermodynamical modeling,

the relative positions of the slabs are chosen in accordanagg., in metallurgical research, and it can be calculated as
with the given interface rotation and translation stafég.

2). In this step only the distance between the slabs, the inter- y=(Eine— EQ)—EQ) /24, 2
face interlayer separation, is optimized to minimize the total
energy of the system. The structures constructed in this wawhere Egﬁ’{ and Egﬁ’% are the bulk energies of the slabs, cal-
are regarded as unrelaxed interface systems. An example ofcalated for the slab size as given. To minimize numerical
supercell for an unrelaxed interface is shown in Fig. 3. errors, the bulk energies are calculated with supercells simi-
At the next step, all the atoms of the outermost layers ofar to the ones used for interface calculations. The work of
each slab are allowed to relax until the total residual forceseparation and the interface energy are not independent
on the relaxed atoms are less than 0.1 eV/A. The positionguantities, and one can be obtained from the other provided
of the remaining atoms and the supercell size are kept fixedhe surface energies are known. Here we present the results
Monkhorst-Packk-point grids of sizes &8x2, 4xX4x2  for both Wge, and y. The purpose is to see which of these
and 2x2x 2 are used for 1Co/1TC,N), 5Co/4T(C,N), and two descriptions is less sensitive to the choice of the model
8Co/5TiC,N) interfaces, respectively. Convergence testssystem, and can be more directly related to experiment.
done for the 8Co/5TiC-I system show that going from a The calculated values of the optimized interface interlayer
2X 2% 2k-point mesh to a X4 X2 mesh changes the inter- separationd;, the work of separationVge,, and the inter-
face energetics by less than 0.05 3/rand increasing the face energy,y, for all the studied interface model systems
plane-wave cutoff to 40 Ry gives a change in the interfaceare presented in Table IV. The important details of the
energy of less than 0.01 Jfm atomic relaxations are given in Tables V and VI, with some
For many of the considered model syste(Riy. 2), we  notations in Fig. 4. The discussion below first considers the
need supercells with relatively large lateral sizes. To keep thenergetics of the unrelaxed interface structures, from the
computational cost at a reasonable level, the major part afimplest 1Co/1TIC,N) interfaces to the more complex
the calculations is performed with supercells containing thre&Co/4Ti(C,N) and 8Co/5TiC,N) interfaces. Then relaxation
layers of each materif(3+3)-layer supercells, with up to 54 effects are analyzed, and comments are made on the obtained
atoms in the supercéllTo estimate how well converged our difference in the behavior between the ideal work of separa-
results are with respect to the number of Co anCINl)  tion and the interface energy.
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TABLE IV. Interface energetics. For each considered interface geortfégy?2) the equilibrium distance
between the Co and [@,N) layers,d; (see Fig. 3 the ideal work of separatiofEq. (1)] Ws.p,; and the
interface energyEq. (2)] y are displayed. Both unrelax¢dnrel) and relaxedRel) values ofW,.,andy are
given. In parentheses we show values obtained with(5he5)-layer supercells.

Interface di(A) Woep (I/NP) y (JIn?)

Unrel Rel Unrel Rel
1Co/1TiC-l 1.85 4.424.47) 4.18(4.27) 0.21(0.18 0.20(0.16
1Co/1TiC-lI 2.4 0.68(0.47) 0.46(0.37) 3.95(4.17) 3.91(4.05
5Co/4TiC-l 2.06 2.74 3.28 1.69 0.96
5Co/4TiC-ll 2.08 2.60 3.25 1.83 0.98
8Co/5TiC-l 2.10 2.66 3.2%3.4H 2.11 1.40(1.25
8Co/5TiC-ll 2.10 2.67 3.22 2.11 1.43
1Co/ATiN-I 1.86 4.064.11) 3.75(3.76 0.35(0.38 0.22(0.32
1Co/1TiN-II 2.5 1.28(1.27 0.95(0.86 3.13(3.39 3.02(3.22
5Co/4ATiN-I 2.07 2.35 2.20 1.95 1.70
5Co/4TiN-II 2.03 2.31 2.70 1.99 1.20
8Co/5TiN-I 2.23 2.13 2.332.42 2.36 1.83(1.76
8Co/5TiN-Il 2.23 2.11 2.11 2.38 2.05

The 1Co/1T{C,N) interfaces represent the most illustra- bonding is stronger than the bonding between the TiC or TiN
tive cases. For 1Co/1{@,N)-I, when the interface Co atom (001) bulk layers. Quite different features are observed when
is placed over the C or N atofisee Fig. 2, the equilibrium  the Co atom is over the Ti atofiCo/1TiC,N)-II interface].
interface interlayer separation is noticeably less, byin this case the equilibrium interface separation is as large as
0.15-0.3 A, than the interlayer separation in bulk TiC and2.4-2.5 A, andW;s., becomes at least three times smaller
TiN or CoC and CoN. The work of separation for than for 1Co/1TiC,N)-I.
1Co/1TiC-l and 1Co/1TiN-I is about 30% larger than the Each of the more complex interface structures,
doubled values of the Ti©01) and TiN(001) surface ener- 5Co/4T(C,N)and 8Co/5T(C,N), can be viewed as a mixture
gies(Table 1l). Thus the 1Co/1TiC-I or 1Co/1TiN-I interface of different local configurations: some of the interface Co

TABLE V. Relaxations of the relative atomic positions. For a given pair of atoms, 1 and 2, the distance
between themy,,, before and after relaxation is presented. Only the pairs with unrelaxed or ralaxed
distances less than 2.5 A are included. The atom labels are as in Fig. 4. In parentheses there are numbers
from the tests with thé5+5)-layer supercells.

Interface Atoms ri (A)
Co/TiC Co/TiN
1 2 Unrel Rel Unrel Rel
5Co/AT{(C,N)-I Ti ColAl 2.28 2.36 2.28 2.37
C(N)IAI CcdAl 2.83 1.99 - -
C(N)LB! CoAl 2.47 2.10 2.47 2.46
C(N)© CoBl 2.06 1.95 2.07 1.91
5Co/4T(C,N)-II TilB! CdAl 2.49 2.68 2.43 2.60
Tilc Cd®! 2.08 2.36 2.03 2.28
C(N) CdAl 2.29 1.87 2.24 1.89
8Co/5T(C,N)-I TilBl cdcl 2.24 2.38(2.39 2.35 2.37(2.39
C(N)IA CdAl 2.24 1.98(1.989 2.35 1.96(1.95
C(N)Bl Cd®l 2.71 2.03(2.03 - -
8Co/5T(C,N)-lI TilA CdAl 2.10 2.33 2.23 2.37
TilB! Ccd®l 2.36 2.46 2.47 2.39
C(N)A CoBl 2.36 2.04 2.47 2.14
C(N)IA cdc 2.60 2.20 - -
C(N)E! cdP! 2.10 1.93 2.23 1.93

045403-7



S. V. DUDIY AND B. I. LUNDQVIST

TABLE VL.
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Perpendicular relaxation of the {G,N) interface layer expressed in percent of the bulk
Ti(C,N) interlayer spacing. For comparison, the fre€CIN)(001) surface relaxations are also included. The
notations are the same as in Table V. The values in parentheses are forStmipercells.

Interface Atom Relaxatiorb)
Co/TiC Co/TiN
1Co/1T(C,N)-I Ti —1.6(-2.2) 4.8(2.19
C(N) —0.7(-0.6) -2.1(=2.7)
1Co/1T(C,N)-II Ti —2.0(-3.9) 6.2(5.0)
C(N) 1.0(1.8 -2.2(-3.2)
5Co/4T{(C,N)-I Ti -24 1.2
C(N)IAVIBIIC] 61.3/11.6/1.6 —5.4/3.1-0.9
5Co/4T(C,N)-I TilAVIBYIC] -5.1/~2.9~3.3 -2.1/1.8/1.3
C(N) 0.6 -3.0
8Co/5T(C,N)-I TilAIE] —4.0/-2.6(—3.9/-2.6) —1.8/2.7(-1.8/1.9)
C(N)IAVIE] 4.1/45.7(4.6/46.4 —0.8/—4.6(—0.7/-5.7)
8Co/5TiC,N)-II TilAIB] 0.3~3.8 3.7/0.5
C(N)IAVB] 12.6/0.5 1.7+1.0
Free T{C,N)(001) Ti -32 -57
C(N) 1.8 2.8

atoms are over @) or Ti sites, but the majority are in in- ture and energetics of the 1Co/1TiN) interfaces change
termediate positiongsee Fig. 2. There are quite similar only slightly (Tables IV and V). To describe the atomic
chances for a Co atom being near Ti or nedNC In the  relaxations at the more complex interfaces, special labels for
context of structure-energy correlations, it is interesting tathe interface atoms are introduced, as shown in Fig. 4. The
note that the unrelaxeWs,., values for all four complex fourfold symmetry of the interface unit cellsee Fig. 2 is
structures, 5Co/4TC,N)-1,Il and 5Co/4T{C,N)-l,Il, are taken into account, and the independent atoms are enumer-
close to the average of the unrelaxéd, values for the ated byA,B, ... from the unit-cell center to the corners. For
1Co/1Ti(C,N)-I and 1Co/1T({C,N)-1I interfaces(see Table the complex interfaces the dominating relaxation effect is the
IV). That is, the bonding at those complex interfaces behaveshange of the Co-@) and Co-Ti bond lengths at the inter-
like a superposition of Co<0l) and Co-Ti bonds, and can face. Table V displays the distances between the neighboring
thus be understood in terms of the results for the simplenterface atomsy,,, for unrelaxed and relaxed structures.
1Co/1Ti(C,N) interfaces. Before relaxation those distances are quite irregular. On the
When the atomic positions are allowed to relax, the strucone hand, if relaxation is allowed, then the CANE dis-
tances tend to be 1.9—2.0 A, which is close to the CN)C
distance at the 1Co/1{C,N)-I interface @; in Table IV).
That trend is more pronounced for the Co/TiC interfaces than
or the Co/TiN ones: the Co-C bond length can decrease by
up to 0.8 A(see Table V. On the other hand, the distances
between Co and Ti, unrelaxed being less than 2.4 A, tend to
increase to 2.4 A after relaxation, i.e., close to the Co-Ti
distance at the 1Co/1{G,N)-1l interfaces. Therefore, there is
a similarity between the Co{®) or Co-Ti bonds at the com-

|Co[B]

Ti® m . T} @-C - plex interfaces and the corresponding bonds at the simplest
Co®_ q ) Co® Q 1Co/1TiC,N) interfaces.
o) & \‘ [A] el : »-C(N)™ Interesting features are also observed in the perpendicular
Co® } o 6 O\Com relaxation of the interface TC,N) layer (Table VI). The Ti

atoms of the TiC interface layer have the safimsvard) di-
rection and the same order of magnitude of perpendicular
relaxation as for the fre€001)TiC surface. Some Ti atoms
are pushed a little more inward by the repulsion from Co. A
very interesting effect is that a C atom appears to be under
an interstitial of Co, like &1 at 5Co/4TiC-I or ¢®! at
8Co/5TiC-I(see Figs. 2 and)4it then relaxes very deep into

(c)

FIG. 4. Irreducible sets of atoms describing 5Co(€TN) and
8Co/5TIC,N) interface geometries.(a) 5Co/4Ti(C,N)-I. (b)
5Co/4TiC,N)-1l. (c) 8Co/5TiC,N)-I. (d) 8Co/5TiC,N)-1l. The po-
sitions of the rest of atoms ift)—(f) are determined by the fourfold
rotational symmetry.
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Co, by up to 45-60% of the TiC interlayer distance, until contributions are mostly sensitive to the Co phase. They are
the Co-C bond-length reaches 2.0 A. That is to say that thexcluded from the work of adhesion, but contained in the
interface Co-C bonds are strong enough to counteract thiaterface energyy.
very strong Ti-C bonds. The behavior of the TiN interface In this context, there is one more important observation:
layer differs from that of both Co/TiC and the free TD01) In the above-mentioned wetting experimefftshe surface
surface. The majority of Ti atoms goes a little outward, whileenergy of liquid Co(at 1500°C), 1.88 J/fy is 1.1 J/m
the majority of the N atoms go inwardee Table VI. Such  smaller than our calculated values for PM fcc(Q@l) at
a type of relaxation is observed even for the simplesizero temperatur€Table Ill). However, our result fow;,, of
1Co/1TiN interfaces. The obtained qualitative difference be-Co/TiC is only within 0.4 J/r different from the measured
tween the @N) relaxations at Co/TiC and Co/TiN indicates high-temperature valu®. These arguments allow us to con-
that the TiC surface is much less stable in the presence alude that in our study the work of separation is a more
cobalt than the TiN surface. This can be connected to thevell-defined quantity than the interface energy. Reliable cal-
experimental observation that the solubility of TiC in liquid culations of the interface energy require a more detailed and
Co is much higher than the solubility of Tif¥. accurate description of the contacting phases and the inter-
The strengthening of the Cofl8) bonds and the weaken- face structure.
ing of the Co-Ti repulsion upon the relaxation are reflected
in the values oW, (see Table IV. As is the case for the _
changes in the atomic structure, the chang@/i, is larger B. Electronic structure
for Co/TiC than for Co/TiN. In some cases, e.g., 5Co/4TiN-I,  The results discussed above show that the C6/N) ad-
the relaxed value oWV, is smaller than the unrelaxed one. hesion is mainly due to the strong chemical bonds between
This means that the relaxation changes the energies of thRe Co and C or N atoms. Here we explore the nature of
free slabs[Eg; and Egj, in Eq. (1)] more than the total those bonds in terms of the electronic structure. As a starting
energy of the interface system. point for our analysis we take the picture of metal-carbon
For all considered complex Co/TiC interfaces, the relaxecand metal-nitrogen bonding in bulk transition-metal carbides
values of Wg., are practically the sameW,.,=3.25 and nitrides developed in Refs. 34 and 35: bulk bonding
+0.03 J/nt (3+3 supercell, and they are only about 10% dominated by the strong covaleatbonding between the
smaller than the value ofW., measured in wetting orbitals of the metal atoms and the 2rbitals of C and N.
experiments? W,,=3.64 J/nf (at 1500°C). With 55  The pd hybridization is most clearly seen in the electronic
supercells, the result for the 8Co/5TiC-I interfadds.,  density of stategDOS). One can distinguish an energy re-
=3.45 J/n, is even closer to that experimental value. Thisgion of bonding states separated by a DOS minimum from
is an experimental support for the realism of our model systhe regions of nonbonding and antibonding states. Filling of
tems, i.e., that they incorporate the characteristic features ahese bonding and antibonding states determines the trends
bonding at realistic Co/TiC interfaces. in the cohesive energy of the carbides and nitrides. It is con-
In contrast to the case of Co/TiC, the relaX&(.,values trolled by the average number of electrons per ataory),(
for Co/TiN interfaces vary quite significantly from one inter- with the strongest bonding ah.,=4. Among the &l
face structure to another. This can be ascribed to the relativgansition-metal carbides and nitrides, Ti@.,E4) has the
stability of the TiN interface layer. During the relaxation the largest cohesive energy because the Fermi level is at the
interface N atoms do not move toward the Co interface layeminimum (pseudogapbetween the energy intervals of the
to the same large extent as the C atoms at Co(3&@ Table bonding and antibonding states. For Tih,=4.5, and the
VI). This makes the relaxeds,, values more sensitive to cohesive energy is smallgisee Table ). There is even
the initial (unrelaxed interface structure. weaker bonding for CoC and CoN, due to substantial filling
Our results for the interface energy(see Table IV are  of the antibonding states\§ is 6.5 and 7.0, respectivélyin
more sensitive to the choice of the model system, in particuthis context, the main questions are whether the Q9)C
lar to the Co phase. This sensitivity is enhanced by the fadbonds at the Co/TC,N) interfaces are governed by the same
that the absolute values of are noticeably smaller than the rules as in bulk carbonitrides, and, if so, why the interface
values of W, ,. That is, the same absolute changes caus€o-C(N) bonds can be stronger than even the TNCbonds
substantially larger relative changespthan ofWs,. This  in bulk Ti(C,N).
can be seen most clearly by comparing the 5Co/4TiC and Below we present only the results for the unrelaxed
8Co/5TiC interfaces. The relaxed work of separation is prac1Co/1T{(C,N)-I and relaxed 8Co/5TC,N)-I interfaces ob-
tically the same, but the interface energy changes byained with(5+5)-layer supercells. As can be seen from Sec.
0.4 JInt, i.e., by 40%. IV A, these interface structures incorporate practically all im-
The work of separation and the interface energy are reportant features of the other considered model system.
lated byWse = 01+ 0, — v, whereo; ando, are the surface A very pronounced behavior is observed for the electron
energies of the slabs. According to Tables Ill and IV thedensity distribution[Figs. 5 and & Figure 5 displays the
difference between the 5Co/4TiC and 8Co/5TiC interface enelectron density for the 1Co/1{G,N)-I interfaceq Figs. 5a)
ergies is equal to the difference between the surface energieasd 5b)] compared to the GE&,N) bulk [Figs. 5c) and
of the corresponding Co phases. This indicates that the er(d)]. In this figure one can distinguish a localized chemical
ergy of the Co/TiC interface system contains contributionsbond between the interface Co an@\E atoms with a high
that are basically the same as for the free Co slabs. Suadlectron density along the Codg) line. The electron density
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FIG. 5. Valence electron density for the ide@inrelaxed
1Co/1TiC-I (a) and 1Co/1TiN-I(b) interfaces| (5+5)-layer super-
cells], compared to bulk Co@c) and CoN(d). The (010 cuts are
shown. The consecutive contours change by a factofaf The
color bars are in units of electronsfAThe dashed line is at the
level of 0.5 electrons/A Only the density distribution outside the
atomic cores is presented.

at the interface Co-@) bond is about 1.4 times higher than
at the Co-@N) bonds in bulk C¢C,N) or at the Ti-GN)
bonds in the bulk layers of T€C,N). An analogous situation
exists with Co-@N) bonds at 8Co/5TC,N)-I interfaces(Fig.

6). Figure 6 also gives more evidence of the dominance o

interface Co-@N) bonding over Co-Ti bonding. It can be
noted that the energetics of the interface Qd+Chonds dis-

cussed above is quite strongly correlated with the magnitud

of the electron density at those bonds. Thus the spatial di

tribution of the electron density indicates that the interface

Co-QN) bonds have a predominantly covalent character.

8Co/5TiC-I 8Co/5TiN-I

FIG. 6. Valence electron density for the relaxed 8Co/5TiC-I and

8Co/5TiN-I interfaces[(5+5)-layer supercells The constant-
density surfaces at the level of 0.5 electronséke presented. The
arrows point at the interface Codg) bonds.
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FIG. 7. 1Co/1TiC-l and 1Co/1TiN-I interfacésnrelaxed, 5-5
supercells Local density of states projected onto the atomic orbit-
als (number of states per eV per atomic sphefe) for Co and
C(N) atoms in bulk C6C,N), and for a Ti atom in bulk fcc Ti(b)
for atoms in the interface layers of 1Co/1TiN)-I; (c) for atoms
one layer off from the interfaces; arid) in the corresponding bulk
phases of Co and TC,N).

A more detailed picture of how CofC,N) interface
bonds are formed can be extracted from the analysis of the
electronic local DOSLDOS) projected onto different atomic
orbitals (Figs. 7 and 8 In Fig. 7 we present the main com-
ponents of the projected LDOS for the 1Co/@T,iN)-1 inter-
face systemgFigs. 1b) and 7c)] in comparison with the
corresponding bulk materialg=igs. @) and 7d)]. In the

rojected LDOS of the bulk CoC and CdFig. 7(a)], the
oundaries between bonding and antibonding states
(pseudogapsare between about 4 and—3 eV. The bond-
ing states are seen as resonance peaks in thee @at GN)-

LDOS'’s between—8 and—4 eV. The antibonding states
are derived mainly from the orbitals of Co, and they are
almost filled. There is a similar picture for bulk TiC and TiN
[Fig. 7(d)], but the Fermi level is near the pseudogap.

Compared to bulk Co and {@,N) the 1Co/1T{C,N)-I
interface systems have some interesting features in the pro-
jected LDOS of the interface layelBig. 7(b)]. The GN)-sp
LDOS is closer to the @QN)-sp LDOS of bulk CdC,N). This
can be ascribed to the formation of the interface GbHC
bonding states. The CofR) bonding partially destroys the
Ti-C(N) bonding states. In the T-LDOS the resonance
peaks from the Ti-QN) bonding states are broadened and are
of smaller height. In addition, there are moredl'states in
the pseudogaps. As seen from Figc)7 the subsurface
LDOS of the Co and TiC,N) looks almost like that of the
corresponding bulk materia[§ig. 7(d)].

Figure 8 displays the projected LDOS of different layers
of the relaxed 8Co/5TC,N)-I interfaces. It is organized in
the same way as Fig. 7, to clearly show that the main features
are basically the same as those for the 1Cd@N)-I.
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FIG. 8. Local density of statg& DOS) of different layers of the
relaxed 8Co/5TiC,N)-I interfaces(5+5 supercellscompared to the

corresponding bulk materials. Here the local density of a given
layer is calculated as a sum of the projected LDOS's of all identical

atoms of that layer within one interface superdelght, five, and
five atoms of Co, Q\) and Ti, respectively (a) Projected LDOS
for eight atoms of Co and five atoms of XD in bulk CaC,N), and
for five Ti atoms in bulk fcc Ti(b) LDOS of the interface layers of
8Co/5TIC,N)-I. (c) LDOS of the Co and TLC,N) layers one layer
off from the interfaces(d) LDOS of the corresponding layers in
bulk Co and T(C,N).
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=)

(d)

FIG. 9. Real-space behavior of the 1Co/1TiC-I interface bond-
ing (8 and antibondingb) states compared to bulk CoC bonding
(c) and antibondingd) states. Theg010-cut contour plots of the
electron-density contributions from different Kohn-Sham bands are
presented. The consecutive contours change by a factge oénd
the color bars are in units of millielectrons/APlots(a)—(d) corre-
spond to bands in energy intervals #4.7—3.7, —2.5—1.7,
—4.9— 2.6, and—2.5— 1.3 eV, respectively.

Another interesting observation concerns the interface

LDOS in Figs. Tb) and 8b). The formation of the Co-(M)

bond should normally also give antibonding states. HoweverVloreover, such a transformation of the CONJ antibonding
there are no pronounced resonances from interface Go-C states should also affect the C¢M bonding states, leaving
antibonding states. The @b<component is much closer to more space for an accumulation of those bonding states

the Cod LDOS in bulk Co[Figs. 7d) and &d)] than in bulk

along the Co-@\) bonds. This is reflected in the charge

Co(C,N) [Figs. Ma) and 8a)]. The explanation suggested density distribution in Figs. 5 and 6. This picture of metal-
here is that the Co+®l) antibonding states are broadened inmodified interface antibonding and bonding states also ex-
space and energy due to their coupling to the delocalize@lains why the Co-QN) bonds at the interface are stronger
metallic states of cobalt. To clarify this statement, let us conthan even the Ti-QN) bonds in bulk.

sider how the bulk Co-) bonds should be modified when

they are transferred into the Co(TiN) interface environ-
ment. In bulk CdC,N), the major component of the Cod)

antibonding states is Cdo; i.e., states mainly localized
around the Co atoms. At the interface, near the @§)C

More insight into the real-space behavior of the interface
bonding and antibonding states is given by an analysis of the
contributions to the electron density from different Kohn-
Sham bandsn;(r). Herer={x,y,z} is a point in the real
space. To calculate;(r), the squared absolute values of the

bonds, there is a large concentration of metallic Co stateKohn-Sham wave fUﬂCti0n5|,l,0_ik(r)|2_, for some specific
with energies in the same region as we would expect for th&andi are integrated over the first Brillouin zone knspace.

Co-QN) antibonding states. Then the C@MNJ antibonding

For simplicity, we restrict our analysis to the Co/TiC case.

states are expected to hybridize significantly with the metalAs one can see from the LDOS plots in Fig. 7, the most
lic states of the surrounding Co metal. This hybridizationimportant Co-C bonding and antibonding states concentrate
broadens the Co+@l) antibonding states in space and en-in the energy interval between 5.5 and 0 eV. Within that
ergy, in the same way as the atomic levels of each atom ofiterval the different bands for which;(r) has noticeable
bulk Co are broadened into metallic states through the hyinterface components are considered, and comparisons with
bridization with the metallic states of the rest of the Cothe corresponding bulk CoC states are made.

metal. Thus, at the interface, the CONJ antibonding states

Figure 9 shows representative examplesdf) for the

are spread over larger regions of space and energy than imrelaxed 1Co/1TiC-l interfadd=igs. 9a) and 9b)] and the
bulk Co(C,N). Hence they lose their antibonding action. bulk CoC[Figs. 9¢) and 9d)]. The bands wit;(r), having
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a strong bonding character, belong mainly to the energy reand the(001) surfaces of TiC and TiN are investigated by
gion between—5.5 and—3.0 eV. The typical behavior of means of self-consistent total-energy calculations in the
n;(r) for such states is displayed in Figs(a@ and 9c). framework of the density functional theory with the GGA-
Those states are localized mainly along the Co-C bondW91 approximation for the exchange-correlation energy.
There are quite explicit indications of the Co-C covalent For calibration of the plane-wave pseudopotential method
bonding. At higher energies, at approximatety3.0 or  ysed, various bulk properties of Co, Ti, (TiN), and
—2.5 eV there are states with more and more metallic Caco(C,N) are calculated, along with the surface properties of
character, and the bonding components are less and less p@ and T{C,N). In such tests a satisfactory agreement with
nounced. For some bands there are features of @obBnd-  the available experimental data and the results of other first-
Ing. o _ _ principles methods is demonstrated.

The chara_ctenstlc features of C_o-C antibonding are most ap approach to the analysis of the interface systems with
clearly seen in the bulk CoC statsg. Ad)]. The electronic |, 06 [attice mismatch is proposed. In this approach different
dengty is localized quite strongly, being sqL_Jee_zed into t.h igh-symmetry model systems are compared in order to ex-
[ﬁg'ggigj frreogr?otnhge(;’vc\)/_eiﬂb; gd:ﬁ (?:)tg\e/ (i)c:{-engalr?tee):;ae(ﬁ’t(l)n tract behaviors that are independent of a particular structural
find some signs of the Co-C antibonding states. A typicarergﬁgtri]cg.cS;;Teg?sz?ggiezr?n?;(r?:g;egytsciebrﬁspresem N more

pattern ofn;(r) for bands in that interval is shown in Fig. g .
9(b). The antibonding features are relatively hard to extract. For all four complex Co/TiC mterfapes conSIc_ie_red, the
elaxed values of the work of separation are within about

The states of that energy region have predominantly metallif

Co character, being quite delocalized in space and energy. H0% close to the value of the work of adhesion for liquid
addition to what is shown in Fig. 9, closer to the Fermi level,cobalt on the TiC surface measured in wetting experiméhts.

metallic bonding between Co and Ti. Finally, the pictureSeparation are more sensitive to the interface structure, and

given by the analysis of the electron-density contributions othey are by about 0.6—1.0 Jfrtower than for Co/TiC.
separate Kohn-Sham bands is quite in line with our results It is found that the main mechanism of the interface ad-
for the valence electron density and the projected LDOS. hesion between Co and Ti@?2) or TiN(00) is provided by
The above picture of the metal-modified strong covalenthe strong Co-(N) chemical bonds. The analysis of the en-
Co-QN) bonds also allows one to understand the differencesrgetics and the structure relaxation effects shows that the
between the behavior of the Co/TiC and Co/TiN interfacesinterface Co-ON) bonds are noticeably stronger than the
In general, the hybridization of the electronic states thatame bonds in bulk G&,N) or even the Ti-ON) bonds in
leads to formation of a covalent bond occurs mainly betweemulk Ti(C,N).
the states that are close in energy. Let us note that at the An interesting effect is found in the relaxation of the TiC
Co/Ti(C,N) interfaces the energy positions of theNJ-p and  syrface at the Co/TiC interfaces. If an interstitial of the Co
Ti-d states remain close to the positions they have in bulkyrface layer lies over the surface C atom, then the C atom

Ti(C,N) (see Figs. 7 and)8 The main difference between goes very much inside the Co phase, by 45—60% of the TiC
TiC and TiN lies in the fact that TiN has one extra electron;

- ) ) k > interlayer distance. This is very much in contrast with the
per Ti-N pair. This shifts the energy positions of thepNand ¢ ation at the Co/TiN interface. The perpendicular relax-
Ti-d states with respect to the Fermi level toward lower en

. > o S “ation of the N atoms at Co/TiN is only a few percent, and
ergies, i.e., more filling. As can be seen in Figs. 7 and 8, o y P

. ? rFﬂwany of these atoms even move inward the TiN slab. This
the one hand, th'S.Sh'ft moves theNstates fo from the rastic difference between the behaviors of C and N atoms at
Co-d states, reducing the covalency of the interface Co-

bonds. On the other hand, the distates become closer in o/TiC and Co/TiN, respectively, can be responsible for the

. - _ known experimental fact that the solubility of TiC in liquid
energy to the Cat states, which allows stronger Ti-Co bond Co is much higher than the solubility of TiN.

ing. Those two effects explain the stronger adhesion for Co . :
over C (1Co/1TiC-l: Table I than for Co over N Our analysis of the electronic structure of the CGZTN)

(1Co/1TiN-)), and also the stronger Co-Ti bonding at the interface shows that the strong interface CI(N}Cb_onds are
1Co/1TiN-Il interface than at the 1Co/1TiC-Il interface. The covalenta bonds between CoeBand C(N)-2 orbitals. The
fact that the interface Co-N bonds are weaker than the Co-¢€lative strength of those bonds, indicated by our results for
bonds is clearly seen in the adhesion energies for the mof@e atomic structure and energetics, is also reflected in the
complex structuregTable 1V), as well as in the relaxation distribution of the valence electron density. The electron
effects(Tables V and V), as discussed in Sec. IV A. density along the Co-@®!) bonds at the interfaces is notice-
ably higher than at the Co{®) and Ti-QN) bonds in bulk
Co(C,N) and TiC,N), respectively. On the basis of the
analysis of the electronic local density of states projected
onto different atomic orbitals and of the electron-density
In this paper arab initio theoretical study of the atomistic contributions from different Kohn-Sham bands, we suggest
nature of bonding at the Co/TiC and Co/TiN interfaces isthat the observed strengthening of the GdLCbonding at
presented. The energetics and electronic structure of the irthe interfaces is due to interface-induced modifications of the
terfaces between th@01) face of fcc nonmagnetic cobalt Co-QN) bonding and antibonding states. Those modifica-

V. CONCLUSIONS
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