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Trends in elasticity and electronic structure of transition-metal nitrides
and carbides from first principles

Zhigang Wu, Xiao-Jia Chen, Viktor V. Struzhkin, and Ronald E. Cohen
Geophysical Laboratory, Carnegie Institution of Washington, Washington, DC 20015, USA
(Received 13 December 2004; published 14 June R005

The elastic properties of selected transition-méTa¥) nitrides and carbides iB; structure are studied
using theab initio density-functional perturbation theory. We find tl&) the inequalityB> G’ >G>0 holds
for all these materials, whe®=(C1,+2C;,)/3, G’ =(C13-Cy2)/2, andG=Cy, with C;; the elastic constants,
and(2) G has large values when the number of electrons per uniZgelB or 9. The fitted curve o6 vs. Zy,
predicts that rocksalt MoN is unstable, and TM carbonitrides., ZrGN,-,) and di-TM carbides(e.g.,
Hf,Ta;,C) have maximunG at Z,,~8.3.
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I. INTRODUCTION theory. The accuracy of this method is also examined by
o _ numerical finite strain methods. We obtain interesting trends
Elasticity describes the response of a crystal under exteif the variation of the bulk and shear moduli among various

nal strain and provides key information of the bondingcompounds. We demonstrate the electronic origin of such
strength between nearest-neighbor atoms. The informatiofiends in these materials.

obtained from accurate calculation of elasticity is essential
for understanding the macroscopic mechanical properties of Il. METHODS
solids and for the design of hard materials. Nowadays it is
possible to calculate elasticity usingb initio quantum-
mechanical techniques, andb initio calculations have _doyj 1 PEy
proven to be very powerful in not only providing accurate Cija = de T O de.den
elastic constants or moduli in good agreement with measure- 7K
ments® but also predicting elasticity at extreme conditions of Where o is stress,e is strain, () and Eg are the unit-cell
high temperatures and high pressi#@syhich are not easily volume and energys is the Kronecker delta function, and
accessible to experiment but have wide applications in thé&he Latin indices run from 1 to 3. At zero hydrostatic pres-
fields ranging from solid-state physics to seismology. Mostsure Cijq =Cijy. One can apply a small strain and calculate
previousab initio calculations of elasticity used finite strain the change of energy or stress to obtain elastic constants.
methods within the framework of the density functional Direct calculations of stress are possible from the quantum
theory (DFT). The development of density functional pertur- mechanical theory of stress.
bation theory(DFPT) makes it possible now to obtain elastic ~ Alternatively elastic constants can be viewed as the linear
constants directly and more accurately. response(LR) of an undisturbed system by homogeneous

Transition-metal nitrides and carbides in the rockggly  Strains(macroscopic distortions of the crystand can be
structure are widely used for cutting tools, magnetic storagélirectly computed by the DFPTHowever, strain perturba-
devices, generators, and maglev trains due to their high hardlon is much more difficult to cope with within the DFPT
ness, high melting points, and oxidation resista¢h@ese than atomic displacement perturbatigehonon in that a ho-
excellent properties are associated with their unusual ele¢dnogeneous strain changes the boundary conditions of the
tronic bonding. The relatively high superconducting transi-Hamiltonian of an infinite system, and the DFPT requires the
tion temperature in some of these CompoundS, reachingame basis set for the undisturbed and disturbed systems.
nearly 18 K in NbG_N,?2 indicates a strong electron- Recently Hamanret al® applied the reduced-coordinate
phonon interaction. Many theoretical studies of their elecmetric tensor method to the LR of strain-type perturbations.
tronic structuré®3have revealed an unusual mixture of co- Their approachis based on an energy expression in terms of
valent, metallic, and ionic contributions to bonding which reduced coordinates, which are defined in both real and re-
must ultimately lie at the root of their unusual properties.Ciprocal space using primitive diretiR) and reciprocalG)
Specifically, it was fountt that the hardness enhancement oflattice vectors. If the reduced coordinates are denoted with a
these materials can be understood on a fundamental level fiide, a real space vectof and a reciprocal space vectr
terms of their electronic band structures. But the genera@re given by
trends of elasticity and electronic structure among the ~ ~
transition-metal nitrides and carbides remain unclear and a X :E RijXj, Ki= 2 GiiGj, (2)
challenge for engineering hard materials. ! !

In this paper we perform systematic calculations of elastespectively. Essentially every energy term of the DFT can
ticity of the selected transition-metal nitrides and carbidese expressed as dot products of vectors in real or reciprocal
within the framework of the density functional perturbation space, and

Elastic constants are defined as

= 80 = Ciju = djo, (1)
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i i tal data?: ay are about 1.0%-1.5% smaller, while on av-
) erageB are 15% larger. These are typical LDA errors. The
where the metric tenso andY are presence of N or C in transition-metal compounds leads to
= _ o L ~ the hybridizedp-d bonding, and its strength determines lat-
=i zk: RaRq Y _zk“ GiiGy- (4) tice constants and bulk moduli. As illustrated in Figéa)l

and 1b), a; decrease anB increase as the transition-metal
The DFT energy derivatives with respect to strain act only orproceeds rightwarde.g., Zr—Nb) or downward(e.g., Zr

the metric tensors; the first-order derivatives are — Hf) on the periodic table. Smalleg and largeB indicate
g IV stronger bonding. The former trend is because of more filling
=i RiRj +RiRg, —1=-GG; -GGy, (5  of the metald bands, which enhances ttep bonding!® The
Jey ey latter trend is a result of the presencefoélectrons in core

and second order derivatives can be directly obtained. Afteptates, which repel orbitals out of core regions and in turn
this transformation, strain has an equal footing with othefMake them bond with C or ¢ electrons more tightly. Avail-
coordinates, and the wave functions have invariant bounda?b'e experimental data support these theoretical conclusions.
conditions, so that the strain derivatives such as elastic corf-9uré 1 also show that nitrides have smaiigand largerB
stants can be evaluated in a way similar to other derivativeghan their corresponding carbides, because N has one more
Note that the DFPT expressions gi@y, not cy. Elastic ~valence electron than does C so thatdhgbonding strength
constants were computed for an insulator ;LAIBnd the In nitrides is higher than that in their carbide counterparts.
agreement between DFPT and numerical finite strain methEXPeriment and theory agree well with the trendagf but

ods is perfect. Although the DFPT is directly applicable toth€ existing measured moduli of NbN and ZrN are lower
metals, it needs special care for the Fermi surface due tian those of NbC and ZrC, respectively. Because different

partially occupied states. Here we examine the accuracy di*Perimental methods have different levels of accuracy, and
DFPT for transition-metal nitrides and carbides. experimental circumstance®.g., temperature, purity, gtc
Our first-principles calculations are based on the DFTcould affect measured results greatly, experimentally rescru-
within the local density approximatiofLDA). We used tinizing B is needed to clarify the contradiction with theory.
ABINIT (version 4.3.315 which uses plane-wave basis sets EIectron_lc band structu_res_were calculated at zero pres-
and norm-conserving pseudopotentials. The pseudopotentiaf§r®: and it can be seen in Fig. 2 that all these nitrides and
of C, N, Zr, Nb, Hf, and Ta were generated using reum carbides inB; structure are metals, since there is a direct
programt® The cutoff energy of plane-wave basis is 50 Ha.Pand overlap at th& point. At the zone centefl” point),
A dense 16< 16x 16 k-point mesh was used over the Bril- there is a finite band gapEy, except for NbC and TaQE

louin zone(BZ), and the cold smearing metHddvas per- [Fig. 1(c)], the d-band splitting breadth, increases as the
formed for BZ integration. transition-metal goes leftward on the periodic table due to an

upward shift of the metad bands as a result of less fillidg,
or goes downward because the presencé eectrons pro-
motes metald-band energies. Carbides have smalidf

Equilibrium lattice constanta, and bulk moduliB were  than their nitride counterparts since the carlpooands have
evaluated from fitting energy and volume data to the Vinethigher energy than nitrogen.

Ill. RESULTS AND DISCUSSIONS
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TABLE |. The calculated bulk moduli and elastic constants  TABLE Il. The elastic constant§GPg of selected transition-
(GPa of NbN in B; structure. Three different approaches were metal nitrides and carbides wit®, structure. Here theoretical re-

used. See text for the meaning of theory 1, 2, and 3. sults were obtained from the DFPT, and experimental data are in
parentheses.

System C C C
theory 1 353.6 742.6 159.1 76.4 Y " 2 “
theory 2 353.6 739.4 160.8 75.5 ZrN 616 (471%) 117 (88) 130(138)
theory 3 353.7 738.9 161.1 74.8 zrc 522(470) 110 (100°) 160 (160°)

NbN 739(608% 161 (134 75 (117
NbC 667(620) 163 (200°) 161 (150°)
Elastic constants were computed in the Voigt notation, in  pN 694 (679) 112 (119 135 (15()
yvh|ch _the Greek subscripts &, run from 1 to 6. Crys;als HfC 574 (500) 107 (114) 180 (180P)
in cubic structure have only three independent elastic con-
. TaN 783 167 20
stants, namelyL;4, C;5, andC,,, and the bulk modulus is
TaC 740(550°) 165 (150°) 176 (190°)

1
=3 + . -
B=3(Cu+2C) 6) aNeutron scattering measurements, Ref. 19.

One can apply the following strains, bEstimation from phonon dispersion curves, Ref. 20.
CUltrasonic measurements, Ref. 21.

-6 0 O 06 0
€t = 1 0 -6 0, €uw=|60 0|, rocksalt structure are stable, consister_1t with experiment. In
0 0 25 00 & generalB>G>G’, but for these materials both theory and

experiment hold thaB> G’ >G>0, so the shear modul&
to distort the lattice vectorsR’=(1+€)R. The resulting is the main constraint on stability.
changes of energy density=E. /() are associated with The tetragonal shear modul@ measures the response

elastic constants, of a crystal under volume conserving tetragonal shear strain,
1 which involves stretching of metal-N or -C bonds and bend-
Uer= 3(C11= C12)8°+ 0(8%), (7)  ing of metal-metal bonds. Because in these crys@is
>C,,, andCy, is determined by the nearest-neighbor inter-
Uogrin = 2C448° + O(8Y), (8)  action, similar to bulk modulus, G’ have the same trends

. . asB, as seen in Fig. @) that(1) G’ increases as the metal
respectivelyC,, andC,, can be obtained from Eqé5) and goes rightward or downward on the periodic table #2d

(7). and Cy4 from Eq. (8). We denote this finite strain ap- nitrides have biggerG’ than their carbide counterparts.

Eg?scgtgatizds?rnetsc;[a;leigi:ggl:riet:l]t(eso%rlée'lo\enc?gélers;/;/;i/\és tlfrpese trends generally are supported by experiment, and
P . ) o ' t?]ey are a result of the enhancementdgb bonding due to
C,; andCy, we applied a strain tensor withy ;=6 (zero for

_ _ adding valence electrons or the presencd electrons, as
other elements andCll_—aliléande—(_rzzla ForCethe  yiscussed in previous paragraphs r However, farther
applied strain wase;,=€,1=9, and Cyp=04,/26. This is

w " o h right on the periodic tablée.g., Nb— Mo) valence electrons
called “theory 2.” We used=+0.002, +£0.004. The third . : ) : .
method (theory 3 is the DFPT of LR of strain saturate the bonding states and begin to fill the antibonding

perturbatiorf-® For comparison, elastic constants of NbN ob- states, s@ andG’ will go down after reaching a peak.

tained from these three methods are shown in Table I, Whergte-[heoizrenai‘; mi?]ccijuelﬁgégr‘:‘%;52252O_T_Lgnﬁs:;igtsgag?:-ma_
B were calculated fronC,; andC,, by Eq. (6) for theories 2 9 9 ’

and 3. High level of agreement between the DEPT and théerlal is defined as its resistance to another material penetrat-

. . . Ing its surface, and it is determined by the mobility of

energy(theory ) or stresgtheory 2 was achieved, and simi- . ; i ;
dislocations. In covalent hard materials, the bond-breaking
lar agreement was also made for other compounds. It con-

50 wNbN W NbC

50
of elastic constants could be as high as 10%-15%, and th® | /
b - ATaN A TaC

experimental data in Table Il were measured at room tem-
perature. The elastic stability criteria for a cubic cryStalt L 0 , ,
ambient conditions are Zr Nb Hf Ta 7 8 9 10 11

NVE
C11+ 2012> 0, C44> O, and Cll_ C12> 0, (9)

200 F

firms the reliability of the LR theory of strain perturbation 350 —r———1— 200 , , ;
for elastic constants of metals. €—8 nitrides  (a) | o A {b)
As summarized in Table II, present DFPT elastic con- 300} CHT?‘ie}' { 150 1
stants are in accordance with experimental results. We poing i / 1z ]
out that the uncertainty in neutron scattering measurement= ,s, L | % e e
5 * HIN O HfC

FIG. 3. The theoreticala) tetragonal shear moduls’ =(Cy4
i.e., all the bulkB, shearG=C,,, and tetragonal shed&’  -C,,)/2, and(b) shear moduliG=C,, with respect to number of
=(C11—C1»)/2 moduli are positive. Our results satisfy all valence electrons per unit cdlty). The solid curve in(b) is ob-
three criteria in Eq(9), and it follows that these materials in tained by quadratic fitting to average shear moduli at each
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energy under plastic deformation and the bond-restoring erfourth band is less than the energy loss from the fifth band
ergy under elastic shear strain are very similar, so that one afnder shear strain. Previous first-principles calculafions
the determining factors of hardness is the response of covatrew the same conclusion. We note that the peak of the fitted
lent bonds to shear strath.We classified these materials curve in Fig. 3b) is roughly atZ,,=8.3, which corresponds to
according to their number of valence electrons per unit celfull occupation of the fourth valence band without filling on
(Zy) in Fig. 3b), which shows thaG is intimately related to  the fifth band, and an optimuf@ is expected. Nonintegek,

Zy. At Zy,=8 and 9, these crystals have la@gbut a modest can be realized by transition-metal carbonitrides such as
decrease occurs wheky rises from 8 to 9. Further increasing zrC,N,_, or di-transition-metal carbides such asMb,_,C.

Zy to 10 significantly lowerss. To explain this fascinating Qur estimation ofz,,~8.3 for maximumG agrees surpris-
phenomenon, we investigated electronic band structures uingly well with experimerft2324of Z,=8.4 and theab initio

der finite shear strain. As an example, in Fig. 2 the bandirtual crystal metho# of Z, in a range of 8.3-8.5. Since
structuregred (dark gray dotted curvepof NbN and ZrC  poth TaC and HfC have larg®, we propose that HTa,_,C
under a strain ofe;,=€,,=0.1 are displayed against zero- with x~0.3 has the largest shear modulus among these
strain curves. Under shear straid hybridized orbitals split  transition-metal carbonitrides or di-transition-metal carbides
atI" point. The energy of the fourth valence band increases B, structure. ZyNb,_,C and TiV,_,C should have com-
dramatically[red (dark gray thick lines in Fig. 3 in the  parableG values to HfTa,_,C, but they have advantages of
L-I'-K section, and the energy of the fifth band decreasesmuch less weight.

Strain ¢, involves shearing metal-N or -C bonds, and the

direction-sensitive bonding character results in opposite IV. SUMMARY

movements of these two bands. F&y=8 (see band struc-
tures of ZrC and HfC in Fig. @ along the L¥'-K line, the
fourth valence band is nearly fully occupied while the fifth
band is empty, so a large is expected. On the other hand, at
Zy=9 (NbC, TaC, ZrN, and Hf){ valence electrons begin to
fill the fifth band, which leads to a negative contribution to
G. However, because the occupation on the fifth band fo
NbC and TacC is tinyG's of NbC and TaC are very close to f ; :
those of ZrC and H);C, respectively. But ZrN andnyN have B and tetrag_onal shea@, moduli, b.Ut dn‘fe.rent trgnds for
more electrons filling the fifth valence band arouigboint shear moduliG. B andG’ are associated with strains essen-

than do NbC and TaC, s@'s of ZrN and HfN are noticeably tially keeping the crystal symmetry, and all valence bands

smaller than those of ZrC and HfC, respectively. A steepreSpond uniformly by moving up or moving down. Shear

decline of G occurs forZ,=10 (NbN and TaN because of strain €, lowers the crystal symmetry significantly, and it
substantial filling on the fifth valence band. Note that TanCaUsesp-d orbitals splitting at zone-center and it has oppo-
has the larges andG’ among these materials, but Bis site effects on the fourth and fifth valence bands. Such a

the smallest and, interestingly, TaC has large values d@,all systematic study can help clarify the ambiguity rising from
G’ andG ' ' ' different experimental methods, and predict new materials
| with better properties.

We have carried out first-principles calculations of struc-
tural and elastic properties of selected transition-metal ni-
trides and carbides. We computed elastic constants of metals
using the density-functional perturbation theory, and our re-
sults proved the accuracy of the metric tensor approath
Fhe linear response theory of strain perturbation. It has been
demonstrated that these crystals have similar trends for bulk

We fitted three averag& points to a simple quadratic
form and extrapolated the fitted curve Z9=7 and 11 Fig.
3(b)]. This fitted curve predicts &~ 105 GPa a%,=7 and
very close to the actual calculatéi=114 GPa for YC. YC This work was supported by the Office of Naval Research
has smalleiG than ZrC due to its half filling of the fourth (ONR) Grant No. N00014-02-1-0506, the Department of En-
valence band. Our theory predicts a negatveat Z,=11, ergy (DOE) Grant Nos. DEFG02-02ER4595 and DEFCO03-
and indeed we compute@,,=-67 GPa for MoN. Thus 03NA00144, and DOE ASC subcontract B341492 to Caltech
MoN is unstable in rocksalt structure because extra electronrSOE W-7405-ENG-48REC). ZGW thanks the helpful dis-
fill to the antibonding states, and the energy gain from thecussions with H. Krakauer and E. J. Walter.
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