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We have investigated the elastic properties of nanolayergdViwith M=Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W
and A=Al, Ga, Ge, Sn, bgb initio calculations. We suggest that,MC can be classified into two groups: One
where the bulk modulus of the binary MC is conserved and another group where the bulk modulus is de-
creased. This classification can be understood in terms of coupling between MC and A layers, which is defined
by the valence electron population. These results may have implications for the understanding of properties and
the performance of this class of solids.

DOI: 10.1103/PhysRevB.70.092102 PACS nuniger64.754+g, 71.20-b

Transition-metal carbides are suitable for many technoand those of MC in the NaCl structure as well as TiAl alloy,
logical applications due to their high hardness, high meltingvhich are used for the comparison purposes, can be found in
point, and excellent electrical conductivity. However, the in-Refs. 30-32. In addition, we have also evaluated the hypo-
trinsic brittleness of these carbides hinders their broader aphetical Mo,AIC and WLAC phases, which are not available
plications as structural materials. Owing to a combination ofin |iterature.
both metallic and ceramic properties, nanolayered ternary |n Fig. 1, we show the calculated bulk moduli of,MC
metal carbides of M,AC, type (space groupP6;/mm9  yersus the bulk moduli of the corresponding MC. It is inter-
represent an exception, wheme 12, M is anearly transi-  ggting to note that the bulk moduli of MC are very close to
tion metal, and Als mostly a IlIA or a IVA group elemeht. those for MC, except for MAC phases containing group
Ei(l)aritEX:rTg:g’st-:—is:r%,dmﬁsmcﬂsksotggI&iméégnégglse,rg@ IVB transition metals, which show larger deviations. Hence,
versible plasticity and negligible thermopowér XIso MoAC can be I(:Iassgied Into two_groups acclording tol\t/hBe

' ; . ) . transition metal M. One group comprises only group
MAC ~ phases =~ have been investigated bOthtransition metals, where the bulk modulus is reduced com-

experimentally*-1®and theoretically’~?? 1t is reported that . .
these ternary carbides exhibit improved ductiliy, oxida- pareq.to the corresponding MC. The other group includes
transition metals of groups VB and VIB, where the bulk

tion resistancé,”%1° and electrical conductivity!? They

also demonstrate good damage tolerance and thermal shogodulus of the corresponding MC is essentially conserved.
resistancé. However, a systematic correlation between theFurthermore, it can be seen that for both groups the choice of

electronic structure and properties OL'MACH has not been the A element Stud|ed here seems to have no Signiﬁcant ef-
explored in the literature. Here, we discuss the correlatiod€ct on the functional dependence between bulk modulus of

between the chemical bonding and the elastic properties d¥1.AC and MC configurations.

M,AC by ab initio calculations. Elastic properties of these materials can be understood
The vasp codé®24is used for the present calculations, based on their electronic structure, which is readily available

wherein the generalized-gradient projector-augmented wave

potentials are employed. The following parameters were 280
applied: 1x10*eV relaxation convergence for ions, 1 = 260] " A

5 . . . a o Ga Mo W
X 107 eV electronic relaxation convergence, conjugate gra- S 0l A Ge
dient optimization of the wave functions, reciprocal-space g v Sn Ta%
integration with a Monkhorst-Pack scheffegnergy cutoff 3 220 Nb
of 500 eV, k-points grid of 99X 9, and the tetrahedron 3 200
method with Blochl correctiod$ for the energy. Spin- 2 180) v Ti
polarized configurations were not considered since no sig- E QHf
nificant changes in structures and elastic properties were pre- 3 180 ér o
viously identified for CJAIC (Ref. 28. The equilibrium 14(%40 160 150 200 220 240 260 280

volume and the bulk modulus were calculated by a least-
square fit of the volume-energy curves using the third-order
Birch-Murnaghan’s equations of statsThese volume- FIG. 1. The bulk moduli of MAC versus the bulk moduli of the
energy curves stem from the relaxation of both the lattic&orresponding MC, where M is a transition metal from group IVB,
parametea and the hexagonal/a ratio. The partial density VB, and VIB, Ais a IlIA and a IVA group element. Clearly, MC

of states and charge-density distributions are obtained usinghases can be classified into two groups: One inheriting the bulk
the relaxed structures at the equilibrium volumes. The inpuimodulus of the corresponding MC and the other with larger
lattice parameters of the MAC studied are taken from Ref. 1 deviations.

Bulk modulus of MC (GPa)
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FIG. 2. (Color onling Charge-density contours fga) TiC, (b) g 057
Ti,AIC, (c) CrC, (d) CrAIC, and(e) TiAl. These cuts are made in £ o0 DA T i .~ A V 71 WSSV =
the (1120) plane for the ternaries and in ti00) for the binaries, -12 -8 -4 0 4
where the charge density varies from Que) to 2.4e/A3 (dark (b) Energy (eV)
red. E 40
from the density-functional theory calculations carried out E 35 Cr3d
here. Figure 2 shows the charge-density contours in the ° g;:
(1120) plane for THAIC [Fig. Ab)] and CAIC [Fig. 2d)] 8 301 __Geas
as well as in th&€100) plane for TiC[Fig. 2(&)] and CrC[Fig. B 254 — Gedp
2(c)], where the latter two phases crystallize in NaCl struc- 38 20
. o . . . [ U 1
ture with space groupm3m. Analyzing the M-C bonding in k2
TiC and CrC, it can be concluded that the bonding is char- o 151
acterized by covalent and ionic contributions and that this 'é 1.0
character is essentially conserved in theA@ ternaries. 3
While the charge-density distribution of TiC is similar to the g 057
one of CrC, the charge distribution of the related ternaries € 004

shows extensive differences. The coupling between the MC -12 -8 -4 0 4

layer and the Al layer is weaker for JAIC as compared to Energy (eV)

CrAIC. In fact, the bonding between Ti and Al in,;HIC is

similar to the bonding in TiAl(space grougP4/mmm), as FIG. 3. (Color onling Partial density of states fa@) Ti,AIC,

can be seen in Fig.(8. On the other hand, the coupling (b) CrAIC, and(c) Cr,GeC. The Fermi energy is set to 0 eV. The
between individual CrC layers in @XIC is similar to the  major contribution to bonding stems from (-2 3d hybridized
Cr-C bond in CrC, see Fig. 2, even though CrC layers arétates. This in accordance with literature on carbides and nitrides
interleaved with Al planes. Hence, the elasticity data pre{Refs. 33 and 34

sented in Fig. 1 can be understood based on the charge-

density data discussed here. These findings provide a path- o )

way for tailoring the elastic properties of JAC by tuning  3(¢)]. The hybridized C g-M 3d states dominate the bond-
the valence electron population. As the valence electroffd in these demonstrating phases. Another difference in
population of the transition metal M is increased, morebonding between the JAIC and CrAIC structures are the
charge is placed in the M-C bonds, which is due to an inweakly hybridized Ap-M d states which are very near to the
crease in the ®-M d hybridization as can be seen in Fig. 3, Fermi level for TRAIC and around -2 eV for GAIC. This
where the partial density of states data are presented fandicates that the Ti-Al bond is indeed weaker than the Cr-Al
Ti,AIC [Fig. 3@)], CrhAIC [Fig. 3b)], and CyGeC [Fig.  bond. This agrees well with what we have observed for the

—
o
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charge-density distribution in th€l120) plane of TAIC In summary, we have shown that by tuning the valence
and CpAIC. electron population of the transition metal M in ,MC
Utilizing an identical approach, we will now discuss the changes in the chemical bonding between the MC layers and
effect of A-element substitution. We have substituted Al inthe A layers can be induced. It is demonstrated that the bulk
M,AIC by Ga, Ge, and Sn and found that the substitution ofmodulus of these materials can be varied from
the 1lIA elements by IVA elements does not affect the elastic145 to 272 GPa. Based on our calculations we suggest a
properties significantly. Based on our partial density of stateglassification of these materials into two groups: One group
data, we suggest that this behavior can be understood. Wgith strong coupling, where bonding and properties of the
cannot identify any considerable differences in the dominathinary MC is conserved, and the group with weak coupling,
ing C p-M d hybridized states between C and CpGeC  where this is not observed. We have shown that this can be
[see Figs. @) and 3c)]. The same holds for the Ti-and \nderstood in terms of valence-electron-induced changes in
V-based sister compounds. The only difference that could bggpjing. These results may have implications for the under-

identified originates from the bondin.g within the A layer and standing of properties, enabling the technological application
the number of states at the Fermi enef@¥). The s—=p  of these fascinating ternary phases.
hybridization in Ge layers decreases and Meis higher

compared to GAIC, indicating that the one extra valence  We acknowledge support from the Swedish Research
electron in Ge contributes to antibonding states. FurtherCouncil. J. M. S. acknowledges sponsorship of the Alex-
more, it is reasonable to assume that the role of the A eleander von Humboldt Foundation, the German Federal Min-
ment might be of similar nature in other MAC, with n istry of Education and Research, and the Program for Invest-

=2, assigning our discussions more general merits. ment in the Future.
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