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Phonon and elastic instabilities in MoC and MoN
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We present several results related to the instability of MoC and MoN in thes@&lium chloride structure.
These compounds were proposed as potential superconductors with moderately high transition temperatures.
We show that the elastic instability in B1-structure MoN, demonstrated several years ago, persists at elevated
pressures, thus offering little hope of stabilizing this material without chemical doping. For MoC, another
material for which stoichiometric fabrication in the B1 structure has not proven possible, we find that all of the
cubic elastic constants are positive, indicating elastic stability. Instead, w&mint phonon instabilities in
MoC (and in MoN as well, further illustrating the rich behavior of carbo-nitride materials.

The early transition metal carbides and nitrides represerdmaller than expected increase in the bulk modulus of the
a technologically important series of materials, often revealhitrides relative to the carbides.
ing an interplay between their interesting properties and the The above considerations illustrate that, although the ma-
incipient instabilities that seem to drive those properties.jor contributions to the bonding and resultant properties of
The important features of these materials include extreméhe carbo-nitride systems can be accounted for by general
hardness and h|gh me|t|ng temperatures, as well as SupercdﬁanideraﬂonS of atom size and overall valence of the for-
ductivity in many cases. In some of these materials, the atohula unit, the chemical composition is also important for
mistic propertiege.qg., bonding propertigshat drive particu- under;tanding differences in the physical properties of these
lar macroscopic behaviors can also lead to instabilities thaihaterials. For example, although the B1 compounds NbN
inhibit the stoichiometric B1(sodium chloridg structure and MoC have the same number of valence electrons per
from forming. MoC and MoN are good examples of this formula unit and very similar DOS profiles, the former can
circumstance. In this paper, we report theoretical results re?e made close to stoichiometry while the latter cannot.
lated to the stability of B1 MoC and MoN. We show that the ~ The DOS for isoelectronic pairs of these compounds are
elastic instability in MoN is not mitigated, but rathen- ~ qualitatively very similar, the quantitative difference being
hanced by the application of pressure, and that the difficulty the total DOS at the Fermi leve(A representative DOS plot
in fabricating B1 MoC is due to a phonon instability at tie IS shown in Fig. 2. By definition, in a purely rigid-band
point in the Brillouin zone(BZ). All the calculations re- picture, the isoelectronic pai&ZrN & NbC, NbN & MoC)
ported here were performed with the |inear-augmentedwould be identical. While the DOS prOfileS look Very similar
plane-wave methoti:* and the Fermi level occurs at similar places on the DOS

The B1 carbides and nitrides of Zr, Nb, and Mo have veryProfile, the DOS at the Fermi level is higher in the nitride
similar density of stateéDOS) profiles, the main difference Systems compared to the isoelectronic carbide systems. The
being a systematic increase in the DOS at the Fermi levePOS at the Fermi level increases systematically with the
The same systematic trends can be seen in the lattice coRumber of valence electroit&rC, which has only 8 valence
stants and bulk moduli. Figure 1 shows the bulk moduli ofelectrons per unit cell, has the lowest DOS at the Fermi level
these materials as a function of the lattice constant. There @nd the highest is for MoN which has 11 valence electrons
a general trend of decreasing lattice constant as the numbBgr unit cell)
of valence electrons increases, with the nitrides having the The increase in the DOS at the Fermi ley®l(Ef)] as
smaller lattice constants in the case of the isoelectronic sys-

tems(ZrN & NbC, NbN & MoC). Despite the smaller lattice 400 p
constants of the nitride systems, the corresponding increases 5380 3
in the bulk moduli are smaller than expected compared to the G 360
isoelectronic carbide syste@ompare ZrN and NbC or NbN 2 340 |-
and MoC in Fig. ). In a strict rigid-band view, the bulk zggﬁgg
moduli would be purely a function of volume, leading to a E 280 E
single smooth curve in Fig. 1 rather than separate curves for 2260 F
the carbides and the nitrides. This circumstance demonstrates g0 bl L L '

the subtle differences in the bonding characteristics between 4.30 L 440 4.50 A4'6° 4.70
the carbide and nitride systems. In the carbide systems, the attice constant (7)
covalent bonding charge between the carbon atoms is more fiG. 1. Lattice constants and bulk moduli of several carbo-
localized and closer to the atoms than the correspondingitrides, as calculated by the authors. The lattice constant decreases
bonding charge in the nitrides. Thus, the more itinerant, les@ith increasing number of valence electrons per unit cell. For the
tightly bound charge in the nitrides is more easily deformedsoelectronic system@rN & NbC, NbN & MoC), the nitrides have

than the covalent bonding charge in the carbides, leading tothe smaller lattice constant.
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from the positive slope of the DOS as a function of energy in
this energy range, while the increase between isoelectronic 6 4 2 0 2 4 &8
pairs is a chemical effect due to the bonding differences be- Distortion (%)

tween a nitride and its isoelectronic carbide. This increase in

N(Eg) is reflected in the superconducting transition tempera- FIG. 3. Pressure dependence of the elastic instability of B1-
tures in the series up to NbINbN has the highesi, [17 K] MoN. To simulate the high-pressure behavior, the lattice constant
of the B1 superconductoydJsing simple BCS arguments, it was contracted. As pressure increases, the increasing negative cur-
is expected thal, will increase with electron count due to Vvature of the energy indicates that the instabilityeishancedby

the larger values oN(Eg), resulting inT, being higher for ~ Pressure. The second-order term of a polynomial fit to each case is
the nitrides. However, in B1-MoC and B1-MoN samples, thetfiken as a measure of instability and shown in the inset as a func-
stoichiometry is poor and/or there are a large number of dglion of contraction(pressurg

fects. Consequently, the superconducting transition tempera-

tures in MoC and MoN are much lower than predicted fromsults in a hexagonal structure less favorable for high
the perfect crystal DOS arguments using quantitative rigid-T 91213.20

muffin-tin calculations. In an effort to explain the experimental “instability” of
The systematic increase in the DOS at the Fermi leveg1-MoN, Chenet al. performed theoretical studies of the
[N(Ef) hereaftef led to the proposal of MoN and MoC as ¢ypic elastic constants for MoR.They found that the cubic
good candidates for “high-temperature” superconducfdrs. elastic constanC,, for MoN was negative, indicating an
Using results from first principles electronic structure Calcu'instability. It is perhaps not unreasonable that a metastable

lations, Rlckettet glc.jatrgl;ed th‘ar‘;[. 'Y:C;N In th? Blnstructure state might exist, however, given the successes in forming
was a prime candidate for a “nigh-temperature= SUpercons, i, qiape phases of other carbo-nitride compothdsd
ductor with a predicted transition temperature of approxi-

mately 30 K% There were two aspects of the electronic others have suggested that 0g, instability may be miti-
structure that motivated this prediction for MoN—the high gated in MoN by applying high pressures. To test this, we

value of N(Eg) and the large electron-phonon matrix ele- calculated the change in energy as a function of a monoclinic

ments associated with the strong bonding in this materiaiStrain at various pressures. The results are shown in Fig. 3.

Both of these features are indicative of a potentially high As is evident from the figure, the instability persists and even
but they are also hallmarks of either structural instabilities"creasesat pressures high enougabove 400 GPato con-
that can frustrate the formation of stoichiometric structurestract the lattice constant by 3%. This indicates that any at-
or of magnetic instabilities that can destroy superconductiviempts at fabricating a metastable phase, even at the highest
ity. available laboratory pressures, will be unsuccessful.
Experimentally, it was found that these features lead in- Because the stability of MoC samples is not much better
stead to structural instabilities in B1-MoN that are mani-than that of MoN, and the predicted superconductivity tran-
fested by the fact that only highly N deficient or vacancy/sition temperature is smaller than expectéd,is natural to
defect-rich B1 structures have been made in thesuspect thaC,, for MoC also reveals the same instability
laboratory?~*® Alternatively, the more thermodynamically observed in MoN. However, our calculations show that for
stable hexagonal phase of MoN is often formed close to stoMoC theC,, elastic constant is large and positive. The other
ichiometry. Similar systems, such as NbC and NbN, whichtwo elastic constants,; andC,, are also relatively large
exhibit superconductivity are also prone to poor stoichiom-and positive, indicating an elastically stable structure.
etry and must be prepared carefully to obtain a ratio of Nb to  Given that the elastic constants show MoC to be stable,
carbon or nitrogen that is close to one-to-dA&ome work-  the question arises: why can stoichiometric B1-structure
ers tried to improve the crystals by applying pressure in aiMoC not be made? In particular, is B1-MoC a possible meta-
attempt to drive nitrogen defects from interstitial sites intostable phase, or is it intrinsically unstable for some reason
the nitrogen sites of the ideal crystal. Unfortunately, this re-other than elastic behavior? Because two related systems
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causing the crystal to spontaneously distort at finite tempera-
NbC tures. This is schematically indicated in Fig. 4. Given these
NbN ideas, a good candidate BZ region for phonon instabilities in
MoC would be that near th¥ point?®
To test this hypothesis, we calculated the frequencies of
) “~. MoC the optical and acoustic longitudinal phonons at Xhpoint
i for MoC. Our calculations show a frequency for optical lon-
gitudinal phonons that is nearly half that of NbC, and the
r 0,0 X calculated frequency for acoustic longitudinal phonons is
imaginary (367 cm ) indicating that these latter phonons
are unstable at th& point. It can be reasonably surmised,

Frequency

o
o

FIG. 4. Schematic diagram of the increasing instability of

longitudinal-acoustic phonons in NbC, NbN, and MoC. The smallth that th ist finit . fth t th
anomaly in NbC at approximatelig=0.7(2w/a) along I'X be- en, that there exists a finite region or the spectrum near the

comes quite pronounced in NbN and shifts towards Xhpoint. X Point for which theacousticphonons are unstable. This is

Presumably, the softening becomes so pronounced in Kifedi- consistent with the experimental instability that exists despite
cated by the dotted lines to render the structure unstable, explain-the local-density approximation-fact that based calculations
ing the experimental difficulty in forming MoC stoichiometrically of the elastic constants indicate that B1-MoC is elastically
in the B1 structure. very stable. While the Fermi surfaces of MoC and MoN
which we calculatednot shown hergshow indications of

(NbC and Tag exhibit phonon anomalieaips in the pho-  aqting effects with a wave vector at or near ¥ipoint, the

non dispersion curvgsas a first step toward answering this oqting features are not as pronounced as those found in NbC
guestion, we examined the phonon frequencies of MoC

e e : nd TaC®?’ The phonon anomalies cannot be explained as
selected points in the Brllloum zone. Using the frozen Pho's'mple nesting effects; they are a complicated combination
non approach, we first determined the phonon frequencies qf nesting (phase-space consideratiprand bonding(the
MoC and MoN at thel” point, and NbC at theX point to

. . . ever strength of the electron-phonon matrix elemgnts
compare with experimefitand previous calculatioA$?® as

o In summary, we discussed systematic trends in some of
a check on our method. Our results are within a few perceng,o physical properties in the series of compoufi@s and

of the experimental results as well as Savrasov's calculationgy 1= 7 Nb. Mo. Lattice constants. bulk moduli. DOS at
24 ’ H ’ . ’ ’
for NbC™ The frequency of the calculated zone center Ope Fermi level, etc., change systematically through the se-

tical prllonor:j in MoC ThOWS n?] md:ccanon of a phorr:on ries. Corresponding to these systematic changes, the super-
anomaly and is very close to that of Nb@s one might o ,cting transition temperatures of the materials increase

expec}. On the pthlerhhand, the freql_JeIncy OL thehcz#cr]latecljmth increasing numbers of electrons per unit cell, but the
zone-center optical phonon in MoN is less t 'an half that 0compounds become increasingly unstable through the series.
MoC and NbC.(Of course, zone-centexcousticmodes in

X While Chenet al. showed that perfectly stoichiometric
MoN are unstable as shown by ti, calculation) B1-MoN was unstable, we have also shown that, contrary to
Even when a higiN(Eg) does not indicate a structural or

o TN 2 conjectures in the literature, these instabilities are not miti-
magnetic instability, it may indicate anomalous phonons

. 4 X ated by increased pressure—that is, @y instability ac-
Though NbC is quite stable and samples can be fabricatefl )y is enhanced by the application of hydrostatic pressure.

with good stoichiometry, the phonon spectrum contains a - jpjike MoN, there is no indication of a similar elastic
very distinct anomalous region nelr=0.7 (2m/a) along  jngiapility in B1-structure MoC despite the fact that fabrica-
I'X that is relatedé%]o Fermi _surfaceﬂnestmg as shown byion of high quality MoC crystals has been unsuccessful. We
Gupta and Freemanand Kleinetal™ In the rigid band ~ ,3ye shown that this experimental instability is related to an
picture, NbN is similar to NbC but with an extra valence gyireme phonon softening near tKeoint. Consequently, as

electron per unit cell. Adding an extra electron to the systemyitn MoN. a stable state of B1-MoC cannot be expected.
(NbC—NbN) causes more hybridized ND/nonmetal p '
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able to expect that the anomalous region of the phonon spetsoTroPY,? part of which was used in determining the sym-
trum may become even more pronounced in MoC—perhapmetries of distortions for the frozen phonon calculations re-
even to the point that some phonon modes become unstabperted here.
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