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Electronic structure of the superconducting layered ternary nitrides CaTaN2 and CaNbN2
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The electronic structure of the layered ternary nitrides CaMN2 (M5 Ta, Nb! has been studied and the
results are compared with those for the related LiMoN2 phase. It is shown that the former are two-dimensional
metals, with a Fermi surface very similar to that of the 1T-TaX2 (X5 S, Se! dichalcogenides, whereas the
latter is a three-dimensional metal. The three phases show strong covalent bonding within the layers but ionic
bonding with the alkali atom sheets.
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The synthesis and structural characterization of binary
trides owes very much to the pioneering work of Juza a
co-workers.1 Some of these materials have been found
possess interesting and useful properties. For instance,
AlN, and TaN have been extensively used as high temp
ture refractory ceramics and coatings, GaN and InN as se
conductors, etc. For a long time, progress beyond binary
tems was slow because of considerable synthesis difficul
However, solid state ternary transition-metal nitrides ha
received increased attention for the last ten years and
synthesis strategies have been developed. As a result, th
now a large and continuously growing list of ternary a
higher-order transition-metal nitrides exhibiting very ric
structural chemistry and physical properties.2–5 Among
them, the layered transition-metal nitrides seem to be s
cially important compounds. For example, the significa
jump in the superconducting transition fromTc512 K in the
Li-doped layered nitrideb-ZrNCl ~Ref. 6! to 25 K in Li-
doped b-HfNCl ~Ref. 7! has recently called attention to
wards the still largely unexplored physics of layered tran
tion metal nitrides.

Here we would like to discuss the electronic structure
CaTaN2 and CaNbN2,5,8 two layered transition metal nitride
that have been reported to exhibit a superconducting tra
tion at ;8.2 K and ;14 K, respectively.5,8,9 The crystal
structure of the two isostructural CaMN2 (M5Nb,Ta)
phases8 consists of a series ofMN2 layers along thec direc-
tion between which are hexagonal layers of Ca21 cations.
The coordination environment of theM atoms in theMN2
layers is octahedral. The stacking of the successiveMN2
layers is such that the Ca atoms lie in the octahedral site
between the N sublayers of two differentMN2 layers. With
the usual oxidation states of 32 and 21 for N and Ca,
respectively, the formald-electron count for theM atoms is
d1. Thus, the TaN2

22 layers of CaTaN2 are isostructural and
isoelectronic with the TaX2 (X5S,Se) layers of 1T-TaX2,10

two of the best studied and more interesting low-dimensio
materials.11 CaTaN2 ~like CaNbN2) is apparently metallic
but before entering into the superconducting state does
seem to exhibit any of the resistivity anomalies exhibited
the 1T-TaX2 phases.

At this point it is interesting to note the relationship b
tween CaTaN2 and CaNbN2 with the layered nitride
LiMoN2.12 This phase, which was the first metallic layer
nitride, contains alsoMN2 (M5Mo) layers between which
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are hexagonal layers of Li1 cations. However, there is
major difference as compared to CaTaN2: the coordination
environment of the transition-metal atoms is trigonal pr
matic instead of octahedral. With the usual oxidation sta
of 32 and 11 for N and Li, respectively, the forma
d-electron count for the Mo atoms is alsod1. Thus, in the
case of LiMoN2 the MoN2

2 layers are isostructural and iso
electronic with the TaX2 (X5S,Se) layers of 2H-TaX2 (X
5S,Se),10 which also exhibit resistivity anomalies as a res
of structural modulations.13 However, the calculated Ferm
surfaces for the two types of materials14,15are quite different
and the magnetic susceptibility measurements for LiMo2

~Ref. 12! do not seem to provide any indication for the ope
ing of gaps at the Fermi level.

The apparent absence of electronic instabilities in
above-mentioned nitrides despite the strong relationship w
the 1T- and 2H-TaX2 chalcogenides is interesting because
suggests that nitrides can have a distinctive physical beh
ior with respect to these strongly related materials. It co
be argued that in CaTaN2, CaNbN2, and LiMoN2 the Li1 or
Ca21 cations effectively couple the different layers in such
way that the nesting features in the Fermi surfaces of theT-
and 2H-MX2 phases are absent. We note, however, that
Fermi surface scenario has sometimes been challenged16–18

as the origin for the resistivity anomalies of the 1T- and/or
2H-MX2 phases~theoretical14 and experimental19 evidence
seems to indicate that there is no nesting with the appropr
wave vectors in these compounds!, so that the differences in
physical behavior could well arise from differences in ele
tronegativity, size, or polarizability of the nitride anions in
stead of variations in the Fermi surface. It is worthwh
noting that the CaTaN2, CaNbN2, and LiMoN2 phases are
part of a large group of layered compounds with theAMN2
stoichiometry, which has received much attention recent3

In order to gain some insight into the electronic structure
these nitrides we report here on electronic structure calc
tions of the two superconducting layered nitrides CaTa2
and CaNbN2.

The calculations reported here were performed apply
the linearized augmented plane wave method~LAPW! that
utilizes a fully general shape of density and potential. T
WIEN code20 has been used along this work. LAPW sphe
radii of 1.9 a.u. for Ca, 2.0 a.u. for Ta/Nb, and 1.9 a.u. for
were chosen with cutoffs ofRKmax up to 9 ~see Ref. 20!,
providing a well-converged basis set with more than 6
1512 ©2000 The American Physical Society
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functions per primitive cell. Self-consistency was carried o
on k points meshes of around 1000 points in the total B
louin zone. Local orbitals were added to the basis set
extra flexibility and to allow semicore states to be trea
within the same energy window as the band states. The
eralized gradient approximation exchange correlation fu
tional of Perdewet al.21 was used.

Since the results for both of the CaMN2 (M5Ta,Nb)
phases were found to be almost identical, we will only rep
here those concerning CaTaN2. Although the electronic
structure of LiMoN2 was already studied by Singh,15 the
same type of calculations for LiMoN2 are also reported here
for comparative purposes. All calculations were carried
using the rhombohedral unit cell and experimental latt
constants~5.521 Å for LiMoN2, 5.843 Å for CaTaN2 and
5.846 Å for CaNbN2).

The calculated band structure and the total and proje
densities of states~DOS! for CaTaN2 are shown in Figs. 1~a!
and 2, respectively. Analysis of the eigenvectors for differ
points of the Brillouin zone as well as the projected densi
of states of Fig. 2 show that the major components of
lowest six bands of Fig. 1~a! are localized on the nitroge
atoms whereas the next band is strongly tantalum-ba
CaTaN2 has a half-filled Ta-based band and should be m
tallic. Note that at theG point the partially filled band is
practically degenerate with two other Ta-based bands, a
sequence of the very regular octahedral coordination for
Ta atoms. It is important to note that the band dispersion
the partially filled band along theG-T direction, i.e., along
the rhombohedral axis, is practically nil. Since this directi

FIG. 1. Band structure for~a! CaTaN2 and ~b! LiMoN2 . G
5(0,0,0), K5(1/2,1/2,0),T5(1/2,1/2,1/2), andW5(3/4,1/2,1/4)
in units of the rhombohedral reciprocal lattice vectors. Note that
G-T direction is along the threefold rhombohedral axis
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is perpendicular to the TaN2 layers, it is clear that, as far a
the partially filled band is concerned, CaTaN2 should be con-
sidered as a two-dimensional system. As can be seen in
2, Ca practically does not contribute to this band. Note, ho
ever, that the dispersion along the interlayer direction is qu
sizable for some lower-lying bands of Fig. 1~a!, which are
thus more heavily based on the N atoms and conseque
are better suited to lead to interlayer interactions either
rectly or through the Ca atoms. However, the Ca contribut
to the occupied levels~see Fig. 2! is very small. The N(2p)
and Ta(5d) states strongly hybridize above and below t
minimum in the density of states around22 eV. This sug-
gests covalent bonding within the TaN2 layers but ionic
bonding between the layers and the Ca sheets.

We thus conclude that CaTaN2 should be a two-
dimensional metal, exactly as they are in the abo
mentioned 1T-MX2 phases. This is confirmed by the calc
lated Fermi surface, which is shown in Fig. 3~a! in a plane
perpendicular to the threefold rhombohedral axis. Note t
starting from theG point, as one proceeds along this axis t
T point is reached. Since the Fermi surface plot is very si
lar around theG and T points, the three-dimensional Ferm
surface of this system is very easy to imagine: it is made
slightly warped tubes with a pseudo-elliptical section. W
have verified this by calculating the Fermi surface in diffe
ent sections perpendicular to the threefold axis. This Fe
surface does not exhibit nesting features so that it is un
standable that, even if CaTaN2 is a low-dimensional metal, it
does not exhibit the usual resistivity anomalies shown
these systems. It is also interesting to note that our calcul
Fermi surface is very similar to that for 1T-TaS2 for which
the theoretical14 and angle-resolved photoelectron spec
oscopy19 ~ARPES! results are in excellent agreement. A
noted by Pilloet al.19 it is surprising that the ARPES map
ping of the Fermi surface of 1T-TaS2 at room temperature
i.e., in the quasicommensurate charge density wave ph

e

FIG. 2. Total and projected density of states of CaTaN2 pro-
jected onto the Ca, N, and Ta sites.
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does not exhibit the appropriate gap openings. These re
suggest that, as proposed by previous theoretical studies17,18

local chemical bonding~i.e., ordered clusterization! but not
Fermi surface nesting is at the origin of the charge den
waves in 1T-TaS2. Then, why do CaTaN2 and CaNbN2 not
seem to lead to this type of clusterization within theirMN2
layers? We believe that the smaller polarizability of the
trogen atoms with respect to the chalcogens, the presen
the calcium cations in the octahedral sites in between
different MN2 layers, and the shorterM-N distances alto-
gether would lead to a too large a lattice strain for the me
metal clusterization in the CaMN2 (M5Ta,Nb) phases.

The band structure of LiMoN2 @see Fig. 1~b!# exhibits
interesting differences compared with that of CaTaN2. The
first six bands starting from the bottom of Fig. 1~b! are more
heavily based on the nitrogen atoms, whereas the next o
more heavily based on the molybdenum. The important
ference with the band structure of Fig. 1~a! is that now two
bands are partially filled. The fact that one of the heavi
nitrogen-based bands is partially empty means that the n
gen atoms must be considered in aN(32x)2 formal oxidation
state and thus thed-electron count for Mo isd11x. Another
important difference with the band structure of Fig. 1~a! is
that the band dispersion of the two partially filled ban

FIG. 3. Calculated Fermi surfaces for~a! CaTaN2 and ~b!
LiMoN2 in the plane perpendicular to the threefold axis.
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along the interlayer direction is quite important. The analy
of the band mixing among the formally nitrogen-based ba
and the lowest of the molybdenum-based bands is somew
involved and will not be discussed here. However, wha
already clear just from simple inspection of Fig. 1~b! is that
LiMoN2 must be a three-dimensional metal. It is interesti
to note that this fact does not result from interlayer coupl
through the Li atoms because analysis of the wave vec
shows that the lithium atoms practically do not contribute
the partially filled bands~see also the detailed analysis
Ref. 15!. LiMoN2 is a three-dimensional metal because t
lowest molybdenum-based band dips into the manifold of
nitrogen-based bands and thus overlaps and mixes in s
character of the nitrogen bands that exhibit dispersion al
the interlayer direction, mostly because of direct interlay
nitrogen-nitrogen interactions.

The three-dimensional metallic character of LiMoN2 can
be clearly seen in the Fermi surface shown in Fig. 3~b!. In
contrast to CaTaN2, the Fermi surface around theG and T
points is different: there are two closed lines around theT
point but three aroundG. This means that the inner close
loop aroundG crosses the threefold rhombohedral axis b
tweenG and T and thus leads to a closed surface. In oth
words, the inner closed loop aroundG in Fig. 3~b! leads to a
three-dimensional contribution to the Fermi surface, wher
the other two lead to a pair of two-dimensional contribution
It is thus clear that the electronic structure of LiMoN2 is very
different from that of the apparently relatedd1 2H-MX2
phases. In view of the calculated Fermi surface, it is
expected that LiMoN2 exhibits any low-temperature resistiv
ity anomaly related to Fermi surface instabilities.

One of the more interesting results of our study is the f
that, depending on the nature and/or local coordination of
transition-metal atom, some of the transition-metal-ba
bands can dip into the manifold of the ligand-based ban
This fact, which although for different reasons was also n
ticed for layered transition-metal tellurides,22 can be at the
origin of very interesting structural and physical propert
for transition-metal nitrides and thus gives additional inter
to the study of this type of solids.
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