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Electronic and dielectric properties of insulating Zr3N4
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The electronic structures and dielectric functions of Zr3N4 were studied by a first-principles density-
functional method. Three different structure models were used:~1! ZrN in a rocksalt structure with an ordered
Zr vacancy, or Zr3hN4 , ~2! c-Zr3N4 in the cubic spinel structure and~3! o-Zr3N4 in the orthorhombic
structure. All three structures of Zr3N4 are found to be insulators with small indirect band gaps. This appears
to be consistent with experimental observation that Zr3N4 is an insulator. Total-energy~E! calculations show
that Zr3hN4 has an expanded lattice constant compared to ZrN by about 0.75%, and thatE(Zr3hN4)
,E(o-Zr3N4),E(c-Zr3N4) which indicates that the ordered defect model for Zr3N4 is valid. It is further
demonstrated that past calculations showing Zr3hN4 to be a metal were caused by the failure to relax the
vacancy structure. The electronic structures and the optical dielectric functions for all three models were
calculated and analyzed in detail. The Zr3hN4 model again shows the best overall agreement with available
experimental data. All three structures have relatively large optical dielectric constants at zero frequency.
Possible implications from these calculations are discussed.
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I. INTRODUCTION

ZrN is a refractory material with many outstanding phy
cal properties such as high melting temperature, high h
ness, and resistance to radiation. ZrN is also a super
ductor with a transition temperatureTc of 10 K.1 Very
recently, it was found that the layered compounds ZrNCl a
Li xZrNCl are also superconductors with a higherTc of 13
and 25.5 K respectively.2,3 The electronic structure of ZrN in
the rocksalt structure is well known4–6. Its metallic band
structure is manifested in the golden color of the crystal
self. In contrast, Zr3N4 is an insulator. It was first discovere
by Juzaet al. who showed it to be semitransparent with
brownish color.7 In the preparation of ZrNx thin films by
chemical vapor deposition~CVD! or physical vapor deposi
tion ~PVD! using a dual ion-beam splitting technique, it w
clearly demonstrated that stochiometric Zr3N4 exists in the
N-rich limit.8,9 Photoemission and optical data on ZrNx films
show dramatic changes fromx51 to x51.3333,10 strongly
supporting the existence of a metastable and insulating c
pound, Zr3N4 . In contrast, Ti3N4 films were found to be
metallic with a golden color.9

The exact structure of Zr3N4 is not known. However, it is
generally believed that Zr3N4 is closely related to ZrN in the
rocksalt structure with a Zr vacancy. We denote this def
model as Zr3hN4. The combination of a superconductin
ZrN and an insulating Zr3N4 raised an interesting possibilit
of fabricating a Josephson junction based on
ZrN/Zr3N4 /ZrN superlattice.11,12 Since ZrN and Zr3N4 are
isostructural and isochemical, there will be very little inte
face effects at the metal-insulator interface. Such a junc
could significantly enhance the superconducting tunne
effect. Unfortunately, practical applications of such a Jose
son junction have not been realized in spite of intense
search efforts more than a decade ago.8,11,12 In connection
with the search for the ZrN/Zr3N4 /ZrN junction, the elec-
tronic structure of Zr3N4 was investigated. Schwarzet al. 12
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had calculated the band structure of Zr3hN4 represented by
the vacancy model of ZrN. Using the augmented spher
wave ~ASW! method, they showed that the defect model
Zr3N4 is a metal, not an insulator. Several groups then
tempted similar calculations with somewhat different a
proaches and reached similar conclusion.13,14 The apparent
contradiction with the experimental observation8–10 was ra-
tionalized by two possibilities.~1! The underlying electronic
structure theory based on local density approximation~LDA !
of the density-functional theory is somehow not suitable
Zr3N4 ; ~2! the defect model for Zr3N4 is not the correct
model and there may be hitherto undiscovered crystal
phases of Zr3N4 that should be more appropriate.

In 1996, Lerch and co-workers reported the synthesis
crystalline Zr3N4 and determined its structure by x-ray pow
der diffraction.15 Zr3N4 was reported to have an orthorhom
bic structure with a space group of eitherPnamor Pna21

with four formula units per unit cell. Further analysis of th
diffraction data indicated that the assignment of the sp
groupPnamwas the appropriate one.16 We will refer to this
crystalline phase aso-Zr3N4 . In o-Zr3N4 , there are three
nonequivalent types of Zr~Zr1, Zr2, Zr3! and four non-
equivalent types of N~N1, N2, N3, N4!.15 Zr1 is octahe-
drally coordinated to six N. Zr2 is at the center of a triang
lar prism with another N at a slightly larger distance aw
(Zr2-N252.74 Å). Zr3 is in a heavily distorted octahedro
with yet another N not too far away (Zr3-N352.94 Å). So,
Zr2 and Zr3 ino-Zr3N4 can be considered sevenfold bond
which accounts for its relatively high density. Because of
complexity of the crystal structure, no electronic structure
o-Zr3N4 has been attempted.

Very recently, we have suggested that Zr3N4 might exist
in the cubic spinel phase~denoted byc-Zr3N4) similar to
c-Si3N4 .17 The successful synthesis of the spinel phase
Si3N4 at high temperature and pressure18 in addition to the
well-known hexagonal phases of Si3N4 ~thea andb phases!
was a recent surprises in materials synthesis since octah
©2002 The American Physical Society06-1
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bonding for group-IV elements such as Si is quite unusu
Since then, several laboratories have verified the existenc
c-Si3N4 , c-Ge3N4 and c-Sn3N4 .19–24 This has spurred a
flurry of research activities on the possibilities of spinel
trides formed by both group-IV A and group-IV B
elements.17,25–28 In particular, it was reported thatc-Ti3N4
and c-Zr3N4 could both exist based on theoretic
modeling.27 Electronic structure calculations using the pr
dicted structures showedc-Ti3N4 to be a metal andc-Zr3N4
to be an insulator with a small indirect band gap.27,28

In this paper, we present a detailed study of the electro
structure and optical properties of Zr3N4 based on the three
different structural models.~1! The ordered defect model o
Zr3hN4 similar to past studies, except in the present ca
the defect structure is fully relaxed.~2! c-Zr3N4 in the spinel
structure and~3! the orthorhombico-Zr3N4 . Figure 1 shows
the three structural models for Zr3N4 . The crystal parameter
are summarized in Table I. The crystal parameters
c-Zr3N4 are the theoretical predicted values using a to
energy minimization scheme.29,30The main goal of our study
is to compare and contrast the electronic structures of dif
ent models of Zr3N4 . By comparing the calculated physic
properties with experimental observations, the most app
priate structure model for Zr3N4 can be identified. We show
that although all three structures have an insulating b
structure, the ordered defect model is the most consis
with the overall experimental observations, and as su
should be regarded as the correct structure for Zr3N4 at low
temperature and ambient pressure. We further investigat
to why the past calculations on the defect model produce
metallic band for Zr3hN4.

The organization of this paper is as follows. In the follow
ing section, we briefly outline the method of our calculatio
The results of the electronic structure and optical proper
of the three models are presented in Sec. III. These res
are compared and discussed in Sec. IV. Some conclusion
drawn in last Sec. V.

II. METHOD OF CALCULATION

The electronic structures of the Zr3N4 models were calcu-
lated using the orthogonalizaed linear combination of ato
orbital ~OLCAO! method.31 The OLCAO method is a
density-functional theory-based all-electron method tha

TABLE I. Comparison of the crystal structures of Zr3hN4 ,
c-Zr3N4 ando-Zr3N4 .

Crystal model Zr3hN4 c-Zr3N4 o-Zr3N4

Structure Simple cubic Spinel Orthorhombic
Lattice constants~Å! a54.596 a59.1185 a59.7294

u50.3829 b53.28
c510.8175

Space Group no symmetry Fd3m Pnam
Z 1 2 4
Vol/FU ~Å3! 97.08 94.85 86.25
Density ~gm/cc! 5.63 5.77 6.34
23510
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particularly effective for crystals with complex structure
such asc-Zr3N4 and o-Zr3N4 . The method has been suc
cessfully applied to many different types of comple
crystals32–36with accuracy comparable to any otherab initio
electronic structure methods. In the present calculation, a
basis set consisting of atomic orbitals of Zr~@Kr# core plus
Zr-5s, 6s, 5p, 6p, 4d, 5d) and N ~@He# core plus N-2s,
3s, 2p, 3p) was adopted. The total energy of the crystal w
calculated based on LDA theory with all internal paramet
fully relaxed.29,30 As a preliminary test, the band structu

FIG. 1. The crystal structures of three models used in
present calculation:~a! The fully relaxed ordered defect mode
Zr3hN, ~b! the cubic spinel modelc-Zr3N4 and~c! the orthorhom-
bic o-Zr3N4 . Dark balls represent Zr atoms and light balls N atom
The solid square in~a! denotes the Zr vacancy.
6-2



ELECTRONIC AND DIELECTRIC PROPERTIES OF . . . PHYSICAL REVIEW B 66, 235106 ~2002!
FIG. 2. ~Color! Band structure of~a! ZrN in the rocksalt structure~left panel!; ~b! unrelaxed Zr3hN4 ~middle panel!; and ~c! relaxed
Zr3hN4 ~right panel!. The upper triangle shows the color code due to the mixing of the wave functions. Red, Zr (s1p) orbitals; yellow,
Zr-4d orbitals, and blue, N orbitals.
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and density of states~DOS! of ZrN in the rocksalt structure
were calculated and shown in Fig. 2~a! and Fig. 3~a!, respec-
tively. Its metallic band is in full agreement with the existin
LDA calculations by Stampflet al.4 and Schwarzet al.5

The calculation of the dielectric function follows th
theory of interband transitions with all dipole matrix el
ments included. To achieve higher accuracy for wave fu
tions at higher-energy ranges, the all-electron secular e
tions without orthogonalization were solved. Large numb
of k points in the Brillouin zone~BZ! integration were used
to ensure sufficient convergence~102 k points for Zr3hN4,
110 k points ofc-Zr3N4 and 72k points foro-Zr3N4 in the
irreducible portions of the BZ!. Test calculations with differ-
ent numbers ofk points indicate that this level ofk-point
sampling is adequate. The imaginary parts of the dielec
functions«2(v) were calculated first. The real parts«1(v)
were obtained from the imaginary parts by Kramers-Kro
conversion. The energy-loss functions were obtained fr
the inverse of the complex dielectric function, or Im@@«1(v)
1i«2(v)#21#.

The bulk properties of the three models of Zr3N4 were
obtained by fitting the calculated total energy vs volume d
to the Murnagham equation of state~EOS!.37 For each fixed
volume, all the internal parameters ofc-Zr3N4 ando-Zr3N4
were fully relaxed. For Zr3hN4, all the seven atoms in th
23510
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FIG. 3. DOS of~a! ZrN in the rocksalt structure;~b! unrelaxed
Zr3hN4 ; and ~c! relaxed Zr3hN4 .
6-3
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cubic cell were relaxed until the total energy per cell co
verged to the order of 0.0005 eV per cell.

One of the special advantages of the OLCAO method
the ease with which the Mulliken effective chargeQa* on

FIG. 4. Total DOS and PDOS of relaxed Zr3hN4 .
23510
-

is

each atom and the bond order~BO!, ra,b between pairs of
nearest-neighbor atomsa and b ~also called the overlap
population! can be obtained.38 This scheme provides a
simple, effective, and unbiased assessment of the ch
transfer and overall bonding picture in a crystal. It is custo
ary to use a minimal basis set for the effective charge
bond order calculations. TheQa* andrab are defined by the
following equations:

Qa* 5(
i

(
n,occ

(
j ,b

Cia*
nCj b

n Sia, j b , ~1!

rab5 (
n,occ

(
i , j

Cia*
nCj b

n Sia, j b , ~2!

where Cia
n is the coefficient of the eigenvector of thenth

band.a specifies the atom andi denotes the orbital.Sia, j b is
the overlap matrix between the Bloch functions.

III. CALCULATED RESULTS

A. Electronic structure

Before we present the electronic structure result for
defect model Zr3hN4, we first investigate why the pas
calculations12 on Zr3hN4 showed it to be metallic. We hav
repeated such a calculation without the internal relaxation
the atoms in the vacancy model using the OLCAO meth
The resulting band structure and the DOS are shown in F
2~b! and 3~b!, respectively. It clearly shows that such a ca
culation indeed results in a metallic band structure and
the calculated DOS is in very close agreement with that
Schwartzet al. using the ASW method.12 In Ref. 12, the
equilibrium lattice constant obtained for Zr3hN4 is smaller
than that of ZrN by 1.5%, which is inconsistent with th
experimental data.9 In our relaxed calculation, the lattic
constant of Zr3hN4 expands by 0.75% over ZrN.

In Fig. 2~c! and Fig. 3~c!, we show the band structure an
DOS of Zr3hN4 with all the atoms in the cubic cell fully
relaxed in response to the presence of the Zr vacancy
illustrated in Fig. 1~a!, there are significant movements of th
N and Zr atoms. In the unrelaxed model, the Zr-N bo
lengths are 2.298 Å. After relaxation, the Zr-N bonds ran
from 1.979 to 2.672 Å. It is this relaxation effect and th
slightly expanded lattice constant that have significantly
fected the Zr-N interaction, resulting in the insulating ba

FIG. 5. Band structure ofc-Zr3N4 ~left panel!, o-Zr3N4 ~right
panel!.
6-4
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ELECTRONIC AND DIELECTRIC PROPERTIES OF . . . PHYSICAL REVIEW B 66, 235106 ~2002!
structure for Zr3hN4. The calculated indirect band gap
0.82 eV and the direct band gap atG is 1.80 eV. The real
band gap could be even larger since it is well known that
LDA calculation generally underestimates the band gap.
et al. had estimated the optical band gap of Zr3N4 thin film
to be 2.2 eV.9 However, this optical band gap was obtain
by extrapolating the absorption coefficienta, which had not
been corrected for interference effects, and therefore h
large degree of uncertainty.

In order to vividly show the hybridization between N o
bitals and the Zr (s1p) and Zr-4d orbitals, we plot the band
structures of ZrN, Zr3hN4 ~unrelaxed! and Zr3hN4 ~re-
laxed! in color code in Fig. 2. That plot clearly shows th
the metallization of ZrN in the rocksalt structure arises fro
the Zr-4d bands. One such band along theG-X direction

FIG. 6. Total DOS ofc-Zr3N4 ~upper panel! and o-Zr3N4

~lower panel!.

FIG. 7. Comparison of the upper valence band DOS of~a!
Zr3hN4 , ~b! c-Zr3N4 ando-Zr3N4 ~c! with the experimental XPS
data of Ref. 10~dotted line!.
23510
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actually penetrates well below the Fermi level. In the relax
Zr3hN4 model a gap develops separating the valence ba
~VB!, which consist mostly of N-2p orbitals, from the con-
duction bands~CB!, which consist of the hybridizeds-d
bands of Zr. Near the bottom of the CB, the Zr-s character
becomes more prominent. In the unrelaxed case show
Fig. 2~b!, the separation of the VB and the CB is not com
plete. The Zr-4d bands interfere with the N bands resultin
in the disappearance of the gap. It should be pointed out
our earlier calculation on a similarly relaxed defect model
Ti3hN4 yielded a metallic band structure17 in close agree-
ment with experimental observation.9

In Fig. 4, we display the total and the atom-resolved p
tial DOS ~PDOS! of the relaxed Zr3hN4 model. As the re-
sult of atomic relaxation, the PDOS of the three Zr and fo
N atoms are quite different, especially the N atoms, refle
ing the somewhat different local bonding environment
each atom.

Figures 5 and 6 show the calculated band structure
total DOS of c-Zr3N4 and o-Zr3N4 , respectively. For
c-Zr3N4 , the top of the VB is atX and the bottom of the CB
is atG with an indirect band gap of 0.22 eV. The direct ba
gap is 0.38 eV atG. The total DOS shows some resemblan
to that of Zr3hN4. The PDOS for Zr~not shown! at the
tetrahedral site~Zr1! and the octahedral site~Zr2! show sig-
nificant differences especially in the CB region, reflecting t
difference in their bonding environments.

The calculated band structure ofo-Zr3N4 shows that it
has an indirect band gap of 0.71 eV. The top of the VB is
G and the bottom of the CB is at a point alongG-Z. As
mentioned earlier, the three Zr atoms and four N atoms
o-Zr3N4 occupy crystallographically inequivalent sites wi
very different local bonding structures. Such differences c
be seen in the PDOS of each atom~not shown!, especially
for the N atoms in the VB region. For example, the spec
weight in the PDOS for N4 is at a higher binding ener
mainly due to its shorter Zr-N bond lengths (Zr2-N
52.07 Å, Zr3-N452.06 Å).

In Fig. 7, we display the broadened total DOS of t
upper VB in the three models for Zr3N4 , and compare them
with the XPS data of Ref. 10. Clearly, the result of Zr3hN4
(c-Zr3N4) agrees well with the experimental data be

TABLE II. Comparison of the measured and relaxed crystal
rameters ino-Zr3N4 . The relaxed values are shown in parenthes

Lattice constants~Å! a59.7294~9.5238!
b53.281~3.2869!

c510.8175~10.8654!

Atom x y z
Zr1 0.4316~0.4279! 0.6241~0.6210! 1/4
Zr2 0.3922~0.3924! 0.0934~0.0961! 1/4
Zr3 0.2671~0.2614! 0.3519~0.3490! 1/4
N1 0.238~0.2275! 0.710~0.7152! 1/4
N2 0.138~0.1455! 0.984~0.9841! 1/4
N3 0.999~1.0085! 0.227~0.2291! 1/4
N4 0.606~0.6054! 0.024~0.0226! 1/4
6-5



7

CHING, XU, AND OUYANG PHYSICAL REVIEW B 66, 235106 ~2002!
TABLE III. Calculated bulk and optical parameters of Zr3hN4 , c-Zr3N4 ando-Zr3N4 .

Crystal model Zr3hN4 c-Zr3N4 o-Zr3N4

Band gap~eV! 0.821~indirect! 0.223~indirect! 0.705~indirect!
1.800~at G! 0.387~at G! 0.83 ~at G!

Band width~eV!:
Upper VB 5.9 5.6 5.7
Lower N-2s band 3.22 1.89 2.26
B ~GPa! 298.9630 226.5 238.3
B8 4.17 3.65
«1(0) 7.82 8.37 10.23
vp ~eV! 12, 24, 32, 36. 12.5, 24, 33, 36. 11.5, 26, 33, 3
~Expt. peaks! 13, 22, 33, 40
TE/FU 21367.6925 21364.702 21365.3042
DE/FU ~eV! 0.0 2.82 2.39
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~least!, not just in the width of the upper VB, but also in th
shape of the DOS profile.c-Zr3N4 and o-Zr3N4 have nar-
rower upper VB~5.6 and 5.7 eV, respectively! compared to
that of Zr3hN4 ~5.9 eV!.

B. Bulk properties

The total energies~E! of the three models were calculate
at different volumes with all the internal parameters relax
The fully relaxed structural parameters foro-Zr3N4 are listed
in Table II. For the Zr3hN4 model, we find the equilibrium
lattice constant to be slightly larger than that of ZrN in t
rocksalt structure by 0.75%. This is consistent with the e
mation of Fix et al.9 that the lattice constant of ‘‘Zr3N4’’
phase in the CVD film is slightly larger than the lattice co
stants of ZrN. The bulk moduli and the pressure coefficie
for all three model structures are obtained by fitting the c
culated total energy vs volume data to the Murnagham eq
tion of states~EOS!.37 At the equilibrium volume, it is shown
that the total electronic energy per formula unit~FU! is low-
est for Zr3hN4 and highest forc-Zr3N4 with o-Zr3N4 being
intermediate. The relative energy numbers are listed in Ta
III.

The bulk moduli ofo-Zr3N4 and c-Zr3N4 are estimated
from the EOS fits to be 238 and 225 GPa, respectively.
bulk modulus of Zr3hN4 is much more difficult to obtain
accurately because the defect model apparently has mu
local energy minima in the total-energy landscape makin
very sensitive to variation in lattice constant. The bulk mod
lus of Zr3hN4 is estimated to be in the range of 29
620 GPa. It is a little surprising to see that Zr3hN4 has the
highestB value among the three crystals. In Fig. 8, we sh
the calculatedE vs V data and the fitted curves for the thre
models. It is conceivable that Zr3hN4 may be transformed
to o-Zr3N4 by a suitable application of pressure. From t
slope of the common tangent to theE vs V curves, we have
roughly estimated the transition pressurePt to be about 36
GPa. This value has to be treated with caution because o
larger uncertainty in theE vs V data in the case of Zr3hN4.
At an even higher pressure, transformation to the predic
23510
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spinel phasec-Zr3N4 cannot be ruled out. Most of the elec
tronic and bulk properties of these three models are sum
rized in Table III.

C. Effective charges and bonding

It has been suggested that in ZrN compounds, all th
types of bonding~metallic, covalent, and ionic! are present.11

Since all three models of Zr3N4 yield an insulating band
structure, the notion of metallic bonding in Zr3N4 can be
discarded. The effective charge and bond-order calcula
can reveal much of these crystals bonding characteris
The calculated Mulliken effective chargesQa* and the BO
values for the three Zr3N4 models are listed in Table IV
along with the interatomic distances. It can be seen that
averageQa* for Zr and N in the three models are not muc
different. On average, there is about 0.7 electron transfe
from a Zr atom to the N atoms, much less than that impl

FIG. 8. The calculated total-energy unit vs volume~per formula
unit! in the three models of Zr3N4 . Solid symbols are the calculate
data and the lines are the fitted EOS curves. The straight line is
common tangent.
6-6
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TABLE IV. Calculated Mulliken effective charges and bond order in three models. The Zr-N bond le
are listed in parentheses.

Crystal model Zr3hN4 c-Zr3N4 o-Zr3N4

Q* Zr ~electron! 3.25, 3.31, 3.31 3.08(t), 3.29(o) 3.25, 3.22, 3.26
Q* N ~electron! 5.52, 5.63, 5.50, 5.50 5.61 5.58, 5.59, 5.55, 5.5
Bond order~electron!:
Zr-N bond ~BL in Å ! 0.211~2.312! 0.342~2.101! 0.233~2.213!

0.211~2.323! 0.246~2.210! 0.192~2.308!
0.209~2.324! 0.187~2.376!

Average Zr-N BO 0.211 0.265 0.204
Total crystal BO
~per formula unit!

3.784 4.718 4.052
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by the formal valency of 41 in the ionic description of the
group-IV elements. Therefore, the ionic bonding picture
Zr3N4 compound is also less tenable. The nearest-neigh
BO values for the three models range from 0.19 to 0.
much higher than those in the ionic oxides such as Al2O3
and Y3Al3O12.32 Thus, in Zr3N4 , covalent bonding domi-
nates. Inc-Zr3N4 , the Q* for Zr at the tetrahedral site
(Zrtet) is less than theQ* for Zr at the octahedral site (Zroct)
because the former has a much shorter Zr-N bond. Bec
of the very short bond length of ZrI-N~2.10 Å! in c-Zr3N4 ,
its BO of 0.34 is much larger than the BO of any other Zr
pairs in the three crystals. If we consider the total BO p
formula unit as a single parameter to measure the b
strength of a crystal, then clearly,c-Zr3N4 has the highes
overall BO, hence it has the strongest covalent bonding.

D. Dielectric properties

In Figs. 9–11, we display the calculated dielectric fun

FIG. 9. Real ~a! and imaginary~b! dielectric function, and
energy-loss function~c! of Zr3hN4 .
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tions and the energy-loss functions for Zr3hN4, c-Zr3N4 ,
ando-Zr3N4 , respectively. The gross features of the spec
from the three models are quite similar. Subtle differenc
exist in the spectral region below 10 eV. In all three mode
the absorption peaks in«2(v) centered near 30 eV originat
from the transitions from the shallow Zr-4p core levels. In
o-Zr3N4 , «2(v) has a broad peak at 6.0 eV and a small b
discernable peak at 1.5 eV above the absorption edge. T
is another broad peak between 14 and 26 eV, which
present in all three models. Inc-Zr3N4 and Zr3hN4, the
absorption structures in«2(v) are much more complex with
multiple peaks. For the Zr3hN4 model, there is a sharp pea
at 2.5 eV at the absorption edge that is not present in
other two models. Obviously, the differences in the abso
tion curves of the three models are intimately related to
differences in the direct and indirect band gaps, as well as
distributions of the occupied and unoccupied states in
three crystal models.

The calculated optical dielectric constant«05«1(\v
50) for the three crystals are found to be 7.82, 8.37, a
10.23, respectively.«0 can be related to the measured refra
tive index for Zr3N4 through n5A«0 . Fix et al.9 had esti-
mated the refractive index for Zr3N4 films to be ranging from
2.9 to 3.3 while Camellioet al. had obtained a value ofn
52.55,39 for Zr3N4 films using ellipsometric measurement
As can be seen, these refractive index values are closer t
calculatedn5A«0 value of 2.80 for Zr3hN4, and less well
matched with those ofc-Zr3N4 ando-Zr3N4 .

The peaks in the electron energy-loss function are in
preted as the energy for bulk-plasma excitation. There
multiple plasmon peaks in the calculated energy-loss spe
for all three models shown in part~c! of Figures 9–11. The
calculated spectra at the higher-energy region~.26 eV! are
less reliable. The values of plasmon peaksvp in eV are listed
in Table IV. Concentrating on Zr3hN4, we can roughly
identify plasmon peaks at 12, 24, 32, and 36 eV. The spe
for o-Zr3N4 andc-Zr3N4 are similar with slight changes in
peak positions and amplitudes. Prietoet al. measured the di-
electric properties of Zr, ZrN, Zr3N4 , and ZrO2 using reflec-
tion electron energy-loss spectroscopy.40 By modeling the
measured inelastic scattering cross section with a mathem
cal model, they have converted the data to the energy-
function. In the energy region from 0. to 50 eV, the data
6-7
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the Zr3N4 sample show three plasmon peaks at 13, 22, 40
and a shoulder at 33 eV. The positions of these peaks a
reasonably well with the calculation for all three mode
However, it has to be reminded that the data from Ref. 4
not from direct measurements and is somewhat depende
the model used for its conversion. These peak positions
gether with the experimental ones are listed in Table III.

IV. DISCUSSION

In Table III, we summarize the calculated electronic a
dielectric properties of the three models for Zr3N4 . Together
with the structural data listed in Table I, a detailed compa
son of the properties is possible. Calculated total energie
equilibrium geometry indicate that Zr3hN4 has the lowest
energy, and hence the most probable structure at low t
perature. Comparisons with other physical observables s
as the VB XPS spectra, refractive index, energy-loss fu
tions, etc. favor the Zr3hN4 model. This does not mean tha
the other structures are unlikely to exist. Theo-Zr3N4 has
been synthesized and thec-Zr3N4 , like c-Si3N4 or
c-Ge3N4 , is likely to be formed under the condition of hig
temperature and pressure.18 Among the three crystal models
o-Zr3N4 (Zr3hN4) has the smallest~largest! volume per
formula unit and hence the largest~smallest! mass density.
The mass density does not scale with the Zr-N bond leng
since Zrtet in c-Zr3N4 actually has the shortest bond lengt
and hence the largest bond order values. Table IV shows
the average bond length in Zr3hN4 ando-Zr3N4 are actually
comparable, but that the later has a higher crystal bond o
per formula unit. The high mass density and bond orde
o-Zr3N4 is related to the extra Zr-N bond for Zr2 and Zr3
has been pointed out in the introductory section.

FIG. 10. Real~a! and imaginary~b! dielectric function, and
energy-loss function~c! of c-Zr3N4 .
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The relatively large optical dielectric constants«0 ~or
equivalently, the refractive index! obtained from the optica
spectral calculation deserve some comment. Among the t
models, Zr3hN4 has the smallest«0 value~7.82! which is in
line with those implied by the optical measurements
Zr3N4 thin films.9,39 The larger«0 values forc-Zr3N4 and
o-Zr3N4 may have to do with their higher mass densities a
smaller band gaps. Since the calculated«0 values could be
affected by the size of the band gap, which is underestima
under the LDA approximation, the values for these mod
will be somewhat reduced. Still, these calculated«0 values
are much larger than that of SiO2 («053.90). ZrO2 @n
52.15 ~Ref. 41!# and ZrSiO4 @«0510.7 to 12.6~Ref. 42!#
which are prime candidates for the development of new h
dielectric oxide materials.43,44 Thus Zr3N4 or the oxynitride
derivative may be considered as very viable alternatives
the search for such materials.

Although we have concluded that Zr3hN4 is the most
appropriate model for Zr3N4 , it has to be said that what w
have studied is an ordered structure with one Zr vacanc
the so-called Zr3N4 ‘‘supercell.’’ Obviously, this is an over-
simplified model and the real structure for Zr3N4 films is
likely to be a disordered one in which the Zr vacancies
randomly distributed among the metal sublattice in the ro
salt structure. Such a disordered model will increase the
tropy of the system and is more likely to exist in the re
stoichiometric Zr3N4 thin films. However, the same relax
ation of N and Zr atoms in the presence of the vacancies
occur and the electronic structure will again be an insulat
one, perhaps with a slightly different band gap.

Another point worth mentioning has to do with the orig
nal idea of making ZrN/Zr3N4 /ZrN a superconductor
insulator/superconductor Josephson junction. Now we h
shown that Zr3N4 is indeed an insulator and its lattice co

FIG. 11. Real~a! and imaginary~b! dielectric function, and
energy-loss function~c! of o-Zr3N4 .
6-8
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stant matches well with that of metallic ZrN. Assuming su
a multilayer device can be fabricated, the multilayer struct
is no different from that of Zr3N4 a crystalline ZrN with
alternate regions of vacancy-filled noncrystalline Zr3N4 with
no sharp physical boundaries separating the ordered and
ordered regions. Whether such a multilayered structure
haves in the same way as that of a conventional Josep
junction, say with Al2O3 sandwiched between supercondu
ing Nb metal is a subject of great interest and may be wo
looking into both theoretically and experimentally.

V. CONCLUSIONS

We have studied the electronic and the dielectric prop
ties of Zr3N4 by first-principles density-functional calcula
tions. The ordered defect model, Zr3hN4, appears to be the
most appropriate one for Zr3N4 . It is shown that past calcu
lations showing it to be that a metal was primarily due to
failure to relax the defect structure. When the atoms~espe-
cially N! relax in response to the Zr vacancy, both the lo
symmetry and the nature of the interatomic interactions
significantly changed and the lattice constant is slightly
panded, resulting in the insulating behavior. All three mod
dv
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for Zr3N4 are predicted to be insulators with small indire
band gaps. Comparison of calculated optical properties w
the existing experimental data also favor the ordered de
model. However, accurate frequency-dependent optical
on Zr3N4 are not available for a more detailed compariso
signaling that further experimental efforts are urgently cal
for. Bulk properties calculation shows Zr3hN4 has the high-
est bulk modulus. All three Zr3N4 model structures can b
considered to be superhard materials. All three models h
relatively large static dielectric constants. Such high diel
tric materials can play an important role in the proper des
of the next generation of microelectronic devices in whi
the reduced dimension requires gate insulators to have
dielectric constants. This is particularly attractive since m
tallic ZrN can be used as gate electrodes in MOS transist
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