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The recent discovery of superconductivity in lithium-
doped â-MNCl1,2 (M ) Hf, Zr) at temperatures higher
than that shown by intermetallic Nb3Ge3 has opened
novel perspectives in the search of new covalent non-
oxide layered superconductors. The crystal and elec-
tronic structures of the undoped materials, and those
of the intercalated superconductors, have been de-
scribed1,2,4 on the basis of the model reported by Juza
et al.5 as CdCl2 and CdI2 structural types (or as a
random distribution of layers of both types),6 in a cell
of dimensions a ) 3.6 Å and c ) 9.2 Å with the space
group P3hm1. (See Figure 1a) In this model, there are
two individual sheets [M-N] occupying the Cd positions
that are sandwidched between the close-packed chloride
or iodide layers. When we became interested on these
compounds, we soon realized that this description was
not appropriate since attempts to refine new powder
X-ray diffraction data for â-ZrNCl, â-ZrNBr, and â-H-
fNCl using the atomic positions from Juza’s model were
systematically unsuccessful. The determination of the
correct structure of the host lattice of this new family
of superconductors is not only a matter of academic
interest but also an essential step in any attempt to find
correlations between Tc and the structural or electronic
aspects of these phases. In this paper we report the
crystal structure for â-HfNCl, â-ZrNCl, and â-ZrNBr
from powder X-ray and electron diffraction data, as well
as electronic band structure calculations based on the
new structural model. The most remarkable difference
with the structure proposed by Juza et al. lies in the

packing of the two layers X-M-N forming the double
sheet [X-M-N-N-M-X]. These layers are shifted
perpendicularly to the c axis with respect to the above
model, implying the existence of an additional M-N
bond joining the layers. (Figure 1b) The band structure
calculations show that the lowest empty levels of the
host structure (i.e., those filled with electrons in the
lithiated phases) are completely different when the
electronic structure is based on the model of Juza et al.5
or on our new structure. We also report superconductiv-
ity for the first time at 13.5 K in lithium-doped
â-ZrNBr.7

Figure 2 shows the observed and calculated X-ray
diffraction patterns for â-ZrNBr, â-ZrNCl, and â-HfNCl,
and Figure 3 shows representative electron diffraction
patterns along [001] and [100] zone axes for the three
compounds. Indexation of the reflections in these planes
(and in others obtained by tilting the crystals around
the [001] axis) leads to a hexagonal cell with parameters
a = 3.6 Å, c = 27.7 Å (for X ) Cl) and 29.3 Å (for X )
Br). The observed reflection conditions (hkl, -h + k +
l ) 3n; hhhl, h + l ) 3n; hhl, l ) 3n, and 00l, l ) 3n) are
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Figure 1. Perspective view of the structures of (a) â-ZrNCl
(ref 5), (b) â-ZrNCl, â-ZrNBr and â-HfNCl (this work), and (c)
M2C2X2 (M ) rare earth, X ) halide) (ref 11). Black spheres
correspond to metal atoms; white and gray spheres represent
halide and carbon or nitrogen atoms, respectively.
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consistent with the space groups R3, R3h, R32, R3m, and
R3hm. Diffuse lines are observed along the directions
parallel to c*, indicating disorder in the stacking of the
planes perpendicular to this axis. Table 1 summarizes
the results of the Rietveld refinements for the three
compounds in the space group R3hm, and Figure 1b
shows a perspective view of the structure. The observa-
tion of broad X-ray diffraction peaks connecting hkl
reflections with the same h + k (in contrast to sharp
00l and lll peaks) confirm some disorder along c and
account for difficulties in defining the profile function.

The layered compounds â-MNX (M ) Hf, Zr; X ) Cl,
Br) crystallize in the rhombohedral SmSI structure
type.9 An individual layer consists of double sheets
-X(MNNM)X-. Each metal atom is bonded to three
halide (on the outside of the layer), three nitrogen (on
the inside of the layer), and an additional nitrogen (from
the second N sheet) that describe a capped trigonal
antiprism. All atoms are located in 6c sites (0,0,z) with
approximate z of 0.12, 0.20, and 0.39 for M, N, and X,
respectively. As the space group and atomic positions
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Figure 2. Observed and calculated X-ray diffraction patterns
for â-ZrNBr, â-ZrNCl, and â-HfNCl.

Figure 3. Representative electron diffraction patterns along
the (a) [001] and (b) [100] zone axes for â-MNX (M ) Hf, Zr;
X ) Cl, Br).

Table 1. Crystallographic Parameters for â-HfNCl,
â-ZrNCl, and â-ZrNBr (Space Group R3hm, Z ) 6, All

Atoms in Wyckoff Site 6C)

parameter â-HfNCl â-ZrNCl â-ZrNBr

a (Å) 3.5744(3) 3.6031(6) 3.6379(5)
c (Å) 27.7075(9) 27.672(2) 29.263(2)

M (Zr or Hf)
z/c 0.1194(1) 0.1192(1) 0.1222(1)
Biso (Å2) 0.28(2) 0.47(3) 0.7(2)
â11 × 103 18(1) 30(2) 26(3)
â33 × 103 c 0 0 0
â12 × 103 9(1) 16(2) 13(3)

X (Cl or Br)
z/c 0.3887(4) 0.3878(2) 0.3885(1)
Biso(Å2) 0.6(1) 0.72(6) 1.1(2)
â11 × 103 32(5) 48(4) 40(4)
â33 × 103 c 0 0 0
â12 × 103 16(5) 24(4) 20(4)

N
z/c 0.199(2) 0.200(1) 0.202(1)
Biso (Å2)c 0.8(3) 2.4 (2) 0.5(2)
Np, Nrefl, Nirefl

d 5825, 216, 106 6672, 232, 112 6290,245, 121
Pp, Pi, Pg

e 12, 8, 7 12,8,7 12, 8, 7
RBragg, RF, ø2 7.9, 5.1, 2.6 8.1, 5.2, 2.2 8.4, 6.1, 11.7
Rp, Rwp, Rexp

a 21.5, 13.5, 21.6 21.0, 24.7, 16.7 21.1, 25.1, 8.7
fP

b 3.3 3.5 3.4
d(M-N) (Å) 2.20(6) 2.17(3) 2.30(4)

2.11(1) × 3 2.125(6) × 3 2.121(6) × 3
d(M-X)(Å) 2.722(7) × 3 2.755(4) × 3 2.873(4) × 3

a Conventional Rietveld R factors (Rp, Rexp) are calculated by
using background corrected counts. b Standard deviations in the
table are multiplied by the Pawley parameter fP (to get realistic
values) (see ref 8). c â33 values were restricted to be zero because
of the very small and negative values resulting from the refine-
ment. N atom thermal vibrations where restricted to be isotropic.
d Np, Nrefl, Nirefl refer to the number of experimental points, total
reflections, and independent reflections, respectively. e Pp, Pi, Pg,
refer to the number of profile, intensity-dependent, and global
refined parameters, respectively. Polycrystalline samples were
sieved to 75 mm after very soft grinding and loosely deposed on a
low-background crystal plate. The profile fitting of the data was
performed with a pseudo-Voigt function, including asymmetry and
preferred orientation corrections. Preferred orientation and asym-
metry were corrected respectively by the March-Dollase and the
Berar-Bardinozzi expressions (see ref 8)
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are preserved, the â-MNX compounds may be viewed
as nitride intercalation derivatives from ZrCl rather
than from the ZrBr stacking polytype structure.10 The
structure of the layered monohalides MX (M ) Sc, Zr,
Hf, Y, Ln and X ) Cl, Br) consists of cubic close-packed
layers of metal and halide atoms stacked in pairs,
yielding the sequence X-M-M-X with relative orien-
tations AbcA. They span metallic behavior from the
physical and chemical points of view. The basic struc-
ture of the monohalide is preserved after oxidative
chemical reactions providing M2X2Z2 or M2X2Z (M ) Sc,
Y, Ln; Z ) H, C) and MXZ or MXZ0.5 (M ) Zr, Hf; Z )
H, C, O, N), where the nonmetal atoms (Z) occupy
interstitial positions between the double metal layers.11-13

In the zirconium halide derivatives, the anions O2- (in
ZrClO0.5),13 C4- (in ZrClC0.5),14 H- (in Zr2X2H),15 and N3-

(in â-ZrNX) (this work) occupy the tetrahedral sites. The
insertion of the nonmetal atoms modifies the conduction
band population. This determines the electronic proper-
ties, and often semiconducting, normal-valence com-
pounds result. As in the alkaline-intercalated â-MNX
compounds, superconductivity has been recently re-
ported for the ternary lanthanide carbide halides Ln2C2X2
(Ln ) La, Y, Lu; X ) Br, I) as well as for their thorium-
substituted or sodium-intercalated derivatives.16 Be-
tween the structures of Ln2C2X2 and â-MNX families
of compounds, common features and significant differ-
ences exist (See Figure 1b,c). The space group C2/m
shown by the carbides is a subgroup of R3hm and both
structures exhibit the same topology for the metal-
halide network. In contrast, the intercalated anions
(C2

4- and N3-) occupy octahedral intermetallic holes in
the carbides and tetrahedral sites in the nitrides. As
will be shown below, there are also significant differ-
ences in the corresponding electronic structures.

Chemical lithiation of â-ZrNCl, â-HfNCl, and â-ZrNBr
with n-butyllithium leads to superconducting samples
showing critical temperatures between 12 and 24 K. For
both zirconium compounds, only one phase with ca. 0.2
lithium atoms per formula and Tc of 12 K (for ZrNCl)
and 13.5 K (for ZrNBr) was found. Figure 4 shows the
dependence of the magnetic susceptibility on tempera-
ture for the novel superconductor Li0.17ZrNBr, as well
as for Li0.20ZrNCl and Li0.67HfNCl. The superconducting
transition for the bromide is 8 K wide, shows the onset
at 13.5 K, and appears to indicate the existence of only
one superconducting phase. ZFC measurements show
a maximum 55% superconducting fraction, implying the
existence of bulk superconductivity in the material.
Lithiation of different â-HfNCl samples using the same
experimental conditions lead to different lithium con-
tents and critical temperatures. Bulk superconductivity
was detected only for x g 0.17. Two different Tc were
observed: 24 K for a sample with x ) 0.67(3) (see Figure

4), and 18 K for samples with a lithium content close to
0.4. This result significantly differs from that obtained
by Yamanaka et al. in the lithiation of â-HfNCl with
naphthyllithium in THF, where only a minimum change
of Tc, between 25.5 and 24 K, was observed for a wide
range of lithium contents.1 According to the results
obtained by chemical lithiation, Hf samples showed
different electrochemical capacity for discharge, the
larger corresponding to the samples with higher Tc. For
different samples of the three host compounds, â-HfNCl,
â-ZrNBr, and â-ZrNCl, two types of distinct electro-
chemical behavior were found. Whereas some samples
show a plateau at around 1.8 V, as described in ref 17
for crystalline â-ZrNCl, other samples did not present
this type of behavior and voltage decreased monotoni-
cally, as described for nonpurified â-ZrNCl.17 However,
in our case no impurities are seen in the X-ray diffrac-
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Figure 4. Magnetic susceptibilities for Li0.17ZrNBr, Li0.20-
ZrNCl and Li0.67HfNCl.
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tion patterns of these samples. Further studies are in
progress to elucidate these differences in behavior. It
is clear, however, that no correlation exists between the
presence of this plateau and the observation of super-
conducting properties in lithiated samples. On the other
hand, electrochemical data are consistent with the
results obtained from chemical lithiation, as the samples
showing superconducting behavior are those showing
higher electrochemical lithium uptake.

To gain some insight on the electronic structure of
this material, we carried out tight-binding extended
Hückel calculations18 for â-ZrNCl (using our structure
as well as that of Juza et al.), â-HfNCl, â-ZrNBr, and
Y2C2Br2. In the absence of crystal structures for the
intercalated products, we have used a rigid band scheme
to analyze the effect of lithiation. The main conclusions
of our study are the following. First, the electronic
structures of â-ZrNCl according to our crystal structure
and that of Juza et al.4 (see Figure 5a,b) are very
different. This is especially true for the lower part of
the d-block bands (i.e., the region above the energy gap)
that is the region filled with the transferred electrons.
Thus, in looking for correlations between Tc and the
lithium content or structural details, it is essential to
reason on the basis of the structure reported here.
Second, as far as the region affected by the electron
transfer is concerned, the electronic structures of â-ZrNCl
and â-HfNCl are practically identical (compare parts a
and c of Figure 5). In particular, the density of states
at the Fermi level, N(ef), for a given number of trans-
ferred electrons is almost identical in both phases. Thus,
assuming that the BCS theory is applicable, the higher
Tc found for Li0.48HfNCl (Tc ) 25 K) with respect to

A∼0.48ZrNCl (Tc ) 15 K) in the samples prepared by
Yamanaka et al.1,2 should not originate from differences
in N(ef) but from the existence of softer phonon modes
in lithiated â-HfNCl. At this point it should be noted
that the different x vs Tc dependencies found by Ya-
manaka et al.1 and by us are really not that surprising.
In our lithiated samples only lithium cations enter the
van der Waals gap between the layers, occupying part
of the holes and interacting strongly with the negatively
charged halogen atoms. In the samples prepared with
naphthyllithium-THF, solvent molecules are cointer-
calated so that, according to the model proposed,1 most
of the lithium cations do not interact directly with the
halogen atoms but with the solvent. This means that
for a given value of x, the phonon spectra of the layers
must be more strongly affected in our samples than in
those of Yamanaka et al. and the difference should
increase with the value of x. Thus, different x vs Tc
dependencies can be expected. Third, although phases
such as â-HfNCl and Y2C2Br2 can be considered to
belong to a common structural family, from the elec-
tronic point of view they are very different. For instance,
whereas for any reasonable value of x in LixHfNCl the
states near the Fermi level have mostly Hf character,
those in Y2C2Br2 originate predominantly from the C2

4-

group. The topology of their band structures and Fermi
surfaces are also very different. Thus, this type of lattice
seems to provide for interesting variations on the
electronic structure while the common structural fea-
tures are kept and thus certainly deserve further
attention.
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Table 2. Exponents and Parameters Used in the
Calculations

atom orbital Hij (eV) ú1 ú2 c1
a c2

a

Zr 5s -6.41 1.82
5p -3.77 1.78
4d -6.97 3.84 1.51 0.6210 0.5769

Hf 6s -6.61 2.21
6p -3.84 2.17
5d -6.90 4.36 1.71 0.6967 0.5322

Y 5s -6.01 1.74
5p -3.62 1.70
4d -5.74 1.56 3.55 0.8213 0.3003

Cl 3s -26.64 2.18
3p -14.22 1.73

Br 4s -25.21 2.59
4p -12.96 2.13

N 2s -25.37 1.90
2p -13.90 1.95

C 2s -19.65 1.63
2p -11.13 1.63

a Contraction coefficients used in the double-ú expansion.

Figure 5. Calculated density of states (DOS) for (a) â-ZrNCl
using our structure, (b) â-ZrNCl using the structure of Juza
et al.,5 and (c) â-HfNCl. Upon lithiation the levels above the
gap are filled.
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