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Abstract. Two different polymorphs of the metal nitride
halides MNX (M ¼ Ti, Zr, Hf; X ¼ Cl, Br, I) are known to
crystallize in layered structures. The two crystal structures
differ in the way 2

1{X[M2N2]X} slabs are stacked along the
c-axes. Metal atoms and/or organic molecules can be inter-
calated into the van-der-Waals gap between these layers.
After such an electron-doping via intercalation the proto-
typic band insulators change into superconductors with
moderate high critical temperatures Tc up to 25.5 K. This
review gathers information on synthesis routes, structural
characteristics and properties of the prototypic nitride ha-
lides and the derivatives after electron-doping with a focus
on superconductivity.

1. Introduction

Although many nitride halides of transition elements are
known today (for a recent review see Headspith and
Francesconi [1]), only the representatives of the group IV
metals are interesting for superconductivity so far. These
compounds with the general composition MNX and
M ¼ Ti, Zr, Hf; X ¼ Cl, Br, I [2] crystallize in two differ-
ent modifications, namely a- and b-polymorphs [3–5].
Furthermore, the b-polymorph may realize one of two dif-
ferent structure types. It is important to note, that these
materials become superconducting only after electron-dop-
ing. In order to achieve this, various methods for electron-
doping were investigated and improved. Also the synthesis
methods for the compounds MNX were enhanced for pure
high-quality host materials. These host materials MNX
(M ¼ Ti, Zr, Hf; X ¼ Cl, Br, I) are best described as
layered compounds [2]. Initially, lithium-doped zirconium
nitride chloride LixZrNCl was found to be superconduct-
ing with a critical temperature of about 13 K in 1996 [6].
Since then, a multitude of chemically modified or sub-
stituted systems were studied with the aim to increase the
critical temperature. Up to now with Tc ¼ 25.5 K for
Li0.48(THF)HfNCl the maximum was reached in 1998 [7].

The vast majority of studies so far deal with intercalates
of the b-polymorphs, especially with the nitride chlorides,
but more recent reports focus also on intercalates of the a-
polymorphs [8, 9]. Since superconductivity of all these
materials can not be explained with the BCS theory [10],
it is still a valuable and vivid scientific field as it contri-
butes to the quest of generating a general theory for the
mechanism of superconductivity. This short review is in-
tended to summarize synthesis, structures and properties
of the superconducting nitride halides and their prototypic
host materials.

1.1 Abbreviations

M metal, Ti, Zr, Hf, V, In, Cr, Ln
X halide, F, Cl, Br, I
Ch chalcogenide, O, S, Se
Ln rare-earth metal, Sc, Y, La––Lu
A alkali metal, Li, Na, K, Rb
om organic molecule
THF tetrahydrofuran
PC propylene carbonate
HDA hexamethylene diamine
EDA ethylene diamine
DOS density of states
COOP crystal orbital overlap population
HOMO highest occupied molecular orbital
BCS theory of superconductivity by Bardeen, Cooper

and Schrieffer

2. Synthesis of the starting materials
MNX (M¼ Ti, Zr, Hf; X¼ Cl, Br, I)

2.1 Synthesis via ammonolysis

After Ruff and Eisner [11] investigated the Ti/N/Cl(Br)
system to clarify compositions of different earlier formu-
lated titanium nitrides in 1908, the already well known
ammonolysis technique [12, 13] became a popular syn-
thesis method for group IV nitride halides. Following the
confirmation of the existence of TiNBr and TiNI by
Fowles and Nicholls in 1958 [14], Juza and co-workers
prepared various pure titanium and zirconium nitride ha-
lides during the 1960s [3, 4, 15, 16]. For synthesis the tetra-
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halides of titanium and zirconium are reacted with ammo-
nia following the generic equation:

MX4 þ 4 NH3 �!MNX þ 3 NH4X ð1Þ
The a-polymorphs of MNX (M ¼ Ti, Zr; X ¼ Cl, Br, I) are
synthesized at reaction temperatures of about 180–500 �C,
whereas the b-phases require higher temperatures for their
formation (600 �C) [16]. In both cases the by-products
ammonium halides, amide halides like M(NH2)3X (M ¼ Ti,
Zr; X ¼ Cl, Br) [14, 17, 18], different ammonia adducts
such as MX4 � n NH3 (M ¼ Ti, Zr; X ¼ Cl, Br, I; n ¼ 2, 4,
5, 6, 8) [12, 13, 17, 19, 20] and (NH4)2[MCl6] (M ¼ Ti, Zr)
[21, 22] necessitate a purification step, which comprises
sublimation or thermal treatment in an ammonia stream at
the synthesis temperature (see Table 1). Especially the am-
monia adducts and amides were observed as main pro-
ducts at low temperatures (<400 �C) [20], while at higher
temperatures (>750 �C) binary nitrides with several com-
positions (Zr3N4, Zr3N, ZrN, MNx with M ¼ Ti, Zr) are
obtained [19, 20, 22]. For higher crystallinity of the pro-
duct the purified nitride halides were annealed at synthesis
temperatures for the a-polymorph (180–400 �C) and at
higher temperatures for the b-phase (900–1000 �C) [16].
Beside the formation of by-products and low product crys-
tallinity, the usage of tetrahalides was regarded disadvanta-
geous, because of their moisture sensitivity and thus fre-
quent formation of oxide impurities. Alternative ways to
produce the group IV nitride halides in a simpler or less
elaborated synthesis did not lead to favourable results. For
example, the direct halogenation of the binary nitrides MN
was investigated for M ¼ Ti, Zr [16, 23], but synthesis of
the titanium nitride halides via this route failed, while for
the zirconium analogue it becomes possible if a small
amount of the zirconium tetrahalide is present. The direct
nitridation of TiCl4 with active nitrogen [24] produced the
chlorine-rich phases TixNCl5 (x � 2) [25]. Beyond these
methods, the thermal decomposition of the azide chloride
Ti[N3]Cl3 [26, 27] at 60 �C also failed [28] as the compo-
sition of the product was different than TiNCl.

2.2 Synthesis via gas-solid reaction and annealing

To avoid group IV tetrahalides in synthesis of the nitride
halides, Ohashi et al. [5, 29] developed a new and more
efficient synthesis route, with the main interest in b-
ZrNCl. They used a two-zone horizontal furnace, in which
ammonium chloride is heated to 360 �C in the first zone
(H1) in order to decompose and sublime the starting mate-
rial NH4Cl, which then was transported in an ammonia
stream and reacted with pure zirconium metal or zirco-
nium dihydride at temperatures of about 400–800 �C in
the second zone (H2) following the equations:

Zr þ NH4Cl�! ZrNClþ 2 H2 ð2Þ
ZrH2 þ NH4Cl�! ZrNClþ 3 H2 ð3Þ

By increasing the temperature of the second zone (H2)
from 400 to 700 �C ammonia adducts formed during the
ammonolysis can be avoided and the yield increases from
30% to 80% [5]. By-products in synthesis at low tempera-
tures are assigned to constitute of (NH4)2[ZrCl6] [21] and
the a-phase of ZrNCl [19]. This gas-solid reaction techni-

que could be expanded to b-ZrNBr [5, 29, 30] and espe-
cially to b-HfNCl [7, 31], while the a-phase is the pro-
duct for the other group IV metal nitride halides [32]. In
most reports it is noted that the metal dihydride was re-
acted with NH4X at 650 �C (M ¼ Zr, Hf; X ¼ Cl, Br) to
avoid a decomposition of the product into ZrNH0.6 [33] or
ZrN [5, 19]. A subsequent thermal purification step for
better crystallinity and lower hydrogen content in MNX is
required, in which the nitride halide is placed in a fused
silica tube and heated in a furnace in temperature gradi-
ents from 750 to 850 �C [5]. Furthermore, by combination
of zirconium with niobium in a gas-solid reaction or use
of different nitride halides in the purification step, mixed
nitride halides of compositions Zr1–yNbyNCl (y ¼ 0.2) [34]
and ZrNCl1–yBry (0 � y � 1) [35] were synthesized.
Although in an early state of development oxide impuri-
ties were the main synthesis problem, two further obsta-
cles were later revealed:

a) Hydrogen was found to be present in the products
(especially for large scales) [36], which leads to non-
superconducting materials, may be after electron-dop-
ing (see paragraph 5.2.1). The removing of hydrogen
can be achieved by treatment with Cl2 gas [37] or
KMnO4 [37, 38], or in a more elaborated treatment
via various electrochemical dehydrogenation techni-
ques [36, 39]. To avoid hydrogen in the products
directly, many reports note a limited scale synthesis
for the gas-solid reaction technique (200 mg of
starting materials) [2].

b) The b-polymorphs of the MNX-series (M ¼ Zr, Hf;
X ¼ Cl, Br, I) were obtained only for the nitride
chlorides of Zr and Hf [5, 16, 32, 40] as well as for
b-ZrNBr. However, the b-polymorphs are seemingly
the better host for intercalation leading to supercon-
ducting compounds. b-polymorphs for all elemental
combinations of interest can be prepared by high-
pressure synthesis (see paragraph 2.3).

A further development of the gas-solid reaction was made
by the group of Fuertes et al. [41–43] in 1999 when they
prepared the nitride halides just by annealing of elemental
Zr or Hf with NH4X (X ¼ Cl, Br) at 850 �C. Hence, appli-
cation of an ammonia stream is not necessary, but hydro-
gen is still present in the products [43]. When the reaction
is performed in fused silica tubes, the produced hydrogen
according to Eq. (4) limits the scale for synthesis due to
the evolving gas pressure [44]:

M þ NH4X �!MNX þ 2 H2 ð4Þ
Combinations of different metals or ammonium halides in
the starting materials lead to mixed nitride halides of the
compositions Hf1–yZryNX (0 � y � 1 for X ¼ Cl and
y > 0.5 for X ¼ Br) and HfNCl1–yBry (y < 0.7) at lower
synthesis temperatures (450 �C) [35] compared to those
used by Fuertes et al. [41–43]. However, the purification
step is still required.

2.3 High-pressure synthesis

Some b-polymorphs of the MNX-series were obtained only
in high-pressure synthesis (ZrNI, HfNBr and HfNI) [32,
35]. For the high-pressure synthesis in a h-BN container
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first investigations were made with the reactands ZrN and
NH4Cl at temperatures between 1000 and 1500 �C and
pressures of about 3 to 4 GPa. Product formation is ex-
pected according to the following equation [45]:

MNþ NH4Cl�! b-MNClþ NH3 þ 1=2 H2 ð5Þ
More recent reports start from purified a-MNX synthesized
by gas-solid reactions and the corresponding NH4X as re-
active flux in gold or platinum capsules, which are placed
in a multi anvil-type apparatus [32, 46, 47]. Between reac-
tion temperatures of about 900 and 1200 �C and pressures
of about 1 and 5 GPa the different nitride halides in the
b-modification were obtained (for details see Table 1).
Although the mechanism of this synthesis is not yet clear,
it is discussed that all starting materials decompose to
gaseous mixtures and the single crystals deposit on the
wall of the gold or platinum capsules [46]. In this case,
a-MNX can be substituted by the binary metal nitride in the
synthesis [45–47], since it leads to the same intermediate
products (MX4, and probably NH3 and HX). As by-products
often the surplus ammonium halide was found beside an un-
characterized amorphous phase, limiting the yield to around
30–40%. A purification of the samples can be reached by
subsequent thermal treatment (see paragraph 2.4).

2.4 Purification steps

After synthesis of the host compounds MNX via the differ-
ent methods various purification steps were used for pro-
duction of single-phase prototypic compounds. The fol-
lowing notation is used in Table 1:

Sublimation: The samples were purified via heating in
an inert gas stream (Ar or N2) to sublime mainly NH4X at
the same temperatures as used for synthesis. The duration
depends on the compound [16] and sample amount to be
purified.

NH3 stream: The samples were treated in a similar
manner as in sublimation, but ammonia is used as reactive
stream [16]. A modification can be made by mixing inert
gas and ammonia in various ratios.

Thermal: Initially, ZrNCl and NH4Cl were transferred
into a fused silica tube, which was subsequently sealed in
vacuum. In a two-zone furnace the nitride halide was trans-
ported from 750 �C to 850 �C in an exothermic chemical
transport reaction via formation of solid (NH4)2[ZrCl6] and
its decomposition to gaseous ZrCl4 [5, 29]. This method
was adopted for other MNX-type compounds (M ¼ Zr, Hf;
X ¼ Cl, Br, I).

Superconducting nitride halides 397

Table 1. Synthesis conditions for compounds MNX (M ¼ Ti, Zr, Hf; X ¼ Cl, Br, I).

a-Polymorphs

Compound Method T in �C Purification2 Reference

TiNCl Ammonolysis 350–400 Sublimation/Thermal [8, 9, 16]
TiNBr Ammonolysis 250 Sublimation [16]
TiNI Ammonolysis 180 Sublimation [16]
ZrNCl Ammonolysis 300 Sublimation [16]
ZrNBr Ammonolysis 400 Sublimation [16]
ZrNI Ammonolysis 500 NH3 stream [15, 16]
HfNCl Gas-Solid Reaction 6501 Thermal [5, 29, 32]
HfNBr Annealing 850 Thermal [42, 48]
HfNI Gas-Solid Reaction 6501 Thermal [5, 29, 32]

b-Polymorphs

Compound Method T in �C p in GPa Purification2 Reference

ZrNCl Ammonolysis 600 NH3 stream [16]
Gas-Solid Reaction 6501 Thermal [5, 29]
Annealing 850 Thermal [41, 43]
High-Pressure Synthesis 900 3 Thermal [46, 47]

ZrNBr Ammonolysis 600 NH3 stream [16]
Gas-Solid Reaction 6501 Thermal [5, 29, 31, 49]
Annealing 850 Thermal [41]
High-Pressure Synthesis 1100 3 Thermal [47]

ZrNI High-Pressure Synthesis 1000 3–5 Thermal [32, 47]
HfNCl Gas-Solid Reaction 6501 Thermal [5, 7, 29]

Annealing 850 Thermal [41]
High-Pressure Synthesis 1200 3 Thermal [46, 47]

HfNBr High-Pressure Synthesis 900–1100 3 Thermal [32, 47]
HfNI High-Pressure Synthesis 1050 5 Thermal [32, 47]

1: Temperature of the second zone (H2), see main text body.
2: For a detailed description, see main text body (paragraph 2.4).



3. Crystal structures and properties
of the prototypic MNX compounds

For the group IV metal nitride halides MNX two different
modifications, called a- and b-phase, are known and inter-
esting for superconductivity as both were successfully in-
tercalated. An overview of the structurally characterized
nitride halides is given in Table 2. All a-polymorphs crys-
tallize in the FeOCl-type structure [50, 51], whereas the
b-modifications realize either the SmSI- [52] or the YOF-
type structures [53–55]. All three known structure types
consist of 2

1{[MN4/4]þ} layers sandwiched by sheets of
halide anions. These 2

1{X[M2N2]X} slabs interact only via
van-der-Waals forces between the halide anions along
[001]. The three different structures mostly differ in the
stacking of such slabs. All prototypic compounds MNX in
the ionic limit can be described by the formula M4þN3�X�.

3.1 Crystal structure of FeOCl-type a-MNX
(M¼ Ti, Zr, Hf; X¼ Cl, Br, I)

First investigations of the a-form of the nitride halides
MNX were already carried out by Juza and co-workers
after they had synthesized a-ZrNI in 1959 [3]. All nitride
halides of titanium are structurally characterized, while for
the zirconium and hafnium representatives a-ZrNCl [16,
32], a-HfNCl [32, 56] and a-HfNI [32] only lattice para-
meters are known (see Table 2). All phases a-MNX (M ¼ Ti,
Zr, Hf; X ¼ Cl, Br, I) crystallize in the orthorhombic
FeOCl-type structure [50, 51] in space group Pmmn with

two formula units per unit cell and three crystallographic
sites for the three different atom types. The metal cations
(M4þ) are surrounded by four nitride anions (N3�) and
two halide anions (X�) forming distorted octahedra (Fig. 1,
left top), while N3� is fourfold coordinated by tetrahedra
of M4þ cations (Fig. 1, left mid). The halide anions X�

exhibit only two short contacts to M4þ (Fig. 1, left bottom).
In the structure description 2

1{[MN4/4]þ} layers are em-
bedded within halide double layers according to form
2
1{X[M2N2]X} sandwich slabs, which interact via van-der-
Waals forces between the halide anions of adjacent slabs
(Fig. 4, left). This arrangement may be viewed as layered
sections of the rocksalt-type structure of the binary ni-
trides MN [57, 58] (see Fig. 6, left), which are separated
by halide double layers and stacked along the [001] direc-
tion [2].

On substitution of halide anions from the small chlor-
ide to the large iodide mostly the c-axis expands signifi-
cantly as well as the 2

1{X[M2N2]X} sandwich slab thick-
ness (d2 from 518 to 564 pm) and the inter-sandwich
distance (d3 from 262 to 331 pm, for a definition of dis-
tances dn, compare Fig. 4). It is interesting to note, that
the intra-layer distance d(X––X) and the distance between
the halide anions d(X––X0) in [010] direction between the
halide-layers become larger from the chlorides to the io-
dides, while the distance d(X––X00) within the [100] direc-
tion is nearly unaffected (for a definition of X, X0 and X00,
see Fig. 2, left). Note, that the shortest distances d(X––X0)
between halide anions are located within (001) (details for
interatomic distances, see Table 4). Significant changes of
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Table 2. Overview of lattice parameters (in pm), densities from diffraction experiments1 (r in g/cm3) and colours of MNX-type compounds
(M ¼ Ti, Zr, Hf; X ¼ Cl, Br, I).

a-Polymorphs (orthorhombic, Pmmn, Z ¼ 2; FeOCl-type structure [50, 51])

M X a b c r1 Colour Reference

Ti Cl 393.82(1) 325.82(1) 780.06(1) 3.23 Black [8, 16]
Br2 392.7 334.9 833.2 4.30 Black [16]
I2 394.1 351.5 895.5 5.05 Black [16]

Zr Cl2, 3 408 352 857 3.79 Pale yellow-green [16]
Br2 411.6 358.1 870.1 4.77 Pale yellow [16]
I 411.4(3) 372.4(3) 943.1(3) 5.31 Orange [3, 15, 16]

Hf Cl2, 3 413.07 349.74 807.0 6.49 [32]
Br 411.65(2) 356.09(2) 864.40(3) 7.15 Light yellow [48]
I2, 3 410.67(9) 369.44(5) 938.2(1) 7.45 [32]

b-Polymorphs (trigonal, R�33m, Z ¼ 6; SmSI-type structure [52] and YOF-type structure [53–55] in italics)

M X a c c/a r1 Colour Reference

Zr Cl 360.46(4) 2767.2(4) 7.6769 4.49 Pale yellow-green [46]
Br 363.79(5) 2926.3(2) 8.0439 5.50 Dark green [41]
I 371.8(2) 3138.1(9) 8.4403 6.16 Brown [47]

Hf Cl 357.44(3) 2770.75(9) 7.7517 7.42 Colourless [41]
Br 361.0(1) 2929.4(6) 8.1147 8.21 Light yellow-green [47]
I 368.9(1) 3132.9(6) 8.4927 8.63 Brown [47]

1: Calculated densities for all zirconium and hafnium nitride halides taken from Ref. [32] or from CSD-data sets corresponding to Ref. [16].
2: No standard deviations available.
3: Only the lattice parameters were refined.



the a2 angles in the a-TiNX series (X ¼ Cl, Br, I; for defi-
nition of a1, a2 and a3, see Fig. 3) occur only within the
[010] direction as it expands from 108� (X ¼ Cl) to 121�

(X ¼ I). Careful analysis of these crystal-structure sets re-
veals a flattening of the 2

1{[MN4/4]þ} layers with increas-
ing halide anion radius and concomitant decrease of d1

(decreasing from 158 to 143 pm for distances between
M4þ and a plane through M4þ cations, compare Fig. 4).
This finding is in agreement with the M–M0 distances,
which increase on going from the chloride to iodide com-
pounds. It is noteworthy that the 2

1{[MN4/4]þ} layer thick-
ness (d1) for different metal cations in the nitride bromides
expands from 133 pm for Ti4þ to 173 pm for Hf4þ. Speci-
fically, the increase from Zr4þ (165 pm) to Hf4þ (173 pm)
is somewhat surprising because the radii of both metal ca-
tions (72 pm for Zr4þ and 71 pm for Hf4þ [59]) are nearly
identical. In contrast, the lattice parameters of a-HfNBr

are a slightly smaller than for the zirconium analogue
caused by the smaller ionic radius of Hf4þ due to the
lanthanide contraction. Subsequent to the expansion of the
2
1{[MN4/4]þ} layer thickness (d1) the M––M distances in-
crease from 291 pm for Ti4þ to 322 pm for Hf4þ. These
short distances indicate weak metal-metal attractions, which
can also be observed in the electronic band structures of
the a-MNX representatives [60] (see paragraph 3.4).

A close inspection of interatomic distances in the dif-
ferent series reveal several inconsistencies. According to
the literature the distances d(M––N) and d(M––M) decrease
on going from a-TiNCl to a-TiNBr [8, 16]. Additionally,
the angles a1 and a3 as well as the layer thickness d1 in
a-TiNBr [16] do not follow the general trends. Further-
more, an unexpected value of d2 in a-ZrNBr [16] may
suggest a redetermination of the crystal structures to clari-
fy these inconsistencies.

3.1.1 Compounds with structures related to a-MNX

A multitude of compounds with FeOCl-type structure is
known today, particularly metal chalcogenide halides
MChX (for example: M ¼ Ti, V, In, Cr, Ln; Ch ¼ O, S, Se
and X ¼ Cl, Br [56, 61–72]). Further nitride halides crys-
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Fig. 1. Coordination environments of M4þ (top), N3� (mid) and X�

(bottom) in a-MNX (left) and b-MNX examples (right) for both struc-
ture types.

Fig. 2. Sections of the crystal struc-
tures of a-MNX (M ¼ Ti, Zr, Hf;
X ¼ Cl, Br, I) with definition of M, M0,
M0 0 and X, X0, X0 0 (left) and b-MNX
(M ¼ Zr, Hf; X ¼ Cl, Br, I) with defini-
tion of M, M0 and X, X0 (right) used for
distance discussion in the main text
body.

Fig. 3. 2
1{[MN4/4]þ} layer in a-MNX (M ¼ Ti, Zr, Hf; X ¼ Cl, Br, I)

with definition of a1, a2 and a3 used for the angle discussion in the
main text body. Small grey spheres: M; large black spheres: N.



tallizing in this structure type, except for those described
above, have not been obtained so far. However, the FeOCl
structure type is characterized as distorted variant of the
PbFCl structure type [56], which is also addressable as a
layered structure. Uranium nitride chloride UNCl is men-
tioned as possible candidate for superconductivity after in-
tercalation [73], but no further study was published. A
comparison between the uranium nitride halides UNX
(tetragonal, P4/nmm, PbFCl-type; X ¼ Cl, Br, I) [74, 75]
and a-MNX might be useful, because similar structural
trends were observed on going from small to large halide
anions:

a) The 2
1{[UN4/4]þ} layer thickness decreases from

230.2 pm (X ¼ Cl) to 222.8 pm (X ¼ I).
b) Concomitant to the decreasing layer thickness the

angle N––M––N increases slightly from 119.9 to
121.6�.

c) One inter-halogen distance rises from 322.7 to
420.0 pm (in [001] direction), while the other inter-
halogen distances (in directions [100] and [010]) re-
main almost unaffected, which results in an expan-
sion of the c-axis from 681 to 920 pm.

For the thorium nitride halides ThNX (tetragonal, P4/nmm,
PbFCl-type; X ¼ Cl, Br, I) [76], only the trend of the c-
axis in dependence to the inter-halogen distances in [001]
direction is the same as in UNX (X ¼ Cl, Br, I) and in the
a-polymorphs of MNX (M ¼ Ti, Zr, Hf; X ¼ Cl, Br, I).
Black CeNCl [77] as another example for a nitride halide
is isostructural to the thorium representative and the only
characterized cerium(IV) nitride halide so far.

3.2 Crystal structure of SmSI- and
YOF-type b-MNX (M¼ Zr, Hf; X¼ Cl, Br, I)

In 1964 Juza and co-workers [4, 16] obtained the b-poly-
morphs of MNX (M ¼ Zr; X ¼ Cl, Br) and described their
structure in the trigonal space group P�33m1 (a ¼ 280.1 pm,
c ¼ 923.4 pm, Z ¼ 2) with a random stacking sequence of
CdI2- and CdCl2-like layers. Today it is accepted, that the

b-polymorphs crystallize in the trigonal crystal system in
space group R�33m with six formula units per unit cell in
two different, but very similar structure types, namely
SmSI [52] (Fig. 4, mid) and YOF [53–55] (Fig. 4, right).
A reinvestigation of the crystal structure by Ohashi et al.
[5] on a crystalline b-ZrNCl sample revealed a

ffiffiffi

3
p

a� 3c
supercell. Further studies carried out on pure b-ZrNCl
powder samples [41, 78–80] and b-ZrNCl single crystals
[46] as well as the calculated diffraction pattern by Fogg
et al. [81] and electronic structure calculations [82] sup-
port this result.

The difference of the two observed structure types
SmSI (I) and YOF (II) is characterized by their stacking
sequences according to [2, 46, 47]:

I
A

XAMbNCNBMcXA

B

XBMcNANCMaXB

C

XCMaNBNAMbXC

II
A

XAMbNCNBMcXA

C

XCMaNBNAMbXC

B

XBMcNANCMaXB

With the exceptions of the titanium nitride halides all b-
polymorphs of the MNX series (M ¼ Zr, Hf and X ¼ Cl,
Br, I) were synthesized and structurally characterized. It
should be noted that the b-polymorphs were regarded for
quite a long time as high-temperature phase of the a-poly-
morphs [4, 16, 56], but with the investigation of the high-
pressure synthesis they sometimes need to be addressed as
high-density phases [32]. The latter correlates with the
higher coordination number of seven for the metal cations
and the halide anions (three M neighbours, compare Fig. 2)
in the b-polymorphs compared to six and two, respec-
tively, in the a-phases. Additionally, all b-polymorphs ex-
hibit higher densities than the respective a-phases. In the
b-polymorphs the coordination sphere of the cation is a
monocapped trigonal prism with four contacts to N3� and
three to X� anions (Fig. 1, right top), whereas the nitride
anion resides in a distorted tetrahedron formed by M4þ

(Fig. 1, right mid) and the halide anion bonds three group
IV metal cations atop of a triangle (Fig. 1, right bottom).
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Fig. 4. Comparison of the crystal structures of a-MNX (M ¼ Ti, Zr, Hf; X ¼ Cl, Br, I; left) in the FeOCl-type structure and b-MNX in the SmSI-
type (M ¼ Zr, Hf; X ¼ Cl, Br; mid) and the YOF type structure (M ¼ Zr, Hf; X ¼ Br, I; right). The unit cells are indicated. Small grey spheres:
M; large grey spheres: Cl, large black spheres: N.



In correlation to the similar ionic radii of zirconium and
hafnium the interatomic distances hardly differ for each
MNX-pair of zirconium and hafnium.

Similar to the a-phase, the b-modification can also be
described by 2

1{[MN4/4]þ} layers (so-called honeycomb
layers, see Fig. 6, right) embedded between halide double
layers, which themselve interact via van-der-Waals forces.
It is interesting to note that the 2

1{[MN4/4]þ} layer thick-
ness (d1) is significantly larger in the b-polymorphs than
in the a-polymorphs, which also manifests in the larger
sandwich thickness (d2, see Fig. 4). A further interesting
point to mention is the significantly larger inter-sandwich
distance (d3) of the b-polymorphs correlating roughly with
larger M4þ–X� distances (for example: 273 pm for the a-
phase and 287 pm for the b-phase of HfNBr), while the
M4þ––N3� distances are very similar in both modifications
(see Table 4). However, similar to the development of the
layer thickness in the a-polymorphs of TiNX, both series
of b-ZrNX and b-HfNX show a slightly decreasing thick-
ness of the 2

1{[MN4/4]þ} layers (d1) with increasing halide
radius from 263 pm (ZrNCl) to 256 pm (ZrNI) and from
261 pm (HfNCl) to 254 pm (HfNI), respectively. Also, the
c-axis expands strongly on going to the larger halide an-
ions, which correlates with the increasing inter-halide dis-
tances between the slabs and the inter-sandwich distance
(d3). Within the halide slab the X––X distances increase
only slightly, while the X––X0 distances within the van-der-
Waals gap rise strongly (for definition of X and X0, see
Fig. 2, right). Correspondingly, the inter-sandwich distance
(d3) increases from 301 pm (ZrNCl) to 353 pm (ZrNI) and
from 303 pm (HfNCl) to 353 pm (HfNI). Concomitant to
the layer thickness d1, the angle a1 within the ab-plane
increases and the M––N0 bond length decreases peculiarly

strong (for definition of a1 and a2, see Fig. 5), especially
on going from the bromide to the iodide representatives of
both group IV metal nitride halides. Additionally, the
M––N and the M––M0 distances increase significantly as
the M––M distance decreases within the ab-plane and the
M––N0 bonds become shorter. All changes of M4þ––N3�

bond lengths correspond to the decreasing layer thickness
d1 as the fourfold coordination environment of the nitride
anion is flattened with increasing halide-anion size.

3.2.1 Compounds with structures related to b-MNX

In older and recent reports the monohalides of zirconium
[83–85] and the rare-earth metal halide carbides [86, 87],
especially Y2Br2C2, were mentioned as prominent exam-
ples for related crystal structures. Due to their similar
stacking sequences of metal layers and halide anions it is
near at hand to compare these compounds with their MNX
relatives, particularly since lithium intercalation into YClHx

(ZrBr-type structure) succeeded [88]. For the carbide ha-
lides the structural arrangement is similar to that of the
MNX compounds as carbide anions are located within the
metal layers. Furthermore, the chloride hydrides of rare-
earth metals LnXH and LnXHx also have the same stack-
ing sequence as hydrogen occupies the respective nitride
site [87, 89–91]. Another related compound is TaS2 in its
2H-structure (hexagonal, P63/mmc), in which the van-der-
Waals gap is located between sulfide anions [92, 93]. A
nitride chloride representative with a van-der-Waals gap is
the reduced Sc2Cl2N [94], in which 2

1{Cl[Sc2N]Cl} sand-
wich slabs are present with a sixfold scandium coordina-
tion of the nitride anions. Honeycomb layers were also
observed in superconducting MgB2 [95–97], but those are
not separated by van-der-Waals gaps. As nitride contain-
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Table 3. Atomic coordinates of the compounds MNX (M ¼ Ti, Zr,
Hf; X ¼ Cl, Br, I) for the a-polymorphs with M at 2b (0, 1=2, z), N
and X at 2a (0, 0, z) as well as for the b-Polymorphs with M, N and
X at 6c (0, 0, z). Standard deviations for some a-phases unavailable.

a-Polymorphs b-Polymorphs

z/c z/c

TiNCl [8] Ti 0.1011(1) ZrNCl [46] Zr 0.11924(1)

N 0.9491(5) N 0.19771(8)
Cl 0.3322(2) Cl 0.38780(3)

TiNBr [16] Ti 0.080 ZrNBr [41] Zr 0.1222(1)
N 0.950 N 0.202(1)

Br 0.330 Br 0.3885(1)

TiNI [16] Ti 0.080 ZrNI [47] Zr 0.20740(4)

N 0.970 N 0.1393(3)
I 0.315 I 0.38952(2)

ZrNBr [16] Zr 0.095 HfNCl [41] Hf 0.1194(1)

N 0.965 N 0.199(2)
Br 0.350 Cl 0.3887(4)

ZrNI [3, 15, 16] Zr 0.092 HfNBr [47] Hf 0.21096(3)
N 0.977 N 0.1371(5)

I 0.335 Br 0.38850(7)

HfNBr [48] Hf 0.1000(2) HfNI [47] Hf 0.20714(6)

N 0.959(3) N 0.139(1)
Br 0.3393(5) I 0.38960(9)

Fig. 5. 2
1{[MN4/4]þ} layer in b-MNX (M ¼ Zr, Hf; X ¼ Cl, Br, I) and

definition of a1 and a2 used for the angle discussion in the main text
body. Small grey spheres: M; large black spheres: N.



402 C. M. Schurz, L. Shlyk, T. Schleid et al.

Table 4. Selected interatomic distances (in pm), 2
1{[MN4/4]þ} layer thickness (d1), 2

1{X[M2N2]X} sandwich thickness (d2), inter-sandwich distance (d3)
and angles (in �) of group IV nitride halides MNX for both polymorphs. For a definition of M, M0, M0 0 and X, X0 and X0 0, see Fig. 2, left (a-Polymorphs)
and Fig. 2, right (b-Polymorphs). For definition of a1, a2 and a3, see Fig. 3 (a-Polymorphs) and Fig. 5 (b-Polymorphs). For references, compare
Table 3. Standard deviations are not available in all cases.

a-Polymorphs b-Polymorphs

M ¼ Ti M ¼ Zr M ¼ Hf M ¼ Zr M ¼ Hf

M––N X ¼ Cl 2� 200.8(1) 3� 213.0(1) 211.3(1)

X ¼ Br 2� 197.9 211.8 212.0(6) 3� 214.6(1) 212.8(3)

X ¼ I 2� 201.5 215.5(1) 3� 218.7(2) 216.9(7)

M––N0 X ¼ Cl 2� 201.5(2) 217.1(2) 216.4(6)

X ¼ Br 2� 199.4 212.3 216(2) 217.0(6) 216(2)

X ¼ I 2� 202.1 215.7(1) 214(1) 213(4)

M––X X ¼ Cl 2� 243.0(3) 3� 274.7(1) 273.8(2)

X ¼ Br 2� 267.3 285.1 272.9(4) 3� 287.7(1) 286.7(2)

X ¼ I 2� 274.2 295.3(1) 3� 306.6(1) 305.5(3)

X––X X ¼ Cl 2� 325.8 6� 360.5(1) 357.7(1)

X ¼ Br 2� 334.9 358.1 356.1(1) 6� 364.0(1) 361.0(1)

X ¼ I 2� 351.5 372.4(3) 6� 371.8(1) 368.9(1)

X––X0 X ¼ Cl 4� 365.9(2) 3� 366.3(1) 366.4(3)

X ¼ Br 4� 383.2 377.6 388.9(1) 3� 384.6(1) 384.6(3)

X ¼ I 4� 423.7 416.9(1) 3� 412.8(1) 411.9(4)

X––X0 0 X ¼ Cl 2� 393.8

X ¼ Br 2� 392.7 411.6 411.7(1)

X ¼ I 2� 394.1 411.4(3)

M––M X ¼ Cl 2� 300.3(1) 3� 335.0(1) 333.1(1)

X ¼ Br 2� 290.5 319.0 322.4(1) 3� 334.7(1) 332.8(1)

X ¼ I 2� 300.4 327.3(1) 3� 333.8(2) 331.2(2)

M––M0 X ¼ Cl 4� 325.8 6� 360.5(1) 357.7(1)

X ¼ Br 4� 334.9 358.1 356.1(1) 6� 364.0(1) 361.0(1)

X ¼ I 4� 351.5 372.4(3) 6� 371.8(1) 368.9(1)

M––M0 0 X ¼ Cl 2� 393.8

X ¼ Br 2� 392.7 411.6 411.6(1)

X ¼ I 2� 394.1 411.4(3)

d1/pm X ¼ Cl 157.7(1) 262.5(1) 261.4(1)

X ¼ Br 133.3 165.3 172.9(2) 260.5(1) 259.5(1)

X ¼ I 143.3 173.5(1) 255.7(1) 253.6(2)

d2/pm X ¼ Cl 518.3(2) 621.0(1) 621.0(2)

X ¼ Br 549.9 609.1 586.6(4) 653.5(1) 653.3(2)

X ¼ I 564.2 631.9(1) 693.4(1) 691.7(3)

d3/pm X ¼ Cl 261.8(2) 301.4(1) 302.7(2)

X ¼ Br 283.3 261.0 277.8(2) 322.1(1) 322.2(2)

X ¼ I 331.3 311.2(1) 352.6(1) 352.6(3)

a1/� X ¼ Cl 2� 83.41(9) 3� 77.71(5) 77.7(1)

X ¼ Br 2� 86.1 82.5 82.2(6) 3� 78.3(1) 78.3(3)

X ¼ I 2� 83.8 81.27(2) 3� 78.9(2) 79.2(8)

a2/� X ¼ Cl 2� 107.90(9) 3� 115.60(5) 115.6(1)

X ¼ Br 2� 114.2 115.4 111.2(6) 3� 116.0(1) 116.0(3)

X ¼ I 2� 121.5 119.56(2) 3� 116.4(2) 116.6(8)

a3/� X ¼ Cl 2� 157.51(9)

X ¼ Br 2� 165.5 151.5 152.2(6)

X ¼ I 2� 154.4 144.89(3)



ing compound, the structure of Zr2N2S in two modifica-
tions consists of honeycomb layers separated by just one
sulfide anion slab [98]. Similar is observed in the deriva-
tive NaZr2N2SCl [99, 100]. Further similar layered zirco-
nium nitride halides with honeycomb layers are the com-
pounds A0.3ZrNF1.3 with A ¼ Na and K [101].

3.3 Further nitride halides of the group IV metals

Up to date, the crystal structures of three further nitride
halides of group IV metals are known and will be shortly
discussed in this paragraph.

For the nitride-chloride system only the reduced and
dark red compound Zr6NCl15 [102] is known, which crys-
tallizes in the Ta6Cl15 structure type (cubic, Ia�33d, Z ¼ 16)
[103, 104] and consists of Zr6Cl12N clusters. These cluster
are interconnected to six neighbouring ones via shared
chloride anions. The center of the Zr6 cluster is occupied
by nitride anions within octahedra of trivalent zirconium
cations. The clusters are arranged in the motif of a bcc
packing and do not show any 2D character like the struc-
tures of the MNX compounds.

Nitride fluorides of the group IV metals reveal the same
general composition MNX as compounds focused on in
this review, but pale green TiNF [105, 106] was the only
one obtained as single phase, so far. The crystal structure
of TiNF is represented by the anatase-type structure [107]
with a body centered tetragonal unit cell (I41/amd), in
which both sorts of anions occupy the same position. An
ordering of the nitride and fluoride anions was not ob-
served. For ZrNF (orthorhombic, Cmca, Z ¼ 108) reported
by Jung and Juza in 1973 [108] a redetermination via
neutron scattering in 1993 [109] revealed the presence of
an oxide nitride fluoride Zr4ON3F5 crystallizing in the
monoclinic crystal system (P1121/b, Z ¼ 4). Schlichen-
maier et al. [109] proposed a different unit cell for ZrNF
(monoclinic, P21/c with a ¼ 522.7(3), b ¼ 502.6(2), c ¼
519.1(3) pm and b ¼ 98.98(7) �) whose axes dimensions
are similar to those proposed by Jung and Juza for an or-
thorhombic sub-cell (a ¼ 537.4, b ¼ 536.8, c ¼ 518.6 pm)
[108]. Unfortunately, no further structural data were given
by Schlichenmaier et al. in the report. In more recent in-
vestigations of ZrNF a super-structure with a fivefold en-
larged a-axis, comparable to the axis described by Jung and
Juza, is discussed [110]. Although the XRD patterns in

both reports are similar [1], the crystal structure of ZrNF
is finally not yet solved.

3.4 Properties and electronic structures
of the prototypic compounds MNX

The a-modifications of the group IV nitride halides were
often described as moisture sensitive compounds, which de-
compose to oxides, oxide hydroxides or hydroxides and the
respective ammonium halides [15, 16, 48]. Differences are
due to the metal as well as to the halide, since the pyropho-
ric TiNI seems to be the most sensitive compound [16],
while the metastable a-HfNBr suffers only a slow substitu-
tion of Br� by OH� anions after a few weeks in moist air
[48]. Other representatives like a-ZrNBr and a-ZrNI were
described as moisture sensitive without any further specifi-
cation [15, 16]. However, good resistance against air, moist-
ure and some mineral acids were reported for b-ZrNX
(X ¼ Cl, Br) [16]: Warm concentrated sulfuric acid and hy-
drofluoric acid were able to dissolve the samples. Further-
more, dilute sodium hydroxide slowly dissolved the sam-
ples with formation of ammonia, while a more concentrated
solution attacks the nitride halides faster [16].

In correlation with the fact, that the a-forms of the ni-
tride halides are more sensitive against moist air than the
b-modifications, it is interesting to note that a conversion
of the b-modification back into the a-form could never be
observed, i.e., transformations of the a-representatives into
the b-modifications conduct with monotropic character.
The higher density and the high synthesis temperature
(sometimes along with high pressure) indicates that the b-
modification is stabilized by both parameters and not
specifically a high-temperature phase (Juza and co-workers
1964 [4, 16]) or a high-pressure phase (Yamanka et al.
2000 [32]).

More distinct differences between the a- and b-modifi-
cations can be seen in the electronic conductivities and the
band gaps. The two a-ZrNX representatives with X ¼ Br, I
are insulators with low electrical conductivities of less
than 10�9 S/cm [40]. All a-modifications are reported to
be diamagnetic (for a-HfNCl and a-HfNI it can be as-
sumed), which is in agreement with the ionic description
(M4þ)(N3�)(X�), where all ions exhibit a closed-shell elec-
tronic situation [16, 44].
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a�

b�

Fig. 6. 2
1{[MN4/4]þ} layer in a-MNX

(a) and honeycomb 2
1{[MN4/4]þ} layer

in b-MNX (b) with M ¼ Ti, Zr, Hf;
X ¼ Cl, Br, I. Small grey spheres: M;
large black spheres: N.



For b-ZrNCl two very different values of electronic
conductivity were measured: 1 S/cm (activation energy:
0.06 eV) [40] and 4 � 10�7 S/cm (activation energy: 0.28 eV)
[111]. The conductivity of b-ZrNBr was found to be
0.3 S/cm (with an activation energy of about 0.1 eV) in
the same report as the high conductivity was given for b-
ZrNCl [40]. Despite this observation and although com-
pounds of both modifications are band insulators, the com-
pound b-ZrNBr seems to have a higher conductivity than
the a-representative (<10�9 S/cm).

Of special interest are the colours and the band gaps of
the nitride halides. The band gaps of the black titanium
compounds [8, 16] (TiNCl: 1.7 eV; TiNBr: 0.46 eV; TiNI:
0.36 eV) were calculated by Woodward and Vogt [60]
using the Extended Hückel method. For the coloured bro-
mide and iodide representatives of the zirconium nitride
halides larger band gaps were calculated (a-ZrNBr:
2.43 eV; a-ZrNI: 2.03 eV) in the same report. Although
calculation results usually do not comply with the mea-
sured band gaps (e.g. experimentally obtained values are:
a-ZrNBr: 2.9 eV, a-ZrNI: 2.4 eV [40]), they give a first
impression of the differences between the titanium and the
zirconium representatives. It can be assumed that a-TiNX
compounds possess lower band gaps than their a-ZrNX
analogues. Furthermore, these calculations show the Fermi
level (EF) situated near the empty conduction band with
predominately metal d-character [60]. The valence bands
are mainly N-2p and Cl-3p in character. Additionally, the
calculated COOP of Zr––Zr in a-ZrNBr shows a weak
bonding character, which is in coincidence with the short
M––M distances. This fact suggests weak metal-metal at-
tractions due to d––d coupling in a-MNX phases.

Generally, the calculated band gaps of the b-modifica-
tions exhibit high variations due to different programs and
the different parameters used for calculation. Woodward
and Vogt (1.93 eV for b-ZrNCl and 1.62 eV for b-ZrNBr)
[60] used the erroneous structural model of Juza and
co-workers [4, 16], while Felser and Seshradi (2.1 eV for
b-ZrNCl and 2.5 eV for b-HfNCl) [112] based their cal-
culations on the structural model of NaZr2N2SCl (trigonal,
R�33m, Z ¼ 6, a ¼ 363.56(3) pm, c ¼ 2951.2(4) pm, c/a ¼
8.118) [99, 100]. However, it is well known, that the cal-
culated band gaps are underestimated compared to the
measured band gaps (	3 and 3.4 eV for b-ZrNCl [7, 36,
38, 40, 113], 3.2 eV for b-ZrNBr [40], 4 and 4.3 eV for
b-HfNCl [38, 114]), but the character of the valence and
the conduction band is the same as in the a-polymorphs.

Weht et al. [115] described an indirect band gap be-
tween G and K points and a direct minimum band gap at
K for b-ZrNCl (1.7 and 1.9 eV) and b-HfNCl (1.8 and
2.1 eV). More recent investigations also show direct and
indirect band gaps for b-HfNCl (3.7 and 3.4 eV) [116].
Furthermore, an additional point of view was introduced
by Enyashin et al. [117], when they calculated the electro-
nic band structure of hypothetic b-ZrNCl-based nanotubes
in two different models: metallic-like zigzag tubes and
semiconducting armchair tubes. The band gap of the latter
does increase with increasing tube diameter, while the zig-
zag tubes turn out to be metallic. The results of the elec-
tronic band structure calculations on b-MNX can be thus
summarized as follows:

a) The band gap of b-HfNCl is larger than that of b-
ZrNCl (possibly true for all nitride halides).

b) Weak metal–metal attractions due to d––d coupling
are present [79].

c) The band gaps of b-ZrNX (X ¼ Cl, Br) and b-HfNCl
in the SmSI-type structure are a slightly larger than
those of the a-type representatives.

Further interesting information rises from ab-initio calcula-
tions on the pristine b-nitride chlorides of zirconium and
hafnium, which indicate three (A1g) Raman-active vibra-
tional modes parallel to the c-axis at 202, 334, 586 cm�1

for b-ZrNCl and 191, 386, 604 cm�1 for b-HfNCl [115,
118, 119]. While for b-ZrNCl this result agrees very well
with experimental data measured by Cros et al. [120],
strong deviations of two modes for b-HfNCl (163 and
290 cm�1) were observed. Furthermore, three (Eg) Raman-
active phonon modes within the ab-plane [119] were
measured for b-ZrNCl (128, 184, 605 cm�1 [80, 120]) and
b-HfNCl (110, 156, 633 cm�1 [120]). A further investiga-
tion of b-ZrNCl shows only two (A2u) IR-active modes
parallel to the c-axis (257 and 597 cm�1) and two (Eu) IR-
active modes within the ab-plane (155 and 547 cm�1), re-
spectively [121].

4. Electron-doping chemistry of MNX-phases
(M¼ Ti, Hf, Zr; X¼ Cl, Br, I)

Typically, electron-doping of the MNX series (M ¼ Ti, Zr,
Hf; X ¼ Cl, Br, I) proceeds with the intercalation of alkali
metals A (A ¼ Li––Rb), mostly lithium and sodium to-
gether with co-intercalation of organic molecules. The in-
tercalated ions and molecules are filled into the van-der-
Waals gap between the 2

1{X[M2N2]X} slabs. The b-poly-
morphs of the zirconium and hafnium nitride chlorides
were frequently used as host lattices. However, a large
variety of intercalation compounds for all host lattices has
been synthesized by now.

4.1 Chemical intercalation

This method was first described by Yamanaka et al. for
the intercalation of Li into b-ZrNCl [113] in the quest for
new electrochromic materials. After the dispersion of the
yellow-green nitride halide in a n-butyl lithium solution
(15 wt.% in hexane 
 0.24 M) under inert-gas conditions
a black Li-intercalated sample could be obtained. Without
any observable trend, the intercalated lithium amount de-
pends on:

a) Reaction time (usually from several hours to two
days).

b) Reaction temperature (from room temperature to
80 �C [44, 111]).

c) Concentration (for example: 0.1 M [41], 0.24 M [6,
122], 2.5 M [49]) and amount of solution [7] for
appropriate doping levels.

d) Treatment after intercalation (filtration and washing
with hexane or thermal treatment up to 600 �C for
low amounts, respectively [123]).

Furthermore, various solutions of metal-organic compounds,
like s-butyl lithium [124] and naphthalene-A (A ¼ Li, Na, K)
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[125], were used for the intercalation. Note that the redu-
cing power of metal-organic compounds seems to have a
strong influence as n-butyl lithium/hexane solutions do not
react with b-HfNCl, while s-butyl lithium/hexane reacts
very well [124]. After the solvent for naphthalene-A was
changed from hexane to tetrahydrofuran (THF) co-interca-
lation effects of these molecules occurred in the b-MNCl
compounds (M ¼ Zr, Hf; see paragraph 4.3), when lithium
and potassium compounds were used [7]. Typically, the
products could be described by the general composition
AxMNX with x � 0.5 (see Table 3).

4.2 Electrochemical intercalation

The electrochemical intercalation process was successfully
used for the nitride halides MNX with M ¼ Ti, Zr and
X ¼ Cl, Br (first mentioned in 1984 for b-ZrNCl [39,
113]) as cathode material, while the anode contains the
substrate, which is intended to be intercalated. For produc-
tion of the cathode, the respective nitride halide has to be
pressed together with a binder (carbon black) to form a
block. The anode material consists of the alkali metal,
usually in the shape of a foil. First successful investiga-
tions were made by the use of LiClO4 in propylene carbo-
nate (PC) [39, 113] or LiPF6 in 1 : 1 ethylene carbonate/
dimethyl carbonate solution [43, 126–128] as electrolytes.
In the meantime the investigations of electrochemical in-
tercalation in a-TiNCl [126], b-ZrNX (X ¼ Cl, Br) [39,
43, 113] and b-HfNCl [43, 128] were extended to further
alkali metals. For this aim different perchlorate solutions
(usually 1 M) of lithium, sodium or potassium (saturated)
in THF or PC have been employed [125]. Further investi-
gations were carried out with metal(II) atoms: zinc was
intercalated into b-ZrNX (X ¼ Cl, Br) [31] in a similar
manner (0.2 M Zn(CF3SO3)2 in a 1 : 4 dimethyl sulfoxide/
propylene carbonate solution as electrolyte) and magne-
sium into b-ZrNCl using a three-electrode cell (Mg foil as
reference and counter electrode) [129, 130]. Again, the
latter showed co-intercalation effects of propylene carbo-
nate, which was used as solvent for a 0.1 M Mg(ClO4)2

solution [129]. By using a higher concentration of
Mg(ClO4)2 solution in PC (1 M) no co-intercalation was
mentioned [130]. Trends in the degree of intercalation are
difficult to observe since various influences play important
roles. For example, NaClO4/THF solutions as electrolytes
for the intercalation of b-ZrNCl do not lead to co-interca-
lated samples, while NaClO4/PC or LiClO4/THF do [125].
However, the following roundup summarizes some general
effects taken from various literature sources:

a) Upon electrochemical intercalation b-HfNCl took up
a higher load of Li compared with b-ZrNCl.

b) Amorphous host compounds lead to higher degrees of
Li intercalation compared to crystalline samples [39,
131, 132], possibly caused by a higher surface area.

c) Electrochemical techniques generally lead to higher
degrees of intercalation than chemical methods.

4.3 Co-intercalation of organic molecules

As already mentioned, organic molecules can be co-inter-
calated using metal-organic solutions (see paragraphs 4.1

and 4.2). Additionally, co-intercalation can be provoked
by dissolution of AxMNX or MNX at room temperature in
various polar organic solvents like the THF [7, 34, 38,
111, 124, 125, 129], PC [38, 111, 125], acetonitrile, for-
mamide, N,N-dimethylformamide, dimethyl sulfoxide, pyr-
idine [111] or hexamethylene diamine (in sealed glass
tubes at 75 �C) [9]. Additionally, the exposure to NH3 gas
is successful for the ammonia (NH3) co-intercalation into
LixZrNCl [124]. One special type of co-intercalation with
was presented by Fogg et al. as they intercalated cobalto-
cene, 1,10-dimethylcobaltocene and decamethylcobaltocene
(all in THF solution) into b-ZrNCl at 60 �C [30].

Recently, Yamanaka et al. were able to exclusively
intercalate organic molecules without introduction of any
alkali metal cation into TiNCl [8, 9], expanding earlier
results in the intercalation chemistry with the same host
[114]. In order to achieve this task, TiNCl was exposed to
pyridine or ethylene diamine vapour in a volumetric appa-
ratus equipped with a pressure transducer. After an appro-
priate duration the pressure change in the constant volume
reactor is measured and the composition of the product
can be calculated.

4.4 De-intercalation of halide anions

The de-intercalation of nitride halides was originally intro-
duced as possible method for the MN synthesis via ther-
mal treatment in a N2/H2 (or NH3) gas-stream [133, 134].
Similarly, alkali metals can be used as reductive agent in a
two-temperature zone furnace. The alkali metal is vapour-
ized at 450 �C in the first lower temperature zone and re-
acts with the host at 500 �C in the second zone [134]. For
only slight de-intercalations of purified MNCl samples
(M ¼ Ti, Zr, Hf) various alkali-metal azides work as
agents at different temperatures (240–350 �C) according
to Eq. (6) [135, 136]:

MNClþ x AN3 �!MNCl1�x þ x AClþ 3x=2N2 ð6Þ
The alkali-metal azide (A ¼ Li, Na, K, Rb) decomposes to
nitrogen and the reactive alkali metal at temperatures be-
tween 300 and 380 �C [137, 138] followed by the forma-
tion of the alkali-metal chloride. The whole reaction takes
place in a closed h-BN cell in an evacuated glass tube and
is completed after an annealing step (260–350 �C for one
day). While potassium and rubidium azide are appropriate
for all nitride chlorides [8, 136], lithium azide apparently
reacts only with a-TiNCl and sodium azide does not react
with b-HfNCl. These techniques of electron-doping suffer
from the fact, that undesired alkali-metal ions may always
be intercalated during the treatments.

5. Intercalation effects and their relation
to superconductivity in electron-doped
MNX compounds

All electron-doped MNX materials are black and have the
layered crystal structures of the starting materials preserved.
In principal, electron-doping of the b-modifications leads
to superconducting materials with an appropriate interca-
lated amount, while superconducting properties have not
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been observed for all intercalated a-polymorphs so far.
However, a full set of the crystal structure data is available
only for a few electron-doped compounds. Therefore, the
influence of the crystal structure on superconducting prop-
erties is still elusive. It is claimed that in many cases only
the interlayer spacing strongly affects the superconducting
transition temperature (Tc). The following section sum-
marizes the currently known effects of intercalation, start-
ing with the structural changes followed by the observed
properties and their relation to superconductivity for each
modification separately.

5.1 FeOCl-type a-MNX cases
(M¼ Ti, Zr, Hf; X¼ Cl, Br, I)

5.1.1 Structural changes

Initially, Fogg et al. [49] successfully intercalated lithium
into the a-modification of ZrNX (X ¼ Br, I). The possibi-
lity of intercalation might have been expected, based on
the fact, that isostructural FeOCl was intercalated with
lithium earlier by Palvadeau et al. [139]. Other successful
intercalation experiments followed for a-HfNBr [44] and
even a-TiNCl with various alkali metals and organic com-
pounds [8, 9, 114]. Electron-doping with lithium (also a
co-intercalated phase with THF) and Na(THF) in a-HfNBr
did not lead to superconducting compounds [44]. While
for the intercalated hafnium representatives the lattice
parameters and the basal spacings are known, only the
basal spacings were reported for the zirconium representa-
tives. Thus, we are focussing our comments on the tita-
nium representatives, for which detailed crystal structure
refinements were recently reported [8, 9].

In general, the space group may change upon intercala-
tion, depending on nature and amount of the intercalated
reactant. Only lithium is apparently small enough to be
introduced into octahedral holes within the van-der-Waals
gap of a-type hosts without distortion of the lattice, i.e.,
conserving the entire symmetry of the host compound.
The crystallographic site recently proposed for Li [8] is
clearly preferred over older suggestions for Li-intercalated
FeOCl-type compounds, which lead to unreasonable short
distances (d(Li––Cl) ¼ 190 pm) [139, 140]. All other inter-
calates (alkali metals or organic compounds) provoke
changes of the space group symmetry and frequently lead
to a doubling of the unit cell parameter c. Generally, the
c-axis expands strongly, while the a- and b-axes increase
only slightly compared to pristine TiNCl (see Tab. 5). Cor-
respondingly, the basal spacing (sum of d2 and d3, see
Fig. 4) expands significantly. It is noteworthy, that only
lithium has an additional contact to one nitride anion
(214 pm; Fig. 7, left). The other alkali metals reside in an
environment just of chloride anions with increasing coor-
dination numbers from CN ¼ 6 (for Li and Na) to CN ¼ 8
(for K and Rb; Fig. 7). During alkali-metal intercalation
via the corresponding azides, a small amount of chloride
anions were de-intercalated as well (except for lithium in-
tercalation). So far, a fully occupied site was not observed
for any alkali metal intercalated in a-MNX compounds
(see Table 6).

With the exception of the Rb-containing phase, the
Ti––N distances as well as the Ti––Ti distances decrease in
all alkali metal intercalated compounds, as compared to
the pure host phase TiNCl. Concomitant to this finding,
the Ti––N0 and the Ti––Cl bond lengths increase, what
goes along with the observation of increasing angles a2
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Table 5. Overview of intercalated a-phase compounds giving space groups (SG), number of formula units in the unit cell (Z), unit cell para-
meters (in pm), basal spacing (in pm) and critical temperatures (Tc in K) in comparison to the initial MNX compounds.

Compound SG (Z) a b c Basal Spacing Tc Reference

TiNCl Pmmn (2) 393.82(1) 325.82(1) 780.06(1) 780 – [8]
Li0.5TiNCl Pmmn (2) 401.14(1) 327.26(1) 792.11(2) 792 16.5 [8]
Na0.22TiNCl0.98 Bmmb (4) 401.70(1) 327.37(1) 1688.35(6) 844 16.3 [8]
K0.22TiNCl0.90 Immm (4) 406.05(1) 329.32(1) 1772.2(1) 886 16.3 [8]
Rb0.19TiNCl0.75 Immm (4) 403.8(1) 328.99(8) 1839.8(7) 920 16.3 [8]
Py0.25TiNCl Bmmb (4) 397.87(6) 328.3(4) 2701.4(7) 1351 8.6 [8]
Py0.33TiNCl1 4–6 [114]
EDA0.2TiNCl Bmmb (4) 399.9(3) 326.4(2) 2223(2) 1112 10.5 [9]
HDA�0.06TiNCl Bmmb (4) 398.1(3) 328.0(2) 2331(2) 1166 15.5 [9]

ZrNBr2 Pmmn (2) 411.6 358.1 870.1 870 – [16]
Li0.9ZrNBr1 872 11.0 [49]

ZrNI Pmmn (2) 411.4(3) 372.4(3) 943.1(3) 943 – [3, 5, 16]
Li0.7ZrNI1 944 11.0 [49]

HfNBr Pmmn (2) 411.65(2) 356.09(2) 864.40(3) 864 – [48]
Li0.56HfNBr1 411.2(8) 355(1) 860(2) 860 – [44]
Lix(THF)yHfNBr1 416.7(1) 358.1(1) 3454(1) 1727 – [44]
Nax(THF)yHfNBr1, 3 417(1) 360(1) 1380(10) 1380 – [44]
Nax(THF)yHfNBr1, 3 428(2) 361(1) 1820(10) 1820 – [44]

1: No space group available.
2: No standard deviations available.
3: Different lattice parameters due to orientation of THF molecules.



and a3. As a result the 2
1{[TiN4/4]þ} layer flattens (from

158 pm for TiNCl to 124–128 pm for AxTiNCl with
A ¼ Li, Na, K) and the Ti––N bond lengths increase indi-
cating a more covalent character of the whole 2

1{[TiN4/4]þ}
layer. The A––Cl distances are in good agreement with
those in the rocksalt-type compounds ACl [141–143].

The intercalation of pyridine does not provoke a dis-
tinct effect on the layer geometry. All distances and angles
remain nearly the same as in TiNCl (see Table 7), only the
basal spacing increases tremendously from 780 to 1351 pm
(see Table 4). In agreement with their volumes, other TiNCl
samples intercalated with organic molecules show smaller

increases in basal spacing (1112 pm for EDA and 1166 pm
for HDA) [9] (see Table 5). The estimated orientation of
the pyridine molecules in TiNCl is therefore perpendicular
to the 2

1{Cl[Ti2N2]Cl} sandwich slabs [8].

5.1.2 Electronic structures and superconducting
properties

Superconducting intercalated a-phases are a somewhat
more recent development, since the a-phases were consid-
ered as less good host materials compared to b-modifica-
tions. Also the higher sensitivity of the host against moist
air was a disadvantage. Therefore, only few reports deal
with properties and electronic structures of a-MNX com-
pounds so far. The consequences of intercalation of alkali
metals and/or organic molecules for the properties and
electronic structures are different for the various interca-
lates. Furthermore, the host plays also an important role as
the chemical interaction with the intercalated atoms and/or
molecules varies. All intercalated samples are very sensi-
tive against moisture and air.

The electrical resistivity of K0.22TiNCl0.90 and
Py0.25TiNCl (approximately 0.02 and 15 W/cm at room
temperature, respectively) rises with increasing temperature
[8]. This metal-like behaviour could not be observed for the
paramagnetic compounds Li0.56HfNBr and Lix(THF)yHfNBr
due to experimental problems. But the very high values of
the electrical resistivity rRT ¼ 1.9 � 107 for Li0.56HfNBr
and rRT ¼ 2.2 � 107 W/cm for Lix(THF)yHfNBr at room
temperature may indicate non-metallic character [2, 44].
This could support the interpretation of localized electrons
at the Hf site preventing superconducting properties, but a
detailed explanation for this effect was not given. It is
particularly unclear, why this was only observed for the
hafnium compounds, but not for any others of the group
IV metals. However, less good electrical conductivity due
to partial reduction of M ¼ V, Cr and Fe in similar layered
structure MOCl-type compounds was earlier observed via
Li intercalation of these materials [139].

In contrast, the alkali-metal and organic-molecule inter-
calated TiNCl samples [8, 9] as well as the lithium-inter-
calated a-ZrNX samples (X ¼ Br, I) [49] similarly exhibit
superconductivity, although alkali-metal and organic-mole-
cule intercalated compounds differ in their electronic band
structures. Obviously, electron-doping results in a more
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Fig. 7. Environments of the intercalated alkali metals in AxTiNCl (from left to right: Li, Na, K, Rb).

Table 6. Atomic coordinates of intercalated phases of TiNCl [8], for
lattice parameters and space groups, see Table 5.

Compound Atom Site x/a y/b z/c s.o.f.1

LixTiNCl Ti 2b 0 1=2 0.0794(1) 1

N 2a 0 0 0.9367(7) 1

Cl 2a 0 0 0.3240(2) 1

Li2 2a 0 0 0.66602

Na0.22TiNCl0.98 Ti 4c 0 1=4 0.7880(1) 1

N 4c 0 3=4 0.7268(4) 1

Cl 4c 0 3=4 0.9025(2) 0.978(5)

Na 4c 1=2
1=4 0 0.215(5)

K0.22TiNCl0.90 Ti 4j 1=2 0 0.7151(1) 1

N 4i 0 0 0.2718(2) 1

Cl 4i 0 0 0.1038(1) 0.898(2)

K 2c 0 0 1=2 0.442(2)

Rb0.19TiNCl0.75 Ti 4j 1=2 0 0.7122(8) 1

N 4i 0 0 0.279(3) 1

Cl 4i 0 0 0.114(1) 0.75(4)

Rb 2c 0 0 1=2 0.37(2)

Py0.25TiNCl3 Ti 4c 0 1=4 0.7880(1) 1

N 4c 0 3=4 0.7268(4) 1

Cl 4c 0 3=4 0.9025(2) 1

1: Site occupation factor.
2: Geometrically optimized data, the positional parameters of lithium
were estimated and no s.o.f. was given.
3: Structure refinements did not take the pyridine molecules into ac-
count.



covalent bonding situation within the 2
1{[TiN4/4]þ} layers

concomitant to decreasing Ti––N distances in alkali-metal
intercalated TiNCl compared to the prototypic host.
Furthermore, the decreasing Ti––Ti distances in addition to
the already established weak metal–metal attractions in
the prototypic TiNCl have to be taken into account for the
superconducting properties. All ends up with a partial fill-
ing of the conduction bands, which are mainly Ti-3d in
character. The interpretation of the band structure of
K0.5TiNCl [8] can be made with the concept of itinerant
electrons and local pairs as described by Simon [144,
145]. Interestingly, the critical temperature of about 16.3 K
is unaffected by the kind of alkali-metal intercalation and
the degree of partial dechlorination of TiNCl. Furthermore,
all LixZrNX compounds (X ¼ Br, I) show the same Tc

(11 K) independent from host (a-ZrNBr or a-ZrNI) or
lithium amount (x ¼ 0.7 for X ¼ I and x ¼ 0.9 for X ¼ Br),
which was interpreted in the same way as for the interca-
lated TiNCl samples [49].

Contrary to these findings, the Tc of organic-molecule
intercalated TiNCl depends on the nature of the organic
molecule. This can be explained with the electronic band
structure as these insertions of organic molecules result in
a band gap between the organic molecule HOMO band
and the conduction band of TiNCl, whereas the Fermi
level is proposed to be located in the middle of the tail of
the conduction band [8]. Due to the different nature of the
organic molecules, the HOMO band seems to be either in
vicinity of the valence or the conduction band of TiNCl,
what may explain the different Tc values. For a deeper
understanding, clearly further studies on intercalated a-
MNX phases are required.

5.2 SmSI- and YOF-type b-MNX cases
(M¼ Zr, Hf; X¼ Cl, Br, I)

5.2.1 Structural changes

The first studies on intercalated b-MNX phases were car-
ried out in the mid of the 1980s by Ohashi, Yamanka and
co-workers [111, 113], still it took more than ten years to
discover the superconductivity of these compounds. Start-
ing with Li0.16ZrNCl in 1996 [6], a multitude of investi-
gations of different electron-doped b-MNX samples were
carried out. Unfortunately, only few compounds were
structurally characterized up to date. Therefore, we focus
our comments on structural details mainly on the alkali-
metal intercalated nitride chlorides of zirconium and haf-
nium.

Contrary to the electron-doped a-phases, no change in
space group was observed upon the intercalation of b-
phases. All alkali-metal intercalations in b-MNCl lead to a
small increase of the basal spacing compared to the large
increase resulting from organic molecule co-intercalation
(see Tables 8 and 12). Extensive studies of the basal spa-
cing (and interlayer distance d3, respectively) show signifi-
cant increases of the c-axes in dependence of the interca-
lated amount of lithium in ZrNCl [123] and HfNCl [124]
along with a small increase of the a-axes. Above a ma-
ximum of about x ¼ 0.2 for LixZrNCl and x ¼ 0.3 for
LixHfNCl no further changes of the lattice parameters can
be observed. All alkali-metal intercalations end up in
YOF-type structures. Contrary to that, the de-chlorination
of MNCl (M ¼ Zr, Hf) seems to lead to superconducting
materials with SmSI-type structures with nearly the same
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Table 7. Selected interatomic distances (in pm), 2
1{[TiN4/4]þ} layer thickness (d1), 2

1{Cl[Ti2N2]Cl} sandwich thickness (d2), inter-sandwich dis-
tance (d3) and angles (in �) of intercalated titanium nitride halides AxTiNCl.

TiNCl A ¼ Li, x1 A ¼ Na, x ¼ 0.22 A ¼ K, x ¼ 0.22 A ¼ Rb, x ¼ 0.19 A ¼ Py, x ¼ 0.25

Ti––N 200.8(1) 198.9(3) 193.6(4) 192.9(2) 205(3) 199(2)

Ti––N0 201.5(2) 200.98(4) 202.4(1) 204.35(5) 202.5(4) 202.7(9)

Ti––Cl 243.0(3) 253.6(1) 253.3(3) 256.9(2) 244(2) 244(1)

A––Cl –– 258.97(1)2 259.7(2)3 319.6(1) 334(1) 4

A––A –– 327.26(1) 163.68(1)5 329.32(1) 328.99(8) 4

Cl––Cl 325.8 327.26(1) 327.37(1) 329.32(1) 328.99(8) 328.3(4)

Cl––Cl0 365.9(2) 380.5(2) 367.7(4) 367.9(3) 403.8(1) 397.87(6)

Cl––Cl0 0 393.8 401.14(1) 401.7(1) 406.05(1) 420(3) 855(2)

Ti––Ti 300.3(1) 287.79(5) 289.1(1) 289.2(1) 295(1) 298.7(8)

Ti––Ti0 325.8 327.26(1) 327.37(1) 329.32(1) 328.99(8) 328.3(4)

Ti––Ti0 0 393.8 401.14(1) 401.7(1) 406.5(1) 403.7(1) 397.87(6)

d1/pm 157.7(1) 125.79(8) 128.3(2) 123.7(2) 139(1) 151(1)

d2/pm 518.3(2) 513.3(2) 515.0(3) 518.2(2) 500(2) 511(1)

d3/pm 261.8(2) 278.8(3) 329.3(3) 367.9(2) 420(2) 840(1)

a1/� 83.41(9) 87.933(1) 86.221(3) 86.61(9) 87(1) 83(1)

a2/� 107.90(9) 110.727(1) 115.470(1) 117.2(1) 106(1) 111(1)

a3/� 157.51(9) 172.724(1) 165.815(6) 166.9(1) 171(1) 158(1)

1: x for LixTiNCl was not determined.
2: Shortest distance, further distances to be considered: d(Li––Cl0) ¼ 270.9(2) pm and d(Li––N) ¼ 214.4(6) pm.
3: Shortest distance, four further Cl� neighbours in the surrounding of Naþ with d(Na––Cl0) ¼ 307.0(2) pm should also be taken into account.
4: Structure refinements did not include the orientation of the pyridine molecules.
5: Due to the site occupation factor less than 0.5 shortest Naþ––Naþ distance should have at least a doubled value.



lattice parameters and basal spacings (except for ZrNCl1–x

prepared with NaN3) [134, 136]. Since no crystal structure
data sets of the de-intercalated compounds are available,
no further correlation of structural details with properties
is possible.

The intercalated alkali-metal cations are located in octa-
hedral coordination of chloride anions within the van-der-
Waals gap of the host (AxMNCl; A ¼ Li, Na; M ¼ Zr, Hf;
see Fig. 8). As a consequence the M––Cl bond lengths in-
crease, while the distances between M and N3� decrease
significantly compared to the pure nitride chloride (for de-
tails, see Tables 10 and 11). Interestingly, also the M––M
distances decrease, but the M––M0 distances are nearly un-
affected by the intercalation. That agrees with the increas-
ing a1 angles and leads to increasingly flat 2

1{[MN4/4]þ}
layers, which have now more covalent character indicated

by smaller M––N distances. The hydrogen-containing
H0.4ZrNCl, analyzed with neutron diffraction [146], shows
a similar distance evolution upon hydrogenation. Hydro-
gen occupies a site close to N (Fig. 8, left) indicating that
the compound can probably be described as imide with a
distance d(N––H) ¼ 101 pm similar to those found in
K2[NH(SO3)2] (102 pm) [152]. For this semiconducting
phase [36, 37] with nearly the same colour as for the pro-
totypic b-ZrNCl no superconductivity was observed [146].
Furthermore, it is assumed that hydrogen does not prevent
superconductivity after electron-doping, because it is situ-
ated outside the 2

1{[ZrN4/4]þ} layers [146]. However, a
complete exclusion of such a phenomenon can not be
maintained so far.

In NaxHfNCl, the 2
1{[HfN4/4]þ} layer shrinks with an

increasing amount of intercalated sodium. This coincides
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Table 8. Overview of the intercalation products of b-type MNCl samples giving structure types, unit cell parameters (in pm), basal spacings (in
pm) and critical temperatures (Tc in K) in comparison to the initial trigonal MNX compounds (space group R�33m for all compounds).

Compound Type a c c/a Basal Spacing Tc Reference

ZrNCl SmSI 360.46(4) 2767.2(4) 7.6769 922 – [46]

H0.4ZrNCl SmSI 359.81(2) 2755.5(2) 7.6582 919 – [146]

Li0.16ZrNCl YOF 360.16(4) 2769.4(6) 7.6893 923 12.5 [6, 78]

Li0.2ZrNCl YOF 359.1(1) 2783.9(6) 7.7524 928 13.5 [122]

ZrNCl1–x(NaN3)1 YOF 361.4(2) 2950(2) 8.1627 983 13.5 [136]

ZrNCl1–x(KN3)1 SmSI 359.6(9) 2770(7) 7.7030 920 13.0 [136]

ZrNCl1–x(RbN3)1 SmSI 360.2(2) 2770(2) 7.6902 920 14.0 [136]

HfNCl SmSI 357.44(3) 2770.75(9) 7.7517 924 – [41]

Na0.25HfNCl YOF 358.791(8) 2967.9(2) 8.2718 989 23 [147–149]

Na0.28HfNCl YOF 358.638(8) 2958.0(2) 8.2479 986 22 [150]

Na0.29HfNCl YOF 358.92(3) 2972.2(3) 8.2815 991 19 [150, 151]

Na0.33HfNCl YOF 358.30(8) 2974(1) 8.3003 991 2 [150]

HfNCl1–x(KN3)1 SmSI 356.7(3) 2766(3) 7.7544 922 24 [136]

HfNCl1–x(RbN3)1 SmSI 357.2(2) 2774(3) 7.7660 925 24.5 [136]

Na0.125HfNCl 3 358.131(6) 5775.2(6) 16.1259 963 20 [147–149]

Na0.89HfNCl YOF 356.1(7) 3226(7) 9.0593 1075 – [150]

1: In brackets: alkali-metal azides AN3 used for preparation.
2: Not determined.
3: Compound crystallizing in space group R�33m, but no structure type given.

Fig. 8. From left to right: [110] sections of the crystal structures of HxZrNCl (x ¼ 0.4), LixZrNCl (x ¼ 0.2) and NaxHfNCl with x ¼ 0.29 and
x ¼ 0.89 emphasizing the evolution of the environment of the intercalated atom.



with shortened distances between Hf and N, Hf and N0 as
well as between Hf and Hf. Furthermore, the angles a1 and
a2 increase. Next to the intercalated NaxHfNCl phases,
two rather unusual compounds were reported:

a) Na0.125HfNCl with a doubled c-axis [147, 148].
b) Na0.89HfNCl with an exceptional high sodium con-

tent and an unusual sodium site [150].
The first compound Na0.125HfNCl was discussed as second
staging variant in comparison to regular Na0.25HfNCl
[149] with the occupation of only every second van-der-
Waals gap by sodium. Additionally to the doubled c-axis,
this leads to a lower critical temperature (20 K) compared
to Na0.25HfNCl (23 K) [149].

The second compound Na0.89HfNCl was refined as sec-
ond crystalline phase in a sample containing Na0.33HfNCl
as main product (90%) by Rietveld analysis from X-ray
powder diffraction patterns. Moreover, an amorphous
phase with unknown composition was also observed in the
neutron diffraction patterns. The high standard deviations
of the site occupation factors (s.o.f.) were explained by
high background. However, the structural refinement based
on LixZrNCl [78] raises some questions about sodium at
the 3b site (Na(2)) located within the 2

1{[HfN4/4]þ} layers.
In spite of two long distances to Cl� anions (342 pm),
Na(2) has a sixfold coordination by N3� anions with unu-
sual short distances d(Na(2)––N) ¼ 210 pm (6�) (see Fig. 8,
right). This distance is even shorter than those found
for sodium in tetrahedral nitrogen coordination (e.g. in
Na4[ReN3] with 219–251 pm [153] or in Cs5Na[W4N10]
with 218–236 pm [154]) or in linear coordination of N3�

in Na3N with 236 pm [155, 156].
For products displaying co-intercalation of metal-inter-

calated compounds with organic molecules, unfortunately
only the basal spacings were determined via X-ray powder
diffraction and will be shortly discussed. The co-intercala-
tion takes place within the van-der-Waals gaps and does
not change the principal layered host structure. Due to the
different polarity of organic molecules the basal spacings
of the products increase with the size of the introduced
molecule (for details, see Table 12). The actual orientation
of the molecules relative to the 2

1{X[M2N2]X} layers may
lead to different basal spacings.
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Table 9. Atomic coordinates for intercalates of b-MNCl-type phases
(M ¼ Zr, Hf) with parameters x/a ¼ 0 and y/b ¼ 0 for all atoms. For
space groups and lattice parameters, see Table 8.

Compound Atom Site z/c s.o.f.1

H0.4ZrNCl Zr 6c 0.1211(1) 1

N 6c 0.1981(1) 1

Cl 6c 0.3870(1) 1

H 6c 0.2349 0.4

Li0.16ZrNCl Zr 6c 0.2076(3) 1

N 6c 0.1307(3) 0.94(3)

Cl 6c 0.3883(2) 1.00(3)

Li 3a 0 0.32

Li0.2ZrNCl Zr 6c 0.21263(6) 1

N 6c 0.1362(5) 1

Cl 6c 0.3885(2) 1

Li 3a 0 0.42

Na0.25HfNCl Hf 6c 0.21025(19) 1

N 6c 0.137(2) 1

Cl 6c 0.3892(7) 1

Na 3a 0 0.5

Na0.28HfNCl2 Hf 6c 0.2095(1) 1

N 6c 0.13677(9) 1

Cl 6c 0.39413(8) 1

Na 3a 0 0.56

Na0.29HfNCl Hf 6c 0.2083(6) 1

N 6c 0.1368(5) 1

Cl 6c 0.3944(4) 1

Na 3a 0 0.576

Na0.33HfNCl3 Hf 6c 0.206(1) 1

N 6c 0.137(2) 1

Cl 6c 0.396(1) 1

Na 3a 0 0.6(2)

Na0.125HfNCl Hf(1) 6c 0.39677(2) 1

Hf(2) 6c 0.10499(2) 1

N(1) 6c 0.06909(2) 1

N(2) 6c 0.43592(2) 1

Cl(1) 6c 0.19537(1) 1

Cl(2) 6c 0.30237(1) 1

Na 3a 0 0.5

Na0.89HfNCl3 Hf 6c 0.210(2) 1

N 6c 0.153(2) 1

Cl 6c 0.394(2) 1

Na(1) 3a 0 0.9(4)

Na(2) 3b 1=2 0.9(4)

1: Site occupation factor.
2: Refined as major phase in samples with HfNCl as minor phase.
3: Refined phases of samples containing Na0.33HfNCl and Na0.89HfNCl
beside an undetermined amorphous component.

Table 10. Selected interatomic distances (in pm), 2
1{[ZrN4/4]þ} layer

thickness (d1), 2
1{Cl[Zr2N2]Cl} sandwich thickness (d2), inter-sandwich

distance (d3) and angles (in �) of intercalated b-ZrNCl phases.

ZrNCl A ¼ H,
x ¼ 0.4

A ¼ Li,
x ¼ 0.16

A ¼ Li,
x ¼ 0.2

Zr––N 213.0(1) 211.36(7) 208.39(8) 211.8(3)

Zr––N0 217.1(2) 212.2(4) 213(1) 213(1)

Zr––Cl 274.7(1) 278.7(3) 285.7(7) 276.2(4)

A––Cl –– 241.6(1) 257.7(3) 258.0(3)

A––A –– 359.81(2) 360.16(3) 359.1(1)

Cl––Cl 360.5(1) 359.81(2) 360.16(4) 359.1(1)

Cl––Cl0 366.3(1) 361.4(3) 368.7(7) 370.6(6)

Zr––Zr 335.0(1) 325.9(3) 307.6(9) 329.4(2)

Zr––Zr0 360.5(1) 359.81(2) 360.16(4) 359.1(1)

d1/pm 262.5(1) 251.1(3) 226.7(8) 255.9(2)

d2/pm 621.0(1) 622.7(3) 618.7(6) 620.8(6)

d3/pm 301.4(1) 295.8(3) 304.5(6) 307.2(6)

a1/� 77.71(5) 79.38(3) 86.2(3) 78.2(3)

a2/� 115.60(5) 116.7(1) 115.6(3) 115.9(3)



5.2.2 Electronic structures and superconducting
properties

Many studies have been devoted to superconducting zirco-
nium and hafnium nitride halides b-MNX (M ¼ Zr, Hf;
X ¼ Cl, Br, I) with a focus on intercalated b-MNCl com-
pounds (M ¼ Zr, Hf). The mechanism of superconductiv-
ity in these materials was investigated recently, but it is
still elusive. Due to electron-doping via alkali metals (and

organic molecules) their electrical conductivity shows
higher values than the parent compounds (factors: 104–
106) [111, 113]. The doped nitride halides behave like me-
tallic conductors above their critical temperatures [158].
The low-dimensionality and changes in electronic proper-
ties on carrier doping are reminiscent of those of high-
temperature superconductors, although the nature of the
insulating parent compounds is different: antiferromagnetic
insulators in oxocuprates and non-magnetic band insula-
tors in nitride chlorides.

As discussed above, the N––M and M––M distances are
shortened after intercalation of alkali metals, indicating
more covalent 2

1{[MN4/4]þ} layers and a pronounced 2D-
character of the whole structure. This class of materials
can be classified as weakly correlated electronic systems.
It was shown that the high-energy phonon branches are
important in the electron-electron pairing, however, the
electron-phonon coupling seems to be weak. Compared to
the prototypic host, the electronic band structure of the
example Na0.22HfNCl shows a shift of the Fermi level to-
wards the tail of the partly filled conduction band with
Hf-4d and N-2p character [115]. Despite this, the electronic
structure of both, pristine and intercalated b-HfNCl, is two-
dimensional [82]. The photoemission and X-ray absorp-
tion measurements of Na0.22HfNCl as well as muon-spin
relaxation experiments carried out for Li0.48(THF)yHfNCl
[158] support the assumption that the tail has substantial
2D-character owing to more covalent 2

1{[MN4/4]þ} layers
[159]. The absolute value of the DOS at the Fermi level
of the superconducting compounds is small, e.g. N(EF) �
0.25 states/(eV spin f.u.) for Li0.48(THF)yHfNCl [160],
which is an unconventional feature of superconductivity
within the BCS theory. The comparison of the electronic
structures of AxZrNCl and AxHfNCl suggests higher den-
sities of states for the Hf-bearing compounds [82, 161].
This might be the reason for the higher Tc values of the
intercalated phases with Hf. On the other hand, the super-
conducting transition temperatures of the nitride bromides
and iodides are lower than those of nitride chlorides [35].
The intercalated nitride halides are classified as type II
superconductors. Their unusual superconducting properties
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Table 11. Selected interatomic distances (in pm), 2
1{[HfN4/4]þ} layer thickness (d1), 2

1{Cl[Hf2N2]Cl} sandwich thickness (d2), inter-sandwich
distance (d3) and angles (in �) of intercalated b-HfNCl phases.

HfNCl A ¼ Na, x ¼ 0.25 A ¼ Na, x ¼ 0.28 A ¼ Na, x ¼ 0.29 A = Na, x ¼ 0.33

Hf––N 211.3(1) 211 (1) 210.57(7) 210.2(4) 209(1)

Hf––N0 216.4(6) 217(6) 215.1(4) 213(2) 205(7)

Hf––Cl 273.8(2) 288(1) 278.6(3) 281(1) 282(3)

A––Cl –– 265(1) 274.3(2) 275.5(8) 278(2)

A––A –– 358.79(1) 329.32(1) 358.92(3) 358.3(8)

Cl––Cl 357.7(1) 358.79(1) 358.64(1) 358.92(3) 358.3(8)

Cl––Cl0 366.4(3) 391(2) 415.0(3) 418(1) 426(4)

Hf––Hf 333.1(1) 331.4(6) 327.2(3) 323(2) 312(3)

Hf––Hf0 357.7(1) 358.79(1) 358.64(1) 358.92(3) 358.3(8)

d1/pm 261.4(1) 258.7(6) 253.4(3) 247(2) 234(3)

d2/pm 621.0(2) 658(2) 626.3(2) 628(1) 619(3)

d3/pm 302.7(2) 332(2) 359.7(2) 363(1) 373(3)

a1/� 77.7(1) 79(1) 79.53(8) 80.4(5) 82(1)

a2/� 115.6(1) 116(1) 116.8(1) 117.3(6) 118(2)

Table 12. Overview of further superconducting intercalates of b-
MNX phases (M ¼ Zr, Hf; X ¼ Cl, Br, I) with their basal spacings (in
pm) and their critical temperatures (Tc in K).

Compound Basal Spacing Tc in K Reference

NaxZrNCl 15 [38]
Mg0.8ZrNCl 15 [130]
Zn0.04ZrNCl 15 [31]
Lix(THF)Zr1–yNbyNCl 14.8 [34]
Lix(THF)ZrNCl 15 [38]
Kx(THF)ZrNCl 15 [38]
{Co(om)2}xZrNCl1 1470/16502 14 [30]
Lix(DMF)ZrNCl 1980 15 [157]
Lix(PC)ZrNCl 2240 15 [157]
Mg0.3(PC)ZrNCl 6670 15 [129]

Li0.15ZrNBr 988 12 [49]
Zn0.04ZrNBr 15 [31]

NaxHfNCl 25 [119, 150, 151]
Mg1.0HfNCl 25 [130]
Li0.11HfNCl 937 20 [49]
Li0.37(NH3)HfNCl 1210 22.5 [124]
Li0.37(THF)HfNCl3 1360 25.5 [124]
Li0.48(THF)HfNCl3 1870 25.5 [7]

LixHfNI 22 [35]

1: Tc is independent from the intercalated molecule (om ¼ h-C5H5, h-
C5H4Me and h-C5Me5).
2: Basal spacing with co-intercalation of free h-C5Me5 molecules at
1650 pm.
3: Basal spacing due to the different orientation of the intercalated
THF molecules.



may be understood within the conventional BCS theory.
Below we summarize the main characteristics of supercon-
ducting nitride halides. Most of them require an advanced
physical picture to understand the origin of superconduc-
tivity and pairing mechanism.

Carrier concentration: With increasing x the interca-
lated phases LixZrNCl and NaxHfNCl become super-
conducting at x ¼ 0.05 and x ¼ 0.15 [123]. The highest Tc

for LixZrNCl is observed with x ¼ 0.06 (15 K) and for
NaxHfNCl with x ¼ 0.16 (24 K), respectively. Additional
amounts of alkali metal lead to a small decrease of Tc

until a constant value of about 12 K is reached [38]. The
magnetic susceptibility measurements of MgxZrNCl
(0.05 � x � 0.80; Tc � 15 K) and MgxHfNCl (0.10 � x �
1.00; Tc � 25 K) show an initial increase of Tc followed
by saturation without an extremum in Tc with higher dop-
ing level [130].

Co-intercalation: An increase in Tc of several K can be
reached by co-intercalation with organic molecules of
already alkali-metal doped samples [35, 124, 162]. For co-
intercalated b-ZrNCl and b-HfNCl a maximum of Tc is
found, when the basal spacing is approximately 1500 pm
[2]. The co-intercalation increases the interlayer distances
d3 and the superconducting transition temperatures Tc.
The increasing basal-plane distances lead to nesting of the
Fermi surface. It is assumed that the modification of the
Fermi surface enhances charge and/or spin fluctuations,
which play an important role in the pairing mechanism of
the superconducting metal nitride halides [163]. The
superconducting properties are found to be strongly aniso-
tropic, resembling that of the high-temperature supercon-
ducting oxocuprates. Notably, the irreversibility tempera-
ture is observed when zero-field-cooled and field-cooled
magnetization is superimposed [163]. This feature mani-
fests the boundary line between high- and low-tempera-
ture regions of the vortex glass state.

Isotope effect: The decreasing superconducting transi-
tion temperature with increasing isotope mass is the key
experiment proving the relevance of the electron-phonon
coupling for superconductivity. The superconducting tran-
sition temperature Tc ¼ 12 K decreases by 0.06 � 0.03 K
in Li-doped ZrNCl, when 14N is substituted by 15N [164].
This small change in Tc corresponds to an isotope shift
coefficient a ¼ 0.07 � 0.04, which is much smaller than
the value of 0.5 obtained within the conventional BCS
theory. For Li0.48(THF)yHfNCl a similar small decrease
from 25.5 to 25.4 K appears upon 15N-isotope substitution
[165].

High-pressure effect: In contrast to the large pressure
effect on Tc observed for superconducting oxocuprates
[166] or pnictides [167], the de-intercalated nitride chlo-
ride ZrNCl0.7 [168] or the intercalated nitride chlorides
Na0.3HfNCl [169] and Li0.5(THF)yHfNCl [168] reveal only
slightly decreasing Tc values under pressure.

Electron-phonon coupling: A weak electron-phonon
coupling constant l ¼ 0.22 was observed for Li0.12ZrNCl
[121, 170]. On the other hand, an extremely large elec-
tron-phonon coupling constant l varying between 3.2 and
3.7 was found for ZrNCl0.7 and Li0.5(THF)yHfNCl, which
is in sharp contrast to previous experimental and theoreti-
cal studies. It was suggested, that other bosonic excitations

than phonons contribute to the pairing mechanism of these
compounds [168]. The large l value is inconsistent with
weak electron-phonon interactions and small densities of
states at the Fermi level as it is suggested from the analy-
sis of thermodynamic quantities [160] and band structure
calculations [115]. One possibility to reconcile the theory
and the experiments is to take an additional pairing-chan-
nel from the acoustic plasmons that originate from the dy-
namic part of the Coulomb interactions [171] into account.

Superconducting gap: A very large superconducting
gap of 2D/kBTc (4.6–5.2; 5.0–5.6) was found for slightly
doped b-ZrNCl, while the gap value expected within the
BCS theory is 3.56 [172, 173]. For compounds with a
higher level of doping a smaller gap value of 3.2 was ob-
served [172]. More recently, a superconducting gap of 10
was found for de-intercalated b-HfNCl1–x samples from
scanning tunneling microcopy/spectroscopy (STM/STS)
measurements [174]. It was suggested that this result can
not be explained within the conventional BCS theory. Ad-
ditionally, muon spin relaxation [175], 15N-NMR [176],
specific heat and magnetic susceptibility studies [177] of
LixZrNCl suggest d þ id pairing with a spin-singlet state
symmetry unlike the pairing mechanism within the BCS-
theory. This finding supports the assumption that the dyna-
mical aspect of Coulomb interactions has to be taken into
account.

Specific heat: Specific heat measurements for LixZrNCl
reveal a small increase of the Sommerfeld coefficient g
upon increasing Li amount from x ¼ 0.12 to 0.26, while
the superconducting gap decreases [178]. Furthermore, g
varies linearly with the magnetic field below 0.7 T. The
linear field dependence of g can be taken as indication of
a highly anisotropic s-wave energy gap in the Li-doped
ZrNCl superconductor [179].

Even though several experimental results suggest an
unconventional mechanism of superconductivity, this is
still an open question. More experiments are needed for a
better understanding of the underlying mechanism of
superconductivity in this class of materials.

6. Conclusion

The layered ternary nitride halides with the general formu-
la MNX (M ¼ Ti, Zr, Hf; X ¼ Cl, Br, I) become supercon-
ducting after intercalation with various metals or organic
molecules or after deintercalation of halide anions. These
electron-doped nitride halides are noteworthy for the mod-
erate high temperatures (up to 25.5 K), at which they lose
their resistance to electrical currents and become supercon-
ducting. Crystal structure data for these materials are rarely
known, especially the orientations of the organic molecules,
which are only roughly determined by the identification of
the basal spacings. In spite of significant progress, many
questions related to the origin of superconductivity and
pairing mechanism remain open, the most remarkable being
the role of the intercalation in producing higher Tc values.
Only a small amount of doping is sufficient for supercon-
ductivity, while overdoping decreases Tc, which is an indi-
cation of the electron-phonon screening effect. Even though
some experiments suggest an unconventional mechanism
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of superconductivity, this issue is still an open question.
The recent theoretical results point toward a correction of
the electron-phonon interaction taking the acoustic plasmon
mode into account. Such a mode originating from the dy-
namical part of the Coulomb interactions in these layered
low-carrier-density systems may substantially modify the
superconducting pairing mechanism. In the efforts to ad-
vance to a better understanding of superconductivity a
self-consistent description of the normal and superconduct-
ing states of the electron-doped nitride halides should be
developed on the theoretical side. On the experimental side,
however, the search for new superconductors in a variety
of nitride derivatives intercalated with different kinds of
metals and/or organic molecules has the potential to yield
important new insights into the complex problem of un-
conventional superconductivity.
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