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High-Pressure Synthesis of the Polymorph of Layer Structured Compounds MNX (M= Zr,
Hf; X = ClI, Br, 1)
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Transition metal nitride halides MNX (M= Zr, Hf; X = ClI, Br, |) have two types of layer structured polymorphs,

the a-form with the FeOCI type and thg-form with the SmSI type. Both polymorphs consist of corrugated
double M—N layers sandwiched between halogen layers, but with different atomic arrangements within the layers.
The g-form had been considered to be a high-temperature polymorph, becaus@g-$onmes were obtained by
thermal treatment of the correspondingorms. Here, thex-form was successfully transformed into thdorm

under high-pressure and high-temperature conditions; the new membersefioime were prepared for the first

time from a-HfNBr, a-ZrNI, and o-HfNI using a high pressure of-36 GPa at 900C. The-form should be
characterized as the high-pressure form rather than the corresponding high-temperature polymorph. This is the
first high-pressure study on the polymorphs of metal nitride systems.

1. Introduction promising matrix for superconductivity like the Cu@yers for
high-T; superconductivity.

There are two types of layer structured polymorphs in metal  3-ZrNCI was first prepared by Juza and Herleby the
nitride halides MNX (M= Ti, Zr, Hf; X = ClI, Br, I): the reaction of ZrC} and NH:. Juza and Friedrichs&proposed a
o-form with the FeOCI layer structure apeform with the SmSiI crystal structure consisting of [EZr—N—N—Zr—ClI] layers
layer structuré.Both polymorphs consist of metal nitride double stacked on each other by van der Waals interactions in a
layers sandwiched by two halogen layers, but the atomic disordered manner of mixed CdGind Cdp types of stacking.
arrangements within the layers are different. ®aform is not We developed a new preparation method for MNX by the
stable against humidity of air and is easily hydrolyzed, while reaction of metal or metal hydrides with ammonium halide at
the g-form can stand even in hot acid solutioflsMNX is elevated temperaturéd?®
isoelectronic with the corresponding transition metal dichalco-
genides such as ZgSor HfS, with empty d-bands, and a M (or MH,) + NH,X — MNX + 2 (or 3) H,
semiconductor with a band gap larger than 32eRecently,
we have intercalated alkali metals between the halogen layersThe obtained compounds were transported from a low-temper-
of -ZrNCl and 8-HfNCI.3# On intercalation of alkali metals,  ature zone to a high-temperature zone as highly crystalline
electrons are doped into the d-bands and the compounds changecrystals. This finding enabled us to prepare all of the combina-
into superconductors with the transition temperatufgsat 13 tions of MNX (M = Zr, Hf; X = ClI, Br, 1) by simply changing

and 25.5 K for-ZrNCl and 3-HfNCI, respectively. It is well- the combinations of metals and ammonium halides as the
known that most of transition metal nitrides with the rock salt starting materiald# The highly crystalling8-ZrNCI was ob-
structure show superconductivity, for example, MN @MTi, tained in the form of a rhombohedral symmetriR{3vith three

Zr, Hf, Nb) with T = 5.5, 10.7, 8.8, and 18.0 K, respectivély.  [Cl—Zr—N—N—2Zr—Cl] layers in a unit cell. We proposed an
By the electron doping the MN layers gfMNCI may have ordered stacking sequence of the Cd@pe for 5-ZrNCl, but
band structures similar to those of the rock salt type nitrides, the unit layer of [C+Zr—N—N—2Zr—ClI] proposed by Juza and
which are favorable for superconductivity. Note that Theof Friedrichsen was usédRecently, Shamoto et &l.determined

the electron-doped-HfNCI (25.5 K) is surprisingly higher than  the crystal structure g8-ZrNCl using neutron diffraction; they
that of the three-dimensional HfN (8.8 K) with the rock salt revealed that thg-ZrNCl was isostructural with SmSI as shown
structure. ThisT. is even higher than the 23.2 K of MBe, the in Figure 1, where the double metal nitride layers are shifted
highest T ever reported for metals and intermetallic com- with each other to form interlayer bonds between nitrogen and
pounds® The metal nitride layers are considered to be a zirconium. This structure has been supported by recent studies
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Figure 1. Schematic illustration of the crystal structure MNX
(SmSI type).

Table 1. Polymorphs Found in MNX (M= Ti, Zr, Hf; X = ClI, Br,
1)2

X
M Cl Br |
Ti a o a
Zr o, p o, B o
Hf o, o o

ao: FeOCI layered structurgd: SmSI layered structure.

by Fogg et al’? Fuertes et all? and Istomin et al* on the
basis of X-ray diffraction analysis. The electronic band structures
have also been proposed on the basis of these struétatés.
Woodward and Vod# calculated the electronic band structure
of -ZrNCl on the basis of the crystal structural model of Juza
and Friedrichsef.Hase and Nishihaté calculated the band
structures for four different structural models&ZrNCl and
B-HfNCI, including the models of Shamoto et’dland Juza
and Friedrichsen.

All kinds of the combinations of metal nitride halides, MNX
(M =Ti, Zr, Hf; CI, Br, 1), are known. The polymorphs reported
for these compounds are listed in TablefiForms with the
SmSI structure have been prepared only for ZrNCI, ZrNBr, and
HfNCI. All of the iodides MNI, and the titanium compounds
TiNX, are crystallized in the form of the FeOCI structuie (
form). Juza and Henerprepareds-ZrNCl and 5-ZrNBr by
thermal treatment of the correspondiagiorms. We obtained
ZrNBr by the reaction described above at 650 as the
o-polymorph? It was chemically transported to the higher
temperature zone in a glass tube sealed with,BfHIn a
temperature gradient of 45®50 °C, ZrNBr was transported
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Figure 2. Schematic illustration of the crystal structure @MNX
(FeOCl type).

as theo-form, whereas in a temperature gradient of 75860
°C, it was transported as the-form. From these findings,
although the mechanism of the transformation is not clear, there
is a belief that thes-form should be the high-temperature
polymorph of thea-form.

The schematic structural model of tleform is given in
Figure 2. If we compare this structure with that of {hdorm
in Figure 1, the metal atoms in thieform are coordinated by
four nitrogen atoms and three halogen atoms, whereas the metal
atoms in thea-form are coordinated by four nitrogen atoms
and two halogen atoms. In addition, if the densitiesc&frNCI
and a-ZrNBr are calculated on the basis of the unit cell
dimensions determined by X-ray diffraction analysis, the
p-forms always have higher densities than the corresponding
a-forms. It appears thgi-forms are high-density forms. In this
study, the transformation of treeforms under high pressure is
attempted for MNX (M= Zr, Hf; X = Cl, Br, 1), and we have
managed to obtain the-forms for all of the combinations.

2. Experimental Section

Materials. MNX (M = Zr, Hf; X = ClI, Br) were prepared according
to the methods reported elsewh@teln the case of iodides, ammonium
iodide was vacuum-sealed with metal powder with a molar ratio of
1.05:1 in silica glass tubes, which were first heated at 4GGor 1
day, and then kept in a furnace with a temperature gradient of 750
850 °C for 5 days. The crystals were chemically transported to the
higher temperature zone. Since hydrogen is evolved in this reaction,
the vacuum-sealed method should be limited for a small scale synthesis
of about 200 mg in a silica glass tube of about 15 mm in bore diameter
and 250 mm in length.

High-pressure synthesis was performed by using a cubic multianvil
type press (Riken, model CP-10). The powder samples ofifeems
were filled in h-BN cells (6 mm in inner diameter, and 5 mm in depth)
which were placed in a carbon tube heater in a pyrophyllite cube as
pressure media. The reaction temperature was monitored by a thermo-
couple placed under the BN cell in the cube. The pressure applied was
in the range +5 GPa.

Analysis. The X-ray diffraction (XRD) patterns of the samples were
measured using a MAC Science diffractometer (model M18XHF) with
graphite-monochromated CuoKradiation. The X-ray diffraction
patterns of thet-forms were measured on the goniometer covered with
a polyethylene cylindrical cover to protect the sample from the humidity
of air. The XRD profile data were collected at every 0.@®er the
range 5-70° in 26 by a continuous scan mode with a scanning speed
of 1°/min. The diffraction peaks due to Cwiradiation were separated
by the program in the diffractometer and used for indexing.
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T T T T T Table 3. X-ray Diffraction Data of3-HfNBr
hkl lobs 1/dobé, 17 nm2 1/dcaf, 107 Nm—2
003 1000 0.01056 0.01049
= 006 175 0.04198 0.04196
& 009 69 0.09440 0.09441
g 10-2 28 0.10695 0.10701
£ B 10-5 10 0.13134 0.13149
S _J y 0012 548 0.16775 0.16783
£ 1010 11 0.21922 0.21890
0015 108 0.26220 0.26224
a 110 42 0.30714 0.30705
_.Jl . 1" M . . 113 7 0.31788 0.31754
EY Y 116 3 0.34904 0.34900
10 20 2390(de 40 50 60 70 0018 38 0.37759 0.37762
grees)
119 3 0.40164 0.40145
Figure 3. XRD patterns ofx- andj-HfNBr. The reflection peaks due 202 3 0.41399 0.41406
to the contamination of NiBr in the a-form sample and BN from the 205 10 0.43802 0.43853
reaction cell in thgg-form sample are marked by andv, respectively. 1112 34 0.47488 0.47488
0021 14 0.51398 0.51399
Table 2. X-ray Diffraction Data ofo-HfNBr
2 dea Was calculated on the basis of the hexagonal unit eet;
hkl lobs Ldope, 107 nmr2 1/dca?,* 107 nm2 0.36094(4) nmg = 2.9292(4) nm.
001 1000 0.01332 0.01340
002 14 0.05368 0.05360 T T rT
101 377 0.07250 0.07252
102 39 0.11276 0.11272
012 322 0.13277 0.13256 3
110 49 0.13821 0.13807 <
111 306 0.15156 0.15147 ~
103 90 0.17991 0.17972 2 B
112 33 0.19171 0.19168 g
013 76 0.19962 0.19956 I
004 70 0.21449 0.21441 -
200 128 0.23652 0.23647
201 33 0.24974 0.24987 J a
113 76 0.25880 0.25868 i . s ——
104 42 0.27360 0.27352 10 20 30 40 50 60 70
020 87 0.31604 0.31583 20 (degrees)
gé é gg ggggég 82%23? Figure 4. XRD patterns ofa- and 3-HfNI. The reflection peaks due
: ’ to the contamination of NH in the a-form sample and Hf@in the
114 19 0.35239 0.35248 r | ked dv tivel
212 134 0.36904 0.36903 p-form sample are marked by and v, respectively.
121 73 0.38844 0.38834 , — ey T T
122 13 0.42877 0.42855
213 42 0.43570 0.43603
204 19 0.45098 0.45087 -
115 25 0.47302 0.47308 3
123 31 0.49512 0.49555 & B
214 17 0.53003 0.52983 b ,
301 17 0.54539 0.54545 3
220 52 0.55200 0.55229 §
[
a dca Was calculated on the basis of the orthorhombic unit eeH, -
0.41129(5) nmp = 0.35586(5) nmg = 0.8638(1) nm. l
| l o
3. Results and Discussion i I . et s .

10 20 30 40 50 60 70
a-HfNBr was treated under a high-pressure condition of 3 26 (degrees)

GPa at 900C for 1 h. The XRD patterns of the samples before Figure 5. XRD patterns ofa- and 8-ZrNI. A reflection peak due to

and after the treatment are given in Figure 3, and the diffraction the contamination of Nid in the s-form sample is marked by.

data are listed in Tables 2 and 3, respectivahHfNBr has an

orthorhombic unit cell ol = 0.41129(8) nmbp = 0.35586(9) systems are shown in Figures 4 and 5, respectively. The iodide

nm, andc = 0.86383(17) nm. After the high-pressure treatment, crystals required a higher pressure of 5 GPa for the transforma-

the diffraction peaks of the sample can be indexed on the basistion to the-form. The lattice parameters determined for the

of a hexagonal unit cell oi = 0.36094(4) nm, anat = newp-forms obtained in this study are listed in Table 4, together

2.9292(4) nm. Both polymorphs exhibited layer structured with the lattice parameters of the other crystals so far reported.

characteristics and showed a preferred orientation with the basal The g-forms of ZrNI, HfNBr, and HfNI were obtained for

plane. Therefore the XRD patterns had strond)@éflections the first time in this study by using high-pressure conditions.

but weak bkl reflections in the intensities. We observed only Figure 6 shows the lattice parameters of all of fhgolymorphs

—h + k + | = 3n reflections for the high-pressure treated as a function of the ionic radius of the halogen ions. The ionic

sample, indicating that the unit cell was rhombohedral. The radii were taken from the table of Shanni@iNote that the lattice

iodide crystalsx-MNI (M = Zr, Hf) could also be transformed

into theS-polymorphs. The XRD patterns for the HfNI and ZrNI  (19) Shannon, R. DActa Crystallogr 1976 A32, 751.
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Table 4. Lattice Parameters and Theoretical Densit#sof a- and5-MNX (M = Zr, Hf; X = CI, Br, |)

o-form p-form
a, nm b, nm ¢, nm d,gcnt3 a, nm c, nm d,gcnrs ref
ZrNCl 0.408 0.352 0.857 3.79 0.3606 2.7666 4.49 7,9
ZrNBr 0.4121 0.3597 0.8796 4.77 0.3635 2.9261 5.50 7,2
ZrNI 0.4106(3) 0.3739(2) 0.9457(1) 5.31 0.37184(4) 3.1345(3) 6.16 this study
HfNCI 0.41307 0.34974 0.8070 6.49 0.3573 2.7678 7.42 4
HNBr 0.41129(5) 0.35586(5) 0.8638(1) 7.15 0.36094(4) 2.9292(4) 8.21 this study
HNI 0.41067(9) 0.36944(5) 0.9382(1) 7.45 0.36880(3) 3.1328(2) 8.63 this study
B-ZrNX B-HINX
3.00
12.80
£
0.600 | 412.60 G
g 0.400| -~—a . {240
c —C
o
0.200 + 12.20
. . . . . . 2.00
0.167 0.182 0.206 0.167 0.182 0.206

lonic radius, nm lonic radius, nm

Figure 6. The lattice parameters ¢i-MNX (M = Zr, Hf; X = Cl,
Br, 1) as a function of the ionic radius of the halogen ion (X).

parametec of the axis perpendicular to the basal plane increases
linearly with the increase of the ionic radius, while the parameter
a of the axis in plane is not influenced by the ionic radius. Figure
7 depicts schematic structural models of the two kinds of double
metal nitride layer @- and/-forms) with halogen ions. In the
case of thes-form, it is reasonable to assume that the lattice
parameten in plane is determined by the rigid N networks,

and will not be influenced by the size of halogen ions. Halogen
ions are placed in the centers of the hexagonal rings of the p-form

double M—N networks, and the distance between adjacent Figure 7. Downward projection of the two-dimensional -MN
halogen ions in the layer corresponds to the lattice parameternetworks ofa- ands-MNX with halogen ions (X, large spheres): M,
a. Therefore, if the lattice parameter in plane is larger than or small black spheres; N, medium size dark gray spheres.

close to twice the ionic radius of the halogen ion, the-N
plane can accommodate the halogen ions. However, in the cas

of the iodides, the ionic radius (0.206 nm) is too large to fitin - jong o ther, of the electron-doped nitride layers is now under

M—N networks @2 = ~0.18 nm), and thus the iodide ions i estigation, and the results will be reported elsewhere. There
should be so compressed as to fit this network by high pressurey,q 5 large number of layer structured mixed-anion compounds

to form thes-form. In 8-HfNBr, the ionic radius of bromineis  pxy.1 Those adopt mainly four kinds of layered structures,
almost critical (Shannon’s ionic radius _ofBF 0.182 nma/2 FeOClI, PbFCI, YOF, and SmSI types. It will be interesting to

= ~0.18 nm); thea-form can be easily transformed to the  gyqy the high-pressure transformation between these structures
p-form at a lower pressure (3 GPa) than that required for the {5 develop new layer structured compounds with interesting
transformation of the-form of the iodide crystals. If-MNCI electrical and magnetic properties. From a viewpoint to develop
(M = Zr, Hf), the parametea/2 (~0.18 nm) is larger than the  new highT, superconductors in relation with the electron-doped
ionic radius of Ct (0.167 nm); the treatment at elevated g.zrNCI and -HfNCI, systematic studies to prepgBeTiNX
temperature can activate the rearrangement of theNM (X = C|, Br, I) should be made, since all of the titanium nitride

networks from thea- to the 5-type. The theoretical densities  halides adopt only the FeOCI-type structure under ambient
calculated on the basis of the lattice parameters are listed inpressure.

Table 4, which indicates that thfeforms have higher densities
than thea-forms. Evidently, thgg-forms should be characterized
as high-density forms of thew-forms rather than as high-
temperature polymorphs. Th&form is compressed in plane
by about 25% compared to the correspondiatprm.

Now we have all kinds of combinations of tifeform for
FINX (M = Zr, Hf; X = CI, Br, I). The influence of halogen
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