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Abstract

Hf,Se; was synthesized and its structure determined using the Rietveld method with X-ray powder diffraction data (TisSg
type, space group: P6ymc, a=3.7165(1) A, ¢=12.4304(2) A, Z =2 for Hf, ;;Se,, Rp =0.0600, wRp =0.0811). The Se atoms form
a closed packed array of the h.c. type, the Hf atoms occupy octahedral interstices in alternating fully and 35% occupied

layers.
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1. Introduction

In the course of the investigation of ternary systems
involving Hf and Se, a new phase was found and its
structure was refined using the Rietveld X-ray powder
method. The existence of this phase was suggested in
1958 by McTaggart and Wadsley [1}, who were not
able to index the ‘complex’ powder pattern. No ex-
perimental details of this powder pattern were given.
To our knowledge there is no other reference to this
phase.

The sesquichalcogenides and their neighboring phases
of the Group 4 transition metals M,X;/M;X, (M=Tj,
Zr, Hf, and X =S, Se and Te¢) form an interesting class
of materials and much work has been done on the
characterization of the titanium sulfides and the zir-
conium sulfides and selenides [2]. In all compounds a
close packing of anions forms the framework of the
structure, with metal atoms occupying 2/3 (3/4) of the
octahedral sites. The variety of structures results from
the different ways of stacking the hexagonal anion layers
(f.cc.=c, h.c.p.=h, or intermediates like h.c., h.h.c,,
etc. [3]), and from the way metal vacancies are arranged
within this framework.

Frequently metal atom layers are alternately fully
and partially occupied. These structures are related to
the intercalation compounds of the transition metal
dichalcogenides A, MX, (A=alkali metal or late 3d
transition metal, M =transition metal, X =chalcogen).
If the metal atom vacancies order within these partially
occupied layers, more complex structures are found.
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A distinct case of ordering of the metal vacancies is
realized in the cubic structure of Zr,S, [4] in which
vacancies occur in all metal layers.

2. Experimental details

Hf,Se; was prepared from a stoichiometric mixture
of Hf metal and HfSe,, which itself was previously
prepared from the elements in a sealed fused silica
tube at 750 °C. A pressed pellet was melted for a short
time in an arc furnace on a water-cooled copper hearth.
Further annealing for 20 h at 1250 °C decreased the
line widths of the diffraction lines only slightly. Guinier
powder diffraction using Si as an internal standard was
used to identify phases in the sample. A finely ground
sample was mounted in a shallow cavity of a zero-
background single-crystal quartz mount and diffraction
data were collected on a Scintag Powder diffractometer
with 5 s per 0.02° steps over the range 23°-160° in 26
at room temperature using Cu Kea radiation. The data
were corrected for coincidence effects prior to Rietveld
refinement.

3. Structure solution and refinement

The observed lines in the Guinier powder diffraction
pattern could be assigned to either the known HfSe
phase (WC type) [5], or could be indexed on the basis
of a hexagonal unit cell with ¢=3.7151(2) and
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Fig. 1. X-ray diffraction data, fit, and difference curve of a sample
containing Hf,Se; and Hf,_,Se as a minor phase.

¢ =12.425(2). With these lattice dimensions a hexagonal
stacking of 2 X (Se Hf Se (Hf)) involving four Se layers,
two fully occupied Hf layers and two partially occupied
(Hf) layers was very likely. A comparison of the observed
powder patterns with a number of patterns calculated
for theoretically possible stacking sequences showed
the best agreement for an AcB(c)AbC(b) stacking se-
quence which is realized in the TisSg type [2,6]. Using
the GSAS program package [7] the refinement con-
verged at wRp=0.0811 and Rp=0.0600. Fig. 1 shows
the diffraction pattern, the fit and the difference curve.
Refined lattice parameters of the secondary phase HfSe
[P6m2, Hf in 1b (1/3, 2/3, 1/2) and Se in 1a (0, 0, 0)]
are a =3.4958(1) A, and ¢ =3.6069(1) A. The occupancy
of Hf refined to 0.92(1), indicating a phase width for
Hf, _,Se with x=0.08 at the Se-rich phase boundary.
Noncrystallographic parameters that were refined in-
clude four cosine Fourier series terms for background
correction and a scale factor for both phases. The
primary phase Hf,Se, was found in a 1.56:1 ratio with
the secondary phase. This corresponds to a molar ratio
of 2.08:1 or a weight ratio of 5.13:1 Hf,Se,:Hf, _.Se in
the sample. A pseudo-Voigt model was used to describe
the reflection profiles. Terms for asymmetry and sample
displacement were refined as joint parameters for both
phases. Hf,Se; was refined with an anisotropic strain
broadening model relative to (001), whereas for Hf; _,Se
an isotropic model sufficed. The Hf,Se; phase also
required a preferred orientation model relative to (001)".

4. Structure description and discussion

Hf,Se; crystallizes in the space group P6,mc with
a=3.7165(1) A, and ¢=12.4304(2) A. Hf(1) occupies
the special position 2b (1/3, 2/3, z) with z=0.0 kept
constant during the refinement. Se(1) occupies the

'Supplementary material, including a complete list of collected
data, refined parameters, interatomic distances and angles is available
from the authors.

special position 2a (0, 0, z) z=0.3712(2), and HIf(2)
and Se(2) occupy the special position 2b (1/3, 2/3, 2)
z=0.2718(3), and z=0.6333(3) respectively. The site
occupancy of Hf(2) was refined to 0.351(3) resulting
in an overall stoichiometry of Hf, 5sSe,, corresponding
to Hf, 455€5. No superstructure reflections which would
indicate further ordering of the Hf(2) atoms within the
partially occupied metal layers were observed.

In the structure of Hf,Se; (see Fig. 2) the Se atoms
form close-packed layers that stack along ¢ according
to the sequence ABAC? (ch). The metal atom sites
(small bold face letters) AcB(c)AbC(b) between these
layers are alternately fully and partially occupied. The
coordination of all metal atoms is trigonal antiprismatic
(slightly distorted octahedral) Hfg)—Se(l): 3x
2.677(2) A, Hf(1)-Se(2): 3x2.711(2) A, Hf(2)-Se(1):
3x2.476(2) A, Hf(2)-Se(2): 3x2.751(4) A. The co-
ordination of the selenium atoms is derived from either
a trigonal antiprism Se(1) or a trigonal prism Se(2) by
removing, on average, two neighbors, see Fig. 3 for the
respective coordination polyhedra. The refined z pa-
rameters of the Se atoms, Se(1): z=0.3712(2), Se(2):
z=0.6333(3), deviate from the ideal values (3/8=0.375
and 5/8=0.625) in such a way that the spacing around
the fully occupied metal layers is slightly expanded,
and around the partially occupied layers is slightly
compressed. The z parameter of the partially occupied
Hf(2) atom, z=0.2718(3), deviates also from the ideal
value (0.25) in such a way that the Hf(1)-Hf(2) distance
(3.379(3) A) across the shared triangular face of their
coordination polyhedra is increased with respect to the
idealized structure (1/4xc=3.11 A).

The TisSs type is an ordered variant of the TiAs
(TiP) type [2] in which all metal atom sites are fully

Fig. 2. Structure of Hf,Se; in a projection approximately along (110).
Partially occupied Hf(2) sites (35.1%) are indicated by crossed atoms.

2A: atom in (0, 0, 2), B: atom in (1/3, 2/3, z), and C: atom in
(2/3, 1/3, z), the infinitely possible combinations of sequencing these
layers, where no two consecutive layers are the same, describe the
closest sphere packings, with ABC being the f.c.c. (c) and AB (h)
being the h.c.p. sphere packing.
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Fig. 3. Coordination geometries around Se and Hf atoms in Hf,Se,.
The partial occupancy of Hf(2) leads to the indicated fourfold
(average) coordination of selenium atoms.

occupied. The TiAs type itself is an intermediate be-
tween the NaCl type (all nonmetals in octahedral
coordination) and the NiAs type (all nonmetals in
trigonal prismatic coordination). To our knowledge
there are only two more examples with the TisSg type
structure displaying alternately fully and partially oc-
cupied metal layers, namely TisS; and Zr,Se; [2,8].
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