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Preparation and crystal structure of a new compound Cu HfS2 3
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Abstract

A new copper hafnium sulfide Cu HfS has been prepared from solid state reaction at 600–13008C. The compound of Cu HfS2 3 2 3
¯ ˚ ˚crystallizes in the trigonal system, space group P31c(No. 163) with a56.4588(4) A and c512.1943(5)A. The measured density is 6.10

23gcm , which is consistent with Z54 for the formula unit. The crystal structure of Cu HfS was determined from four-circle X-ray2 3

diffractometer data, and refined to a reliability factor R55.9% for 541 independent reflections. Hf and Cu atoms are coordinated by six,
four and three S atoms to form HfS octahedra, CuS tetrahedra and CuS triangles, respectively. The structural feature of Cu HfS is the6 4 3 2 3

alternative packing of layers of HfS octahedra and the composite layers of CuS and CuS tetrahedra along the c direction.  19986 3 4
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1. Introduction coinage element containing chalcogenides. However, in-
formation on copper IV metal sulfides is rather scarce

Ternary or quaternary group IV transition metal chal- except for the thio-spinel of CuM S (M5Zr, Hf) [14,15].2 4

cogenides with copper have received much attention in Little is known about the phase relations of the ternary
view of their crystal structures and physical properties compounds in the Cu–M–S (M5Zr, Hf) system.
[1–9]. Extensive studies have been made of the com- In the course of an investigation of the copper hafnium
pounds of Cu MTe (M5Ti, Zr, Hf) [1–3], Cu TiS [4], sulfides we have recently discovered the new ternary2 3 4 4

˚ACuMX (A5K, Na, Tl; M5Zr, Hf; X5S, Se) [5–7] and compound Cu HfS with hexagonal cell, a|6.549 A, c|3 2 3
˚Tl Cu M X (M5Zr, Hf; X5S, Se) [8]. Except for 12.194 A. In this paper we report its preparation and2 2 3 8

Cu TiS , common structural feature of these compounds is crystal structure of Cu HfS .4 4 2 3

the existence of MX octahedra and CuX tetrahedra.6 4

Contribution of both units is different in compounds
depending on composition so that there has been some 2. Experimental
variation in their crystal structures. Double chains of edge
sharing octahedra are observed in the compounds of For the preparation of copper hafnium sulfides, copper
Cu HfTe [1], NaCuZrSe [5], Tl Cu Hf Se [8], (99.9%), hafnium (99.9%), S powder (99.9999%), ob-2 3 3 2 2 3 8

TlCuTiTe [9] and Tl ZrSe [10]. Trans chains exist in tained from Rare Metallic Co. Ltd., were used as starting3 2 3

KCuZrS [6]. The similar octahedral chalcogen coordina- materials. Initially, CuS and HfS powders were prepared3 2

tion of the group IV metal is also noted for compounds in from the elements at 6008C, respectively. Mixtures of CuS,
the Ag–Hf–S systems. The edge sharing [HfS ] octahedral HfS and Cu with proper ratios were ground in an agate3 2

layers exist in Ag HfS [11] and the three dimensional mortar under an N atmosphere, pressed into pellets2 3 2

edge sharing HfS octahedra are observed in Ag Hf S (radius 7 mm), and sealed in an evacuated silica tube6 4 3 8
23[12,13]. It appeared of special interest to compare crystal (P,10 Torr). The heat treatments were carried out at

structures of silver hafnium sulfides with that of analogous 600–13008C for 0.33–7 days, followed by quenching.
copper one from the view point of the crystal chemistry of Density measurements were carried out using CCl .4

The X-ray powder diffraction method was used mainly
* for the phase identification of samples. In the case of singleCorresponding author. Tel.: 181 298 513351; fax: 181 298 527449;

e-mail: wadah@nirim.go.jp crystals both Buerger-precession camera and four-circle
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X-ray methods were applied to examine their crystal within sintered starting powders after the heating for 8h at
symmetry. Intesity data were collected with Mo Ka 13008C. A small thin crystal showing metallic luster with

3˚radiation (l50.7107 A) on an Enlaf–Nonius CAD4 dimensions 0.0530.0330.12 mm was mounted at the tip
diffractometer equipped with a graphite crystal incident of a quartz fiber. The precession photographs showed the

¯beam monochrometor. The v 22u scan mode was applied. Laue symmetry to be 3m. It was found that the systematic
Three standard reflections monitored every 2h showed no absences (hhl:l52n) are consistent with the possible

¯signifcant change. The lattice parameters were calculated trigonal space groups, P 31c (No.163) and P31c (No.159).
by a least-squares method. The crystallographic data are summarized in Table 1.

˚ ˚Cell constants, a56.4588(4) A, c512.1943(5) A, were
derived from least squares refinement with 23 reflections.
Reflections with 0 # h # 9, 0 # k # 9 and 2 18 # l # 18

3. Results and discussion were measured. The intensities of a total 1655 reflections
were corrected for Lorentz polarization and Gaussian

Several kinds of copper sulfides with different com- absorption correction. After averaging over equivalent
positions were prepared in the subsolidus region with the reflections, 541 independent reflections with I.3s(I) were
system of Cu S and HfS . It was found that there exists obtained and used for refinement of the structure. First the2 2

the new compound Cu HfS as a stable phase above starting structure model of Cu HfS was constructed by2 3 2 3

9008C. X-ray powder diffraction pattern for Cu HfS can analogy with Ag HfS , based on the assumption that Hf2 3 2 3

be indexed with hexagonal–trigonal cell. The unit cell atoms form similar HfS octahedra. The initial atomic6
˚ ˚parameters obtained are a56.456 A and c512.188 A, coordinates were estimated approximately in such way that

which are related to those of trigonal Cd(OH) -type HfS Hf and S sites were fully occupied whereas two Cu sites2 2]Œ(a ,c ) [16] by a| 3a and c|2c . The measured density were half-occupied for the compositional requirement. Theo o o o
236.10 gcm indicates Z54 as a nominal composition corresponding X-ray diffraction intensities were checked

Cu HfS . In order to determine the crystal symmetry of by the program pprg [17]. The centrosymmetric space2 3
¯the copper hafnium sulfides precession photographs were group P 31c (No.163) was chosen as a most plausible one.

taken and intensity measurements were carried out using At the same time the crystal structure of Cu HfS was2 3

four-circle X-ray diffractometers. solved independently by dirrect methods with program
The structure of Cu HfS was determined using a single SIR92 [18]. Comparison was made between them and the2 3

crystal which had grown on the surface of aggregates initial atomic coordinates were modified. Then the struc-

Table 1
Crystallographic data of Cu HfS2 3

Chemical formula Cu HfS2 3

Formula weight (g) 401.76
¯Space group P31c (No. 163)

Cell parameters
˚a(A) 6.4588(4)
˚c(A) 12.1943(5)

3˚Volume (A ) 440.55(8)
Z 4

23Calculated density (gcm ) 6.06
23Measured density (gcm ) 6.10

Temperature of data collection (8C) 24
Radiation monochromated

˚l (Mo K ) (A) 0.71073a

Crystal shape plate
Crystal color grey–black
Crystal size (mm) 0.0330.0630.10

21Linear absorption coefficient (cm ) 340.69
Transmission factors 0.187–0.219
Scan type v 22 u

Scan speed variable
Scan range (0.810.35 tan u )
2 u (max) 70 deg.
Data collected 0 # h # 9, 0 # k # 9, 2 18 # l # 18
No. of reflections measured 1655
No. of variables 46
No. of independent reflections with I .3s(I ) 541o o

R(F ) 0.059
R (F ) 0.065w
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Table 2 Table 4
Atomic coordinates for Cu HfS Representative bond lengths and angles2 3

2˚ ˚Atom Position X Y Z B (A ) Interatomic distances (A)eq

Hf1 2d 0.3333 0.6667 0.2500 0.93 (1) Hf1–S 2.552 (3) (36)
Hf2 2a 0.00 0.00 0.2500 0.90 (2) HF2–S 2.562 (4) (36)
Cu1 12i 0.6711 (6) 20.0009 (6) 0.4464 (4) 2.05 (7) Cu1–S 2.388 (4), 2.418 (4)
Cu2 4f 0.6667 0.3333 0.3650 (8) 2.2 (1) 2.262 (4), 2.263 (4)
S 12i 0.0133 (5) 0.3345 (5) 0.3681 (3) 1.27 (5) Cu2–S 2.235 (4) (33)

Cu1–Cu2 2.389 (6)

ture was refined successfully from CAD4 intensity data Angles (deg.)

using SDP [19] in full-matrix least squares with all atoms Cu2–Cu1–S 55.8 (1)
anisotropic. The final conventional reliability factors were Cu1–Cu2–S 62.1 (1)

Hf1–S–Hf2 93.6 (1)R(F )55.9% and Rw(F )56.5%. The atomic coordinates,
Hf1–S–Cu1 169.0 (2)isotropic and anistropic thermal parameters are given in
Hf1–S–Cu2 112.5 (2)Tables 2 and 3. The representative bond lengths and angles
Hf2–S–Cu1 80.5 (1)

are summarized in Table 4. Figs. 1 and 2 show the Hf2–S–Cu2 112.1 (2)
projection of the structure of Cu HfS on the (110) and the Cu1–S–Cu2 62.1 (2)2 3

S–Hf1–S 176.9 (1), 86.6 (1), 90.9 (1), 91.3 (1)(100) planes respectively. The structure of Cu HfS is2 3
S–Hf2–S 176.7 (1), 86.2 (1), 90.9 (1), 91.5 (1)built up as a combination of slabs A and slabs B which

2correspond to two-dimentional [HfS ] and Cu–S tetra-` 3

hedral layers respectively. Fig. 3 shows an isolated
2 [HfS ] layer viewed along c axis. This layer structure is` 3

very similar to that of Ag HfS except for the presence of2 3

Cu in trigonal planar coordination. The Hf atoms lie in the
2a and 2d position and are surrounded by six S atoms with
octahedral coordination. These octahedra are intercon-
nected horizontally to produce the hexagonal rings. The
alignment of Hf atoms is -Hf–Hf–vacancy–Hf–Hf- in the
[110] direction. Vacancy positions are shifted by 1/3
distances along [110] direction between two repeating
units of slab A, so that the zigzag chains of vacancies are
running in the c direction. Stacking sequence of the Hf
hexagonal rings is slightly different between Cu HfS and2 3

Ag HfS . Overlapping hexagonal rings of Cu HfS are2 3 2 3

shifted by a distance of nearest neighbor Hf–Hf bond in
the direction parallel to a line connected beween ring
center and one apex, whereas those of Ag HfS are shifted2 3

by 3/2 times of Hf–Hf bond. Slab B is composed of S
tetrahedra produced by sulfur stacking of the type of

Fig. 1.View of the Cu HfS structure projected on the (110) plane, wherehexagonal close packing along the c direction and is 2 3

Hf–S bonds are drawn. Hf, Cu and S atoms are illustrated by black full,sandwiched by two slabs of type A.
small and large circles, respectively.

The HfS octahedra are of regular type. As listed in6

Table 2, the Hf–S distances in the Hf octahedra are 2.552
˚ ˚A in Hf1–S and 2.562 A in Hf2S which is very close to tances of binary phases are slightly longer than those of

˚ ˚the corresponding distances for Ag HfS of 2.549A [11] copper hafnium sulfides, being 2.63 A in Hf S [20] and2 3 2
˚ ˚and Ag Hf S of 2.541A [12]. However, the Hf–S dis- 2.622 A in HfS [21]. With respect to Cu–S tetrahedra, the4 3 8 3

Table 3
Thermal parameters for Cu HfS2 3

Atom U U U U U U11 22 33 12 13 23

Hf1 0.0102 (2) U 0.0171 (6) U /2 0 011 11

Hf2 0.0106 (2) U 0.0167 (6) U /2 0 011 11

Cu1 0.0201 (1) 0.0197 (1) 0.0252 (2) 0.0117 (1) 20.002 (2) 20.002 (2)
Cu2 0.0199 (2) U 0.0355 (5) U /2 0 011 11

S 0.0120 (1) 0.0081 (1) 0.0191 (1) 0.0046 (8) 0.004 (1) 0.001 (1)
2 2 2 2 2 2 2The form of the anisotropic thermal parameter is exp[22 hh a* U 1k b* U 1l c* U 12kha*b*U 12hla*c*U 12klb*c*U j].11 22 33 12 13 23
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Fig. 4. Triangular Cu2–S coordination and an isolated Cu1–S tetra-3 4

hedra.

˚distance in trigonal planar coordination is 2.235 A which is
in good agreement with that of Cu–S in Cu S [23,24]. The2

˚closest interlayer and intralayer S–S distances of 3.500 A
˚and 3.670 A indicate that there is no significant S–S

interaction. Formal oxidation states of this compound can
Fig. 2. Crystal structure of Cu HfS projected on (100) plane. The Cu1–S2 3 be assigned as Cu(11), Hf(14) and S(22). Further works
bonds are indicated. Hf atoms are distingushed from each other by on physical properties of this compound are now in
half-tone full circle as Hf2 and black full one as Hf1.

progress.
In summary the new compound Cu HfS has been2 3

˚Cu1–S distance is 2.388 A which is slightly longer than prepared and determined to crystallize in the triganal
˚ ¯the values of 2.333–2.357 A in Cu TiS and Cu WS system of P 31c (No. 163) with the cell dimensions of4 4 2 4

˚ ˚[22]. Fig. 4 shows the triangular coordination of Cu2 and a56.4588(4) A and c512.1943(5) A. The crystal struc-
the isolated Cu1 tetrahedra. The Cu1 zigzag chains run ture analysis revealed the existence of infinite two-dimen-

2straight parallel to [110] direction. The Cu1 tetrahedra are sional [HfS ] layers similar to those of Ag HfS . It was` 3 2 3

connected to the Hf octahedra by sharing edges and one found that the structure of Cu HfS is composed of the2 3

corner. The alighnment of Cu1 and S atoms makes a chain alternative layer packing of HfS octahedra and a combi-6

of –S–Cu1–S–Cu1– in the c direction. The Cu2–S nation of CuS triangles and CuS tetrahedra along the c3 4

direction.
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