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The new ternary chalcogenide NbPdTes has been prepared by reaction among the elements at 700/
750°C. NbPdTe; crystallizes with four formula units in a cell with dimensions a = 15.673(9) A, b =
3.728(2) A, ¢ = 12.720(6) A in space group D1-Pnma of the orthorhombic system. The structure has
been refined to a final R index on F2 of 0.097 for 43 variables and 1786 observations. NbPdTe; displays
a new layered structural type. Each layer is composed of bicapped trigonal prismatic Nb atoms and
octahedral Pd atoms coordinated by Te atoms. Electrical conductivity measurements show that
NbPdTe;s is metallic; o5 = 1.3 X 10° ! cm™!. Although structurally NbPdTe; is very similar to

NbNiTe;s, their electrical conductivity behavior is vastly different.

Introduction

Instead of describing solid-state struc-
tures as cations filling vacancies in a closest
packed anion array, one may describe
many solid-state structures as metal-cen-
tered polyhedra that are linked together to
form larger assemblies. Thus, one may try
to synthesize new materials by substituting
one metal for another one with similar coor-
dination preferences. We have made such
attempts in an area of chemistry we are ac-
tively studying, the Group V ternary tellu-
rides (I, 2). This interest in the tellurides
stems from the fact that the binary Group V
tellurides possess some interesting struc-
tural (3, 4) and physical (5-7) properties.
Also this chemistry is intriguing because
the ternary tellurides in this system crystal-
lize in structural types different from those
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found in the sulfides and selenides (1, 2).
Our initial efforts led to the synthesis of
NbNiTes (1). Pd and Ni have similar coor-
dination preferences in the tellurides (8-10)
and we have been able to substitute Pd for
Ni to prepare the new compound NbPdTes.
Here we report its synthesis, structure, and
conductivity.

Experimental

Synthesis. The compound NbPdTes was
synthesized from powders of the elements
(Nb, 99.8%, Aesar; Pd, 99.95%, Alfa; Te,
99.99%, Aesar). These were loaded in a sil-
ica tube in the atomic ratio Nb:Pd:Te =
3:1:8. This ratio of the elements was used
because it has been successful in the prepa-
ration of other new tellurides (I, 2). A large
amount of I, (= 15% by wt) was added as a
transport agent and appears to be necessary
for crystal growth. The tube was evacuated
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to =10~ Torr and then sealed. The tube
was then heated under a temperature gradi-
ent of 700/750°C for 8 days. A small amount
of very thin needle-like crystals formed.
Analysis of these crystals with the micro-
probe of an EDAX equipped Hitachi S570
scanning electron microscope showed the
presence of Nb, Pd, and Te, but not of I.
Quantitative analysis on four crystals was
performed with use of the program
MICROQ (1I). Crystals of Ta;Pd;Tey
and NbNiTes were the standards used in
this procedure. The analysis gave Nb,
10.87(24); Pd, 14.16(47); Te, 74.96(61). Cal-
culated for NbPdTes: Nb, 11.09; Pd, 12.71;
Te, 76.19. Although these analytical results
are slightly outside the claimed accuracy of
+1 wt% for the program MICROQ, these
results still confirm the composition of the
crystals.

Conductivity. A single crystal of
NbPdTes of average dimensions 0.013 X
0.013 x 1 mm was mounted with Ag paint
on the Al wires of an integrated circuit chip.
The chip was placed in a sample holder
within a metal Dewar in a reservoir of liquid
He. The temperature was regulated by con-
trolling the rate of blow off of He gas. Four-
probe ac conductivity measurements along
the needle axis b were then performed with
equipment and procedures described previ-
ously (12).

Structure determination. Weissenberg
photographs established the orthorhombic
symmetry and approximate cell parameters
of NbPdTes. The final cell parameters were
determined from least-squares analysis of
the setting angles of 18 reflections in the
range of 21° < 260 Mo Ka,) < 32° automati-
cally centered on an Enraf—-Nonius CAD4
diffractometer. Diffraction data were col-
lected at —150°C. Six standard reflections,
measured every 3 hr, showed no significant
variation in intensity. Table I gives details
of the data collection.

All calculations were carried out on a
Harris 1000 computer with programs and
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TABLE I
CRrYSTAL DATA FOR NbPdTe;

Formula mass (amu) 837.31

Space group DY-Prnma
a(A) 15.673(9)4
b &) 3.728(2)

c ) 12.720(6)
V(&%) 743.2

z 4

T of data collection (K)? 123
Density (calc) (g cm™) 7.48

Radiation (graphite monochro- MoKa; (A\(Kay = 0.7093 A))
mated)

Crystal shape Flattened rod bounded by {010}

{100} {001}
Crystal vol. {(mm®) 2.46 x 103
Linear abs. coeff. (cm™!) 230.5
Transmission factors® 0.22-0.85
Detector aperture (mm) Horizontal 4.0, vertical 2.5
Takeoff angle (deg) 35
Scan type 8-20

1.37¢

1.0 below Kaj to 1.0 above Koy

1/4 of scan range on each side of
reflection

Scan speed (deg min~!)
Scan range (deg)
Background counts

¢ limits (deg) 3<8<350
Data collected h, =k, |
p factor 0.04
No. of data collected 3366
No. of unique data 1786
No. of unique data with Fl>

3a(FD) 890
R(FY 0.097
Ru(F?) 0.123
R (on F for F2 > 3o(F2) 0.043
Error in obs. of unit weight (e2) 0.90

@ Obtained from a refinement constrained so that a = 8 = y = 90°.

b The low-temperature system for the Nonius CAD4 diffractometer is
from a design by Professor J. J. Bonnet and S. Askenazy and is commer-
cially available from Sotorem, Castanet-Tolosan, France.

¢ Reflections with o (I)/I > 0.33 were rescanned up to a maximum time
of 100 sec.

methods standard in this laboratory (13).
Conventional atomic scattering factors (14)
were used and anomalous dispersion cor-
rections (15) were applied. The processed
data were corrected for absorption. The
systematic extinctions (0kl, k + /= 2n + 1;
hk0, h = 2n + 1) are consistent with the
space groups Pnma and Pn2,a. The former
was chosen since a satisfactory residual of
0.071 resulted from averaging the absorp-
tion corrected inner sphere (20 < 50°) data
with F2 > 3¢ (F%) in mmm symmetry. All of
the atomic positions were found with the
use of the program SHELXS-86 (16). The
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TABLE 11

PosITIONAL AND EQUIVALENT ISOTROPIC THERMAL
PARAMETERS FOR NbPdTe;

Wyckoff
Atom  notation x y z Beq (AY
Te(1) 4c 0.179318(76) 174 0.13230(10) 0.46(2)
Te(2) 4c 0.235846(74) 3/4  0.35541(10) 0.3%2)
Te(3) 4c —0.057597(75) 3/4  0.131355(98) 0.39(2)
Te(4) 4c 0.008332(74) 1/4  0.34811(10) 0.40(2)
Te(5) 4c 0.348228(79) 3/4  0.080943(97) 0.44(2)
Pd 4c 0.091600(89)  3/4  0.23878(12) 0.42(3)
Nb 4c 0.34193(10) 1/4  0.24856(13) 0.29(3)

structure was refined by least-squares
methods. The function minimized was
Sw(F?%— F%? The final cycle of refinement
on F}included anisotropic thermal parame-
ters and resulted in a value of R(F?) of
0.097. The value for the conventional R (on
F for F2 > 3¢ (F%?) is 0.043. The final dif-
ference electron density map shows no
peak higher than 3.5% the height of a Te
atom. No unusual trends were found in an
analysis of F2 vs F? as a function of F2,
setting angles, and Miller indices. The re-
fined values of the thermal parameters and
the analytical data are both consistent with
a stoichiometric structure. The satisfactory
refinement justifies the choice of the centro-
symmetric space group Pnma. Final values
of the positional parameters appear in Ta-
ble II. Final anisotropic thermal parameters
and structure amplitudes are given in Ta-
bles III' and IV!.

Results

Interatomic distances and angles for
NbPdTes are given in Table V. A view
down the b axis (Fig. 1a) clearly shows the

! See NAPS Document No. 04619 for 9 pages of
supplementary materials from ASIS/NAPS, Micro-
fiche Publications, P.O. Box 3513, Grand Central Sta-
tion, New York, NY 10163. Remit in advance $4.00 for
microfiche copy or for photocopy, $7.75. All orders
must be prepaid.
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layered nature of the structure. In this
structure there are two unique chains that
run parallel to the b axis. The chains consist
of face-sharing Nb-centered bicapped trigo-
nal prisms and edge-sharing Pd-centered
octahedra. Figure 2a clearly displays the
geometry around the Nb and Pd atoms.
NbPdTes forms in a new structural type
that is very similar to that of NbNiTes.
NbNiTes is also a layered material that pos-
sesses two unique chains. One chain con-
sists of Nb-centered bicapped trigonal
prisms that share triangular faces and the
other chain is made up of Ni-centered edge-
sharing octahedra. Figures 1b and 2b show
two drawings of the NbNiTes structure.
These drawings can be compared with Figs.
la and 2a which depict the NbPdTes struc-
ture. From this comparison, and from the
description of the coordination environ-
ments around the metal atoms in these
structures, it is apparent that there is a
strong correspondence between structures

TABLE V
SELECTED DISTANCES AND ANGLES FOR NbPdTe;

Nb-2Te(5) 2.834(2) Te(1)-Nb-2Te(2) 74.58(6)
Nb-2Te(2) 2.844(2) Te(1)-Nb-2Te(5) 69.67(5)
Nb-2Te(3) 2.879(2) Te(1)-Nb-2Te(3) 137.68(4)
Nb-Te(4) 2.883(3) Te(1)-Nb-Te(4) 124.64(8)
Nb-Te(1) 2.947(3) Te(2)-Nb-2Te(3) 69.01(5)
Nb-2Nb 3.728(2) Te(2)-Nb-Te(2) 81.92(7)
Nb-2Pd 4.337(3) Te(2)-Nb-2Te(5) 87.08(5)
Pd-2Te(4) 2.667(2) Te(2)-Nb-2Te(4) 137.11(4)
Pd-2Te(1) 2.683(2) Te(3)-Nb-Te(3) 80.70
Pd-Te(2) 2.704(2) Te(3)-Nb-2Te(4) 74.42(5)
Pd-Te(3) 2.708(2) Te(3)-Nb-2Te(5) 87.38(5)
Pd-2Pd 3.728(2) Te(4)-Nb-2Te(5) 69.37(5)
Te(1)-2Te(S) 3.303(2) Te(5)-Nb-2Te(5) 82.26(7)
Te(1)-2Te(2) 3.509(2) Te(1)-Pd-Te(1) 88.01(7)
Te(1)-2Te(1) 3.728(2) Te(1)-Pd-2Te(4) 91.63(4)
Te(1)-Te(2) 3.765(2) Te(1)-Pd-2Te(2) 81.29(5)
Te(1)-Te(4) 3.836(2) Te(1)-Pd-2Te(3) 100.82(6)
Te(1)-Te(3) 3.858(2) Te(2)-Pd-Te(3) 177.02(7)
Te(2)-Te(3) 3.242(2) Te(2)-Pd-2Te(4) 97.06(6)
Te(2)-2Te(5) 3.666(2) Te(3)-Pd~2Te(4) 80.83(5)
Te(2)-2Te(2) 3.728(2) Te(4)-Pd-Te(4) 88.68(7)
Te(3)-2Te(4) 3.485(2)

Te(3)-2Te(3) 3.728(2)

Te(4)-2Te(5) 3.254(2)

Te(4)-Te(5) 3.718(2)

Te(4)-2Te(4) 3.728(2)

Te(5)-2Te(5) 3.728(2)




FiG. 1. View of NbPdTes down the b axis (needle
axis) showing the labeling scheme. Here and in Fig. 2a
small filled circles are Pd atoms, small open circles are
Nb atoms, and large open circles are Te atoms. [,
Octahedral vacancies; A, trigonal prismatic vacancies;
and O, square pyramidal vacancies. (b) View of
NbNiTes down the a axis (needie axis). Here and in
Fig. 2b small filled circles are Ni atoms, smali open
circles are Nb atoms, and large open circles are Te
atoms. O, Square pyramidal vacancies; and A, tetra-
hedral vacancies.

even though the materials crystallize in dif-
ferent space groups: NbNiTes, Cmcm;
NbPdTes, Pnma. In fact, the composition
of the layers is almost identical. Table VI
compares selected interatomic distances in
NbPdTes and NbNiTes. Almost all intra-
layer distances are comparable.

The most significant difference between
these structures is the way the layers order
relative to one another. For NbNiTe; (Fig.
1b) the chains of Nb atoms in one layer are
aligned with the chains of Nb atoms in an-
other layer (in the b direction). The same is
true of the Ni chains. In NbPdTes (Fig. 1a)
the layers have been shifted relative to one
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TABLE VI

COMPARISON OF IMPORTANT INTERATOMIC
DisTaNcCESs 1IN NbPdTes AND NbNiTes

NbNiTes NbPdTes

Range of Nb-Te 2.808(3)-2.921(3) 2.834(2)-2.947(3)
Range of M—-Te 2.557(3)-2.574(2) 2.667(2)-2.708(2)
Shortest Nb-Nb 3.656(5) 3.728(2)
Shortest M-M 3.656(5) 3.728(2)
Shortest Te-Te 3.196(4) 3.242(2)
Shortest interlayer Nb-M 4.200(4) 4.3373)
Shortest interlayer Te-Te 3.789(3) 3.666(2)

another and now the chains of Nb atoms in
one layer are aligned with chains of Pd at-
oms in another layer (in the ¢ direction).
This difference in the ordering of layers
leads to different vacancies between layers.
The vacancies in NbNiTes are square py-
ramidal and tetrahedral while the vacancies
in NbPdTes are octahedral, square pyrami-
dal, and trigonal prismatic. Figures la and
Ib show the positions of the vacancies.

FiG. 2. (a) View of NbPdTes down the a axis show-
ing the coordination around the Nb and Pd atoms. (b)
View of NbNiTes down the b axis showing the coordi-
nation around the Nb and Ni atoms.
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F1G. 3. Plot of conductivity vs temperature for NbPdTe;.

While only octahedral and tetrahedral va-
cancies are present in binary layered chal-
cogenides, vacancies other than octahedral
and tetrahedral are found in ternary chalco-
genides (17, 18).

The Te-Te interactions in both of these
compounds range from 3.18 to 3.8 A. These
distances are significantly longer than that
of a full Te-Te bond (2.92 A) (4), but much
shorter than twice the ionic radius of Te
(4.4 A) (19). Thus, intermediate Te-Te in-
teractions are present in both compounds.
There are no short metal-metal interac-
tions in these structures, as the shortest
Nb-Nb, Ni-Ni, or Pd-Pd interaction is
along the needle axis and is longer than 3.7
A. This distance can be compared to the
Nb-Nb distance .of 3.029(2) A found in
NbCl, (20). The shortest Nb-M interac-
tions in these compounds occur between
layers at a distance greater than 4.2 A.

Four-probe single-crystal conductivity
measurements along the needle axis b show
that NbPdTes is metallic. A plot of the elec-
trical conductivity over the temperature
range 13-295 K is given in Fig. 3. A plot of
the electrical conductivity of NbNiTes,

which was also measured along the needle
axis, is given in Fig. 4.2 There is a tremen-
dous difference in the conductivity behav-
ior of NbPdTes and NbNiTes. NbNiTes is a
highly conductive metal (o > 5 x 10° Q!
cm~!) and NbPdTe;s is a rather poor con-
ductor (g0 = 4.7 X 103 Q"' cm™),

Is the difference in the stacking of the
layers or substitution of Pd for Ni the major
reason for this conductivity difference? To
attempt to answer this question we first
note that for the isostructural binary com-
pounds NiTe (27) and PdTe (22) and the
isostructural binary compounds NiTe; (23)
and PdTe; (24) the conductivity of the Pd
compound is approximately equal to that of
the corresponding Ni compound. Thus, the
substitution of Pd for Ni has very little ef-
fect on the conductivity in the binary Pd
and Ni tellurides. In the present system the
metal-metal distances are sufficiently long
to preclude any significant metal-metal
overlap either between or within a layer.

2 Conductivity data for NbNiTe; (Fig. 4) differ be-
low 90 K from those reported previously (/); as it
turns out those data were obtained on an instrument at
the limit of its sensitivity.
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F1G. 4. Plot of conductivity vs temperature for NbNiTes.

The conductivity is measured along the.

needle axis (i.e., perpendicular to the plane
of the paper of Figs. 1a and 1b). Thus, the
conductivity is measured parallel to the
chains of metal polyhedra and strictly
within one layer. However, Te-Te orbital
overlap must be important since these two
compounds crystallize in different struc-
tural types even though the layers them-
selves are so similar.

Thus the cause of the difference in con-
ductivity is not clear. A band structure cal-
culation might be useful in this regard.
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