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Two new ternary transition-metal chalcogenides, niobium iridium tetratelluride (NbIrTe,) and tanta-
lum iridium tetratelluride (TalrTe,), have been prepared by reaction of the elemental powders at
1000°C. The structure of NbIrTe, has been determined by single-crystal X-ray diffraction methods.
The compound crystallizes in space group CJ,~Pmn2, of the orthorhombic system with four formula
units in a cell of dimensions a = 3.768(3), b = 12.486(10), ¢ = 13.077(9) A at 294 K. NbIrTe, is a
layered compound with a structure closely related to those of WTe; and $-MoTe,, variants of the Cdl,
structure type. The layers comprise buckled sheets of Te atoms, with the Nb and Ir atoms residing in
distorted octahedral sites. Metal-metal bonding appears to be responsible for a close association of the
Nb and Ir atoms. From Weissenberg photography, the compound TalrTe, is found to be isostructural
to NblrTe,4, with cell dimensions a = 3.77(3), b = 12.37(6), ¢ = 13.17(3) A. Electrical resistivity
measurements along the a axis of both compounds show that they are metallic: pys = 8.1 x 10~ and
1.2 x 1074 Q) cm for NblrTe, and TalrTe,, respectively. Magnetic susceptibility measurements indicate
essentially temperature-independent Pauli paramagnetism for both compounds: x,, = 1.9 x 107 and
8.9 X 10~* emu mol-! for NblrTe, and TalrTe,, respectively. The compounds NblrTe, and TalrTe,
appear to belong to a larger class of compounds MM'Te, with M = Nb, Ta and M’ = Ru, Os, Rh,

Ir. © 1992 Academic Press, Inc.

Introduction

Traditionally, tellurides of the transition
metals have received less attention than the
sulfides and selenides, but efforts in this
and more recently in other groups have re-
vealed many new ternary tellurides, specifi-
cally of the early transition metals Zr, Hf,
Nb, and Ta. In accord with its less ionic
character, tellurium has a greater tendency
to show a wide range of Te---Te interac-
tions, up to full Te-Te single bonds (I).
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Many of these ternary tellurides readily
adopt low-dimensional structures, some-
times as chains (e.g., TasSiTe, (2),
K Hf;Te;7 (3)), but more commonly as lay-
ers (e.g., CuyZrTe; (4), NDbNiTes (5),
Ta4Pd3Te|6 (6), TazNizTe4 (7), szNizTC4
(8)). Although the structures of these com-
pounds could not have been easily pre-
dicted, the simple notion of preferred coor-
dination geometries of the transition metals
is helpful in rationalizing known structures
and providing ideas for new target com-
pounds (9).

Prompted by the discovery of several
MM'Tes (M = Nb, Ta; M’ = Ni, Pd, Pt)
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compounds that comprise M bicapped tri-
gonal prisms and M’ octahedra (5, 10-12),
we have attempted to extend these systems
to other Pt-group metals M’ = Ru, Os, Rh,
Ir that also adopt octahedral geometries.
Would they also form MM 'Tes phases?

Investigations in related selenide systems
were recently undertaken toward the prep-
aration of Ta;_,M;Se;, (M’ = Re, Os, Ir,
Pt), in order to determine the extent to
which partial substitution of Ta with M’ sta-
bilizes its trigonal prismatic coordination
(13). The only compounds prepared were
Tays0Reg50S€; and Tage;080335¢;; both
show complete disorder of the metal atoms.
While NbQ, and TaQ, (Q = S, Se) occur in
many polytypes in which Nb or Ta can be
either trigonal prismatic or octahedral (/4),
only octahedral coordination is observed in
the NbTe, and TaTe, systems (I4, 15).
Thus the corresponding ternary telluride
systems can be expected to behave very
differently.

In view of these observations on MM'Tes
and Ta,_,M,Se, we could not predict what
phases might exist in the M/M'/Te (M =
Nb, Ta; M’ = Ru, Os, Rh, Ir) systems.
Here we report the preparation of two new
ternary tellurides NblrTe, and TalrTe, that
are related to neither of the two aforemen-
tioned systems, but rather to the binary tel-
lurides WTe,; and B-MoTe; (16). The struc-
ture of NbIrTe, and the electrical
resistivities and magnetic susceptibilities of
NblrTe, and TalrTe4 are described here.

Experimental

Synthesis. The compound NblIrTe; was
prepared from a reaction of powders of the
elements in an atomic ratio of Nb: Ir: Te =
1:1:8(Nb, 18 mg, 0.19 mmol, 99.8%; Ir, 37
mg, 0.19 mmol, 99.95%; Te, 196 mg, 1.53
mmol, 99.999%; all from AESAR) that
were ground together and loaded into a
quartz tube (10-cm length, 4-mm ID) that
was then evacuated (10~* Torr). The tube
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was placed in a furnace, heated at 500°C for
1 day, 800°C for 1 day, and 1000°C for 12
days, and then cooled to room temperature
over 1 day. The sample consisted predomi-
nantly of a black powder that was identified
to be a mixture of NblrTe,, Ir;Teg, and
NbTe, from X-ray powder diffraction pat-
terns obtained on an Enraf-Nonius FR522
Guinier camera. Excess Te and a few nee-
dles of NbTe, were also present in this sam-
ple. The entire sample was reground and
reheated at 1000°C for 4 days, and then
slowly cooled at 10°/hr to room tempera-
ture. The product consisted of excess Te
and a large irregular laminar aggregate of
very soft, flat, shiny gray, needle-shaped
crystals. A microprobe analysis of these
crystals with an EDAX (Energy Dispersive
Analysis by X-rays) equipped Hitachi S570
scanning electron microscope revealed the
presence of all three elements in an atomic
ratio of roughly Nb:Ir: Te = 1.0:1.2:4.0,
in good agreement with the composition
NblrTe, established from the X-ray crystal
structure determination. Owing to the lay-
ered nature of the compound, these crystals
are extremely pliable and very easily de-
formed, rendering them unsuitable for
single-crystal X-ray diffraction experi-
ments. The deformed crystals were used
for magnetic susceptibility measurements,
while better shaped crystals were reserved
for electrical conductivity measurements.
After numerous crystals were screened by
Weissenberg photography, an untwinned,
sharply-diffracting single crystal was se-
lected for the crystal structure determina-
tion. Stoichiometric reaction of the ele-
ments usually fails to yield NblrTe,, as
does the use of various transport agents (I,
TeBry, TeCly). An excess of Te appears to
be necessary for its formation.

The compound TalrTes; was prepared
from a reaction of powders of the elements
in an atomic ratio of Ta:Ir:Te = 1:1:8
(Ta, 31 mg, 0.18 mmol, 99.98%, AESAR;
Ir, 36 mg, 0.18 mmol, 99.95%, AESAR; Te,
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184 mg, 1.43 mmol, 99.8%, Aldrich) ground
together and loaded as described above.
The tube was heated under the same tem-
perature program as above to afford a gray
powder containing mostly Ir;Teg, a small
aggregate of thin needle-shaped crystals,
and excess Te. EDAX measurements es-
tablished the needles as the ternary com-
pound TalrTes (Ta:Ir:Te = 1.1:1.0:3.8).
These crystals were used for electrical con-
ductivity experiments. Other syntheses,
starting from elements in an atomic ratio of
Ta:Ir:Te = 1:1:8 and 1:1:12, heated to
1000°C for 3 days, and slowly cooled at
~8°C/hr to room temperature, yielded suffi-
cient quantities of soft, easily-bent needles
of TalrTe, for magnetic susceptibility mea-
surements. Stoichiometric reactions and
use of transport agents also fail in this in-
stance.

Electrical resistivity. Single crystals of
NbIrTe, and TalrTe, ranging from 0.7 to 1.4
mm in length and 2 x 1074to 1 x 1073 mm?
in cross-sectional area were mounted with
Ag paint on Al wires extended by graphite
fibers. Because NbTe, and TaTe, are com-
mon impurities whose color and needle-
shaped habit are easily confused with those
of NbirTe, and TalrTe,, respectively, the
integrity of the mounted crystals was first
checked by EDAX measurements. The
electrical resistivities along the needle axis
a of NbIrTe, and TalrTe, were then mea-
sured by a four-probe ac (27 Hz) phase-
locked technique, as described previously
(I7). Samples were cooled at a rate of
approximately 1 deg/min by use of a
flow of cold helium gas. The uncertain-
ties in the measurements of crystal dimen-
sions lead to relative uncertainties in the
resistivity values of (Ap)/p = *=0.2. The
crystals are too thin to permit measure-
ments of resistivity perpendicular to the
needle axis.

Magnetic susceptibility. To ensure phase
purity of the samples used for magnetic
measurements, single crystals or aggre-
gates of single crystals of NbirTe; and
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TalrTe, were manually selected. The com-
positions of randomly selected crystals
from each sample were confirmed by
EDAX measurements. The crystals were
then ground to fine powders that were fur-
ther identified by X-ray powder diffraction.
The samples were reasonably pure, al-
though a small amount (<5%) of Ir;Teg (18—
20) was present, possibly as a surface impu-
rity. Because Ir;Teg is diamagnetic (x, =
—2.4 X 10~ emu mol~") (20), its presence
at this low concentration makes only a
small, temperature-independent contribu-
tion to the total susceptibility, and no cor-
rection was attempted.

Variable-temperature magnetic suscepti-
bility measurements were made from 4.5 to
300 K at a field strength of 5 kG with a
Quantum Design SQUID magnetometer.
Sample weights were 7 mg for NblrTe, and
27 mg for TalrTe4. The magnetic data were
corrected for background contributions
from the sample holder over the entire tem-
perature range. At 4.5 K, the susceptibili-
ties of both NbIrTe, and TalrTe, are inde-
pendent of the magnetic field from S to 10
kG.

Structure determination of NblrTes.
Analysis of rotation and Weissenberg pho-
tographs of NbIrTe, revealed Laue symme-
try mmm and gave preliminary cell parame-
ters. The systematic extinction (h0l, h +
I = 2n + 1) is consistent with the
orthorhombic space groups D}—Pmnm and
C},~Pmn2,. The final cell parameters were
determined from a least-squares analysis of
the setting angles of 25 reflections in the
range 35° < 206(MoKa;) < 45°, automati-
cally centered on a Picker diffractometer.
Intensity data were collected at 294 K with
the 9-26 technique in the range 3° =< 20
(MoKa;) = 60° by methods standard in this
laboratory (21). Six standard reflections
monitored at intervals of every 100 reflec-
tions showed no significant change during
the course of data collection. Crystal data
and further details of the data collection are
given in Table I.
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All calculations were carried out on a
Stardent ST2500 computer with methods
and programs standard in this laboratory
(21). Conventional atomic scattering fac-
tors and anomalous dispersion corrections
were taken from the usual sources (22, 23).
The intensity data were processed and cor-
rected for absorption effects (24). The ini-
tial positions for all atoms were determined
by direct methods with the program
SHELXS86 (25). A solution with a low
combined figure of merit could only be
found in the non-centrosymmetric space
group Pmn2,. This choice of space group
was further supported by the fact that WTe,
(16) also crystallizes in Pmn2, in a subcell
of NbIrTe,. The +/ and —! reflections were
averaged separately, reducing the 7229
measured reflections to 2150 unique reflec-
tions with a value for the R-index for aver-
aging of 0.062. The intensities of the un-
averaged hkl and hkl reflections were

TABLE 1

CRYSTAL DATA AND INTENSITY COLLECTION
FOR NblrTe,

Formula NblIrTe,

Formula mass (amu) 795.53

Space group Cl—Pmn2,

a(A) 3.768(3)¢

b(A) 12.486(10)

c (A 13.077(9)

vV (AY) 615.2

VA 4

p (g cm™) 8.59

T of data collection (K) 294

Radiation Graphite
monochromated
MoKa (A(Kay) =
0.7093 A)

Crystal shape

Crystal volume (mm?)
Linear abs. coeff. (cm™!)
Transmission factors?
Detector aperture (mm)

Flat needle 0.272 X
0.045 x 0.004 mm,
bounded by {100},
{010}, {001}

4.90 x 1075
418.3
0.256-0.846

Horizontal, 5.0;
vertical, 6.0; 30.5 cm
from crystal
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TABLE I—Continued

Takeoff angle (deg.) 2.5

Scan type 0-26

Scan speed (deg. min~') 2.0in 26

Scan range (deg.) 1.3 below Ka; to 1.3
above Ka,

A1 sin 8, limits (A1) 0.037-0.705,

3° = 206(MoKay) = 60°

Background counts 10 sec at each end of

scan®
Data collected +h, *k, =1
p factor 0.04
No. of data collected 7229
No. of unique data, 2150
including F2 < 0
No. of unique data, with 1513
F! > 3g(FY
No. of variables 36
R(F?) 0.158
R,.(F?) 0.187
R (on F for F2 > 30(F2)) 0.076
Error in observation of 2.41

unit weight (¢?)

2 Obtained from a refinement constrained so that
a=p=ry=090°

b The analytical method as employed in the North-
western absorption program, AGNOST, was used for
the absorption correction (24). .

¢ The diffractometer was operated using the Indiana
University PCPS system (50).

compared in order to determine the sense
of the polar axis z of this crystal. Of the 275
reflections for which F, differed by more
than 5% between the hkl and hkl reflec-
tions, 180 of the differences were ac-
counted for by the chosen sense of the po-
lar axis. The program STRUCTURE TIDY
(26) was used to standardize the crystal
structure according to rules formulated pre-
viously (27).2 As the four metal sites are
very similar, a refinement on F, was per-
formed on a model in which each site was
allowed to be fully occupied by a mixture of

2 Although some precedent has been set by the
choice of a nonstandard setting (Pnm2,) for the closely
related structure of WTe, (I16), we have opted to ad-
here to these standardization rules.
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Nb and Ir atoms, but no constraint was
placed on the overall Nb: Ir ratio. This re-
sulted in occupancies of 100(2)% Nb and
105(2)% Nb in two metal sites, and 99(2)%
Ir and 92(2)% Ir in the other two metal
sites, with no improvement in the R-index
(0.075) compared to that of a refinement on
an ordered model. Thus, we accept the or-
dered model. The final cycle of isotropic
refinement on F3 of 36 variables and 2150
averaged reflections (including those hav-
ing F2 < 0) converged to a value of R(F2) of
0.158. The value for the conventional R-
index (on F for F% > 30 (F?2)) is 0.076. The
final difference electron density map shows
no features with a height greater than 5.7%
that of an Ir atom. Final values of the
atomic parameters and isotropic thermal
parameters are given in Table II. The unex-
ceptional nature of the thermal parameters
further supports an ordered structure with
stoichiometry NblrTe,. Final structure am-
plitudes are given in Table II1.3

Weissenberg photography on the com-
pound TalrTe, shows that it is isostructural
to NbIrTe, with a cell of dimensions a =
3.77(3), b = 12.37(6), ¢ = 13.17(3) A at
room temperature. Owing to the similarity
of the scattering factors of Ta and Ir, it
might be difficult to distinguish between
them on the basis of conventional X-ray dif-
fraction methods. However, the ordered ar-
rangement of the metal atoms in NblrTe,
lends support to a similar arrangement in
TalrTe,.

} See NAPS document No. 04902 for 10 pages of
supplementary materials. Order from ASIS/NAPS,
Microfiche Publications, P.O. Box 3513, Grand Cen-
tral Station, New York, NY 10163-3513. Remit in ad-
vance $4.00 for microfiche copy or for photocopy,
$7.75. All orders must be prepaid. Institutions and Or-
ganizations may order by purchase order. However,
there is a billing and handling charge for this service of
$15. Foreign orders add $4.50 for postage and han-
dling, $1.75 for postage of any microfiche orders.
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TABLE II

POSITIONAL PARAMETERS AND ISOTROPIC THERMAL
PARAMETERS FOR NblrTe,

Wyckoff

Atom position x y z B(AY)

Nb(1) 2a 0 0.0545(3) 0.0050(5) 0.36(7)
Nb(2) 2a 0 0.2693(4) 0.4923(6) 0.68(7)
Ir(1) 2a 0 0.5359(1) 0 0.24(3)
Ir(2) 2a 0 0.7520(1) 0.4921(2) 0.16(3)
Te(1) 2a 0 0.0648(3) 0.3894(4) 0.40(5)
Te(2) 2a 0 0.1956(3) 0.8527(3) 0.32(5)
Te(3) 2a 0 0.3472(2) 0.0961(3) 0.24(5)
Te(4) 2a 0 0.4135(3) 0.6394(4) 0.55(6)
Te(5) 2a 0 0.5631(3) 0.3959(3) 0.26(5)
Te(6) 2a 0 0.6764(3) 0.8464(4) 0.44(5)
Te(7) 2a 0 0.8512(2) 0.1095(3) 0.38(5)
Te(8) 2a 0 0.8900(3) 0.6494(3) 0.37(5)

Note. B = 8miul.

Results

Description of the structure. Selected in-
teratomic distances and angles for NblrTe,
are given in Table IV. A view down the a
axis, given in Fig. 1, shows the labeling
scheme and the layer stacking. A view
down the ¢ axis, given in Fig. 2, shows an
individual layer. The compound NblrTe,

F1G. 1. View of NbIrTe, down the ¢ axis showing
the labeling scheme and unit cell outline. The small
solid circles are Nb atoms, the medium stippled circles
are Ir atoms, and the large open circles are Te atoms.
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TABLE IV

SELECTED INTERATOMIC DISTANCES (A) AND
ANGLES (DEG.) FOR NblrTe,

Nb(1)-Te(2) 2.659(6) Te(1)-2Te(7) 3.597(4)
Nb(1)-2Te(8) 2.755(5) Te(1)-2Te(8) 3.704(5)
Nb(1)-2Te(1) 2.838(5) Te(1)-2Te(1) 3.768(3)
Nb(1)-Te(7) 2.883(6) Te(1)-2Te(6) 3.783(5)
Nb(1)-2Ir(2) 3.068(4) Te(1)-2Te(2) 3.788(5)
Nb(1)-2Nb(1) 3.768(3) Te(2)-2Te(5) 3.598(4)
Te(2)-Te(3) 3.704(5)
Nb(2)-Te(4) 2.636(7) Te(2)-2Te(7) 3.742(5)
Nb(2)-2Te(6) 2.765(5) Te(2)-2Te(2) 3.768(3)
Nb(2)-2Te(7) 2.857(5) Te(2)-Te(4) 3.896(5)
Nb(2)-Te(1) 2.886(6) Te(3)-2Te(5) 3.415(4)
Nb(2)-2Ir(1) 3.078(5) Te(3)-2Te(4) 3.577(5)
Nb(2)-2Nb(2) 3,768(3) Te(3)-2Te(8) 3.579(4)
Te(3)-2Te(3) 3.768(3)
Ir(1)-2Te(5) 2.633(3) Te(3)-2Te(6) 3.787(5)
Ir(1)-Te(6) 2.667(5) Te(4)-Te(5) 3.692(6)
Ir(1)-Te(3) 2.671(4) Te(4)-2Te(4) 3.768(3)
Ir(1)-2Te(4) 2.697(4) Te(4)-2Te(7) 3.824(5)
Ir(1)-2Ir(1) 3.768(3) Te(4)-2Te(5) 3.858(5)
Te(5)-2Te(6) 3.594(4)
Ir(2)-2Te(3) 2.634(3) Te(5)-2Te(5) 3.768(3)
Ir(2)-Te(5) 2.673(4) Te(6)-Te(8) 3.708(5)
Ir(2)-Te(8) 2.684(4) Te(6)-2Te(6) 3.768(3)
Ir(2)-2Te(2) 2.702(3) Te(7)-2Te(7) 3.768(3)
Ir(2)-21r(2) 3.768(3) Te(7)-2Te(8) 3.777(5)
Te(8)-2Te(8) 3.768(3)
Te(7)-Nb(1)-Te(8) 84.1(2) Te(3)-Ir(1)-Te(4) 83.6(1)
Te(7)-Nb(1)-Te(1) 77.9(1) Te(3)-1r(1)-Te(5) 80.2(1)
Te(2)-Nb(1)-Te8)  110.3(1) Te(6)-1r(1)-Te(4) 110.8(1)
Te(2)-Nb(1)-Te(l) 87.0(2) Te(6)-Ir(1)-Te(5) 85.4(1)
Te(8)-Nb(1)-Te(1) 92.5(1) Te(4)-Ir(1)-Te(5) 87.7(1)
Te(8)-Nb(1)-Te(8) 86.3(2) Te(4)-1r(1)-Te(4) 88.6(1)
Te(1)-Nb(1)-Te(1) 83.2(2) Te(5)-Ir(1)-Te(5) 91.4(1)
Ir(2)-Nb(1)-Ir(2) 75.8() Nb(2)-Ir(1)~Nb(2} 75.5(1)
Te(1)-Nb(2)-Te(6) 84.0(2) Te(5)-1r(2)-Te(2) 84.0(1)
Te(1)-Nb(2)-Te(7) 77.5(1) Te(5)-1r(2)-Te(3) 80.1(1)
Te(4)-Nb(2)-Te(6)  109.7(2) Te(8)-1r(2)-Te(2) 111.2(1)
Te(4)-Nb(2)-Te(7) 88.1(2) Te(8)-1r(2)~Te(3) 84.6(1)
Te(6)-Nb(2)-Te(7) 92.%(1) Te(2)-Ir(2)-Te(3) 87.9(1)
Te(6)-Nb(2)-Te(6) 85.9%2) Te(2)-Ir(2)-Te(2) 88.4(1)
Te(7)-Nb(2)-Te(7) 82.5(2) Te(3)-1Ir(2)-Te(3) 91.3(1)
Ir(1)-Nb(2)-Ir(1) 75.5(1) Nb(1)-Ir(2)-Nb(1) 75.8(1)

has a layered structure closely related to
those of WTe, and B-MoTe, (16). The Nb
and Ir atoms are octahedrally coordinated
by Te atoms. Although the Te atoms are
not strictly close-packed, the order of the
stacking of anion layers may be described
as (ABAC) or (hc) (28). Thus, the structure
represents a variant of the Cdl, type (29).
However, the Te layers are severely buck-
led as a result of displacements of the Nb
and Ir atoms out of the ideal octahedral
sites. As occurs in the WTe, and 8-MoTe,
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structures (16), this buckling requires the
Te layers to stack in a manner such that
crests fit into troughs across the van der
Waals’ gap and vice versa. Note that the
metal atoms are ordered. The Nb and Ir
atoms can be regarded each as forming
chains of edge-sharing octahedra extending
along the a direction. The chains are then
linked to form an individual layer, ordering
in the fashion [---Nb-Ir:--Ir-Nb---], as seen
in Fig. 1. Each metal atom closely ap-
proaches two neighboring metal atoms of
the other kind in the adjacent chain, form-
ing a zigzag chain that extends along the a
direction, as seen in Fig. 2. This feature is
also observed in WTe, and B-MoTe, and
has been attributed to the occurrence of
metal-metal bonding. It is unclear why the
chains in NblrTe, should order in the par-
ticular manner shown and not, for example,
as [--Nb—Ir---Nb-Ir---].

The structure of NbIrTe, is thus an or-
dered variant of the WTe, and B-MoTe,
structures (16), which are unique among
those that occur in the transition-metal di-
chalcogenides. The sulfides and selenides
of molybdenum and tungsten occur in MoS,
polytypes in which the metal has trigonal
prismatic coordination, whereas distorted

Fi1G. 2. View of NbIrTe, down the ¢ axis showing an
individual layer and the zigzag metal chains extending
along the a direction. Atoms are as marked in Fig. 1.
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TABLE V
COMPARISON OF IMPORTANT INTERATOMIC DISTANCES (A) IN NblrTe,, B-MoTe,, aAND WTe,

NblrTe,

B-MOTCZ(' WTCZ{‘

Range of M-Te

2.636(7)~2.866(6) (Nb-Te)
2.633(3)-2.702(3) (Ir-Te)

2.701(6)-2.816(7) 2.708(5)-2.820(7)

Range of short M—M' 3.068(4)~-3.078(5) (Nb-Ir) 2.895(8)-2.901(9) 2.861(4)
Shortest Te-Te
Intralayer® 3.415(4) (Te(3)-Te(5)) 3.469 3.496
Interlayer¢ 3.704(5) (Te(1)-Te(8)) 3.855(5) 3.927(8)
@ Ref. (16).

b Within the Te-M-Te sandwiches.
¢ Across the van der Waals’ gap.

octahedral coordination occurs in the tellu-
rides (30-33). The particular ordering of the
Nb and Ir atoms in NbIrTe, necessitates a
doubling of the unit cell compared to that of
WTe,. The compound B-MoTe, adopts a
monoclinic distortion (B = 93.92°) of this
orthorhombic structure (/6). The distortion
occurs because of a slight shifting of the Te
layers. Indeed, there is some evidence that
B-MoTe, undergoes a phase transition in
which the B angle decreases to 90° (34, 35).
A structure related to the WTe,-type is that
of NbTe, and TaTe, (15), which displays a
similar distortion of the metal octahedra
that are now grouped into triple metal-
bonded chains.

It is interesting to compare various inter-
atomic distances among NbIrTes, pB-
MoTe,, and WTe, (Table V). In NblrTe,,
the range of Nb-Te distances is comparable
to that found in NbTe, (2.690(7)-2.908(7)
A) (15), and similarly the range of Ir-Te
distances is comparable to that found in
IrTe, (2.650 A) (I8, 19, 36) and Ir;Teg
(2.652(3)-2.655(2) A) (18-20). The M-Te
distances in B-MoTe, and WTe;, lie in the
same range (/6). The metal-metal dis-
tances in the zigzag chains of these com-
pounds are slightly longer than those found
in the elemental metals. In B-MoTe,, the
Mo-Mo distance (2.895(8) A) exceeds that
in molybdenum metal (2.7254(3) A) (37) by

0.1708) A; in WTe,, the W-W distance
(2.861(4) A) exceeds that in tungsten nmetal
2.74113) A) (37) by 0.1204) A; in
NbIrTe,, the Nb-Ir distance (3.068(4) A)
exceeds the average of the metal-metal dis-
tances in niobium and iridium metals
(2.8585(3) and 2.7147(3) A, respectively,
(37)) by 0.281(4) A. These distances and the
distortion of the metal positions from the
ideal octahedral sites indicate the presence
of some degree of metal-metal bonding.
This feature has also been observed in other
tellurides of niobium and tantalum (e.g.,
NbTe, (15), TaTe, (15, 38), Ta;Pd;Tey,
(11), Ta4PdsTeis (6)) as well as in other
transition-metal chalcogenides where the
metals have distorted octahedral geome-
tries (39). The origin of this ‘‘metal cluster-
ing,”” as it has been termed, was probed by
tight-binding electronic band structure cal-
culations for d? and d> metal ions, and was
clearly linked to metal-metal bond forma-
tion (39, 40). Finally, the Te-Te distances
in NbIrTe, are generally shorter than those
in B-MoTe, and WTe, (/6); many range
from 3.4 to 3.8 A (Tabie 1V). While these
distances are much longer than a full Te-Te
single bond, such as that found in HfTes
(2.763(4) A) (41), they are shorter than an
jonic Te? —Te?" separation (4.2 A) (42), in-
dicating that intermediate Te-Te interac-
tions are prevalent here. The shortest Te—
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FiG. 3. Plots of electrical resistivity vs. temperature
along the needle axis a for single crystals of NblrTe,
and TalrTe,.

Te distance across the van der Waals’ gap
has decreased to 3.704(5) A in NbIrTe,, in-
dicating that interlayer interactions are
stronger here than in B-MoTe; and WTe,.
Thus the structure of NblrTe; may be de-
scribed alternatively as containing an ex-
tensive network of weakly-bonded Te at-
oms.

Electrical resistivity and magnetic sus-
ceptibility. Plots of the electrical resistivity
along the needle axis a as a function of tem-
perature are shown in Fig. 3 for NblrTe,
and TalrTe,. Both compounds are metallic,
with NbIrTe,4 being a better conductor than
TalrTe, by about an order of magnitude.
The resistivity vs temperature curve is also
flatter for TalrTey (pass/ps = 1.6) than for
NblIrTes (pass/ps = 15). Plots of the molar
magnetic susceptibility as a function of
temperature are shown in Fig. 4. The mea-
sured susceptibilities of NblrTe, and
TalrTe, are 1.6 x 1073 and 5.6 x 1074 emu
mol !, respectively. If one assumes that
contributions from ion-core diamagnetism
originate from Nb’*, Ta’*, Ir’**, and Te?™
(43), then the corrected susceptibilities for
NblIrTe;s and TalrTe, are 1.9 x 1073 and
8.9 x 107* emu mol~!, respectively. The
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susceptibilities of both compounds are es-
sentially temperature-independent, consis-
tent with Pauli paramagnetism expected for
metals. The susceptibility of NbIrTe, is
slightly greater than that of TalrTe,; and
shows a slight increase at low temperature
(below 20 K).

Table VI compares the values of electri-
cal resistivity and magnetic susceptibility of
NbIrTey4, TalrTe,, B-MoTe,, and WTe,. All
these compounds are metallic and Pauli
paramagnetic. There appears to be a trend
in which the compounds become more con-
ducting (less resistive) and more magnetic
in the order WTe, < B-MoTe, < TalrTe, <
NbIrTe,. This observation would be consis-
tent with the idea that Pauli paramagnetism
arises from the conduction electrons whose
magnitude is proportional to the density of
states at the Fermi level (44, 45), although
no electronic band structure calculation is
yet available for NbIrTe,. However, the
band structures of B-MoTe, (40, 46) and
WTe, (46) have been calculated. If we at-
tempt to assign oxidation states to the metal
atoms in NblrTe,, the only reasonable
choices are

(1) Nb** (d9 and Ir3* (d9), or
(ii) Nb** (d)) and Ir** (d9).
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FiG. 4. Plots of molar magnetic susceptibility vs
temperature for NblrTe, and TalrTe, at 5 kG.
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TABLE VI
ELECTRICAL RESISTIVITY AND MAGNETIC SUSCEPTIBILITY OF MIrTe, (M = Nb, Ta), WTe,,
AND B-MoTe,

Compound paes (2 cm)? ps (2 cm)® Xm (emu mol~1)? Reference
NblIrTe, 8.1 x 10-% 5.3 x 10°¢ 1.9 x 103 This work
TalrTe, 1.2 x 1074 7.7 x 1073 8.9 x 10~¢ This work
B-MoTe, 5.6 x 10~ S x 107 2.3 x 10 (16, 48, 49, 52)
WTe, 7 X 10~ 1 x 104 —c (16, 47, 51, 52)

2 Measured along the needle axis of single crystals.
b The compounds show temperature-independent Pauli paramagnetism.

¢ No values have been found in the literature.

Arguments can be provided for preferring
one over the other: the alternation of Nb
and Ir atoms in the metal chains as well as
the stability of Ir** favors choice (i), while
the existence of some metal-metal bonding
and a more equitable distribution of charge
favors choice (ii). In reality, the situation is
probably intermediate between the two.
Moreover, the prevalence of Te---Te inter-
actions suggests that tellurium is very un-
likely to bear its full oxidizing power, and
consequently the charges on the metal at-
oms are probably much lower. In any case,
some predictions can be made if we note
that there are a total of six d electrons per
formula unit of NbIrTe,, compared to only
four d electrons per formula unit of Mo,Te,
or W,Te,. The band structures of B-MoTe,
and WTe, are very similar and show con-
siderable dispersion arising from intimate
mixing of the metal d and tellurium p orbit-
als (¢6). The Fermi levels of B-MoTe; and
WTe, lie in deep troughs in the density of
states (DOS) vs energy curve, leading to
values of electrical conductivity in the
semimetallic regime (47-49). We can as-
sume that the gross band structure of
NblrTe, differs little from those of -MoTe,
and WTe,, despite the doubling of the unit
cell and the substitution of the transition
metals. With more electrons available in
NblrTey, the bands fill up beyond the
trough in the DOS curve, and so the DOS is

greater at the Fermi level here than in B-
MoTe, and WTe,;, consistent with the
trends observed in the physical properties
(vide supra).

The compounds NblrTe, and TalrTe,
may belong to a larger class of compounds
with the general formula MM'Te, (M = Nb,
Ta; M’ = Ru, Os, Rh, Ir). From preliminary
X-ray powder diffraction and Weissenberg
data, the compounds TaRuTe;, NbOsTe,,
and TaRhTe, appear to be isostructural or
closely related to NbIrTe,. We are pres-
ently engaged in synthesizing the other
members of this series with an interest in
comparing their physical properties and in
understanding their electronic band struc-
tures.
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