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A study of the Nb—Pd-Se system has afforded a new phase, Nb,Pd;Ses. The structure of this phase has
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been established uuuugu Singic-Crysiai A-lay measurements. The wmpuunu Lr)’SldlllZCS in space
group D¥,-Pbam with two formula units in a cell of dimensions a = 15.074(6), b = 10.573(4), ¢ =
3.547(2) A In this unusual structure there are two chains of edge-sharing selenium trigonal prisms

centered by niobium atoms. These chains conjoin lnrougn two types of pa.lla(llum atoms—square
planar and square pyramidal—each coordinated by selenium atoms. As a consequence of this conjunc-
tion tunnels extending along ¢ result. Electrical conductivity measurements indicate that this material
is a metaiiic-semiconductor.

Introduction (quaternary) families of compounds:

M NbSe, (M = Ti, V, Cr, Mn, Fe, Co, Ni,

As a continuation of our interest in the Rh); x <0.33 (4, 5) and MM 'Nb,Se; (M =
structural and crystal chemistry of Group Fe, V, Cr; M’ = Fe, V, Cr, Nb) (6-8).

VIIIB (Pt group) chalcogenides and oxides For the series M,NbSe, the ternary atom,

(I) and ternary chalcogenides in general M, occupies tetrahedral or octahedral sites

(2), we have discovered a new phase in the in the van der Waals’ gap between slabs

Nb-Pd-Se system, consisting of sheets of Nb atoms bonded to

The invagtioation of nhace hehavior and candwiched hetween two lavere of
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systems of the type TM-Pd-Se, where TM chalcogens. The environment of the Nb at-
= Group IVB-Group VIIIB transition oms is trigonal prismatic so the NbSe, sub-
metal, has been largely neglected. Indeed, lattice may be viewed as a two-dimensional
the only reports on TM-Pd-Se systems array of edge-sharing Se trigonal prisms oc-
have concerned the formation at high pres- cupied by Nb atoms. These structural fea-
sure of phases, M,Pd,_.Se, (M = Co, Ni, tures are emphasized in Fig. 1. This low-
Ru, Rh); x = 0.3 (3), with the pyrite struc- dimensional structural nature is retained for
ture. the MM 'Nb,Se,, series of compounds.
In contrast, numerous studies of TM-Nb—~ These materials consist of infinite NbSe,
Se materiais, prompted chiefly by observa- chains linked by edge-sharing Se ociahedra
tions of interesting and often unusual elec- centered by the M(M’) atom(s). An NbSe;
trical and magnetic properties, have been chain is sketched in Fig. 2.
reported. These reports have detailed the Until the present study, for phases pre-
characterization of two extensive ternary pared at ambient pressure the structural
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F1G. 1. Schematic representation of M,NbSe, com-
pounds.

chemistry of Pd?* has been dominated by
square-planar coordination of Pd by chalco-
gen (9). One might well speculate that the
synthesis of a Nb/Pd/Se compound would
produce a material with a new structural
type as the aforementioned Nb-Se sublat-
tices are maintained because the steric de-
mands of the ternary atom, M, are readily
met by the type and number of available
sites. In this way we have prepared and
characterized the new material, Nb,Pd;Ses.

Experimental

A combination of the elements, Nb pow-
der (99.99%, Johnson-Matthey), Pd powder
(99.9%, Alfa), and Se pellets (99.999%,
Atomergic), was loaded into a silica tube.
The tube was evacuated to ~1073 Torr and
then bromine (~2 mg/cm’ of tube volume)
was added. The vessel was sealed and
placed for 3 weeks in a tube furnace having
a temperature gradient of 650—600°C. Small

needle-shaped crystals formed at the hot
end of the tube.

A chemical analysis was performed with
the electron microprobe of an EDAX
equipped Cambridge S-4 scanning electron
microscope, with mixtures of NbSe, and
PdSe, as standards. Intensities were cor-
rected and the chemical composition was
obtained from the computer program
MAGICIV (/0). The variation in composi-
tion within individual crystals and among
several crystals was within experimental
error. Analysis of the crystal used for the
structure determination (vide infra) af-
forded the composition: Nb 17.35, Pd,
26.95, Se, 55.70%; calcd. for Nb,Pd;Sey:
Nb, 16.35, Pd, 28.08, Se, 55.57%.

Four-probe single-crystal conductivity
measurements were made along c, the nee-
dle axis, following procedures described
previosly (11).

The compound Nb,Pd;Seg was subjected
to a single-crystal X-ray study. The system-
atic extinctions (0kl, k = 2n + 1; h0l, h = 2n
+ 1) and the symmetry of the intensity-
weighted reciprocal lattice, as determined
from Weissenberg and precession photo-
graphs, were indicative of the orthorhom-
bic space groups D$,-Pbam and C$,-Pba2.
As a satisfactory residual index obtains

F1G. 2. Schematic representation of NbSe; chains.
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TABLE I

CRYSTAL DATA AND INTENSITY COLLECTION FOR Nb;Pd;Seg

Mol. wt.
Space group
a,

b, A

c,

v, A3

Z

T of data collection, K¢

Crystal vol., mm?
Radiation

Linear abs. coeff., cm™!
Transmission factors
Detector aperture

Takeoff angle, deg.
Scan speed, deg. min~!
A1 sin 6, limits, A~!

Background counts
Scan range, deg.
Data collected

1136.69

D%,-Pbam

15.074(6)

10.573(4)

3.547(2)

565

2

115

0.000075

graphite monochromatized MoK«
(A(Ka;) = 0.7093 A)

320

0.585-0.698

3.7 mm wide, 4.4 mm high

32 cm from crystal

3.2

2.0in 26

0.0276-1.0142

2.25° = 26(MoKa) = 92.0°

10 sec at each end of scan with rescan option®

1.0 below Ka, to 1.1 above Ka;

hk x|

p factor 0.04
No. unique data (including F§ < 0) 2717
No. unique data with F§ > 30 (F}) 1418

R(F?) 0.106
R.(FY 0.123
R (on F for F§ > 3a(F%)) 0.049
Error in observation of unit wt., e? 0.99

¢ The low-temperature system is based on
Indiana University, 1974.

a design by Huffman, J. C., Ph.D. thesis,

b The diffractometer was operated under the Vanderbilt disk oriented system (P. G.
Lenhert, J. Appl. Crystallogr. 8, 568-570 (1975).)

from averaging the two octants of data, the
former space group is favored. Diffraction
data were collected from a cylindrical crys-
tal bathed in a N,-cold stream on a Picker
FACS-1 diffractometer in a manner stan-
dard for this laboratory (12). Six standard
reflections measured at 100-reflection inter-
vals showed no significant variation in in-
tensity during the course of data collection.
Inspection of electron photomicrographs of
the cylindrical crystal revealed no discern-
ible crystal edges. For the absorption correc-
tion the shape of the crystal was therefore
approximated by 22 equally separated lon-

gitudinal faces capped by faces of the form
{001}. Crystal data and crystallographic
details are provided in Table 1.

All calculations were performed on a
Harris 800 computer with programs stan-
dard in this laboratory. Conventional
atomic scattering factors (I3) were used
and anomalous dispersion corrections (14)
were applied to each atom with use of val-
ues Af’ and Af” from Cromer and Waber
(13). The structure was solved by direct
methods (MULTANS80). An E map re-
vealed the positions of all the atoms. A suit-
able model for refinement was derived from
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TABLE 1I
POSITIONAL PARAMETERS FOR Nb,Pd;Seq

Wyckoff Site

Atom  notation  symmetry x y z
Nb 4h m 0.115914(54) 0.215325(75) 1/2
Pd(1) 2a 2im 0 0 0
Pd(2) 4g m 0.216161(44)  0.381202(64) ©
Se(1) 4g m 0.988913(61)  0.231846(90) 0
Se(2) 4g m 0.157342(60)  0.043908(86) 0
Se(3) 4h m 0.283350(61)  0.250324(91) 112
Se(4) 4h m 0.115622(64)  0.457417(88) 12

an examination of a drawing of the contents
of the unit cell. The two octants of data
were averaged and final anisotropic least-
squares refinement on F§ for 2717 unique
data resulted in residuals R = 0.106 and R,
= (.123. The final difference electron den-
sity map revealed no features >2% of the
height of a Pd atom.

The following results are tabulated: posi-
tional parameters (Table II), anisotropic
thermal parameters (Table III), and struc-
ture amplitudes (Table S-I).!

Description of the Structure and
Discussion

The structure of Nb,Pd;Se; is described
in terms of bond distances and angles in
Table IV. A stereoview of the structure is
furnished in Fig. 3. The labeling scheme is
provided in Fig. 4. The structure consists of
a framework of fibers extending along c.

! See NAPS document No. 04138 for 11 pages of
supplementary material. Order from ASIS/NAPS, Mi-
crofiche Publications, P.O. Box 3513, Grand Central
Station, New York, NY 10163. Remit in advance $4.00
for microfiche copy or for photocopy, $7.75 up to 20
pages plus $.30 for each additional page. All orders
must be prepaid. Institutions and organizations 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 handling, for the first
20 pages, and $1.00 for additional 10 pages of material.
Remit $1.50 for postage of any microfiche orders.

TABLE III
ANISOTROPIC THERMAL PARAMETERS? FOR
szPngCg
Bu Bz Bn B2
Nb 0.000299(23)  0.000756(48)  0.00431(42)  —0.000049(28)
Pd() 0.000228(27)  0.000958(61)  0.01043(59)  —0.000048(32)
Pd(2) 0.000309(18)  0.000782(38)  0.00447(34)  —0.000024(24)
Se(l) 0.00028027)  0.001132(64)  0.00532(51)  —0.000007(32)
Se(2)  0.000283(26)  0.000672(55  0.00621(50) 0.000061(32)
Se(3)  0.000289(27)  0.001079(55)  0.00580(49)  —0.000031(33)
Se(4)  0.000481(28)  0.000829(57)  0.00601(50) 0.000065(34)

@ o= (B11H24 B2k B3zl 4 2p12kb),

The fibers are composed of two chains of
edge-sharing Se trigonal prisms centered by
Nb atoms and bridged by Pd atoms bound
to four coplanar Se atoms (Fig. 5). The
chains are further capped by additional Pd
atoms located above the square faces
formed by adjoining Se trigonal prisms. As
illustrated in Fig. 4, the full nature of the
three-dimensional structure is realized with
linkage of trans-Se atoms of the square
piane of each unit and the capping Pd atoms
of additional chains. As a consequence of
this connectivity the Se atoms about this Pd
atom impart a square-pyramidal environ-
ment to the Pd atom. This framework fur-
ther necessitates the formation of channels
parallel to ¢ with vacant octahedral and tet-
rahedral sites (Fig. 4).

TABLE IV
SELECTED BOND DISTANCES (A) AND ANGLES (deg.)
FOR Nb,Pd;Se;
Nb-2Se(1) 2.616(1)
Nb-2Se(2) 2.612(1) Se(1)-Nb-Se(2) 76.19(4)
Nb-Se(3) 2.55112) Se(1)-Nb-Se(4) 86.12(4)
Nb-Se(4) 2.559Q2) Se(1)-Nb-Se(1) 85.35(6)
Nb-2Pd(1) 3.374(1) Se(3)-Nb—Se(4) 81.76(5)
Nb-2Pd(2) 2.916(1)
Nb-2Nb 3.546(2)
Pd(1)-2Se(1) 2.457(2)
Pd(1)-2Se(2) 2.417(2) Se(1)-Pd(1)-Se(2) 82.87(4)
Pd(1)-2Pd(1) 3.546(2)
Pd(2)-Se(2) 2.567(2) Se(3)-Pd(2)-Se(3)  91.92(6)
Pd(2)-2Se(3) 2.467(1) Se(3)-Pd(2)-Se(4) 85.34(4)
Pd(2)-2Se(4) 2.468(1) Se(2)-Pd(2)-Se(3) 94.06(5)
Pd(2)-2Pd(2) 3.546(2)
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FiG. 3. Stereoview of the structure of Nb,Pd;Se;. Nb are small filled circles; Pd are small open

circles; Se are large open circles.

The Nb-Se distances? range from
2.551(2) to 2.616(1) A and the average,
2.60(3) A, is comparable with that observed
in NbSe,, 2.595(2) A (15). The selenium tri-
gonal prism is not exactly regular. The tri-
angular face, Se(4)-Se(1)-Se(4), approxi-
mates an isosceles triangle with dimensions
3.533(2) and 3.547(2) A. The triangular
face, Se(2)-Se(3)-Se(2), is more distorted
with dimensions 3.394(2) and 3.547(2) A.
These faces are not exactly parallel; the di-
hedral angle between them is 177.69(5)°.

The Pd(1)-Se distances are consistent
with those observed in other structures
with Se atoms bound to Pd atoms in a
square-planar manner. The Se square plane
shortens along the edge shared with the tri-
gonal prism with the resultant acute angle
82.87(4)° for Se(1)-Pd(1)-Se(2).

The average Pd(2)-Se distance, 2.467(1)
A, in the basal plane of the square pyramid
is somewhat shorter than the Pd(2)-Se(2)
(apex) distance, 2.567(2) A. The distortions
of the basal plane are reflected by the angles
Se(3)-Pd(2)-Se(3), 91.92(6)° and Se(3)-
Pd(2)-Se(4), 85.34(4)°. The Pd atom lies
0.383(1) A above the basal plane. Insofar as
we know, this is the first time a chalcogenic
square-pyramidal coordination has been
clearly established for a Group VIIIB plati-
num-group metal in an inorganic solid-state
compound.

2 An estimated standard deviation in parentheses is
the larger of that estimated for a single observation
from the inverse matrix or from the values averaged.

The geometric distortions about the
metal atoms are consistent with the chemi-
cal inequivalence of the Se atoms (Table
IV). Each Se atom is bound to three metal
atoms, with the exception of atom Se(2)
which bridges two Pd atoms and two Nb
atoms. The Se-Se distances within a chain
range from 3.226(2) to 3.574(2) A. The Crys-

oNb

oPd (OSe

FIG. 4. Perspective view down [001], showing the
labeling scheme. A—Vacant tetrahedral sites; 0—va-
cant octahedral sites.



78 KESZLER AND IBERS

FiG. S. Individual chain in Nb,Pd;Se; as viewed
along b. Nb are small filled circles; Pd are small open
circles; Se are large open circles.

tal radius of Se is 1.84 A (16). The Se - - - Se
distances across the channel range from
3.574(2) to 4.052(2) A. These values are
comparable with the Se---Se distance
across the van der Waals’ gap of NbSe,,
3.550(4) (15), and similar interactions in
NbSe; (17), 3.73(1)-4.17(1). The A-Se and
OJ-Se distances (Fig. 4) range from 1.95 to
2.45 A and from 2.47 to 2.84 A, respec-
tively.

The temperature dependence of the sin-

1.0

o(T)/0 (285}

100 200 300 400
TEMPERATURE (K}

FiG. 6. Temperature dependence of the single-crys-
tal conductivity along the needle axis ¢ for Nb,Pd,Se;
(observed +++; calculated —).

gle-crystal conductivity in the region 380—
100 K is illustrated in Fig. 6. The conductiv-
ity attains a maximum of 6.6 ohm 'cm~! at
295 K before falling as the temperature is
lowered. This temperature dependence of
the conductivity for Nb,Pd;Se; is similar to
that observed for low-dimensional materi-
als such as K,Pt(CN),Brgs-3H,0 (/8) and
N-methylphenazium tetracyanoquinodime-
thanide (/9). Epstein and Conwell have
presented the relation o(7) =
AT “exp(—A/T) that has been used in fit-
ting the temperature dependence of the
conductivity for such materials (/9). A
least-squares fit of the data in Fig. 6 affords
A =312 x 10°ohm~!'cm~! K%, a = 1.60,
and A = 486.89 K for the Nb,Pd;Se; crystal
and satisfactorily reproduces the conduc-
tivity over the complete temperature re-
gion.? As discussed by Epstein and Conwell
the preexponential term may be ascribed to
a temperature-dependent mobility and the
Boltzmann term to the activated generation
of charge carriers in a narrow band gap
semiconductor. From this interpretation
the compound Nb,Pd;Se; is classified as a
metallic-semiconductor (20).

Consistent with the crystallographic and
electrical conductivity results a simple for-
mal valence description for the compound
Nb,Pd;Se; is Nb°*, Pd?*, Se?~. As may be
expected for d® NbY and & Pd", the mate-
rial exhibits semiconducting behavior, al-
though the magnitude of the band gap is
suggestive of a high degree of covalency.
Indeed the occurrence of trigonal-prismatic
coordination for the Nb atom attests to this
covalency (21).
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