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The three isostructural compounds CsCe;Teg, RbCe;Teg, and
KNd,Teg were synthesized from the reaction of elemental copper
and lanthanides in a molten alkali metal/polytelluride flux. They
crystallize in_the monoclinic space group P2,/a (No. 14) with
a=9.05722) A, b=12996(3) A, ¢ = 14.840(3) A, p=98. 74(2)°,
V 1726.4(7) A3, and Z=4 for CsCe;Teg; a=09. 051(2)A

=12.996(3) A, ¢ = 14.376(3) A, = 98. 87(2)°, V'=1670.8(7) A3
and Z =4 for RbCe;Teg; and a=8. 956(1)A b=12. 836(2)A
c=13.856(3) A, = 99.42(1)°, ¥ =1571.3(3) A%, and Z = 4 for
KNd;Teg. The structure of all three compounds can be described
as a defect NdTe; type, consisting of an anionic Lrn;Te; layer that
is charge balanced with 4™ cations. The anionic layer contains
a square Te lattice net with an unprecedented ordered defect
pattern site occupancy wave. Variable-temperature electrical
conductivity and thermopower measurements are reported.
© 1998 Academic Press
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Many high-symmetry, low-dimensional compounds con-
tain stacking layers that can be described as square lattice
networks composed of one element. Examples include com-
pounds of the Cu,Sb structure type (1), the related ZrSiSe
structures (2), the PbO and anti-PbO structures (3), the
BaAl, (4), ThCr,Si, (5), and CaBe,Ge, (6) structure types,
the SrZnSb, structure (7), and other less popular structure
types (8). The chemical, physical, and electronic properties
of these compounds are largely decided by these square nets
and by their interaction with the remaining part of the
structure. However, only a few are known for tellurium, e.g.,
LnTe,, Ln,Tes, and LnTe; (9), CsTh,Teq (10), Ky 33Bag 67
AgTe, (11), and Cs;Te,, (12). These square nets can have
different electronic structures, which can lead to instabilities
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and structural distortions within the nets (13). These distor-
tions are associated with several interesting physical phe-
nomena such as charge density waves and anomalies in the
charge transport properties. When the formal oxidation
state of all Te atoms in the netis — 2, a stable square net is
observed (e.g., NaCuTe) (14). However, when the formal
oxidation state is less than — 2 or when there are atomic
vacancies in the square net, structural distortions are pos-
sible leading to Te---Te bonding interactions and the
formation of Te}~ species. These distortions are manifested
through the formation of a superstructure with respect to
the ideal square net (11). Here, we describe the synthesis and
electrical properties of the compounds ALn;Teg (A = Cs
and Rb, Ln = Ce; 4 = K, Ln = Nd), which display a defect
square Te net and an unprecedented intense charge density
wave that leads to infinite zigzag (Te3 "), chains and (Te3 ")
anions. Interestingly, this charge density wave has recently
been predicted on theoretical grounds (15, 16), and this
report constitutes the first experimental confirmation.

The three isostructural compounds ALn;Teg (A = Cs
and Rb, Ln = Ce; A = K, Ln = Nd) resulted from investiga-
tions into the 4/Cu/Ln/Te (Ln = Ce, Nd) systems. Their
two-dimensional structure is shown in Fig. 1. The Ln and Te
atoms make up the anionic layers and the alkali cations
reside in the interlayer gallery. The Ln atoms possess three
crystallographic positions with two distinct coordination
environments, shown in Fig. 2. Two of the Ln atoms are
eight-coordinate with a bicapped trigonal-prismatic envi-
ronment of Te. The third Ln atom is nine-coordinate with
a tricapped trigonal-prismatic environment of Te.

The anionic layer of these compounds is a derivative of
the NdTe; structure type, differing only in the occupancy of
the square Te net. From a fully occupied NdTej; lattice, one
tellurium atom is removed, causing the remaining Te atoms
to “condense” into Te3 ™ oligomers and zigzag (Te3 ~), poly-
mers arranged in an unusual pattern, shown in Fig. 3. The
bonding in the zigzag chains consists of almost equal Te-Te
distances of 2.989(3) and 3.010(3)2\ for CsCe;Teg. The
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FIG. 1. Extended structure of ALn3;Teg as seen parallel to the anionic
layer (circles with nonshaded octants: 4 = Cs, Rb, K; large open circles: Te;
circles with shaded octants: Ln = Ce, Nd).

Te—Te distances in the trimerized TeZ ™ unit are 2.836(3) and
2.847(3)108, longer than the normal Te-Te bond length of
2.76 A found in (Ph,P),Te, (17). The formal oxidation states
are therefore A *(Ln;Te;)* *(Te3™)(Te3 7),. The structure we
observe for the defect square net in ALn;Teg can be thought
of as a 2 x 3 superstructure (in the a—b plane) of the NdTe;
structure, which is thought to have an ideal square sublat-
tice.

FIG. 2. A fragment of CsCe;Teg showing the coordination environ-
ment of the Ln atoms. Selected distances (/-°\): Cel-Tel? = 3.244(3),
Cel-Te2* = 3.296(3), Cel-Te7* = 3.356(3), Ce2-Te3" = 3.249(3), Ce2-Te3¢
=3.251(3), Ce2-Te8* =3.278(3), Ce2-Ted® =3.337(3), Ce3-Te3" =
3.298(3), Ce3-Te6* = 3.317(3), Ce3-Ted* = 3.323(3).
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FIG. 3. View of the Te “net” of CsCe;Teg showing the Te3 ™ units and
the infinite zigzag (Te3 ), chains. The shaded area indicates the unit cell of
the hypothetical parent structure of NdTe;. The Te square net in the
NdTe; structure is, of course, fully occupied. Selected distances (/o\):
Te4-TeS5 = 2.837(3), Te6-Te5 = 2.847(3), Te7T-Te8 = 2.989(3), Te6-Te8 =
4.284(2), Te6-Te7 =3.297(3), Ted4-Te7 =3.317(3), Ted4-Te8 =4.277(2),
Te5-Te6 = 3.510(3). Selected angles (deg): Te8-Te7-Te8 = 98.03(7),
Ted-Te5-Te6 =99.84(8), Ted-Te6-TeS = 52.22(7), Ted-Te7-Te8 =
85.57(7), Ted—Te7-Te6 = 90.80(8).
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The pattern of the Te net in ALn;Teg was previously
predicted on theoretical grounds by Lee and Foran (15) in
reporting the structure of RbDy;Seg (16). This compound
was solved in a disordered model in the orthorhombic space
group Cmem with a = 4.0579(6)A, b =2647(1)A, ¢ =
3.890(9)1&, but Weissenberg and precession photographs
indicated a very weak superstructure with agype =
4agyb,  Dsuper = 3bsubs  Csuper = Csup-  This  superstructure
could not be resolved crystallographically. HOMO-
LUMO energy calculations were made using Hiickel theory
to predict the superstructure pattern of RbDy;Seg. Al-
though the 2 x 3 superstructure of ALn;Teg is different from
the 4 x 3 superstructure found in RbDy;Seg, one of the two
lowest energy patterns predicted for the Se net in its super-
structure is depicted in the Te net of ALn;Teg. Again the
term “superstructure” here is used with respect to that of
NdTe;.

Electron diffraction studies on KNd;Teg revealed an ad-
ditional, possibly incommensurate, superstructure along the
a axis. The reflections associated with this new superstruc-
ture are very weak and occur along the a* direction with
a¥per = 0.429ad,,, where ag,, is the length of the KNd;Teg
cell (i.e., 8.956 /OX). An optical densitometric scan obtained
from electron diffraction photographs of the (hkO) reciprocal
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FIG.4. Anintensity scan obtained from an electron diffraction micrograph of KNd;Teg along the (h60) row of reflections. The five reflections from the

lattice of KNd;Teg are indexed. The two weak peaks are from the superlatti

plane along the (h60) row of reflections is shown in Fig. 4.
The weak reflections between the (160), (260), and (360)
reflections are due to the additional 0.4294%, superlattice,
which corresponds to a 2.33 x ag;, (i.e., ~ 212\) lattice dimen-
sion. These results suggest an additional oligomerization
and/or fragmentation along the chains of the Te trimers
and/or the infinite zigzag chains, the origin of which is not
currently understood.

Electrical conductivity data as a function of temperature
for single crystals of KNd;Teg show that the material is
a semiconductor with a room temperature value of 0.1 S/cm;
see Fig. 5A. The conductivity drops with falling temperature
but, interestingly, the data do not follow the typical thermal-
ly activated behavior of semiconductors, suggesting a com-
plicated electronic band structure at the Fermi level. The
CsCe;Teg could not be obtained in large enough single
crystals to measure electrical conductivity. Hot-pressed pel-
lets of this material, however, are only slightly less conduc-
tive than KNd;Teg. The faster decline of the conductivity at
lower temperatures is due to grain boundaries in the pellet.

Thermoelectric power data obtained on KNd;Teg and
CsCe;Teg show a very large Seebeck coefficient at
room temperature of 500 and 400 uV/K, respectively. The
decreasing Seebeck coefficient with decreasing temperature,
its positive sign, and its large magnitude (see Fig. 5B)
confirm that these compounds are p-type, narrow-gap
semiconductors.

ce With agyper = 2.33dgup-

The magnetic susceptibilities of RbCe;Teg and KNd;Teg
were measured over the range 5-300 K at 5000 and 6000 G,
respectively. A plot of 1/yy vs T for each shows that the
material exhibits nearly Curie—Weiss behavior with only
slight deviation from linearity beginning below 50 K. Such
deviation has been reported for several Ln®* compounds
and has been attributed to crystal field splitting of the
cation’s *Fs,, (Ce*™) and *Io;, (Nd**) ground state. At
temperatures above 150 K, a p ¢ of 2.76 ug for RbCesTeg
and 3.33 ug for KNd;Teg has been calculated. These values
are in accordance with the usual range for Ce®* (2.3-2.5 ug)
and Nd** (3.5-3.62 uz) compounds.

EXPERIMENTAL PROCEDURE

1. CsCe;Teg was synthesized from a mixture of Cs,Te
(0.5mmol), Cu (0.5 mmol), Ce (0.5 mmol), and Te (3.0 mmol)
that was sealed under vacuum in a Pyrex tube and heated to
550°C for 4 days followed by cooling to 100°C at 4°C h™ %,
The excess Cs,Te, flux was removed with DMF to reveal
black hexagonal-shaped plate crystals. The crystals seem
water stable but are air-sensitive when finely ground.

X-ray structural analysis of CsCe;Teg: crystal dimensions
0.178 x 0.027 x 0.089 mm, monoclinic, P2;/a (No. 14),
Z=4,a=905712)A, b=129963)A, c = 14.84003) A, p =
98.742)°, V = 172647 A%, peye = 6.056gem ™3, 20, =
50°, MoKo radiation, A = 0.71069 A, w—-20 scan mode,
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FIG.5. (A) Single-crystal electrical conductivity [logo (S/cm)] plotted
against temperature (K) for KNd;Teg and CsCe;Teg. (B) Thermopower
(LV/K) plotted against temperature (K) for KNd;Teg and CsCe;Teg.

T = 23°C, 3412 reflections measured, 3193 unique reflec-
tions, data corrected for Lorentz—polarization effects and
for absorption (based on s scans), y(MoKa) = 232.41cm ™ ?,
solution by direct methods, anisotropic refinement on F by
full-matrix least squares, 110 parameters, R = 0.049,
R, = 0063 for 1591 reflections having F2 > 3g(F?),
min/max residual electron density = — 3.8¢A™3/4.5¢ A3

2. RbCe;Teg was synthesized from a mixture of Rb,Te
(1.0mmol), Cu (0.5 mmol), Ce (1.0 mmol), and Te (3.0 mmol)
that was sealed under vacuum in a carbon-coated quartz
tube and heated to 600°C for 3 days and then 850°C for
5 days, followed by cooling to 100°C at 4°Ch™'. The excess
Rb,Te, flux was removed with DMF to reveal black
hexagonal-shaped plate crystals. The crystals are air-sensi-
tive when finely ground.

X-ray structural analysis of RbCe;Teg: crystal dimen-
sions 0.225 x 0.446 x 0.022 mm, monoclinic, P2;/a (No. 14),
Z=4,a=9.0512)A, b=12996(3)A, ¢ = 14.376(3)A, =
98.87(2)°, V = 1670.8(7) A%, peye = 6.069 gem ™3, 20, =
50°, MoKa radiation, 4 = 0.71069 A, w—-20 scan mode,

PATSCHKE ET AL.

TABLE 1
Positional Parameters and B (eq) for KNd;Teg
Atom X y z Beq(/iz)“
Nd1 0.6042(3) 0.4106(3) 0.8492(2) 0.8(1)
Nd2 0.9299(3) 0.5795(3) 0.1476(2) 0.8(1)
Nd3 0.9141(2) 0.254(1) 0.1548(2) 1.5(1)
Tel 0.8607(4) 0.5804(3) 0.9176(3) 1.4(1)
Te2 0.6544(4) 0.4143(4) 0.0933(3) 1.2(1)
Te3 0.8533(3) 0.245(1) 0.9167(2) 1.5(1)
Ted 0.9473(4) 0.4179(3) 0.3268(3) 1.6(1)
Tes 0.7102(4) 0.2777(2) 0.3411(3) 1.4(1)
Te6 0.4690(4) 0.4227(3) 0.3409(3) 1.5(1)
Te7 0.2076(4) 0.5967(3) 0.3303(3) 1.7(1)
Te8 0.0423(3) 0.247(1) 0.6704(2) 1.7(1)
K1 0.259(1) 0.409(1) 0.5357(9) 2.4(4)

“ Anisotropically refined atoms are given in the form of the isotropic
equivalent displacement parameter defined as = (872/3)
[@’B,, + b’B,, + ¢*B,, + ab(cos?)B,, + ac(cos ) B, + be(cos)B,,].
The anisotropic temperature factor expression is exp[ — ZnZ(Blla*th +

- 4+ 2B, a*b*hk + ---)].

T = 23°C, 3301 reflections measured, 3096 unique reflec-
tions, data corrected for Lorentz—polarization effects and
for absorption (based on ¥ scans), u(MoKa) = 232.41cm™*,
solution by direct methods, anisotropic refinement on F by
full-matrix least squares, 110 parameters, R = 0.058,

R, =0.072 for 1565 reflections having F2 > 30£F§),
min/max residual electron density = —5.33eA”/
513e A3,

3. KNd;Teg was synthesized from a mixture of K,Te
(1.0mmol), Cu (0.5 mmol), Nd (0.5 mmol), and Te (4.5 mmol)
that was sealed under vacuum in a carbon-coated quartz
tube, heated to 850°C for 6 days, cooled to 300°C at
4°Ch™!, and quenched to room temperature. The excess
K,Te, flux was removed with DMF to reveal silver hexa-
gonal-shaped plate crystals. The crystals are air-sensitive
when finely ground.

X-ray structural analysis of KNd;Teg: crystal dimensions
0.181 x 0.207 x 0.026 mm, monoclinic, P2;/a (No. 14),
Z =4, a—8956 DA, b=12836Q2)A, ¢ = 13.856(3)A, pp =
99.420(2)°, V = 1571.4(8) A3, peuic = 6.308 gcm 3, 20, =
50°, MoKoc radiation, /l=0.71069/°&, w—-20 scan mode,
T = — 85°C, 2373 reflections measured, 2200 unique reflec-
tions, data corrected for Lorentz—polarization effects and
for absorption (based on  scans), wu(MoKa)=
246.40cm ™, solution by direct methods, anisotropic refine-
ment on F by full-matrix least squares, 110 parameters,
R = 0.054, R, = 0.062 for 768 reflections having
F2 > 30(F?), min/max residual electron density
= —290eA73/2.30¢ A~ 2. The final fractional atomic co-
ordinates and average isotropic temperature factors are
given in Table 1.
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