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Structure and physical properties of CeSbTe
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Abstract

The structure of CeSbTe was determined by the Rietveld refinement method using powder X-ray diffraction (R 56.22% andp

wR 58.74%). CeSbTe adopts the PbFCl structure type and crystallizes in the space group Pnma (No. 62) of the orthorhombic systemp
3˚ ˚ ˚ ˚with Z54 and a519.0404(6) A, b54.3520(1) A, c54.3660(2) A, V5361.78(2) A . It can be viewed as a layered compound which

21contains an Sb layer distorted from a perfect square net into zig-zag chains. Both its crystallographic and electronic structure indicate a
2-D character. Based on transport properties and band structure calculations, CeSbTe is a metal with a low carrier concentration.

31Additionally, it exhibits paramagnetic behavior typical of Ce .  2001 Published by Elsevier Science B.V.
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1. Introduction and Fermi-surface driven CDW behaviors in LaSb Tex 22x

[9,10] and the crystal structure and electronic band struc-
Low-dimensional metals have opened a unique chapter ture of LaTe [11].2

in modern solid state science [1–6]. Among them, com- CeSbTe, a member of LnAB, has been identified as a
pounds containing 2-D square nets of main group elements new phase [20], but full structural characterization and
which have varying degrees of distortion have displayed physical property studies of CeSbTe have not yet been
very interesting properties [7–11], for example, non-linear reported. This paper presents our results on the crystallo-
conductivity in NbSe [7] and charge density waves graphic structure, transport properties, and electronic struc-3

(CDW) in layered rare-earth polychalcogenides [4,8–11]. ture of CeSbTe.
Extensive studies have been conducted to address the

Fermi surface nesting and CDW modulation in compounds
containing 2-D square nets of main group elements [1,2,7– 2. Experimental
15]. In the family of square nets, the PbFCl structure type
occupies a unique position; the bonding in the main group All manipulations were carried out in an argon-filled
element layer in this structure ranges from ionic to metallic glove box. The starting materials were cerium ingots
[11–15]. One group of compounds that crystallizes in this (Cerac) 99.9%, antimony shot (Alfa products) 99.999%,
structure type is LnAB, where Ln is a rare earth metal and tellurium lumps (Cerac) 99.999%. Ce was purified by drip
A and B are main group elements. Some LnAB com- melting under vacuum in an RF furnace as described
pounds exhibit intriguing properties. For example, unusual elsewhere [21].
electrical resistivity peaks and complex magnetic structures Stoichiometric quantities of the elements were mixed in
have been observed in CeTe [16,17]. UAsSe has been a vitreous carbon crucible (EMC), sealed in a silica tube,2

found to be a ‘single-impurity Kondo ferromagnet’ and heated at 7508C for 1 week. The sample was ground
[18,19]. Recently, there have been reports on the structure and pressed into a pellet in the presence of Ar; then it was

annealed in a sealed silica tube at 7008C for 3 days.
Powder X-ray diffraction (Scintag XDS 2000, CuKa

*Corresponding author. Tel.: 11-607-255-7238; fax: 11-607-255- radiation at 258C) was used to check phase purity. The
4137.

X-ray powder pattern was similar to that of LaSbTe [9,10].E-mail addresses: rh34@cornell.edu (R. Hoffmann), fjd3@cornell.edu
A Rietveld structural refinement on CeSbTe using GSAS(F.J. DiSalvo).
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Fig. 1. Observed (1), calculated, and difference (bottom) X-ray powder diffraction pattern of CeSbTe by using GSAS (15).

group Pnma [9,10]. The plot of final profile refinement is To measure the electrical resistivity and thermopower,
shown in Fig. 1 with the relevant refinement information the pellet was cut into a rectangular bar using a diamond-
listed in Table 1. Structural data are tabulated in Tables 2 impregnated string saw (South Bay Tech.) and polished
and 3. further by filing. The measurements were conducted by

using a standard 4-probe AC method and a home-built
Table 1 thermopower measurement apparatus described elsewhere
Crystal structure refinement information for CeSbTe [23]. Silver epoxy (H20E, Epoxy Technology) was used to

make electric contacts.Compound CeSbTe
Orthorhombic The remaining small pieces of the pellet were used for
Pnma (62) magnetic measurements on a Quantum Design MPMS

˚a (A) 19.0404(6) SQUID magnetometer. The sample was cooled to low˚b (A) 4.3520(1)
temperature at zero field and then the data were collected˚c (A) 4.3660(2)
in a magnetic field of 11.6 kG as the sample warmed up.Z 4

3˚V (A ) 361.78(2) Using the standard 4-probe method, the Hall coefficient
3Calculated density 7.151 gm/cm of the polycrystalline sample of CeSbTe was measured at

Detector HP Ge low-energy photon room temperature. After being cut to the dimensions 0.43
spectrometer

2.032.8 mm using a diamond-impregnated string saw, aCounting time 5.5 s
˚thin (¯1000 A) layer of Au–Pd alloy was sputtered on toStep 0.015

background refined (Power series) cover two opposite ends (for current contacts) and on two
Profile function pseudo-Voigt transverse spots (for resistance contacts) on the sample.
Number of profile points 7333 Good electrical and physical contacts were then established
Number of parameters refined 27

between the sample and copper wire leads with silverwR 0.0874p

epoxy (EPOTEK H20E). A Linear Research LR-700 ACR 0.0622p

R 0.0656 resistance bridge supplied a 30 mA current at 16 Hz to theB

GOF 1.787 sample, and its resistance was measured repeatedly in zero
Durbin–Watson statistics 0.676 gauss and 6500 gauss magnetic fields, with typical changes

of resistance on the order of 0.1 mV. To correct for

Table 2
2 Table 3a˚Atomic coordinates and isotropic displacement parameters (A 3100)

Selected bonding distances and bonding angles
x y z Uiso Ce–Te 3.329(1), 3.215(3), 3.215(3)

Ce 0.36143(4) 0.25 0.2639(6) 0.47(4) Ce–Sb 3.432(1), 3.409(3), 3.420(3)
Te 0.18658(5) 0.25 0.2639(7) 0.57(3) Sb–Sb 2.986(4), 3.182(4)
Sb 0.50068(5) 20.25 0.2341(6) 0.66(3)

Sb–Sb–Sb 93.6(2)a 2 2 2The U is taken from the factor exp(28p U sin u /l ).iso iso
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Table 4
¨Slater-type orbital energies and exponents used in the extended Huckel

calculation on CeSbTe

Atom Orbital H (eV) z z c cii 1 2 1 2

Ce 5d 26.43 2.399 1.168 0.7477 0.3891
6s 24.97 1.398
6p 24.97 1.398

Sb 5s 218.8 2.323
5p 211.7 1.999

Te 5s 220.8 2.510
5p 214.8 2.160

magnetoresistive contributions to the Hall resistance, the
resistance changes in forward and reverse fields were
averaged. Fig. 2. The layered structure of CeSbTe.

Band structure calculations were performed using the
¨‘Yet Another extended Huckel Molecular Orbital Package

˚¨(YAeHMOP)’ [24–28]. The extended Huckel parameters When compared to the ionic radius sums of 3.54 A for
˚Ce–Sb and 3.32 A for Ce–Te, the covalent radius sums ofof Sb and Te listed in Table 4 are the standard atomic

˚ ˚parameters from the package. The cerium parameters were 3.05 A for Ce–Sb and 3.01 A for Ce–Te, and the atomic
˚ ˚obtained by using the procedure of Ortiz and Hoffmann radius sums of 3.60 A for Ce–Sb and 3.41 A for Ce–Te

[28]. The input geometries were based on the atomic [29–32], the range of bond distances we observe suggest
parameters determined from the powder X-ray diffraction. that there is significant bonding between Ce and Sb or Te.
A 126 k-point set in the irreducible wedge in the Brillouin Within the Sb net, there are two different Sb–Sb

˚zone was used to calculate average properties. distances (2.986 and 3.182 A). Although these distances
are larger than that of a typical Sb–Sb single bond (2.87
˚ ˚A) [33–36], distances in the range of 2.9–3.3 A are also

3. Results and discussion

3.1. Structure

CeSbTe adopts the same structure as CeAsS and
LaSbTe, which is of the PbFCl type; many other com-
pounds adopt this structure type, including Cu Sb and2

ZrSiS [12–15]. The CeSbTe unit cell parameters
3˚(19.0404(6)34.3520(1)34.3660(2) A ) are smaller than

those of LaSbTe (reported by DiMasi et al. to be
3˚19.242(2)34.3776(5)34.4031(6) A ) due to the lantha-

nide contraction [9,10]. The compound can be viewed as a
layered structure composed of distorted square nets of Sb,
Te and Ce stacked along the x direction (Fig. 2) with a
layer repeat sequence of Sb–Ce–Te–Te–Ce. The Sb layer
is twice as dense as the Ce and Te layers.

Within the Ce net and the Te net, the nearest neigh-
˚boring distances are 4.352 and 4.366 A, respectively; no

intra-net covalent bonding is expected in either net.
Between neighboring Te layers, the Te–Te distance is

˚3.916 A, much larger than the covalent bonding length
˚2.83 A, but a little below the van der Waals contact of 4.06

Å [29–32]. Each Ce is coordinated by 4 Sb and 5 Te
atoms, as shown in Fig. 3. Its coordination sphere can be
described as a monocapped square antiprism. The Ce–Sb

˚and Ce–Te distances fall within the range of 3.2–3.5 A. Fig. 3. The coordination of Ce by 4 Sb and 5 Te atoms.
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found in other square net antimonides [9–14]. Clearly, value. By using the Sb and Te assignment in the crystallo-
some significant covalent Sb–Sb bonding occurs in the net. graphic structure (Table 2), the valence sums are found to
In fact, the Sb net in this compound can be viewed as a be 3.488 at Sb and 2.133 at Te, which is in fair agreement
deformation from a perfect square net to infinite zig-zag with the atomic valences of 3 for Sb and 2 for Te
chains running along the y axis (Fig. 4). The Sb–Sb (deviation smaller than 0.5). If Sb and Te are exchanged,

˚distance inside the chain (2.986 A) is shorter than the the valence sums become 3.031 at Sb and 3.112 at Te. The
˚distance between the chains (3.182 A), with a zigzag calculated valence of Te would then significantly deviate

˚distortion of about 0.2 A in the Sb layer. A similar from the true valence of 2 (deviation higher than 1). The
˚distortion of 0.3 A has been reported in LaSbTe [9,10]. site preference will be further investigated by calculations

¨This is one of the possible distortions from a square net to based on the extended Huckel tight binding method.
a lower symmetry that have been discussed in the literature
[12–15]. 3.2. Magnetic properties

Since Sb and Te are neighboring atoms showing no
significant difference in X-ray diffracting power, bond Fig. 5 shows the magnetic susceptibility x and its

21valence analysis by EUTAX [33–36] was carried out to inverse x as a function of temperature for CeSbTe. The
21calculate the atomic valence sums at Sb and Te sites in increase of x with decreasing T and the linear x vs. T

order to support the original site assignment. In applying behavior indicate that the compound is paramagnetic. A
the valence analysis method, it is common that calculated Curie–Weiss fit of data to x5C/(T2u ) above 85 K gives
apparent valences deviate from true valences, as discussed a magnetic moment of 2.49 m per cerium and a u value ofB

elsewhere [37,38]. It is the overall trend and comparison of 240 K. Considering that the magnetic moment of free
31the calculated valences that give information of structural Ce ions is 2.54 m , we can conclude that the ceriumB

atom in CeSbTe is 31, which corresponds to the trivalence
31of La in LaSbTe.

3.3. Transport properties

The electrical resistivity of the polycrystalline bar
23decreases from 2.9310 V cm at room temperature to

230.97310 V cm at 7.4 K (Fig. 6). The monotonically
decreasing electrical resistivity with decreasing T suggests
metallic behavior, but the change as a function of T is not
as large as that of an atomically well ordered metal [39].

As shown in Fig. 7, the Seebeck coefficient drops from
246.7 mV/K at 300 K to 218.5 mV/K at 89.5 K. The
negative sign indicates that electrons are the dominant
carriers. For comparison, typical magnitudes of Seebeck

Fig. 4. Viewing the Sb layer as (a) a square net and (b) a distorted
zig-zag chain by breaking the longer Sb–Sb bond. Compared with an
ideal square net, the reflection plane along the y direction is lost in the

21distorted Sb layer. Fig. 5. x and x as a function T for CeSbTe.
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with the Seebeck measurement, the Hall coefficient experi-
ment confirms that electrons are the dominant carriers. The
measured carrier density, consistent with the magnitude of
resistivities and Seebeck coefficients, is characteristic of
low carrier density systems.

The transport property measurements suggest that
CeSbTe may be either a degenerate semiconductor or a
poorly conducting metal. This ambiguity can be clarified
by the electronic structure calculation of the compound

¨using tight-binding extended Huckel methods.

3.4. Electronic structure calculations

How might one assign formal charges to the atoms in
the CeSbTe? The electronegativities of the elements
involved are not very different from each other; however,
we can get a preliminary feeling for the charge distribution
by using the Zintl–Klemm concept [43–46]. Based on the
magnetism of CeSbTe, one 4f electron is localized on Ce;

Fig. 6. Electrical resistivity as a function of T for CeSbTe.
thus the Ce atom is in oxidation state 13. The electroposi-
tive element Ce can be considered as an electron donor; it

coefficients at 300 K range from extremely small values (a formally transfers three electrons to the sublattice of
32few mV/K for metals), to 30–40 mV/K for some transition (SbTe) . Because Te atoms are surrounded by Ce and no

metal alloys, to 50–1000 mV/K for semiconductors Te–Te bonds are found, we can assign a 22 formal charge
22[40,41]. Thus, the Seebeck coefficient of CeSbTe is on the to Te. Te then satisfies the classical octet rule. There-

boundary between metals and semiconductors, which is fore, Sb is left with a charge of 21, which is just the
similar to the results observed for LaSbTe [42]. In contrast preferred electron count for a hypervalently bound square
to CeTe and UAsSe [16–19], no unusual behavior in lattice [13].2

transport properties was demonstrated in CeSbTe. Prop- A qualitative description of chemical bonding in the
21erties characteristic of Kondo effects or intermediate square net of Sb goes as follows. The 5s and 5p orbitalsx

valence (IV) behavior were not observed. of Sb (the latter perpendicular to the square net) are each
The Hall coefficient R at room temperature was found filled with two electrons. The resulting bands are narrowH

213to be 24900650310 V?cm/(A?G), which corresponds and can be roughly considered as non-bonding. The 5py
20 2 3to a carrier density of 21.3310 e /cm . In agreement and 5p orbitals (in the plane of the net) give maximalz

bonding when they are occupied by one electron, forming
2 12two half-filled bands. This gives 6e /Sb or Sb . A

32calculation performed on the (SbTe) sublattice showed
that the computed average net charges are actually close to
these formal charges.

32The calculations on the (SbTe) sublattice also indicate
that the density-of-states (DOS) at the Fermi level (26.73
eV) is entirely localized on the Sb sublattice. The DOS
contribution from Sb spreads from about 223 eV all the
way up to 7 eV, while the 5s and 5p contributions from Te
remain well-localized below the Fermi level around their
valence orbital ionization energies, H 5220.8 eV and5s5s

H 5214.8 eV, respectively. It is no surprise that the5p5p

stronger interactions are within the Sb layer: the Sb layer is
twice as dense as the Te layer. Thus, the Sb site is more
dispersive (shorter contact between the equivalent sites of
that type [47]) than the Te site.

32Since the calculations on the (SbTe) sublattice suggest
that the electronic features at the Fermi level are de-
termined by the Sb layers, it is worthwhile studying the
electronic structures of these layers further. We performedFig. 7. Thermopower as a function of T for CeSbTe. The line shown is

merely a guide to the eye. calculations on a perfect square net and a distorted square
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21net both composed of Sb in order to investigate the performed on the full CeSbTe structure. The 4f orbitals
˚ (occupied by one electron) are presumed not to participateeffects of the zig-zag distortion (0.2 A distortion) on the

in chemical bonding. These orbitals were not included inelectronic structure. The geometry distortion lowers the
the calculation. That is, Ce is considered to have 6s, 6plattice symmetry; consequently, avoided crossings occur,
and 5d as valence orbitals with three valence electrons. Toas observed along the G2Y symmetry line of the band
put it another way, the CeSbTe system is treated likestructure of a perfect square net and a distorted square net
LaSbTe; or, alternatively, from a fully ionic point of view,(Fig. 8). The gap opening along G2Y is related to the loss

32the (SbTe) unit is put together withof mirror symmetry along the y direction. If we adjust the
31 1 0 0 0interchain distance (between the zig-zag Sb chains) to Ce (4f ) (5d) (6s) (6p) .

where the mirror symmetry is restored, then the gap along The band structure of CeSbTe is shown in Fig. 9. The
the line G2Y closes. The magnitude of the DOS at the calculation on CeSbTe shows that the Fermi level lies at
Fermi level also decreases by approximately two-thirds as 28.70 eV, lower than the Fermi level of 26.73 eV for the

32˚a result of the zig-zag distortion. However, the 0.2 A (SbTe) sublattice. Obviously, there must be interaction
zig-zag distortion is not large enough to open a true band between Ce and the (SbTe) substructure, lowering the

21gap. The distorted square net composed of Sb zig-zag Fermi level. The Fermi level cuts through a band, so this
chains remains metallic. In some separate calculations, we compound should be metallic. Along the symmetry lines
moved the zig-zag chains away from each other. As U–Z and T–R (which are along the x direction), the band
expected, at some point (where the interchain distance is is pretty flat. On the other symmetry lines which cross over

˚around 5 A), the layer becomes semiconducting, made up the yz plane, the band structure is highly dispersive. We
21of weakly interacting classical one-dimensional Sb also checked many other symmetry lines to see the band

chains. dispersion. Overall, the band structure displays more
In order to gauge the influence of Ce on the whole dispersion in the k k plane than along the k direction. Soy z x

electronic structure of this compound, a calculation was while there is Ce–(SbTe) interaction, the compound re-
mains two-dimensional.

The DOS of CeSbTe can be decomposed into Ce, Sb
and Te contributions, as illustrated in Fig. 10. The Ce 6s
and 6p contributions are unimportant in the range consid-
ered; their states lie much higher. About 85% of the Te
contribution falls below the Fermi level, in some narrow s
and p bands (Fig. 10). The other 15% Te contribution is
found to be above the Fermi level; this is the result of Te
interaction with Ce. The contributions from Ce and Sb
both appear in the energy range of 223–8 eV (Figs. 10). A

21Fig. 8. Band structures (left) and DOS (right) of an Sb ideal square net
21(top) and an Sb distorted square net (bottom). For the sake of

consistency and convenience of comparison with CeSbTe calculations, Fig. 9. Band structure of CeSbTe in the energy range of 225 to 10 eV.
21the unit cell settings are the sublattice Sb of CeSbTe in Pnma; thus, The dotted horizontal line indicates the Fermi level at 28.70 eV. G(0,0,0),

there are four Sb atoms in each cell. G(0,0,0), X(0.5,0,0), Y(0,0.5,0), X(0.5,0,0), Y(0,0.5,0), Z(0,0,0.5), U(0.5,0,0.5), R(0.5,0.5,0.5),
Z(0,0,0.5), U(0.5,0,0.5), R(0.5,0.5,0.5), S(0.5,0.5,0), T(0,0.5,0.5). S(0.5,0.5,0), T(0,0.5,0.5).
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Fig. 10. The Te, Ce and Sb contributions to the DOS of CeSbTe in the energy range of 225 to 10 eV. The dotted horizontal line indicates the Fermi level
at 28.70 eV.

small portion of Ce levels (about 10% of the total Ce open. This we actually probed in calculations, as men-
contributions) is found between 223 and 210 eV, far tioned above. Metallic properties are predicted from the
below the Fermi level, due to the interaction of Ce with Sb band structure calculations performed on the full structure

32and Te. Overall, a mixing of Ce orbitals with Sb and Te CeSbTe and the sublattice (SbTe) . This is in accord with
orbitals is observed. Note that the DOS at the Fermi level the conducting character demonstrated in transport proper-
is dominated by not only Sb but also 5d orbitals of Ce. ty measurements. The low DOS at the Fermi level is also
Still the electronic structure indicates lower (two) di- consistent with the poorly conducting metallic behavior

20 2 3mensionality, and the driving force for distortion of the Sb and the low carrier concentration, 1.3310 e /cm . It is
square net remains. worth mentioning that LaSbTe does not have a high carrier

The computed net charges from the calculation on concentration as typical metals do, based on the thermo-
CeSbTe are 20.21 for Sb, 20.86 for Te, and 11.07 for power and electrical resistivity measurements on LaSbTe
Ce. These charges are quite far from the formal charges of [42]. In addition, CeTe [16,17] has been found to be an2

14 15 23
21 for Sb, 22 for Te, and 13 for Ce. The result is not extremely low carrier system (10 210 cm ).
surprising if we consider the short contacts between Ce
and Sb or Te and the moderate electronegativity difference
(about 1) between Ce and Sb or Te. A comparison of the 4. Conclusions

32calculations performed on CeSbTe and on the (SbTe)
31 In summary, the structure of CeSbTe has been de-sublattice clearly reveals the perturbation of Ce on the

32 termined from powder X-ray diffraction. It is a layered(SbTe) sublattice and consequent charge transfer from
32 31 compound with the layer repeat sequence Sb–Ce–Te–Te–the (SbTe) substructure to the Ce cations. The Ce

21Ce. One noteworthy structural feature is the 2-D Sb net,atoms are electropositive, yet involved in chemical bond-
which exhibits a distortion from a square net into zig-zaging. They not only donate electrons but also interact with

˚chains by a deformation of 0.2 A. CeSbTe displaysthe neighboring Sb and Te atoms.
31paramagnetic behavior related to Ce . Additionally,

31 22CeSbTe can be formally described as Ce , Te and
123.5. Discussion Sb , which is confirmed by magnetic susceptibility

measurements and electronic structure calculations. No p–f
One distinguishing feature in CeSbTe is the zig-zag mixing or Kondo effects were observed in the transport

21 21 21distortion of Sb square nets. The distortion of Sb property studies of CeSbTe. The distortion from Sb
21square nets into Sb zig-zag chains can be understood in square nets to zig-zag chains induced by Fermi surface

terms of a second-order Jahn–Teller distortion [1,2,12– nesting is not significant enough to open a band gap. A
14], Fermi surface nesting, or a CDW instability [3– non-vanishing DOS is found at the Fermi level from the
6,9,10]. The non-vanishing DOS at the Fermi level in band structure calculation, which is in agreement with the
CeSbTe can be rationalized in terms of incomplete Fermi metallic behavior observed in transport property measure-
surface nesting. If the zig-zag distortion is so large that the ments. The carrier concentration is moderately low (1.33

20 2 3net could be considered as a layer of non-interacting 10 e /cm ), compared to typical metals which have
21 22 2 3zig-zag chains (Sb , like a Te chain), a band gap will be carrier concentrations on the order of 10 e /cm .
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