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New Layered Zirconium Tellurides: Zro3ZrTes, Zro2Zr 2Te2As, and NaZr,TeAs
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The synthesis and crystal structure determinations @§ZrTe; and MZr,Te,As (M = Zr, Na) compounds are
reported. The structure of ggZrTe; was refined in the hexagonal space gré&@famc (No. 186,Z = 2) with

lattice parametera = 3.9840(3) A andct = 13.366(3) A; Zp.oZr:TesAs was refined in the rhombohedral space
group R3m (No. 166,Z = 3) with lattice parametera = 3.9329(4) A ancc = 29.564(5) A. ZpsZrTe; and

Zro 291, TeAs have close structural similarities to,8e; and TaS,C, respectively, and are built up by stacking
hexagonal layers with [8rg—Te—Zr—Te] and [Zp 29— Te—Zr—As—Zr—Te] sequences. Four-probe resistivity
measurements (77300 K) show both Zs30ZrTe; and Zg 2oZr,TexAs to be metallic (Zg oZr2TesAs: 8.9 x 107°

Q cm at 273 K). Both compounds exhibit structures wherein Zr atoms are included between layessaf@tTe
Zr,TesAs) by partially filling trigonal antiprismatic holes. The replacement of the included Zr ionsgipeZin-

TeyAs by Na ions has been demonstrated. Powder diffraction data showed thaTB#&&ris isostructural with
Zro2oZr2TeAs. By use of Rietveld refinements, sodium ions were found to reside in the trigonal antiprismatic
sites between the layers. Extendedckiel band calculations on the [Are,As]*16~ layer indicate that it should

be a metallic conductor and that the fZe,As] layer can bear a greater negative charge than has so far been
observed. We suggest that the JZ&,As] layered compounds may offer new opportunities as electron-donating

hosts.

Introduction

Guest-host interactions of low-dimensional transition metal

Te)151920TaCqTe,?! TaFea xsles,?? TaNip osTes,2® and NbNj 3¢
Tes.2* The incorporation of main group elements has also been
reported in MX%Te, (M = Nb, Ta; X= Si, Ge;¥3 < n < 1/,)

chalcogenides have been extensively studied because of suchaterials?526

compounds’ unusual physical properties, interesting structural
chemistry, and many applicatiofs> Recently, much attention

In contrast with these group 5 ternary layered tellurides, there
have been comparatively few reports of the incorporation of

has been focused on the chemistry of ternary transition metalternary elements in Zr and Hf tellurides. sMsTey; (M = Zr,

tellurides and, in particular, investigation of ternary layered
group 5-M'—Te (M' = 3d transition metals) systems have lately
produced many interesting materials. Examples include T
(M = Nb, Ta; M = Ni, Pt)5° MIrTe, (M = Ta, Nb)10 Ta,-
CosTes,® TauCosTere 't MM'Te, (M = Nb, Ta; M = Fe, Co,
Ni), 12717 Tay od& 30T €4,'8 TaeM3Qs (M = Ni, Pd; Q = Se,
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Layered Zirconium Tellurides

isostructural quasi-ternary zirconium telluridésind a quater-
nary telluride, CsAg,ZrTe,3® have also been reported.

In an early study of the ternary ¥&—C system, the layered
compound Tg5,C was discovere® This compound is iso-
structural with BiTe;S (Tetradymite) and both 1T and 3R
stacking variants are known. Isoelectronic zirconium carbide
halides, 1T-ZsX,C (X = ClI, Br), have also been reportéd.
1T- and 3R-TaS,C are capable of intercalating nearly all the
3d transition metal alkali metals’®® and neutral organic
amined? and can undergo reversible topotactic intercalation by
several cationic species via electrochemical reactibriduring
our investigation of ternary zirconium tellurides incorporating
the post-transition metals, the title compounds,sgZrTe; and
Zro 2L TeAs, were obtained and the latter was shown to adopt
a stuffed TaS,C structure. Finally, the discovery of related
inclusion compound, NaZFeAs, is presented and we suggest
that the [ZpTe,As] layered compounds may offer new op-
portunities as an electron-donating host material.

Experimental Section

Synthesis. Since the tellurides described herein are sensitive to both

Inorganic Chemistry, Vol. 37, No. 3, 199891

0.7, 0.9, 1.0) in welded Nb capsules which were in turn sealed in
evacuated and flame-baked silica tubes. The temperature profile for
these reactions was the same as that described for the synthesigsof Zr
Zr;Te;As except that these reactions were maintained at 1Gd0r 2
weeks.

X-ray Studies. General Methods. All synthesized materials were
subject to Guinier powder diffraction measurements. Lattice parameters
were obtained at room temperature by least-squares refinement of
indexed line positions calibrated by an internal silicon standard (NIST).
Single-crystal diffraction data for ZgZrTe; and Zp 2oZr.TEAS were
collected on a Siemens R3m/V diffractometer with graphite-mono-
chromated Mo K radiation at 20C. Cell constants and an orientation
matrix for Zr 30ZrTe, were obtained from a least-squares refinement
using the setting angles from nine centered reflections. FoiZin-
TeAs, preliminary oscillation and Weissenberg photos were used to
establish the hexagonal unit cell and to obtain approximate lattice
parameters. Unit cells were refined by centering on more than 20
reflections in the range of 15 26 < 35°. Cell parameters in Table
1 are refined from Guinier powder diffraction patterns. Intensity data
were collected by use @f—260 scans for reflections with@< 50°. In
both cases, three check reflections monitored throughout the process
of data collection, showed no significant trends.

ZrosoZrTe,. A black needle shaped crystal ofe2eZrTe; having

moisture and oxygen, the operations described below were performedapproximate dimensions 0.08 0.06 x 0.41 mm was mounted in a

under nitrogen atmosphere. Zr (99.6%, including 4.5% Hf, Johnson
Matthey), As (99.99%, Alfa), Te (99.99%, Johnson Matthey), Sn

(99.9%, Baker), and Na (99%, Aldrich) were used as starting materials.

A mixture of Zr, Sn, and Te in a molar ratio 1:1:1 with 3 mg of TeCl

glass capillary. After preliminary steps described above were per-
formed, a hemisphere of data were collectédh (k,£l) to gain the
advantage of averaging. The data were corrected for absorption using
the y-scan technique based on three reflections. Systematic absences

was loaded in a Nb capsule which was in turn sealed in an evacuatedreduced the possible space group$éamc (No. 186) andP6s/mmc

silica tube 104 Torr). The temperature was uniformly raised from
room temperature to 100C over 7 days. The reaction was maintained
at 1000°C for 30 days after which the furnace was turned off and

allowed to cool to room temperature. Microprobe analysis (Cameca

SX-50) on selected crystals showed the compositians@Te,. No

(No. 194). Guinier diffraction data had made it clear thai:&rTe,
is isostructural with the known phase,3g;,*® so the atomic positions
of Zr,Se; were used to begin refinement of they gZrTe, structure.
The structure was refined df? using the SHELX-93 prograrif.
Neutral atomic scattering factors, corrected for the real and imaginary

other elements heavier than Na were found. Quantitative synthesis ofparts of anomalous dispersion, were obtained from standard sd@rces.

Zr13Te, can be achieved in either a silica tube or a Nb capsule by
mixing stoichiometric proportions of Zr and Te followed by slowly
increasing temperature to 80W for 24 h and maintaining that

Isotropic refinement of the structure with all Zr and Te positions fully
occupied (corresponding to a4ZrTe, composition) resulted in a
residual R) of 6.99%. However, the Zr2 thermal parameter was

temperature for 5 days. The reaction vessels are then quenched to roonapproximately 100 times larger than that of the Zrl atom. When the

temperature.

Zro2oZrTeAs was synthesized by loading a 1:1:1 ratio of-2s—
Te with an eutectic LiCI/KCI flux (Zr:Cl ratio= 1:2) in a sealed Nb
capsule which was in turn sealed in an evacuatetio(* torr) and

thermal coefficient of the Zr2 atom was constrained to be the same as
the Zrl atom, the isotropic refinement showed that the Zr2 site

occupancy factor was 0.30(1) with a resid&a= 2.25%. This result

is comparable to the composition obtained from microprobe analysis.

flame-baked silica tube. The temperature of the reaction vessel wasin subsequent refinement cycles then, both the site occupancy and
uniformly raised to 550C over 2 days, maintained at that temperature temperature factor of Zr2 were refined simultaneously which also
for 4 days, then uniformly raised to 100CQ over 4 days, held at that  resulted in reasonable isotropic thermal parameters and a fractional site
temperature for 3 weeks, and finally cooled to room temperature at a occupancy of 0.282(6). In the last cycle, the site occupancy of Zr2
rate of 5°C/h. The preheating interval at 58C helps to reduce the  was fixed and the structure was refined anisotropically to yield
attack of the Nb tubes by Te vapor. The microcrystalline product respective residuals of 1.81 and 3.53%RafF) and WR,(F?) with | >
contained approximately-60% Zn Zr.Te;As, the remainder being 20(l). The largest remaining peaks in the final Fourier difference map
ZrAs.*2 Single crystals were obtained by cycling the reaction temper- were 0.838 and-0.364 e/& located near Tel and Zr1 in the framework
ature between 1000 and 930 repeatedly ovea 6 week period. This of the structure.
method produces highly reflective, black, hexagonal-plate crystals which  Zr,0Zr ,Te;As. A black hexagonal-plate crystal of ZiZr,TeAs
compose> 90% of the product and are suitable for single-crystal, X-ray with approximate dimensions 0.16 0.15 x 0.03 mm was selected
studies. Selected plate crystals were analyzed by wavelength dispersiveand mounted in a glass capillary. After preliminary steps described
X-ray spectrometry which gave the approximate compositionsgr above were performed, data ranging over the indidgs+{k,+1) were
TeAs1 094y NO contamination by the flux or niobium could be detected. collected. Three check reflections were monitored periodically and
The inclusion compounds Nar.Te;As were synthesized by loading  showed no significant change during the data collection process. The
elemental Na, Zr, Te, and As in a ratio xR:2:1 ¢ = 0.1, 0.3, 0.5, data set was corrected for absorption usingitkecan technique based
on three reflections. All data except those for whieh + k + | = 3n
were found to be absent, consistent with a rhombohedral space group.
The structure was solved using direct methods. Refinements in both
the space groug@3m (No. 160) andR3m (No. 166) yielded essentially
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Table 1. Crystallographic Data for 2pZrTe, and Zp 2oZr.TEAS chamber reduces the accuracy of the lattice constants obtained, but
Guinier film data (for which a primary standard is used) provide the

g’hgm formula SZggiro'l'(gz) 235092322%{52 AS most accurate lattice pargmeters in any case. The data were collected
c, A 13.366(3) 29.564(5) between 3 and 85n 20 with a step size of 0.0land count time of 6
v, A3 183.73(7) 396.0(2) sistep.
z 2 3 Multiphase Rietveld refinements of the samples with a nominal
fw 373.79 539.01 composition NgZr,Te,As, wherex = 0.5, 0.7, and 1.0, were carried
space group P6smc(No. 186) R3m (No. 166) out using the program GSAB#” The starting structural model for
T(°C) 20 20 the ZeTeAs layers in this refinement were obtained from the single-
1A 0.71 0.71 crystal structure of ZnZr;TeAs. The compound with a nominal
Pcalcd: 9_/an3 6.757 6.780 composition NaoZr,Te;As was used in these refinements. Lattice
Pé(rET 0/) i9é(1)84 518'2’59 parameters and atom positions of the known impurity phased,ga
Wngz()Fngog%) 353 170 and ZrAs?* were obtained from the literature. Initial isotropic thermal

' ' parameters of Zr, Te, and As were obtained frogpdr,TeAs. Initial

aRY(F) = S(IFol — IFe)/3(IFol). PWRA(F?) = [3|W(Fe?2 — FA?3/ structural analysis involved the refinements of the zero-point error, scale
Y IW(FA?1Y2, w = U[o*(F?) + (xP)? + yPl, whereP = (max(F.?0) factor, polarizability factor, lattice parameters, preferred orientation
+ 2F2)L. factor, terms for background, peak shape functions, and phase fractions
. . . . (3.5% NaTe and 4.1% ZrAs). Structural parameters of Zr, Te, and
Table 2. Atomic Coordinates and Equivalent Isotropic As were introduced and refined to yield a layer structure quite
Displacement Parameters comparable to ZnZr,Te;As. A difference Fourier map computed at
X y z U (A2 x 10%) this stage revealed the position of sodium atoms. Sodium atoms were
ZroZITe introduced (initial isotropic therrr_n_al parametgrs for sodium were taken
7rl Y, 2, ’ 0.3681(1) 17(1) from NaCuZrTg).*® The Na position was refined togethgr W|t.h those
Zr2 1, 2y 0.1009(3) 8(1) of Zr and Te. In the next cycle, the occupancy of sodium ions was
Tel 2, 1Y, 0.2343(1) 12(1) refined and a value of 0.99(3) was obtained. A difference Fourier map
Te2 0.0 0.0 0.0 19(1) computed at this stage yielded remnant peaks closg @) to Zr, Te,

Zro2Z 1 TEAS and As. As an internal check rgfinements of the occupancies of Zr,
7rl 1, 2, 0.0488(1) 13(1) Te, and As atoms were seque_ntlally performed and gave values were
7r2 1, 2, Ys 19(2) close to 1.0, so the occupancies of these atoms were returned to 1.0.
Tel 2, 1, 0.1116(1) 13(1) Isotropic thermal parameters of all the atoms were then refined. The
Asl 0.0 0.0 0.0 9(1) final difference plots for NaZiT e;As are given in Figure 1. A summary

of data collection and refinement parameters appears in Table 3, and
atom positions are given in Table 4. Neither the addition of amorphous
silica to sample nor the GSAS refinement procedure entirely compen-
sated for the severe preferred orientation that is characteristic of this

a Equivalent isotropicU defined as one-third of the trace of the
orthogonalizedJ; tensor.

the same results, so the centrosymmetric space d®8upwvas chosen  |ayered material (see the labeled reflections in Figure 1). As a result,
for further crystallographic analysis. reliability factors remained somewhat high.

The structure refinements were based FBnwith the use of the Electrical Resistivity Measurements. Since Zp3ZrTe, and Zp 2o
SHELX-93 program. Isotropic refinement of ozpZr,Te;As showed Zr,Te,As are sensitive to air and moisture, resistivity measurements

reasonable thermal coefficients for all atoms except the Zr2 atom. The were carried out under an atmosphere of dry nitrogen. Resistivities
Zr2 thermal coefficient was about 91 times larger than that of Zrl, were measured using a dc four-probe method; contacts were made with
and a residuaR = 10.0% was obtained. When the Zr2 thermal sjlver epoxy (Acme E-solder 3021), and leads from the contacts
coefficient was constrained to be the same as for Zrl, the isotropic consisted of 0.05 mm diameter gold wires. BecausgeZr.TeAs
refinement showed that the site occupancy factor was 0.28(1) with a crystals exhibit a hexagonal-plate morphology, resistivities were only
residualR = 2.67%. This result is comparable to the composition measured parallel to thab-plane. The measurements were repeated
obtained from microprobe analysis. In subsequent refinement cycles, at least twice on separate crystals. Temperature equilibration was
both the site occupancy and temperature factor of Zr2 were refined checked by carrying out measurements while both cooling and warming
simultaneously which also resulted in reasonable isotropic thermal over the range 7#300 K. Crystal dimensions necessary to obtain the
parameters and a fractional site occupancy of 0.29(1). In the last cycle, absolute resistivity were measured with a Zeiss laser scanning
the site occupancy of Zr2 was fixed and the structure was refined microscope (LSM-10). The absolute resistivity of,ZZr.Te;As at
anisotropically yielding the final respective residuals of 1.82 and 4.70% 273 K, 8.9 x 105 Q cm, was calculated with measured crystal
for Ri(F) and wWRx(F?) with | > 2¢(1). The largest remaining peak in  dimensions 0.09 mnx 0.08 mmx 0.02 mm.

the final Fourier difference map was 1.39 A away from the Zr1 position.

A summary of crystal and data collection parameters @f:ZrTe; Results and Discussion
and Zp oZr,TeAs is provided in Table 1, and final atomic coordinates . . . .
are located in Table 2. Syntheses. Early studies of the binary zirconium chalco-

NaZr ;Te,As. Because single crystals of Na,Te,As could not genides produced_ several new sulfide and selenide
be obtained, the crystal structure was determined by powder X-ray compound$®->4 Solid solutions of Zf.Te; (0 < x < 1)
diffraction. Step-scanned X-ray powder diffraction data were collected
by means of a Rigaku (RU200R) computer-automated diffractometer. (46) Rietveld, H. M.J. Appl. Crystallogr.1969 2, 65-71.

The X-ray source was a rotating anode operating at 50 kV and 180 (47) Larson, A.; Von Dreele, R. BGSAS: General Structure Analysis
mA with a Cu target and graphite-monochromated radiation. In an Larson, A., Von Dreele, R. B., Eds.; Los Alamos National Labora-

. . . . tory: Los Alamos, NM, 1994.
attempt to reduce preferred orientation, the samples were mixed with (48) Villars, P.; Calvert, L. DPearson’s Handbook of Crystallographic

amorphous silica that was dried under vacuum at Dfor 1 day. In Data for Intermetallic Phases3rd ed.; American Society for Metals:
a nitrogen-filled glove-box, samples were loaded into a chamber Materials Park, OH, 1985; Vol. 1.

designed for use with aimoisture sensitive samples. The chamber (49) Mansuetto, M. F.; Keane, P. M.; Ibers, J. A.Solid State Chem.
is fitted with a Mylar film window and allows a dry nitrogen flow 1993 105, 580-587.

during data collection. Without this sample holder, data collection on (0 é—igazf\ré,zﬂégarder, B.. Mutschke, U.; Ness Nfonatsh. Cheml 957

these highly air- and moisture-sensitive samples would not be possible.51y conard, B. R.: Franzen, H. Fhe Chemistry of Extended Defects in
A larger correction for zero-point error is made within the refinement Non-Metallic Solids Conard, B. R.; Franzen, H. F., Ed.; North-
when this sample chamber is employed. The use of this sample Holland: Amsterdam, 1970; Vol. 1969, pp 26Z19.
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Figure 1. Observed {) and calculated—) profiles for the Rietveld refinement of Nay@aZr-TeAs. A difference curve is plotted at the bottom.
Unidentified reflections, omitted in refinements, are indicated by asterisks on the difference curve. Peaks associated Wwihdasgellh,k

values are labeled.

Table 3. Crystallographic Data for Nag@aZr.TeAs

chem formula NggoZr-TeAs
a A 3.9559(1)

c, A 32.599(1)

Vv, A3 441.82(3)

V4 3

fw 535.33

space group R3m (No. 166)
T(°C) 20

AR 1.5406, 1.5444
Pcalcd g/cr‘r? 6.036

260 range, deg 385

no. of reflns 7703

no. of structural variables 9

tot. no. of variables 21

R:2 (%) 10.95

R’ (%) 14.84

y2e 1.893

*Ro = {{31%(0bS) ~ y(CalO}} /51y (0bs)}.. > Ruy = {{ Twiy(0bs)
< V(GO TS W(y(0bs)}} 2. <12 = (RufReF’, whereRe = {(N ~ P)
SW(obS)F} 2

Table 4. Atomic Coordinates and Isotropic Thermal Parameters of
Nao.goeZrTeAs

X y z U (A2 x 10%)
Zrl Ys 23 0.04411(8) 13(1)
Nal 1/3 2/3 1/6 30(1)
Tel 23 Ys 0.09993(6) 11.1(9)
Asl 0.0 0.0 0.0 14(2)

aEquivalent isotropicU defined as one-third of the trace of the
orthogonalizedJ; tensor.

showed that compounds adopted either the, Gttucture type,
whenx < 0.6, or the NiAs structure type, when> 0.65°
McTaggart et al. proposed a “Ares” composition based on

During our investigation of the ternary Z6n—Te system, we
were able to isolate both £5ZrTe, and ZrSnTeé#* The a-axis
length determined for 8rZrTe; in this study was very nearly
that reported by McTaggart et al. for the compound they
formulated as “ZsfTe;"; however, thec-axis length found in
that work is about half the value reported here (present work:
a=3.9840(3) A andt = 13.366(3) A). Quantitative synthesis
of Zro 3ZrTe, can be achieved by use of either silica or Nb tubes
as containers. The material obtained in silica shows slightly
different cell parametersy = 3.9706(6) A anct = 13.365(5)

A. Inthese differences, we are presumably observing the effects
of some compositional phase width in1Z§Te,, but we have
not determined the range over whiglcan be varied.

During our investigation of the ternary ZAs—Te system,

a reaction loaded with elemental Zr, As, and Te in a 1:1:1 ratio
and in which a silica tube was used as a container yielded only
Zr,As3Tes.>” When the same reaction was attempted in a
niobium tube in the presence of a eutectic LiCI/KCI fluxg £
Zr,TeAs was obtained serendipitously. We performed the
X-ray structure determination discussed herein on a crystal taken
from the products of that reaction. When we attempted to
prepare a sample of the same compound at the same composition
(i.e., Zr2oZrTeAs), the Guinier powder pattern exhibited slight
line shifts (cell parametersa = 3.9348(4) A,c = 29.850(8)

A) which suggests that the Zr content may be variable. We
have not determined the range over which the Zr content of
this phase can be varied. Attempts to synthesize the isostructural
sulfide and selenide have been unsuccessful.

Zro3ZrTe,. The structure of ZgsZrTe; is projected ap-
proximately along the axis in Figure 2, and important bond
distances are listed in the Table 5.04ZrTe; adopts the TiS;
structure type and is composed of hexagonal Zfagers which

the agreement between calculated and measured densities witfre isostructural with CeP%5° Isostructural MSe; (M = Zr,*3

cell parametera = 3.982 A andc = 6.700 A (errors were not

given)>® This plausible phase had not been investigated since.

(52) Stocks, K.; Eulenberger, G.; Hahn, A. Anorg. Allg. Chem197Q
374, 318-325.

(53) Kim, S.-J.; Nguyen, T.-H.; Franzen, H. F.Solid State Cheni987,
70, 88—92.

(54) Hahn, H.; Ness, FZ. Anorg. Allg. Chem1959 302, 39-49.

(55) Hahn, H.; Ness, FZ. Anorg. Allg. Chem1959 302, 136-154.

Hf%) have also been reported. The layers are built up with

(56) McTaggart, F. K.; Wadsley, A. DAust. J. Chem1958 11, 445-
457.

(57) Mosset, A.; Jeannin, YJ. Less-Common Mel972 26, 285-292.

(58) Norrby, L.-J.; Franzen, H. Rl. Solid State Chen197Q 2, 36—41.

(59) Wadsley, A. DActa Crystallogr.1957, 10, 715-716.

(60) Schewe-Miller, I. M.; Young, V. GJ. Alloys Comp1994 216, 113—
115.
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O : Te
QO : As

Figure 3. Approximate (100) projection of the ZiZr contacts in both

_ ) o Zro3ZrTe; (@) and ZrAs (b) compounds. The asymmetric octahedral
Figure 2. Approximate (100) projection of geZrTe; structure. The enyironment of Zr atoms is observed ingZZrTe, while that of the
octahedral surroundings of one interlayer Zr atom are indicated with zras displays symmetric one.

dashed lines. Zr atoms are shown as cross-hatched circles, and Te atoms,
as open circles.

Table 5. Important Interatomic Distances (A) and Bond Angles
(deg) for ZpZrTe,

Zr1—Tel (3x) 2.913(1) Zr2-Tel (3x) 2.910(3)
Zr1l—Te2 (3x) 2.890(1) Zr2-Te2 (3x) 2.666(2)
Zr1—2r2 3.571(4) Zr+-27Zr2 3.869(3)

Tel-Zr1i—Tel  86.27(4)  Tetzr2—Tel  86.4(1)
Tel-Zrl—Te2  93.44(2)  TetzZr—Te2  88.22(2)
Te2-7Zr1—Te2  86.84(4)  Te2zZr2—Te2  96.7(1)
Zri—Tel—7r2 75.65(6)  ZrtTe2-Zr2 88.01(5)

fairly regular ZrTe octahedra (Zr Te, 3x 2.890 and 3x 2.913

A). Each of the additional zirconium atoms are included
between the Cdllike layers to form a distorted Zrgectahe-
dron that shares faces with an octahedron in the layer above
and edges with three such octahedra in the layer below. On

2.666 A
the face-shared side, zirconium forms three long bonds to Figure 4. The octahedral coordination environment of the “interca-

lated” Zr atom is highlighted. Zr atoms are shown as cross-hatched
circles, and Te atoms, as open circles. An idealized ZoEtahedron
is shown with dashed lines and a circle.

tellurium (3 x 2.910(3) A) and three short bonds on the edge
shared side (3« 2.666(2)). Two ZtrZr distances (3.571(4)
and 3.869(3) A) respectively result from face- and edge-sharing.
The structure of this compound can be described as intermediateZr*t and ZF8* and is associated with the movement of
between Cdl (where the Zr2 site is empty) and TiP (where the “included” Zr atoms away from Zr atoms in the slab along the
same site is fully occupied by T8}. If we make the formal c axis by 0.13 A (compared with an idealized case in which all
assumption that zirconium atoms which are “included” between the Zr-Te distances are equal; see Figure 4) and the concomi-
slabs are fully oxidized, then metal atoms within the slabs are tant asymmetry in the ZfTe distances about the included
Zr28t This formal assignment is consistent with the difference zirconium center.

in Zr—Te distances; the average distance (2.788 A) between Zro2eZr>TeAs. A single-crystal structure determination

Te and the included Zr is slightly shorter than that in ZrTe revealed that ZroZr.Te;As (Figure 5) is isostructural with 3R-
(2.819 A) and 0.11 A shorter than Zg—Te distances. Thus, MxT&SC, (M = Ti—Ni),® a layered material built up with

the [ZrTe] slabs bear a formal negative charge somewhat close packed hexagonal layers of anions. Individual slabs in
greater than unity: [ZrT4%2. Along Zr—2Zr contact distance ~ Zfo2oZr2T€As display a [Te-Zr—As—Zr—Te] stacking se-
(3.571 A) between the included Zr atom and the Zr atom in the quence. Slabs are stacked such that a rhombohedral structure

slab is observed. In comparison withhZZrTey, the “included” is obtained; i.e., there are three slabs per hexagonal unit cell.
Zr site is fully occupied in ZrA® (= ZrZrAsy; TiP-type), both Each Zr in a given layer is bonded to three Te and three As
Zr atoms have a formal-3 oxidation state, and the ZZr bond atoms that form a somewhat distorted trigonal antiprism {Zr1

distance is 3.218 A (Figure 3). The long correspondingZr Te, 3x 2.933 A; Zri-As, 3 x 2.691A), while every As is
distance in Z§ZrTe; is theapparentresult of repulsion between surrounded by six zirconium atoms which form a flattened,
trigonal antiprism (Zrt-Asl, 6 x 2.691 A; six long Zr2Zr
(61) Snell, P.-OActa Chem. Scand.967, 21, 1773-1776. distances in triangular faces that lie within Zr layerss 8.933
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Figure 5. Approximate (100) projection of poZr.TeAs structure.
The octahedral surroundings of one interlayer Zr atom are indicated
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Figure 6. Total density of states (DOS) diagram for a 2-D [#pAs]*16-
layer (a). The projected DOS of Zr (b), Te (c), and As (d) are shown.
Filled levels are shaded.

are “included” between slabs are fully oxidized, then metals
within the slabs are 22, As for Zrn3ZrTe,, this formal
assignment is consistent with the difference in-Ze distances;
Te distances to the “included” Zr are shorter than-Ze bonds

with dashed lines. The stacking sequence of hexagonal layers is showrin ZrTe; and 0.16 A shorter than Zg—Te distances. Thus,

on the left. Labels at right are provided to clarify the layer stacking
and occupancies.

A six short Zr-Zr contacts between Zr layers within a slab, 6
x 3.673 A). The shortest FeTe contact within a layer is 3.933

A, which indicates no significant bonding. The X-ray refine-
ment indicates that 29% of the trigonal antiprismatic interstices
between slabs are occupied by Zr atoms (Zf21, 6 x 2.794

A). It should be noted that the closest-ZZr contacts in the
structure are between these included Zr atoms and Zr center
within the slabs (ZrtZr2, 2 x 3.484 A). Just as 2€I1,C and

TaS,C can be viewed as condensed cluster compounds of the

MeX 1> type 3762764 Zrq ,oZr,TeAs can be viewed as a unique
example of a chalcogenide condensed cluster compound with
a [ZreAs] core.

Electronic Structure of Zr g 2oZr 2 T€AS. Zrg 20212 TEAS is
isostructural with a number of halides and chalcogenides:
TaS,C36M,Cl,Z (M = Sc, Y, Zr; Z= C, N) 3 MxX,C (M =
Gd, Lu; X = Cl, Br),55%6and BpTe,S! The valence electron
concentrations and metammetal distances in 2€L,C and
TaxS,C indicate that metatmetal bonding is of some impor-
tance (T& and Z#' are d metals, assuming these are formally
ionic carbides). YCI:N is also expected to be metallic in accord
with the formal electron counting scheme: 2(3¢)(CI1™),N3".

On the other hand, the rare-earth compoundXM (M = Sc,

Gd, Lu; X = ClI, Br) all have saltlike electronic configurations
and are insulating (no extra d electrons to form metaétal
bonds within and between layers). The bismuth oxidation state,
Bi—Bi distances, and the electronic structure of bismuth (as a
p-block element) all preclude BBi bonding in BpTe,S. If

we make the formal assumption that zirconium atoms which

(62) Corbett, J. DAcc. Chem. Red981], 14, 239-246.

(63) Simon, A.Angew. Chem., Int. Ed. Endl981, 20, 1—22.

(64) Simon, A.Angew. Chem., Int. Ed. Engl98§ 27, 160-183.
(65) Schwanitz, U.; Simon, AZ. Naturforsch1985 40b, 710-716.
(66) Schleid, T.; Meyer, GZ. Anorg. Allg. Chem1987, 552 90-96.

the [Zr,Te,As] slabs bear a formal negative charge somewhat
greater than unity: [ZTeAs]t16.

We have calculated the electronic band structure for a model
2-D [Zr,TexAs] 16~ slab using the extended ekel methodf7:68
The Fermi level lies in the Zr d bands above a gap in the total
density of states (DOS) that separates the Zr d bands from the
Te and As p bands (Figure 6a). Thus, we anticipate thadeZr
Zr,TeAs will be a metallic conductor. Inspection of the

5projected DOS curves shows that betweeb5.0 and—10.0

eV (up to the gap) crystal orbitals are primarily Te and As
localized (Figure 6c,d), while the higher lying levels have mainly
Zr d character (Figure 6b). There is significantAre and Zr

As covalency, as evidenced by the mixing of Zr-based orbitals
into Te- and As-based manifolds. Of course, the p bands have
Zr—Te and Zr-As bonding character, which can be seen by
referring to the crystal orbital overlap populations (COOPs), in
Figure 7a,b. The zirconium d bands have weak Zrbonding
character up to and a bit beyond the Fermi level (Figure 7c).
This figure indicates that the layer can take up a total charge of
3— before all levels with Z+Zr bonding character are filled.
Although the valence electron concentration (VEC) of the
[Zr;TeAs]H16 layers is 0.16 electron greater than the VEC for
TaS,C, through-space ZZr bonding is weaker in ZrhZr,-
TeAs than is Ta-Ta bonding in the T£5,C because in the
former compound a much larger atom must be accommodated
in the metal octahedral interstice (As vs C).

NaZr,TeAs. Self-intercalated layered materials like; 725,
were harbingers of a more general class of intercalation
compounds, MraS (M alkali metals and 3d transition
metals)® In a similar vein, metastable binary phases can
sometimes be obtained by oxidative deintercalation of a stable
ternary; the formation of layered ¥®y oxidative deinterca-

(67) Hoffmann, RJ. Chem. Phys1963 39, 1397-1412.
(68) Whangbo, M.-H.; Hoffmann, R. Am. Chem. So4978 100, 6093
6098.
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implying that the minimum stable Na loading in MaTeAs
(a) isx > 0.3.

Rietveld refinements were carried out to determine the sodium
contents and structure of N&,Te,As. Problems associated
with the existence of unknown impurities, preferred orientation,
- and moisture sensitivity of Nar,Te;As limited the quality of
powder X-ray data. Nevertheless, we were able to obtain a
reasonable structural information from these refinements. So-
dium contents of the compounds with the nominal composition
NaZr,Te,As, wherex = 0.5, 0.7, and 1.0, were calculated from
the Rietveld refinements as 0.67(2), 0.83(3), and 0.99(3),
respectively. The latter phase is the most completely analyzed
W\f to date, and only for that phase do we present detailed results
here. The NZr,Te;As phases were found to be isostructural
- with the related Zj,oZr,TexAs compound. Structural details
Er of the other compounds will be published elsewhere. The Zr
T T T T T T TeAs layers in NazfTe,As remain much as they are in the
(© parent ternary compound (ZiTe, 3 x 2.918(2) A, and Zr
+ As, 6 x 2.700(1) A) with a 0.1 A decrease in thickness relative
to that of ZpoZr,TeAs (layer thickness= 6.6 A). Sodium

ions are bonded to six Te atoms forming a trigonal antiprism
! W‘ (Na—Te, 6 x 3.155(1) A). The NaTe, Zr—As, and Zr-Te
- U distances in NaZil e;As are comparable to those of N&@ (Na—
L .
8

(b)

020 [ZryTeyAs] 1116~ Te, 8x 3.158 A¥8and Zp.«Zr:TeAs. The spacing separating

6 1 = " + A Te layers of adjacent slabs (i.e. interlayer distance) gp#Zr
.' A ] - ) o ] Zr,TeAs is 3.25 A but increases to 4.37 A in NaZeAs.

Figure 7. Averaged crystal orbital overlap population (COOP) curves the 1.12 A increase in the interlaminar distance is not

for Zr—Te (a), Zr-As (b), and Zr Zr () contacts less than 2.8, 3.0, ncommon for Na-intercalated layered transition metal sul-
and 3.7 A, respectively. Levels above horizontal axes are boneing ( u : Yy 4 u

while below are antibonding). Filled levels are shaded. fides;"° for example, an increase of 1.2 A is observed on moving
from TaS,C to Na15T2S,C3° Notably, the rhombohedral
Table 6. Cell Parameters (A) as a Function of Na Content in stacking observed in 3R-Nar,Te,As differs from the 2H-type
NaZraTeAs® stacking found in N@'&S,C (0 < x <1). The latter compounds
Na content a c (with two TaS,C slabs per unit cell) were found when sodium
1.0 3.9468(7) 32.759(6) was intercalated into ©&,C at —77 °C by reaction with Na/
0.9 3.9445(8) 32.77(2) NHs.3°
8:; g:ggi%gg gg:;g?% The synthesis of Na&r,Te;As raises questions of whether

such a compound can be deintercalated and whethdeZr
~ *Refined from Guinier powder diffraction patterns using Si as an As-based layered materials might be accessible via ion-exchange
internal standard. reactions. Preliminary experiments suggest sodium ions can

) _ ) _ be exchanged to form J4r,Te;As. We defer further discussion
lation of LixVS, with I, stands as a case in poffit The presence g future publications.

of interlayer Zr ions between the [F&Zr—As—Zr—Te] layers

of ZroaoZr2Te:As, the Ze-Zr bonding character of levels 4 gractional electron counts of @izt Te, and Zg 2eZrTer
surro%mdmg the Fermi level, and analogies W'thl the chemistry A jead us to expect metallic conductivity for these compounds.
of MiT&SC compounds all suggested that\®tz2T€&AS  p£oyr.probe single-crystal resistivity measurements show that
compqunds might be accessible and prompted us tg |nvest|gateooth ZbsZrTer and Zb,»Zr,TesAs compounds do indeed show
the existence of [ZiTe;As] layer compounds containing alkali  metallic behavior throughout the temperature range 300 K
meEaIs. The synthesis of inclusion compoundsa¥aeAs  (rijgure 8). This metallic behavior is also consistent with the
(x=101,03, 05, 0.7, 0.9, 1.0) was attempted by mixing regyits from the extendeddkel calculations of the ZpeZrs-
elemental Na, Zr, Te, and As in stoichiometric proportions and TesAs. The room-temperature resistivity of theoZeZrTe,
heating at 1000C for 2 weeks. Foix = 0.5, the reaction As is fairly low, 8.9 x 105 Q cm (273 K), combared with
product was predominantly Nér,Te;As, though some uniden-  gther metal-rich chalcogenides we have recently stuiigt73
tified lines in the Guinier diffraction pattern indicated that the  Assuming we can extrapolate the temperature-dependent data
synthesis was not quantitative. The yield can be made virtually pack to 0 K, the large low-temperature residual resistivity should
quantitative if one is persistent in grinding and reheating the persist, probably reflecting the effects of defect scattering

product at temperatures in the 98D range for an additional 1 associated with disorder of the included Zr atoms and grain
week. Cell parameters obtained from the Guinier powder poundary scattering.

diffraction patterns of all the reaction products witte 0.5

are listed in T{‘f‘ble 6. These results show slight va_rlat|ons in (70) Rouxel, JIntercalated Layered MateriajsRouxel, J., Ed.; Reidel:

botha andc axis lengths, but no clear trends are evident. No Dordrecht, Holland, 1979; Vol. 6, pp 26250.

Na-containing layered compound could be detected fo10.3, (71) Ahn, K.; Hughbanks, TJ. Solid State Cheni993 102, 446-454.

(72) Ahn, K.; Hughbanks, T.; Rathnayaka, K. D. D.; Naugle, DGBem.
Mater. 1994 6, 418-423.

(69) Murphy, D. W.; Cross, C.; DiSalvo, F. J.; Waszczak, J.Inarg. (73) Wang, C. C.; Abdon, R. L.; Hughbanks, T.; Reibenspied, Alloys
Chem.1977, 16, 3027-3031. Comp.1995 226, 10-18.

Resistivity Measurements. The extended network structures
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100 " of materials that might serve as hosts to acceptors is much

z SO: - 1" smaller and those which have demonstrated such behavior
) ] _'___—.—-—""""_ 1 os require fairly powerful oxidants (e.qg., graphité).The prospect
% 60 ] / b ] e of developing new chemistry wherein Zie,As-based layers
= . q06 g serve both as host and reducing agent to guest acceptors serves
I:_,E' 407 1 o4 g to motivate research now underway in our laboratory.
&"‘: 20 102 Acknowledgment. This research was generously supported

] ] by the National Science Foundation through Grant DMR-

o B N e e 9215890 and by the Robert A. Welch Foundation through Grant

A-1132. The R3m/v single-crystal X-ray diffractometer and

crystallographic computing system were purchased from funds
. . N provided by the National Science Foundation (Grant CHE-
Figure 8. Single-crystal temperature dependent resistivities @&Zr 8513273). We thank Dr. Damadora Poojary for his assistance

ZrTe; (a) and ZpoZr,TesAs (b) are shown. No absolute resisitivity is - . . .
available for ZZrTe,, and only the temperature dependence of the with powder X-ray diffraction data collection and Prof. Abraham

Temperature (K)

measured resistance is given. Clearfield for generous access to facilities in his laboratories.
) We also thank Dr. Renald Guillemette for his assistance with
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Zro2ZrTeAs, and NaZr,Te;As have been synthesized and
characterized by the use of single-crystal and powder X-ray
diffraction, microprobe analysis, and electrical resistivity mea-
surements. We consider the discovery of the latter tw&x
type structures to be of particular interest and believe that the 1C9709077
sodium-intercalated phase may open up new topochemical . .
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