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Vacancy Ordering and Bonding Competition in the Group 9 Tellurides McTe; (M = Rh, Ir;
0.75=< x = 2): A Theoretical Study

Chi-Shen Lee and Gordon J. Miller*

Department of Chemistry, lowa State University, Ames, lowa 50010

Receied June 4, 1999

The Rh-Te and ITe binary systems for 5078 atom % Te show remarkable differences in their phase and
structural features at temperatures below 1300Extended Hokel calculations are employed to investigate the
influence of various orbital interactions on these differences. In general, a strong interrelationship among valence
electron count, orbital characteristics at and near the Fermi levels, and relative strengthJ ef M—Te, and

M—M orbital interactions control the occurrence and structures of variodeMompounds (0.7% x < 2).
Stronger Ir-Te than Rh-Te orbital interactions lead to the different low-temperature structures of (e,-

type) and RhTg(pyrite-type), but then short and intermediate-range-Te interactions lead to the pyrite-type
structure for the defect phases MTe,. At temperatures above 60C, RhTe (pyrite-type) is unstable relative

to disproportionation to the “stuffed” Cgtype Rh1xTe, and the defect pyrite-type Rh Te,. The Rh-rich phases,
Rhi1«xTe;, show ordered vacancies in alternating layers of octahedral holes and can be formulated as
(Rhe)y(Rhy—2Tex (X < Y5) and (Rh)1—x(Rhux—2Tex (X = /5) to emphasize the occurrence of linearsRihits in

their structures. The pattern of vacancies in these structures follows the preferencg,af digomers over

Rhyn11 chains. Charge-iterative calculations of Rh atomic orbital energies insRé& (x = 0.0, 0.5, 1.0) were
carried out to analyze the electronic properties of Rh throughout the series.ifseases, RhTe orbital
interactions become less attractive and the concentration efRRhrepulsive interactions grows. Both effects
control the maximum value of (observed to be 0.84) for this series and influence the pattern of occupied octahedral
holes in the close-packed tellurium matrix.

Introduction Table 1. Atomic Orbital Energy Parameters for Extendedckiel
Calculations

Binary transition metal chalcogenides attract extensive in-

vestigation due to fundamental interest in the nature of their atom orbital Hii(eV) & 1 & C
meta-metal, metal-chalcogenide, and chalcogenieghalco- Te 5s —20.80 251
genide bonding, as well as their potential applications via 5p —14.80 2.16
electronic phase transitions and intercalation chemistry. Rh 55; :g'é; g'ig
particular, the dichalcogenides MXX = S, Se, Te) form either 4d —1271 554 05561 2.40 06117
two-dimensional (2D) or three-dimensional (3D) structifres, I 6s —-11.36 2.50
depending on the identity of both M and X. According to 6p —-4.50 2.20
thorough structural, physical, and theoretical investigations, the 5d —12.17 580 0.6698 2.56 0.5860
dimensionality of a particular dichalcogenide depends on the d Rh (‘RhTe") 5s -9.65 2.14
electron count of the transition element and the relative energies 5p —4.26 210
of the metal d and chalcogen sp orbitélBor the transition (RhTe) gg __132? g-i’j 0.5561 2.40 06117
metal disulfides M& Burdett and McLarnan have shofwat & 5p 394 210
disulfide groups (&) prevail if the enthalpy change for the 4d —13.09 554 05561 2.40 0.6117
process M™(g) — M*"(g) + 2e” exceeds ca. 80 eV. If this  Rh(“RhTe”) 5s -8.68 2.14
enthalpy change is less than 80 eV, isolated sulfide iofs) (S 5p —3.23 210

4d —11.92 554 05561 2.40 0.6117

occur. Rouxel and co-workers generalized this concept for all
chalcogenides by using a qualitative electronic energy band
argument based on the relative electronegativities of the metal
atoms and the chalcogénTheir approach indicates a redox

competition between the cation d and anion sp electronic ban
levels, which leads to various structural preferences and details
viz., interatomic distances. They have also established differ-

ences within various anionic partial structures depending upon
the occurrence of intermediate range-f€e interactions to
dproduce “polymerized” Te networks.

Tellurium produces many different anionic groupirigshe
‘transition metal ditellurides, with few exceptions, form either
the Cdp-type or the pyrite-type structure. Jobic et al. identify
five different classes of ditellurides on the basis of telluritm

(1) (a) Hulliger F.Struct. BondingBerlin) 1967, 4, 83. (b) Hulliger F. In

Structural Chemistry of Layer-Type Phaseésvy, F., Ed.; Reidel: tellurium and metatmetal interactions:
- Dotr)drecht, The Netherlandls, 19|7|6. . 1. True 2D Cdj-type phases: Zrheand HfTe have nearly
2) Jobic, S.; Brec, R.; Rouxel, J. Alloys Compd1992 178 253. ; ; ;
(3) Jobic, S.; Brec, R.; Rouxel, J. Solid State Cheni1992 96, 169. ideal .C/a r"?‘t'os of 1.68 and show no eVIdence. for metaletal
(4) Burdett, J. K.; McLarnan, T. Jnorg. Chem.1982, 21, 1119. bonding (i.e., no observed superstructures in the (001) planes
(5) Rouxel, JComments Inorg. Cheni993 14, 207. exist). These are®metal compounds.

10.1021/ic990652s CCC: $18.00 © 1999 American Chemical Society
Published on Web 10/05/1999



5140 Inorganic Chemistry, Vol. 38, No. 22, 1999 Lee and Miller

Table 2. Results from EHT Calculations on [M§leand [M(T&)s] Fragments (eV)

[RhTe [IrTee] [Rh(Tey)q [Ir(Tez)d

E(tzg) “12.34 () ~11.69 () “1237 (%) ~11.88 ()
~12.18 (%) ~11.58 (%)

E(ey) ~9.31 () ~8.10 () ~9.43 (%) ~8.61 (%)

E(Te; 0p%) —9.19t0—7.78 —9.20to—7.46

E(Te 5p) —16.58 to—13.46 —16.85 to—13.46

E(Te 0p, 7, ¥) —17.10 to—12.59 —17.27 to—12.59

(a) Pyrite-Type Rh |, Te, Cdl,
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Te@-Te®
A

2.684 Rh-Te
Rh-Te
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(b) Cdl,-Type Rh ;,,Te,
2.84
2.82
2.80 Rh-Rh
2.78 Figure 2. Ball-and-stick and polyhedral representations of the structures
2.76 of Cdl, (top) and pyrite (bottom). IrTeadopts the Cditype arrange-
2.74 ment; RhTe adopts the pyrite structure.
A 272
2.70 Rh-Te w40
268 -6.0
2.66
2.64 -8.0
2.62
0.1 0.2 0.3 0.4 0.5 0.6 0.7 08 0.9 -10.0
X (eV) -12.0
Figure 1. Top: Variations in the shortest RiTe and Te-Te distances
in the defect pyrite-type Rh,Te, phases as a function of® Bottom: -14.0
Variations in the shortest RiTe and Rh-Rh distances in the stuffed
Cdl-type Rh.Te; phases as a function af. Tieo
-18.0
2. 2D polymerized, distorted Cgtype phases: MoTheand
WTe, show through-layer and within-layer T€Te “bonding” -200 -
(ca. 3.66 and 3.50 A, respectively, between these Te atoms). M K r M IrTey: "Cdly-Type

[In the Cd} structure for MTe, within-layerTe--Te “bonding” Figure 3. Energy band diagram and total DOS for IgTie the Cdb

refers to a single plane of Te atonthrough-layerTe---Te structure. The dashed line is the calculated Fermi level foplMarious

“bonding” occurs between planes of Te' atoms within each Te regions of the DOS are labeled, and the Te contribution to the total
. DOS is shaded in the DOS .

M—Te slab, andbetween-layerTe---Te “bonding” occurs 'S shaded in the curve

between planes of Te atoms between two-We-Te slabs.]

Longer between-layer distances (greater than 4.00 A) maintain . )

the proposed 2D character of these phases. Significant-metal RuTe, OsTe, NiTe, and RhTe vary in the extent of weak

. . Te---Te “bonding” with no metatmetal bonding apparent.
metal bonding also occurs as the 2D triangular net of metals ] ]
distorts into ribbons. In all cases, each metal atom is coordinated by an octahedral

3. 3D polymeric, 2D-derived Cehtype phases with metal environment of telluride-based ligands, which are either isolated
metal bonding: NbTeand TaTe show weak Te-Te poly- telluride ions, ditelluride groups, or, as in type 4 compounds, a
merization between layers (ca. 3.60 A) and significant metal ~Polymeric sheet of weakly interacting tellurium atoms. Further-
metal bonding within each layer. more, the formal oxidation states of the metal atoms range from

4. 3D polymeric, 2D-derived Ceitype phases without 12 t0+4. Metal-metal bonding occurs for the early transition
metal-metal bonding: Ir'Te Rhy(Te, CoTe s PdTe, and elements with &#-d® electronic configurations.

PtTe show weak Te-Te “bonding” between layers as dem- The observed trend in structures with d electron count and
onstrated by their love/a ratios of ca. 1.271.38. No metat period of the transition metal is certainly strikidgor the fifth-
metal bonding is apparent. and sixth-period metals, the group 9 elements (Rh and Ir)

5. 3D pyrite-type (and marcasite-type) phases: MnkeTe,
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Figure 6. Energy band dispersion curves for thgg* bands in RhTe
The dashed line is the calculated Fermi level for RhTCeystal orbitals
at the zone centef§ are labeled.

Figure 4. Total DOS for RhTe in the pyrite structure. The dashed
line is the calculated Fermi level for RhIe/arious regions of the
DOS are labeled, and the Te contribution to the total DOS is shaded in

the DOS curve. Table 3. Results of EHT Calculations on Gdland Pyrite-Type

Structures for RhTeand IrTe Using Various Cutoff Distances for
the Inclusion of Interatomic Orbital Overlaps

RhTe IrTe;
pyrite-type  Cdj-Type  pyrite-type  Cditype
M-Te () 2.66 (&) 257(6) 2.71(&) 2.64 (&)

33

IrTe, (6x, 3.53)

32

31

30

< ) 4.10 (%) 454 (&)  4.01(X) 4.65 (&)
@ 4.26 (69 461 (4  4.52(&) 4.73 (&)
[é 28 Te-Te(A) 2.97(K) 3.45 (&) 3.44 (X) 3.53 (&)
27 ] 3.56 (&) 3.83(6)  3.56 (&) 3.93 (&)
3.95 (&) 4.08 (&)
26 M-M @A) 456(1%) 3.83(6&)  4.67(1%)  3.93(6)
2.5 — Total Valence Electron Energies (eV)
0.0 0.1 0.2 03 04 05 0p=355A 0.00 0.52 0.00 1.14
q p=360A 183 0.52 3.09 1.14
0=390A 183 2.47 3.09 1.14
Figure 5. Variation in Te-Te distance with occupation of thg* p=4.05A 3.49 247 3.62 3.23
orbital in (Te-Te)?"9~ dimers. At each point, the total valence electron ) . ) )
energy is minimized for the given charge.-T€e distances in several *Short and intermediate range distances are listed.

ditellurides are indicated on the graph. . .
more detailed,and seemingly more complex, than that for the

Ir—Te systenf. Nevertheless, in the region 508 atom %
tellurium, all structures are derived from either the £igpe
or the pyrite-type structures.

represent a special transition point between the 3D pyrite-type
and the 3D-polymerized 2D Cditype structures. In fact, the

equilibrium solid phases RTie; and IxTe; in the neighborhood : :
of MTe, exhibit interesting structural changes as self-intercala- Comprehﬁnswe studies of tlht;a ,’Rh? (?]'75 = X i 2.00) |
tion processes and vacancy ordering occur at the metal sites inSKStem with. respﬁct tob equilibrium g gses_ ‘T(n h strlgturla
the telluride matriX. This work specifically examines the characterizations have been reported by Kjekshus al,

10 i i
structural preferences for these group 9 telluridegléf1(0.75 Krachler eé al10 and bAbagle.e’[ é';ﬂ.RhTez _af]Ppts the pyrite d
< x = 2.00), by analyzing the orbital interactions and valence St'Ucture, butcannot be obtained as a stoichiometric compoun

electron concentrations involved for the various compounds. We abloye S50°C. At g.‘es'.e h|g?ero'|[efrnperatl_1res, Rsteunstablje
will address the arrangement of vacancies and self-intercalated€/ative to a combination of a defect pyrite-type {RIT€;) an

species from the viewpoint of metatellurium, metat-metal, a self-intercalated Cehtype (Rh.xTe). Above ca. 1100°C,

and tellurium-tellurium orbital interactions and the types of Rth¥Te.2 and “Te’()) (an unknown liquid phase) are the
local chemical environments that arise. equilibrium phases. In fact, a 2D (or, rather, polymerized 2D)

structure of stoichiometric “RhT&is never reported. The defect
Phases in the RRTe; and IrTe, Systems pyrite-type phases, Rh,Te;, show no ordering of vacancies
on the metal sites above 40Q for u < 0.20. Rh7sTe, (U =
An examination of the binary phase diagrams forRle and  0.25), or RhTes, exhibits rhombohedral symmetry with an
Ir—Te shows expected similarities but still some remarkable ordering of vacancies in the pyrite-type framework and decom-
differences between the equilibrium phases existing in these twoposes peritectically at ca. 63C to Rh_,Te, and Te8 Structural
systems. The information published for the-RFfe system is  characterization of these phases reveals trends inTRhand

(6) Bottcher, P.Angew. Chem1988 100, 781; Angew. Chem., Int. Ed. (8) Kjekshus, A.; Rakke, T.; Andersen, A. Bcta Chem. Scand. 978
Engl. 1988 27, 759. A32 209.
(7) Abadie, V.; Jobic, S.; Krachler, R.; Ipser, H.; Orion, |.; Brec,R. (9) Hocking, E. F.; White, J. GJ. Phys. Chem196Q 64, 1042.

Alloys Compd1998 268, 50. (10) Krachler, R.; Ipser, HZ. Metallkd.1996 87, 262.
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Figure 7. Crystal structure of RiTes. Shaded circles are Rh atoms;

open circles are Te atoms. The short-Tie dimers are indicated by ~18.0
the solid black bar; the longer e dimers are shown by the shaded
bars. RR-Te contacts are solid lines. The unit cell is also indicated by
the dashed lines.

-20.0

RhTe, (Pyrite) Rh;Teq
4.0 Figure 9. Total DOS curves for (left) Rheand (right) Rl 7sTe; in
the pyrite-type structures. The projections of Te atomic orbitals to the
-6.0 total DOS are shown. The dashed lines correspond to the calculated
Fermi levels. The strong peaks in both DOS curves rei#t.5 eV are
_8.0 Rh t4 orbitals. The appearance of a shoulder-42.0 eV in the DOS
’ of RhsTes below —10.0 eV, which is absent in the DOS of RhJ&s
assigned to orbitals from Te atoms surrounding each metal site vacancy
—10.0 in the pyrite network.
A%
(e )712_0 Table 4. Results from Extended Hiel Calculations on M Te,
for Defect Cd}-Type and Pyrite-Type Structures
-14.0 u(Pyrite) Er(eV) q(Rh) q(Te) p(Rh—Te) p(Te—Te)
0.0 —-9.80 9.36 5.82 0.250 0.215
-16.0 0.125 —9.91 9.19 5.78%y) 0.257 0.225
6.14 €/s)
_18.0 0.25 —10.20 9.04 5.72%y) 0.270 0.227
' 6.09 €/4) 0.239 (¥)
0.191 (k)
-20.0
RhTe, Rhg 5 Tez u(Cdl) Er(eV) q(Rh) q(Te) p(Rh—Te) p(Te—Te)
Figure 8. Total DOS curves for (left) Rhheand (right) Rlg.7sTe; in 0 —11.62 898 6.01 0.289 0.034
the Cdb-type structures (both are hypothetical models). The projections  0.25 —11.44 8.88 5.79) 0.328 0.025
of Te atomic orbitals to the total DOS are shown. The dashed lines 6.13 @)
correspond to the calculated Fermi levels. The peak in the DOS of
Rho7sTe; below—10.0 eV, which is absent in the DOS of RhT& a  ajternating octahedral site occupancies. In fact, for the observed

strong admixture of orbitals from the two-coordinate Te atom&{ye

range of compositions, a monoclinic unit cell (a nearly pseu-
and Rh atoms. 9 P ( yp

doorthorhombic setting of the hexagonal gdtisto-type) can

describe the structures of all RRTe, phases. The two

crystallographic sites for the intercalated Rh atoms are occupied

in an ordered fashion throughout the range. ¥ar 0.5, one

metal site remains empty, while the other fills to the extent of

2x. Forx = 0.5, the metal site filled fox = 0.5 remains filled,

while the other fills to the extent ofQ The significance of this

pattern is that linear RARh—Rh groups, which align parallel

to the pseudohexagonal axis, are important components of

Rh1xTex. As x increases, average Rffe distances monotoni-

cally increase from 2.65 to 2.71 A and RRh distances (in

the Rh units) increase from 2.72 to 2.83 A (see also Figure 1).
The corresponding #Te system in the same composition

regime shows only two confirmed compounds, r@ad IsTes,

and a proposed IrTe pha%etTe,, unlike RhTe, adopts the

Cdl,-type structure. With its smatl/a ratio of 1.37 & = 3.928

A, ¢ =5.381 A), Jobic et al. contend that there is some weak

Te:--Te “bonding” between each Fdr—Te layer21! IrsTeg,

on the other hand, is isostructural with feg.22 In IrTe, and

Te—Te distances shown in Figure 1. Note the sharp drop in the
Te—Te distance ag increases from 0 to 0.1 in Rh,Te,, while
there is little change in the Rfile distance. Furthermore,
rhombohedral R{Teg shows two crystallographically inequiva-
lent Te-Te dimers in a 3:1 ratio and, likewise, two distinct
Te—Te distances. The vacancy sites in the metal substructure
are surrounded by six shorter dimers {Tee: 2.82 A), and
each Rh site is coordinated by four shorter and two longer
dimers (Te-Te: 2.89 A).

The Rh-rich phases, RhTe,, have been prepared and
structurally characterized for various compositions, 0<1%
< 0.847 Rh can be gradually added to the interlayer sites of a
Cdl-type “RhTe” to form the observed series of compounds
intermediate between the Gelype and the NiAs-type. Three
distinct types of phases were identified by this study, Bhe;
adopts a hexagonal Cdiype structure with the layers of
octahedral holes in the Te close-packed matrix occupied
alternately 100% and 15% by Rh atoms 1Rif e, forms in the
monoclinic CgSs-type structure with alternating metal occupan- ) ) ) ) ) ) -
cies of 100% and 52% in the sheets of octahedral holes. Finally, (1) ﬂ?@?’ﬁgéf’"j‘{ﬁé_MC';,eB,ffég'}'g,@g”ng_J” Jouanneaux, A Fich, A.
Rhy g4Tey is a defect, hexagonal NiAs-type, with 100% and 84% (12) Brostingen, G.; Kjekshus, Adcta Chem. Scand.97Q 24, 2993.




Group 9 Tellurides Inorganic Chemistry, Vol. 38, No. 22, 199%143

(a) u Rh1+XT62
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30 A -
» Rhl_uTe2 o -
/
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/
10 - —
V), <
-10
20
Rhy,,Te,
-30 {
0.00 0.05 010 0.15 0.20 0.2 Figure 11. Crystal structures of RhTe,. Open circles are Te atoms.
X Filled, black circles are completely occupied Rh sites. Shaded gray
circles are partially occupied Rh sites. The shortestRéand RR-
Rh distances are indicated.
(b)
05 -4.0
a=04
0.4 -6.0
03 -8.0
(eV)
02 -10.0
(eV)
0.1 -12.0
0.0 -14.0
0.0 0.1 0.2 03 0.4 0.5
X ~16.0
Figure 10. (a) Variations in total valence electron energies with
stoichiometric variables andx in Rh—,Te; (defect pyrite-type) and _180
Rhi«Te; (stuffed Cdb-type). At RhTe, the pyrite structure is preferred ’
by ca. 0.7 eV. (bAE(X) curves for the disproportionation of Rh;{(€)
into Rh—,Te; (defect pyrite-type) and RnTe, (stuffed Cd-type) for -20.0
various fractions of RhTe; (stuffed Cdj-type), indicated bya. The Rh, 5 Te,: Rh z° Te

bmlntlhn;adfoot;e%aﬁzecurve are indicated, and these points are connectedFigure 12. Total DOS curve for RhsTe, with projections from RIZ
Y ' orbitals and Te atomic orbitals highlighted. The dashed line indicates

IrsTes, the Ir—Te distances are 2.65 A while the F&e the calculated Fermi level. The top of tifeorbitals is Rr-Rh ¢ with
distances are ca. 2.88 A inTres. No details concerning possible the higher orbital coefficient on the central Rh atom ¢®hOrbitals

. . just above the Fermi level show RIRh " character as indicated by
intermediate phasesi;Te, have yet been reported. its orbital representation.

Methods . . .
o ) ) ) Metal Ditellurides: Cdl »-Type or Pyrite-Type?
The main object of this paper is to elucidate reasons for the observed ) ) ) )
phases and structures in the group 9 telluridedéylusing orbital One unusual feature of the group 9 ditellurides is the different

symmetry arguments. The electronic structures of the actual as well aslow-temperature structures for Rheland IrTe. While IrTe;

many hypothetical structures were calculated using the LCAO (tight- adopts the Cditype structure, RhTeforms in the pyrite-type
binding) approximation with the extended’ekel theory'® Atomic and needs some additional Rh atoms to achieve the layered
orbital parameters of a minimal basis set for Rh, Ir, and Te are listed morphology, e.g., RivsTe, (see Figure 2 for “ball-and-stick”

in Table 1. Integrations for total valence electron energies, Mulliken g4 polyhedral representations of each structure). Although both
populations, and overlap populations were performed using special- Jobic et aP as well as Burdett et dlhave addressed factors
point sets of 56-200k-points in the corresponding irreducible wedges leading to one structure type or the other, neither has focused

of the first Brillouin zones for these structurés-or the series RhyTe; : : .
(0 < x < 1), the atomic orbital energies for Rh were evaluated in a N the group 9 problem in particular. According to the structural

2 3
self-consistent manner, and these values are also listed in Table 1,formglas for each type, [MTegs3] and ;[M(Tez)es], we must
Further specifics of each calculation are described in the subsequentconsider not only the M-to-Te charge transfer but also the

text. relative strengths of the octahedral ligand fields created by six
telluride, [~ Teg], and six ditelluride groups{(Tey)e]. Table 2

(13) (a) Hoffmann, R.; Lipscomb, W. N.. Chem. Phys1962 36, 3179, summarizes molecular orbital energies for calculations on four
3189. (b) Hoffmann, RJ. Chem. Phy31963 39, 1397. (C) Ammeter, uisolatedn ML6 OCtahedral fragments: (a) [RhaIE (b) [Rh'

J. H.; Birgi, H.-B.; Thibeault, J. C.; Hoffmann, B. Am. Chem. Soc. . .
1978 100, 3686. (d) Whangbo, M.-H.; Hoffmann, R.; Woodward, R.  (T€2)s], (C) [IrTeg], and (d) [Ir(Te)g]. In the ditelluride fragments

B. Proc. R Soc. London, Ser. A979 366, 23. b and d, the M-Te—Te angle is set at 98:5which is the
(14) (a) Chadi, D. J.; Cohen, M. [Phys. Re. B: Condens. Mattet975 _ ; i i

12 3060. (b) Rariiez, R.: Béhm, M. C.Int. J. Quantum Cheri.986 observed RhTe—Te a_mgle in RhTg With this s_tructural

30, 391. (c) Rarftez, R.; Bdm, M. C.Int. J. Quantum Chent.988 feature, the metalgeorbitals will overlap strongly with one of

34, 571. the 7r* orbitals from each Tgunit in ao fashion () and very
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weakly with the six Te op* orbitals (2). The M—Te o-bonding

HII%

1 2

gy orbitals lie well within the occupied Te 5p orbitals, but the
M—Te o-antibonding g orbitals rise to an energy comparable
to that calculated for the bey* orbital, as seen in Table 2.

The results from Table 2 may be summarized as follows:

(1) Aot values for [IrTg] and [Ir(Tey)g] (3.59 and 3.28 eV,
respectively) exceed those for [RigJand [Rh(Te)g] (3.03 and
2.94 eV, respectively). tTe orbital interactions are stronger
than Rh-Te interactions due to the relativistic contraction of
the Ir valence atomic orbitals relative to Rh. The relativistic
effect produces similar sizes for Ir and Rh atérisut larger
overlap integrals §;) for Ir—Te interactions than for RkTe
interactions. On the other hand, the M@e 5p atomic orbital
energy differenceAEQ), is larger for Ir than for Rh. Since orbital
interactions are measured#4AE©)|, the overlap term controls
the relative energies of the fragment molecular orbitals.

(2) Weak Te--Te second nearest neighbor interactions create
a “band” of six Te o,* orbitals. These overlaps, however, are
sufficiently large that the bottom of the Tep* “band” drops
below the energy of the Irgeorbitals within this band but not
that of the Rh g orbitals.

As these molecular fragments condense into their respective
extended solids, all orbitals broaden into quasicontinuous energy

bands. In the Cdl structure, inter- and intralayer T€Te
interactions push the top of the Te 5p band above thegV t
orbitals (see Figure 3, which illustrates the total density of states
(DOS) and energy bands for Irjle There are a sufficient
number of holes in the Te 5p band to create a weakly attractive
Te---Te interaction between MEéayers, as indicated by their
slightly positive overlap populatiorq0.034 in “RhTg"; +0.007

in IrTey). This weak “bonding” is the basis for assigning these
compounds to the 3D polymeric, 2D derived structfrés

the band structure illustrates, these holes are associated wit
states surrounding the zone center in the Brillouin zone.
Furthermore, the My, orbitals are filled. Since the Mgband
remains well above the Fermi level, the formulatioA{Te5"),

is appropriate for these hexagonal group 9 ditellurides and the

Te substructure is a weakly bonded 3D polymerized net.

In the pyrite structure, the Fes,* orbital splits away from
the other Te 5p bands and into the energy range of Mlgitals
(see Figure 4, which shows the total DOS for RE)T&his
collection of three orbitals per formula unit constitutes the
conduction band for the group 9 pyrite-type ditellurides an
obtains one electron per formula unit. Depending on the relative
energies of M gand Te op* orbitals, the formulation can range,
in principle, from Mt (Tey)?™ (i.e., d M2t gp,* empty) to
M3 (Tey)3 (i.e., & M3, gp* half-filled). The DOS shows,
however, that the correct formulation for these compounds is
some intermediate description.

Figure 5 illustrates the FeTe distance that minimizes the
total valence electron energy of the dimer {)f&¢9~ for a given
value ofq. Since the ground-state electronic configuration of

(15) (a) Pitzer, K. SAcc. Chem. Red979 12, 271. (b) PyykkoP.Chem.
Rev. 1988 88, 563.

Lee and Miller

(A) x<0.5

(A) x>0.5

(B)

©)

Figure 13. Three possible patterns for filling octahedral holes in
Rhi«Te,. Open circles are Te atoms; black circles are completely
occupied metal sites; gray circles are partially occupied metal sites.
Only a single chain of metal atom sites is illustrated (for clarity).

(Te)@T D~ is (05)%(05") A0p) (7 (%) Y(0p*) 9, g represents the
population of the antibonding,* orbital. Figure 5 also indicates
Te—Te distances for various transition metal ditellurides. A
Mulliken population analysis on pyrite-type Rhpland “IrTey”
indicates that the occupied part of thgog* band is 61% Rh,
39% Te in RhTe and 55% Ir, 45% Te in “IrT&. From this
result and Figure 5, we can conclude that Te is more reduced
with Ir in IrTe, than with Rh in RhTg and that RhTghas a
stronger tendency to form the pyrite-type structure than does
IrTes.

Intermediate-range FeTe interactions are also influential
in the structural chemistry of tellurides. For the group 9
ditellurides, these interactions are repulsive and sensitive to
distance because the orbitals involved have ‘Te antibonding
character. Table 3 lists short and intermediate-range distances
in RhTe and a pyrite-type “IrTg. Also listed are the total
valence electron energies for different cutoff distances for the
calculation of orbital overlaps (when interatomic distances are
greater than this cutoff value, overlap matrix eleme§isare

pset to zero). When the cutoff is 3.90 A (close to the van der

Waals diameter of Te), the correct “prediction” occurs: RhTe
prefers the pyrite-type; Irbeprefers the Cdttype. When just
the shortest MTe and Te-Te interactions are used, the pyrite-
type structure is preferred. As more orbital overlaps are included
(these are mostly intermediate-range-Te interactions), the
Cdl,-type becomes favored for both cases, which points to the
sensitivity of the Te 5p-5p orbital interactions to distance. The
intermediate and longer range -f&e interactions, which are
repulsive as indicated by the calculated shifts in total energy

g Valueslisted in Table 3, are overestimated by the sifgiater-
type functions assigned to Te. Nevertheless, the calculations

demonstrate that these interactions play a critical role in
determining structural preference.

The choice of pyrite or Cdlfor the structures of group 9
ditellurides (21 valence electrons per formula unit) therefore
depends on the relative occupation of the jaerd the Te o,*
orbitals, i.e., (§*(0p*) 17X, in a pyrite-type structure. The larger
xis, the greater is the tendency to adopt the pyrite arrangement.
Due to M—Te, Te-Te, and Te-*Te interactions, the value af
depends not only on the energies of the Jied Te o,* orbitals
but also on their respective bandwidths. Théandwidth arises

from through-bond M-Te,—M interactions, and thep* band-
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Figure 14. Left: Variations in fractions of Rh oligomers wsfor Rh4Te; using the three models illustrated in Figure 13. Right: Relative total
valence electron energies between these models vs

width, from through-space FTeTe and through-bond e M— with Rh 5d orbitals and shows slight ‘F€Te attractive orbital

Te; interactions. The band structure calculated for pyrite-type overlaps. Away from the zone center, Rh-5k 5p overlaps
RhTe in Figure 6 shows how these two sets of orbitals are rapidly push this band to higher energy, where it eventually
affected by these interactions. In the band structure, there arecrosses the lowest Rh, dand. In a hypothetical pyrite-type
eight Rh g-related bands and four Tey*-related bands because  “IrTey", this band crossing occurs at a higher energy value, such
there are four formula units per unit cell. The bandwidths are that the Te o,* orbitals would receive more electrons than in
essentially set by the respective band (orbital) energies at theRhTe. Thus, we find IrTe in the Cd} structure type.

zone center (symmetry is isomorphous with the grogp The
Rh g bands all show gerade character, while the d# bands
have ungerade character. Therefore, symmetry allows these Rh_,Te, has been characterized as a defect-pyrite-type
bands to cross. The very bottom of thig/eg* band has structure foru < 0.2 with random vacancies on the Rh sites.
completely op,* character, since the translational symmetry At u = 0.25, Ri7sTex (i.e., RhTeg) forms with a slight
imposes a combination of FTe,* orbitals that cannot overlap ~ rhombohedral distortion and an ordered vacancy distribution

Vacancies in the Metal Sites of MTe
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Table 5. Results from Extended Hkel Calculations on WTe, for Various Values of®

X Er(eV) qRH?)  gRhY)  qRHY)  qTe?)  qoTe®)  oTe9)  qTe?)  p(Rh-Te)  p(Rh—Rh)

0.000  —11.6 8.86 6.07 0.30

0.083  -11.8 8.65 8.71 8.22 6.27 6.01 0.31 -0.01
0.167  —117 8.71 8.81 8.44 6.31 6.05 0.31 —0.02
0.250  -11.6 8.81 8.88 8.56 6.30 6.10 6.04 0.30 —0.03
0.333  -11.4 8.79 8.90 8.61 6.38 6.13 5.93 0.28 —0.02
0500  —11.2 8.96 8.90 6.12 5.97 0.29 —0.02
0.667  —11.1 9.11 9.01 9.12 6.15 5.97 5.78 0.27 —0.02
0750  —11.0 9.11 9.04 9.14 5.96 5.78 0.26 —0.02
0.833  -10.9 9.13 9.06 9.23 5.98 5.79 0.26 -0.01
1.000  —10.6 9.32 5.68 0.24 —0.03

aq = Mulliken population;p(A—B) = overlap population between atoms A and B. See Text for descriptions®f RH°), and RK). Te?, Te®),
Te9, and Té9 correspond to the Te environments illustrated7inl0.

(a) M atom; 2(1— u) gy orbitals remain unoccupied). The maximum
04 (M, Te.] number of valencg electrons for the va!ence band is 2(11
. A MiTex 3u) = 22 — 6u, while the actual number is 24 9u (=9(1 —
' [MsTes] //\ u) + 2 x 6). The difference between these two values is 1
00 y/ 3u, which identifies the number of holes in the valence band
g 02 / for M1—,Te,. Structurally, & Te atoms per formula unit become
L 4] [M;Tey] two-coo_rd_inate to the metal as vacancies_arise, W_hile_ the 2
%1 06 | 3 6u remaining Te atoms remain three-coordinate. This difference
in coordination environments leads to two distinct Mulliken
08 4 populations for the Te sites. Enhanced-T€e lone pair-lone
-10 - pair repulsions keep the top of the Te 5p band high in energy,
a2 ] i so there is a slight increase in the Fermi level. This enhancement
0 2 4 6 8 10 in Te---Te repulsions arises because Te 5s orbitals are allowed
# Valence d Electrons / M to mix_wit_h 5p orbitals at the two-coordinat_e sites due to_the
(b) reduction in site symmetry. Table 4 summarizes compgtatlonal
0.08 results for Rh-,Te; and In—,Tey, u = 0 and 0.25, and Figure
0.06 8 illustrates the total DOS for Rh,Te,, u = 0 and 0.25. The
004 | small peak in the DOS of RhsTe, near the Fermi level
- corresponds to primarily the lone pair orbitals on the two-
> 021 coordinate Te atoms (this peak is absent in the DOS of RhTe
'~ 000 N — The low Mulliken population for the three-coordinate Te sites
[ﬁ -0.02 4 \/ \/ in this (hypothetical) defect-Cgimodel creates the driving force
-0.04 | for forming Te-Te bonds, and this structure is unstable with
006 | —> MLT. respect to the defect pyrite-type.
008 | 2 MsTeyg] [MsTepa] + (MyTezd] Now, as metal atoms are removed from the pyrite network,
oo the occupied fraction of thege,* band drops. For M- Te,,

0 2 2 6 8 10 this band has 3- 2u orbitals per formula unit (2= 2u M eg
plus 1 Te op* orbital) and 1— 3u electrons per formula unit
# Valence d Electrons / M occupying them. Therefore, the occupied fraction varies with
Figure 15. (a) Relative total valence electron energies vs d electron a5 (1— 3u)/(6 — 4u): this band becomes emptyat= /3, i.e.,
concentration among the oligomers fXn], [RhsTex, and [RfTez] MysTey. Observations show, however, thateaches a maxi-
with respect to the isolated Rhd'ectahedral fragment. (b) Relative | 0.25. which tal
total valence electron energy vs d electron concentration between mum value _at e which represents, on aYerage'_O"e meta
[RhsTews] + [RhyTexs and 2[RhTesd. site per cubic unit cell. Presumably, the lattice strain created
by a vacancy concentration exceeding 25% is not overcome by

(see Figure 7§.Although the rhombohedral lattice constants @n electronic driving force to optimize MTe and Te-Te
show very slight changes from the trend in cubic phases, bonding.
significant differences occur for Fele distances. In the unit MozsTex (u = 0.25) compounds show an ordering of
cell, three Te dimers shorten from ca. 2.89 to 2.82 A and one vacancies on the metal network, which gives rise to a rhom-
Te, dimer slightly lengthens (see Figure 1):Tleg is isotypic bohedral structure WTes. All M atoms are crystallographically
with RhgTes, but there are no reports to our knowledge of equivalent, while there are two distinctsldimers in a 3:1 ratio
Ir;—yTex22 There are two important outcomes of these observa- (see Figure 7 for an illustration of this structure; the two different
tions: (1) vacancies on the metal sites destabilize the-Cdl Te, dimers are noted). The ideal formulation is
type relative to the pyrite-type structure and (2) the vacancies (M3")3(Te)3 (Te)? 3, which corresponds to empty Mge
affect the bonding in TeTe dimers for group 9 systems. orbitals and one electron in a single;T&,* orbital. As the

To address the first point, we begin with the gdtructure DOS in Figure 9 shows, there is still some electron density in
of MTe,. Creating metal vacancies in this structure for the group the M g orbitals. Furthermore, the bottom of thgeg* band
9 ditellurides removes electrons from the Te 5p band at a ratedoes not change significantly, since it originates largely from
of 3 times the fraction of vacancies formed. In-MTe,, the the o,* orbitals on the Te groups. The most visible difference
number of orbitals in the valence band is-213u (this number between the densities of states for Rhidad RRTeg occurs
arises from 4 AO’s per Te atom plus 31 u) tyq orbitals per just above the Rhy§ orbitals, where there is a significant
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increase in the contribution from one of theTdimers. In =
RhsTeg, one Te dimer is coordinated to six Rh atom3){the —
other three are coordinated to four Rh atodi)s Which leaves

eg p—if —_— i ey
M _ —
\ S @ o = —
T e Te o Te mmm=Te l G*
w7/ N, w7 D 5
3 4 .
(o)
a lone pair of electrons on each Te atom. The peak in the DOS RhTeg Rh3 Rh7

above the Rhaj orbitals corresponds to these lone pairs. In Figure 16. Qualitative orbital schemes to explain the curves in Figure
te_rms ofa delocall_zed plctur(_e, this pe_‘ak arises via _orbltal mIXINg. 15 by examining the evolution of Rhgtand g orbitals as [RETe;s],
Since the Te environment in4 retains its inversion center,  [rpTeyq, and [RhTex] oligomers are created. The brbitals broaden
orbital mixing can only take place between gerade or between with Rh—Rh o-bonding interactions at the bottom aaeantibonding
ungerade orbitals. We assign this small peak to one combinationinteractions at the top. The bottom of thg @bitals is RR-Rh z

of the mixing between Teo, and 7* orbitals (both gerade)  antibonding.
(58), which pushes the energy of these orbitals above the  g50°c 8 According to this study, both stoichiometric variables,
x and u, increase with temperature up to 1076, at which
\_Q‘ @ point the cubic phase decomposes peritectically. To analyze this
process thermodynamically, we need to consider the relative
8—2 + @po—ce free energies of the pyrite-type phase, Ri{€g and some
d p o mixture of RhxTex(h) and Rh—,Tex(c):

. RhTe,(c) > aRh,.,Te,(h) + bRh,_,Te(c)

) o . This equation’s stoichiometry demands that b = 1 andax
Rh tg orbitals. The other combinatioslf) is near the bottom  — 1, "Although it is theoretically difficult to assess all

of the occupied Tgorbitals. As shown irba, this orbital mixing thermodynamic variables needed for an evaluation of free
also reduces the strength of the overlap, which provides a  gnergies, we can evaluate total valence electron energies of both
driving force for shortening the distances in these-Te dimers.  gjges of this equation. Figure 10a illustrates the trends in average
For a model of R§_1Te8 based on the cubic pyrite structure a_md electronic energy witht in RhyxTex(h) and withu in Rhy_ Tex(c).
all equal Te-Te distances, the calculated overlap populations oy small values ok andu, the energy changes are nearly linear.
indicate two distinctly inequivalent FeTe bonds (see Table g for Rhy_Tey(c) rises asi increases because Rh—(Tey)
4), which agrees with experiment and the qualitative analysis jnteractions are losE(x) for RhyxTex(h) drops a increases
above. o ) because $Rh—Te interactions are created. Combining the two

The ordered arrangement of vacancies igRjcreates just  cyrves in Figure 10a for various combinations of the stoichio-
two types of Te-Te dimers 8 and4). Randomizing the vacancy  meric coefficientsa andb gives the curves in Figure 108 &
sites would also create five-coordinate,Tgroups ). The 0.1, 0.25, and 0.4). Aa increasesd corresponds to the fraction

of the Rh.xTex(h) phase in the mixturey, decreases (i.e., fewer

Q /I\TM Rh atoms intercalate into the Getype arrangement) and the
) minimum value ofAE for the disproportionation increases. From
Te Te the results in Figure 10, we conclude that disproportionation of
M \“% \ RhTe(c) is entropy drivenAE for the reaction above is always
M M positive). Furthermore, more Rh atoms should transfer from

Rh—,Tex(c) to RhxTex(h) as temperature increases, which
agrees with the observed phase diagfaRror the three data

energy for the procesd + 4 — 2 6 is estimated to be-2.6 points highlighted in Figure 10b, which identify minima in the
eV, which suggests that minimizing the number of five- AE(X) curves for various values af the corresponding reactions

6

coordinate Tegroups minimizes the total energy for,MTe,. are

The primary reason for this large, positive energy difference is

the loss of inversion center i, when compared t@ and 4. RhTe,(c) — 0.10 R ,oTe,(h) + 0.90 Rh g.Te,(C)
This feature allows complex orbital mixing among the, bg* AE.. = +0.059 eV

and all other occupied Berbitals and raises its energy in the min '

conduction band. As more five-coordinate-TEe groups are RhTe,(c) — 0.25 Rh ,,Te,(h) + 0.75 Riy 5,Te,(C)
introduced, the bottom of the M,Te conduction band will AE,. = +0.163 eV

rise and be replaced by the N erbitals.
RhTe,(c) — 0.40 Rh ;;Te,(h) + 0.60 Ry o5Te,(c)

Disproportionation of RhTe, AE.. = +0.269 eV

The phase diagram for the Rffe binary system shows that min
RhTe undergoes disproportionation into a gtlpe Rh xTex(h) These results demonstrate the strong relationship between

and the pyrite-type Rh,Tex(c) at temperatures exceeding ca. metal oxidation states and orbital interaction energies. Although
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Figure 17. Valence g orbitals for the oligomers [RfTeiz], [RhsTeig], and [RiTey). Electrons show those orbitals that may be occupied for
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Figure 18. (a) Contour plot of the relative energies between.Rhe,

and Rh+,-yTe, + yRh. The shaded region indicates negative values,
i.e., regions inX, y) space where Rh,Te; is unstable with respect to
disproportionation. (b) Total valence electron energx), vs x for
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Figure 19. Total DOS curve and COOP curves for NiAs-type “RhTe”.
The dashed line indicates the calculated Fermi level. The projection of
Rh 4d orbitals to the total DOS is also indicated. The COOP curves
show overlap populations for the shortestRFe and RR-Rh contacts.

(+) is a region of bonding interactions:{ is a region of antibonding
interactions.

Self-Intercalated RhyxTes

Detailed crystallographic and thermodynamic studies of
RhyxTe indicate continuous behavior for 0.X5x < 0.847.10
Their structures are derived from the @dtructure type with
layers of octahedral holes occupied in an alternating pattern of
100% and 108%. In fact, all structures can be indexed using
a monoclinic unit cell that is a slight deviation from the
orthorhombic cell of the 2D hexagonal lattice. This cell involves
two MTe; layers in the hexagonaldirection with Z additional
M atoms between them. These additional metal atoms can
occupy two crystallographically inequivalent sites in the space
groupl2/m (Wyckoff sites 2a and 2d). Fotr < Y5, the 2d site

Rhy.<Tex. The observed curve is quadratic and is compared to a linear remains empty while the 2a site fills at the rate Borx > 1/,
variation. The quadratic curve forms the basis for the contour plot in the 2d position fills at a ratex2and the 2a site remains filled.

part a.

difficult to visualize on the energy scale of the plot in Figure
10a, neither curve is strictly linear over the entire range of
X. As u increases in Rh,Tey(c), the oxidation state of Rh

Thus, crystallographic analysis indicates a nonrandom mecha-
nism for filling the empty metal sites in the Gellype structure.

In RhyxTey, all Rh atoms are octahedrally coordinated by
Te atoms. The observed filling pattern for 1/, creates linear
Rhs groups of three face-sharing octahedra; Ry, the upper
limit for this field of structures, contains only these oligomers.

changes very little (see Table 4) but intermediate-range For x exceeding',, longer oligomers are possible, e.g.,7Rh

Te, - Te interactions increase and cause an upward deviation Rhys,

of its energy curve. Also, asincreases in RhxTex(h), both

..., Rhnys, etc., and approach quasi-infinite chains, as
found in the NiAs structure type. Figure 11 illustrates the two

Rh and Te are increasingly reduced. Since orbital interactions different cases (black circles are 100% Rh; gray circles are

increase with |[AEQ|~1 and since EO(Rh 5d) rises with
decreasing oxidation state, the strength of—k orbital
interactions drops as increases. Therefore, the energy curve

partially occupied metal sites). We can formulate the compounds
Rhi+xTe; in two different ways to emphasize the presence of
the trimers: (1)x =< Y, (Rh)xRh-xTex (2) x = Yo,

for RhyxTey(h) also deviates upward. We address this trend (Rhg)1-xRhux—2Tex. Table 5 summarizes the results of calcula-

for Rhi«Tex(h) in more detail in the next section. These two

tions on the entire series RTe,. We have separated the

secondary effects, therefore, determine the shapes of the curveMulliken populations for Rh (symbolized by) into three

in Figure 10b.

contributions: (1) the central Rh atom in eachsRiit, RHY;
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(2) the terminal Rh atoms in each trimer, (Rhand (3) the
remaining Rh atoms, RN According to the site occupation

Inorganic Chemistry, Vol. 38, No. 22, 199%149

of Rhy+4Tey, Abadie et al. considered two additional possibili-
ties’ One alternative arrangement of filled and vacant metal

pattern, the R® atoms represent the metal atoms between eachsites, which maintains the Gdiype framework, leads to the

“RhTey” layer, i.e., RhixTex = (RhO),[(Rh©);1_5(RhY),Tey).
For x < 5, these R atoms are the most electron deficient

space grouf*3ml, and each vacant metal site fills at a rate
The other alternative, with space groBfs/mmc considers a

among the Rh sites. The terminal positions of the trimers are completely random distribution of vacancies throughout the

the most electron rich. At RRTe,, no RH® remain, and the
distributions of electrons between Riand RK) sites are nearly
equal. Foix > /,, however, the opposite trend occurs. Electron
density builds up on the R#i sites rather than the Bhsites.
Figure 12 illustrates the total DOS for RéTe, and highlights
the Rhz2 projection and Te atomic orbital projections. The Fermi
level lies just above the top of th@ band, which has RhRh
o" character and represents the top of the Blotbitals. With
the by band formally filled, the distributions of electrons between
RHh® and RH) are essentially equal. Forvalues below!/y,
electrons are removed from the top of tkeband, which,

according to its orbital representation in the DOS, has its greatest

component on RA. Therefore, R sites are more electron rich.
On the other hand, forvalues abové/,, electrons enter a Rh
Rh 7" band, which also has its greatest component of¥.Rh
For these cases, Rhis more electron rich.

The vacancy distribution also affects the local electronic

structure at tellurium. Since the Te substructure changes very

metal substructure. These patterns are illustrated in Figure 13.
The black circles represent completely occupied metal sites; the
gray circles are partially occupied. Model A is the observed
pattern and has two distinct representationsfar/, andx >

1/,. Models B and C can be represented by a single pattern for
the entire range of.

The fraction of oligomers varies within Rh;+4Te, for each
of the three models mentioned above. Within the assigned unit
cell, i.e., four layers of metal atoms, these fractions are illustrated
in Figure 14A-C and the corresponding trends in total valence
electron energy are shown in Figure 14D. Due to the distribution
of vacancies in model A, fox < %/,, only Rhg units are possible.
For x > 1/,, the possible oligomers include Rhs, i.e., Rh,
Rh;, Rhyy, etc. The fraction of Rh oligomers reaches as
maximum atx = 0.75. In model B, the possible oligomers are
Rhyn13 and their fraction maximizes at= 0.50. For model C,
all oligomers are possible.

little, the average coordination of Te by Rh increases linearly ~ With respect to total valence electron energies, model A, in

with additional Rh atoms as-8 3x. The coordination polyhedra,

which the fraction of Rhgroups is maximized for all values of

due to the pattern of site occupancies, will be one of the four %, is slightly favored over model B fox less than'/>. As x

environments7—10, derived from a trigonal prism. For= 0,

Te Te Te Te"
7 8 9 10

i.e., “RhTe”, only 7 occurs. Forx < 1/,, the arrangement of
Rh atoms allow§—9 to coexist. RhsTe, (=RhsTey) represents

a special case with 50% and 50%9. For x > 1/,, we find
8—10as possible coordination environments for Te. Finally, at
x=1,i.e., “RhTe", onlyl0is possible. As Table 5 shows, the

Mulliken populations for the various Te atoms decrease by ca.
0.2 unit (electron) as the coordination number increases by 1.

Furthermore, asx increases, the atomic population of Te

increases monotonically for a given coordination environment.

An interesting result shown in Table 5 is the drop in the Fermi
level from “RhTe" to Rhy ggTe;. Beyond Rh ogle;, EF mono-

grows abové/,, model A becomes even more favored because
this pattern also minimizes the fraction of quasi-infinite chains
in the structure. The totally random arrangement of occupied
metal sites is significantly higher in energy and only becomes
energetically competitive whenapproaches 1.00, i.e., the NiAs
type. As we have demonstrated, the difference between models
A and B is the types of oligomers allowed by the distribution
of vacancies. In Figure 15a, we illustrate the variation of total
valence electron energies for [Rig7], [RhsTejg], and [RhTeyq]
chains relative to a [Rheg octahedral fragment over all d
electron concentrations. All curves are very similar. The trends
from d® to &® per metal atom follow from the large overlap
between adjacer# orbitals: bonding at low d counts, anti-
bonding at high d counts in the set gf orbitals. As the length

of the metal chain increases, the bandwidth of therbitals
increases. On the other hand, the trends fréto @' per metal
atom follow from Rh-Te—Rh through-bond coupling. The
bottom of the set of gorbitals has RrRh 7" character and
very little Rh—Te overlap. The top of this set is RiRh &
bonding but shows significant RiTe o-antibonding character.

tonically increases. We attribute the drop to the presence of Figure 16 shows the dispersion of Rl and g orbitals that

four- and five-coordinate Te atom8,and?9, in the structures

of Rhi1xTe; for smallx values. The addition of Rh atoms to

“RhTe,” creates environment and 9, which removes 8 Te

orbitals near the Fermi level X3evels become RhTe bonding;

3x levels become RhTe antibonding). Together withx3Rh

tog Orbitals, there are nowxénew orbitals in the valence band

which get only 9x electrons from the x Rh atoms. ThHs,

drops for the initial stages of “self-intercalation” in “Rhe
There are certainly other ways of filling the octahedral

vacancies in the Cgdbstructure type in addition to the observed

leads to these relative energy curves.

A subtle difference between models A and B is that model
B allows RIy chains, while model A does not. Figure 15b
illustrates the relative energies for [Ries] + [RhyTex,] and
2[RhsTeyg] chains. Between®and d, the Rk and Rk chains
are slightly preferred over the Rlghains, which agrees with
the structural models of Abadie for RRTe.” We can
understand this result by examining the qualitative orbital
diagrams for the gbands of these three chains in Figure 17.
The occupied orbitals are noted with electron symbols. The

one. Such patterns have been identified in other chalcogenidesHOMO'’s for the Rl and Rk chains have similar features

e.g., in titanium and chromium sulfidésDuring the refinements

(16) (a) Jellinek, FActa Crystallogr.1957 10, 620. (b) Flink, E.; Wiegers,
G. A,; Jellinek, F.Recl. Trav. Chim. Pays-Bas1966 85, 869. (c)
Pearson, W. BThe Crystal Chemistry and Physics of Metals and
Alloys Wiley-Interscience: New York, 1972; p 461.

because the one node in the;Rinbital creates two Rigroups.
The energy of the HOMO of the RBichain lies above those for
Rhs and Rk because its node creates two,Rfroups instead.
Therefore, between®énd d metal configurations, i.e., up to a
Y,filled eq band, Rlan+3 chains are preferred over Rl chains.
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To study the energetics involved in setting the upper limit of of Rh increases. At the upper compositional limit, we reach
composition, we have calculated the energy changes for thethe NiAs-type “RhTe”. Figure 19 illustrates the total DOS and

series of reactions Rh—Te and RR-Rh COOP curves for this hypothetical com-
pound. The Rh gband contains one valence electron, which
RhTe,—~Rh,, ,Te, +yRh; y =X occupies RR-Rh antibonding orbitals and essentially Rhe
nonbonding orbitals. Furthermore, as Rh becomes more reduced,
This disproportionation reduces the number of-f&h anti- its atomic orbital energies increase relative to the atomic orbital
bonding interactions along tlweaxis as Ry Te; forms. Our energies of Te (see thd; values obtained from charge iteration
results obtained the contour plot in Figure 18a, which shows calculations on “RhT#£, Rh;sTe;, and “RhTe” in Table 1).
AE(x.y) for this reaction. For the ranges,<0x < 1 and 0< y Since orbital interactions are measure&g#4AE®)| and AE©

< X, AE(x,y) varies between ca-4 and+16 eV. The shaded  between Rh and Te atomic orbitals increases withe strength
region identifies negativAAE(x,y) values and corresponds to of Rh—Te orbital interactions are reduced xagncreases and
the range ofx andy where RhTe; is unstable relative to  we observe the quadratic behaviork(k) in Figure 18b.
Rhy+x—yTe and Rh. According to our results, this instability

begins forx approximately 0.7, with small energy differences Conclusions

(AE(xy) < 0.05 eV) and becomes more significant &s ) o ] )

increases. Although not in exact agreement with experiment Semiempirical electronic structure calculations are able to
(disproportionation must begin arourd= 0.84), the phenom-  €lucidate the orbital interactions that influence the observed

enon is clearly reproduced by our calculations. behavior of group 9 tellurides, Me; (0.75 < x < 2.00). The
To understand the upper limit in phase stability for, Rife,, distribution of vacancies in the various structures are closely
we plot the trend infE(RhyxTe) vs x (0 < x < 1) in Figure linked to the structural moieties left behind, e.g., six- and four-

18b (note: this is an expanded version of Figure 10a). As Rh coordinate Te-Te groups in Rb-yTe; and linear Rpand Rh
atoms are incorporated into the van der Waals gap of the Cdl  9roups in RhTe,. Analyses of the DOS curves, COOP curves,
type arrangement, the total valence electron energy drops dueand band structures, coupled with a detgned examination of totql
to more Rh-Te interactions, but the rate of decrease drops as valenqe electron energy ;urfaces, proylde the rationale for their
x increases. This quadratic behavior in the total energy arisesPehavior. We are continuing to generalize this procedure to other
for two primary reasons: (1) Ag increases, more repulsive mtgrmetalhc systems by_ conS|der|ng_ vacancies in extended
(antibonding) orbital interactions between Rh atoms along the Solids from a local chemical perspective.
g)éx(lz)oéchu_r_l?erfj_lfgfsr? ?r:(r)g;zr??tfgr?;ecrggrr)irzgdgrcee;[e(ze:nl—i?ble Acknowledgme_nt. This work was supported by the National
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repulsive nature becomes more influential as the concentrationiC990652S





