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A single crystal X-ray diffraction study performed on pyrite-like Ir;Te; indicates that this compound
has rhombohedral symmetry. Magnetic measurements were performed to determine the formal 3 +
oxidation state of Ir. This value aided in explaining the interatomic distances of our structure determina-
tion. Ir;Teg has been found to belong to a polymeric-type structure, with a tridimensional network
made of interlinked Te, pairs. The results are compared with pyrite-like A/ Te, (M = Mn, Fe, Ni, Cu,

Ru, Rh, and Os). © 1991 Academic Press, Inc.

I. Introduction

Previous investigations (I, 2) on the
Ir-chalcogen phases have shown that they
present various anionic oxidation states.
In the iridium dichalcogenides IrX,, with
X = S and Se, the charge balance formu-
lation can be written IP*X %X,);? or
I " (X)X ~'°. Another type of charge bal-
ance between Ir** and the anions is found
in IrTe, (3). In that case, the tellurium
anions form bonds with each other within a
tridimensional polymeric network and thus
exhibit the — 1.5 oxidation state. This poly-
meric structure was also found to be pre-
sented by several other transition metal di-
tellurides (4).

Nonstoichiometric Ir,_,Te, (with x =
0.25,i.e., Ir;Teg) has been reported as exhib-
iting a cubic lattice (a = 6.4138(6) A) (5, 6),
the proposed structure being that of pyrite
(FeS,) with the expected Pa3 space group

' To whom correspondence should be addressed.
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(7). In view of the unforeseen polymeric
structure of IrTe,, we considered worth-
while a structural reinvestigation of Ir;Teg
and an effort to relate its properties to that
of other ditellurides.

II. Experimental

One of the characteristics of iridium chal-
cogenide (S, Se, Te) preparation lies in the
difficulties in obtaining samples with crys-
tals large enough for single crystal radio-
crystallography. Several methods were un-
successfully tried in order to obtain such
crystals (in particular with the use of classi-
cal transport agents). Only Ir;Te; crystals,
grown in tellurium baths, proved of the
proper size. Powders were first prepared ac-
cording to Hocking and White (7) and then
mixed, in a 1/100 weight ratio, with twice
distilled tellurium. The mixture was then
ground thoroughly to ensure good homoge-
neity and sealed, under vacuum, in a silica
tube. The preparation was heated up to
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TABLE 1

Ir;Te; POWDER X-RAY DIFFRACTION DIAGRAM, WITH OBSERVED AND CALCULATED djy VALUES,
AND OBSERVED INTENSITIES

Compound: Ir;Teg

Crystalline system: cubic

Lattice parameters: a = 6.4113(3) A
Cell volume: V = 263.54(4) A3

Powder X-ray diffraction data:

bkl dys da i, bkl o, doy 1,
100 6.39 6.41 2 421 1.3986 1.3991 25
110 4.52 4.53 2 332 1.3670 1.3669 10
111 3.700 3.701 7 422 1.3090 1.3087 12
2 00 3.207 3.206 29 333 1.2338 1.2339 40
2 10 2.868 2.867 95 432 1.1903 1.1906 25
2 11 2.6176 2.6174 67 521 1.1705 1.1705 18
220 2.2651 2.2667 27 440 1.1331 1.1334 22
3011 1.9335 1.9331 100 531 1.0838 1.0837 3
222 1.8514 1.8508 10 4 42 1.0687 1.0686 11
320 1.7787 1.7782 19 610 1.0541 1.0540 10
321 1.7144 1.7135 47 532 1.0402 1.0401 20
400 1.6028 1.6028 4 620 1.0138 1.0137 8
420 1.4328 1.4336 21

Note. w = 630 x 107%. Average 26 angle deviation =

(”p - nv) X ((Sinzecal -

17/1000. The minimized w factor is: w = 16/

$iN%0gps — DB, SiN6445)/d6 sin 20,,))?, where n, is the number of considered kk/ planes

and n, the number of variables. 6, and 6,,, are the calculated and observed reflection angles. d6 is a prefixed
angle shift (here equal to 0.03°) whereas D@, is the origin shift (here taken equal to zero). Satisfactory w range

generally from 7 x 10~* downward.

1050°C, held at that temperature for 4 hr and
then slowly cooled at a rate of 5°C/hr. After
cooling to room temperature, the crystals
were recovered by sublimation of tellurium
at 400°C under static vacuum. A semiquanti-
tative elemental analysis by Energy Disper-
sive X-ray Analysis (EDAX) revealed a Te/
Ir ratio close to the nominal composition
Ir;Teg. The compound, obtained in these
conditions, will be referred to as Ir;Teg, al-
though, from the structural work (vide in-
fra), the iridium content may be somewhat
lower (Ir,gs6Teg). Various preparations
with lower iridium content did not seem to
show any composition range, in agreement
with previous reports (5-7).

The X-ray powder spectra were recorded
on a CPS 120 INEL diffractometer (Curved
Position Sensitive Detector, CuKe, =
1.54059 A using Si as a standard). The single

crystal data collection was made with a
CAD4 NONIUS diffractometer (MoKa)
and the structure was determined with the
SDP-PLUS software package (1985 version)
distributed by Enraf-Nonius (8).

Magnetic measurements were done on a
SETARAM Faraday balance over the tem-
perature range 50-290 K.

III. X-ray Powder Data Analysis

The indexing and parameter refinement
were performed assuming a cubic symmetry
with the a parameter of Hocking and White
(7) and A. Kjekshus ef al. (5). The results
were quite satisfactory and led to a =
6.4113(3) A with a reliability factor of w =
6.3107* (see Table I).

The examination of the various indexed
planes shows one reflection ((110)) with a
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TABLE II

ANALYTICAL AND CRYSTALLOGRAPHIC DATA PARAMETERS OF THE X-RAY DATA COLLECTION
AND REFINEMENT

1. Physical, crystallographic and analytical data
Formula: Iry g5 Teg
Color: Black
Crystal system: Trigonal

Molecular weight: 1581.12¢g

Space group: R-3 (n°148)

Room temperature crystallographic constants: a = 6.4113(3) A

(pseudo cubic cell)
Density (calc.): 6.0
Absorption factor: u{Moa) = 593.7 cm™!
2. Data collection
Temperature: 273 K
Radiation: MoK«
Scan mode: w/26
Recording range: 1.5-35°

Monochromator: oriented graphite (002)
Scan angle: 1.5 + 0.35 tan(9)

Standard reflexions: (14-4), (21-3), (30-4) (every 3600s)

w

. Refinement conditions
Recorded reflexions in a 3 space: 2518
Independent reflexions: 418
Refined parameters: 24
Reliability factors: R = Z|F| — |F|/Z|F|
R, = (2(|FO| - |Fc|)2/2F(2))U2
Weighting scheme: pivot point (F = 35) (cut off 2.0)
4. Refinement results
R = 0.020 R, = 0.020
Extinction coefficient: E, = 9.08(9).10~7

Difference Fourier maximum peak intensity: 3.3(0.7)e/A3

weak intensity (I/I, = 2/100) that was not
reported in previous work and precludes the
pyrite space group Pa3. Several subsequent
runs confirmed the systematic presence of
that reflection line (it is indeed found on the
single crystal data as well). This led to five
possible space groups for the phase: P23,
Pm3, P432, P-43m, and Pm3m. However,
these groups were eliminated by Hocking
and White because none could fit the ob-
served intensities well enough. Different
structure calculations carried out from these
five sets of space groups confirmed that fact.
Assuming a pyrite-type structure, this result
meant that another symmetry had to be cho-
sen. A previous study by A. Kjekshus ez al.
had shown that a rhombohedral symmetry
was the only one appropriate for pyrite-type
Rh,Teg. Consequently, the same R-3 space
group has been chosen for our structure re-

finement. An analogous distortion was sug-
gested by Squattrito et al. for Ir, ;Seq (9).
Because there is no observed splitting in the
powder diffraction lines, this means that the
rhombohedral distortion has no measurable
influence on the cubic axis system. This is
why only the cubic indexed spectrum is
given in Table I.

IV. Single Crystals Studies
and Structure Refinement

Through successive cuttings of a large
crystal, a very small crystal fragment was
prepared for the X-ray diffraction data col-
lection (see Table II for the parameters
used). Because of the heavy absorption co-
efficient (593.7 cm™1), an absorption correc-
tion was applied to the data, according to
the empirical method of N. Walker and
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TABLE III

POSITIONAL PARAMETERS AND THEIR ESTIMATED
STANDARD DEVIATIONS

Atom x be z B’ T Site
It 0.5 0.5 0 0.97(3) 0.737(1)  3(e)
Ir2 0 0 0 0.68(1) 0.704(3) I(a)
Tel  0.3722(1)  0.3722(1) 0.372(1)  1.32(1) 2(c)
Te2  0.8724(1) 0.1273(1)  0.6276(1)  1.42(2) 6(f)

¢ Isotropic equivalent thermal parameter defined as: B.q (A2 = 4/3
ZEBya,a;.

D. Stuart (10) (the lack of thermal anisot-
ropy before any correction and the absence
of neat faces for the sample favor the use of
such a method). Prior to this correction, the
agreement in the averaging of equivalent re-
flections was 0.030 for the observed and ac-
cepted ones and only 0.050 for the observed
ones. After absorption correction, these
figures dropped to 0.020 and 0.022, respec-
tively. Refinement of the structure in the
R-3 space group with Ir, and Ir, in 3(e) and
1(a) positions and Te,; and Te, in 2(c) and
6(f) was started, the occupancy ratio of the
iridium sites being freed, in accord with a
statistical distribution on the octahedral
sites. Without absorption correction, and
with atomic isotropic factors, R and R,
yielded the values 0.060 and 0.075, whereas
with anisotropic factors, one had 0.051 and
0.065. After absorption correction, the fig-
ures became 0.030 and 0.041, respectively.
Finally, the use of a pivot weighting scheme
drove those values downtoR = R, = 0.020
(the weighting scheme is such that w = F/
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FiG. 1. Representation of octahedra arrangement in
Ir;Teg in the (001) plane. Dashed lines correspond to
Te-Te distances of about 3.57 A, while thick ones
represent Te—Te pairs.

pivot if F < pivot and w = pivot/F if F >
or = pivot, with a pivot point F = 35and a
cut off = 2.0) (8).

Fractional coordinates and thermal pa-
rameters are gathered in Table 11I and Tabie
IV, respectively. From the occupancy ratio,
it can be seen that the phase, within 3o, may
not be stoichiometric since one obtains the
composition Ir, g 5 Teg. The thermal fac-
tors have the expecied values.

V. Structure Description

Ir;Teg structure is indeed of the pyrite
(FeS,) type, with a statistical distribution of

TABLE 1V
THERMAL PARAMETERS U (IN A2)

Atom Uy, Uy Uy Uy, Ups Uy
Irl 0.0070(4) 0.0079(4) 0.0161(7) —0.0005(4) —0.0010(5) 0.0007(5)
Ir2 0.0056(3) U@,n U, 0.0004(4) U(1,2) U(,2)
Tel 0.0111(3) U(1,1) U(1,1) 0.0012(3) U(1,2) U(1,2)
Te2 0.0114(4) 0.0113(4) 0.0228(7) —0.0007(3) —0.0015(5) 0.0011(5)

Note. The expression of the general temperature factor is: exp(~ 27 (U h2a*t + Unk®*? + Uyplc*? +

Wahka*b* + 2Ushla*c* + 2Upklb*c*).
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FIG. 2. Variation of the Te-Te bond distance of anionic pairs in accurately and recently studied
ditellurides of Rh and Ru, and in Ir;Teg (with the proper oxidation state of —2.2 per Te,) versus tellurium
oxidation state. A straight line goes through the three data points. Note that the triangle representing
MnTe, departs from the line, probably because this phase is the only pure pyrite-type structure, whereas
the others present a polymeric modification (see text). CuTe, as border case was not considered.

Ir atoms on the cationic sites. Each iridium
cation is surrounded by a strongly distorted
tellurium octahedron, while each anion is
engaged in a Te-Te pair and belongs to three
adjacent polyhedra as shown in Fig. 1. In
each IrTeq group, the Ir-Te distances are
very similar, with a mean bond length of
2.654 A (see Table V). This result is very
close to that obtained in IrTe,, with dj;_q. =
2.650 A (3). Because we suspected in the
present phase an oxidation state of +III
and a low spin configuration for the iridium
cations as found for the other chalcogenides
(see below for the magnetic confirmation),
we expect an effective ionic radius (IR) of
0.68 A (from Shannon’s data (11)). Using an
IR of 2.21 A for the tellurium anions (Te2™)
(11), a value of 0.44 A is calculated. This
strong discrepancy has been pointed out
with all the other iridium dichalcogenides,

and we believe that a value of about 0.50 A
for low spin Ir** should be considered. The
still lower value calculated here could be
attributed to a higher oxidation state of Te
(mean oxidation state = —1.1) increasing
the actual anionic radius. These conclusions
are very well supported by the similar rho-
dium phases that show a calculated radius
of about 0.50 A (5). In addition, with a mean
Rh-S distance of 2.365 A in Rh,S; (12), the
low spin Rh** IR is calculated at 0.52 A.
Note that this phase includes only S?~ ions
for which the anionic radius is well known
and accepted (isostructural Ir,S; with cell
parameters quasi-identical to that of the rho-
dium derivative also exists, but its structure
has not been solved).

Looking now at the Te-Te pairs, it was
found that their mean bond length is equal to
2.833 A. Such a distance must be compared
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TABLE V

BoND DISTANCES (IN ?\) AND ANGLES (IN DEGREES)
AROUND EAcH METAL TYPE FROM Ir;Teg REFINEMENT
WITH ESTIMATED STANDARD DEVIATIONS IN PAREN-
THESES

Interatomic distances

Ir,-Te, 2.6529(6) x2
Ir;-Te," 2.653 (2) x2
Ir,—Te, 2.655 (2) x2
Te,¥-Te,! 3.566 (2) %2
Te,V—Te, 3.571 (2) x2
Te,"-Te,’ 3.928 (2) X2
Te,¥-Te," 3.926 (2) X2
Te,-Te, i 3.928 (2) x2
Te,-Te,"! 3.570 (2) X2
Angles
Te,i-Ir,—Te, 95.53 (4 x2
Te,i-Ir,~Te," 84.47 (4 x2
Te,i-Ir,-Te,"” 84.58 (5) %2
Te,i-Ir,~Te, 95.42 (5 x2
Te,'~Ir—Te," 95.45 (3) X2
Te,'—Ir,—Te, 84.55 (3) x2
Interatomic distances
Ir,-Te, 2.652 (2) X6
Te,"-Te," 3.923 3) X6
Te,"~Te, 3.570 (2) x6
Angles
Te,'—Ir,-Te," 84.59 (6) x6
Te,-Ir,—Te, 95.41 (6) X6

Interatomic distances between Te
of the pairs
2.837 (2)
2.832 (3)

Te-Te,
Te,—Te,

Note. We define symmetry elements applied to atom
positions as (i) xy z, (i) zx y, (i) y Z X, (iv) =X ~y
~z,(v) —z —x =y, (vi) -y -z —x.

with Te, pairs in pyrite-like phases. For in-
stance, in RuTe, and MnTe, ((M?*(Te,)*~
charge balance), the Te~-Te distances are
equal to 2.791 and 2.750 A, respectively
(13). These values are significantly lower
than that calculated in Ir;Teg ; this may cor-
respond to additional electron concentra-
tion on the tellurium pairs in the iridium
phase. An evidence of this assumption can
be given by the pyrite-like RhTe, phase in
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which the increased anionic charge due to
the presence of Rh** leads to a large dre_q.
of 2.969 A ((Tep)~3) (5). Actually, this hy-
pothesis is schematically shown in Fig. 2
where the Te-Te pair distances are plotted
versus their oxidation state. Consideration
of the actual composition of the iridium tel-
luride (Iry;;Te,) shows that an oxidation
state of —2.2 is to be taken for the Te, pair
(Ird 53(Te,) ~*2). The case of the Ir,Te; struc-
ture is not however clear if one now consid-
ers the distances between the tellurium
pairs.

In Table V, the interatomic Te, pair
lengths show two characteristic distances of
3.93 and 3.57 A. The first corresponds to a
simple contact distance (similar to that
found in HfTe, and ZrTe,), whereas the sec-
ond obviously implies a bonding, as already

TABLE VI

CELL PARAMETERS (IN A), VOLUME (IN A% anD
INTERATOMIC DISTANCES (iN A) IN DITELLURIDES OF
TRANSITION ELEMENTS (FROM (5) AND (12))

Compound Parameters Volume d(M-Te) d(Te-Te)

MnTe, 6.951 335.8 2.907 2,750
3.955
4.262
2.616
3.547
3.855
2.650
3.592

3.904

FeTe,* 6.2937 249.3 2.619

NiTe,* 6.374 259.0 2.653

CuTe,* 6.6052 288.2 2.749

RuTe, 261.0 2.648

RhTe, 6.4481 268.1 2.659

OsTe, 6.3968 261.8 2.647

Note. Bold figures relate to the Te; pair of the structure. MnTe, is the
only pure pyrite type with no inter Te, bonds (distance of 3.955 A or more
between pairs). FeTe,, NiTe,, RuTe,, RhTe,, and OsTe; show Te,
weakly bonded pairs (the distances equal about 3.57 A between tellurium
in polymeric IrTe, (3)). CuTe, is a border case with inter Te, pairs distance
of 3.722 A between the above tength values.

9 Distances calculated with a classical fractional coordinate 4 value of
0.38.
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Fi1G. 3. Variation of the magnetic susceptibility of Ir;Tey versus temperature. The diamagnetism
observed confirms the d® low spin configuration of Ir’*, with a probable weak underlying Pauli

paramagnetism.

mentioned in other examples (3, 4). Since
each tellurium of a pair is bonded to two
others belonging to the same iridium coordi-
nation octahedron, in the way presented in
Table V, this means that there exists a poly-
meric tellurium network within the Ir;Teg
structure, very much as in polymeric CdI,-
like 1rTe,. In that phase a distance of 3.53
A was found to correspond to a bonding
interaction through Extended Hiickel calcu-
lations (3). It is to be pointed out that the
same Te—Te bonding distances can be found
in most ditellurides of transition elements
with pyrite-like structures (5, 13). Table VI
gathers some cell characteristics and in-
teratomic distances of those phases. All the
compounds listed in that table, with the re-
markable exception of MnTe,, present a
polymeric pyrite-type structure, with very
short, medium, and long Te-Te distances,
corresponding respectively to pairing,

slightly bonding, and nonbonding tellurium
atoms. The case of MnTe, is actually the
only one that corresponds to a true pyrite-
like phase, as also demonstrated by the large
volume jump encountered for the cell (336
A3 instead of about 260 A? for the other
polymeric structures). Clearly, and as ex-
pected, the anionic bonding is accompanied
by a strong volume shrinking.! One may also
expect an influence of the interpair bonding
on the Te-Te pair distances.

! Note the large metal-chalcogen distance (2.907 A)
observed in MnTe,. This value is in good agreement
with the sum of effective ionic radii only if we consider
a d° high spin configuration of Mn>* (IR(Mnj;") = 0.83
A) (11). Even with the lack of magnetic susceptibility
data, this suggests that MnTe, would be alone among
the M Te, phases to present a high spin configuration,
while the others exhibit a low spin one. This introduces
a separation between high and low spin configuration,
and interbonded and noninterbonded Te, pairs.



326

Within each Cdl,-like and pyrite-like
structure, one has to distinguish between
the well known true Cdl, and pyrite types
and their polymeric modifications as shown
by IrTe, and Ir;Tes. This is one of the com-
mon features presented by the two iridium
phases, as far as their structure is con-
cerned. Indeed, the question of the peculiar
behavior of the manganese derivative re-
mains to be explained, but it is to be noted
that we are dealing with a d° cation, a spe-
cies known to show peculiar characteristics
(see for instance the behavior of Mn?* in the
MPS, series (14, 15)).

Magnetic susceptibility measurements of
Ir,Teg were performed under three different
fields (see Fig. 3). They show a diamagnetic
behavior, in agreement with a low spin d°
Ir** cation. The molar susceptibility Xpes is
equal to —24 X 107° emu/mole, a value
which does not exactly correspond to the
sum of the element Pascal constants (xr. =
—7 X 1075 and x;, = —3.5 X 107° emu/
mole). This discrepancy may be linked to
some underlying delocalized Pauli paramag-
netism.

VI. Conclusion

The great ability of tellurium, through its
extended orbitals, to modulate its oxidation
state continuously from —II to —I by multi-
ple tellurium bonds leads to the formation
of polymeric tellurium networks. We thus
must distinguish, in the Cdl, and pyrite-
types models, two different, although
closely related, subgroups. One corres-
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ponds to a true model phase, the other one
to a polymeric modification. Note that the
polymeric configuration appears only with
transition element ions with more than five
d-electrons. More work is necessary to un-
derstand why, in the MX, family, MnTe,
presents the only genuine pyrite structure,
whereas CuTe, is an interesting, and indeed
expected, border case.
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