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Abstract

Three new members within the iron tellurate family have been synthesized and characterized by single-crystal diffraction. Fe,Te;Og is
orthorhombic, a = 7.80240(10)A, b =17.7501(3) A c= 5.28050(10) A, Z =4, space group Pnma, final agreement factors R; = 0.0261
(wR, = 0.0688) for 1271 independent reflections. FesTesOp» is monoclinic, a = 9.1312(2)A, b= 7.35542)A, ¢ =15.7379(3) A,
p =107.950(10)°, Z =4, space group P2;/c, final agreement factors R; = 0.0380 (wR, = 0.0281) for 3302 independent reflections.
FeTeqOy3 is trigonal, a = b = 10.16630(10) A c= 18.9330(3) A, Z =6, space group R3m, final agreement factors R; = 0.0309 (wR, =
0.0641) for 1264 independent reflections. Together with the four already known members of the family, Fe,TeOs, Fe,TeOg, and
Fe;Te;Og (a dimorphic variant of the afore-mentioned structure with the same chemical formula), and Fe,Te Oy, the iron tellurates
now span from relatively Fe-rich and Te-poor to relatively Fe-poor to Te-rich compounds. The structural diversity within Fe-Te-O
system is discussed in terms of the lone-pair stereochemistry of the Te** anion and the cross-over from Fe* to mixed-valence Fe'* /Fe**
and Fe?* coordination polyhedra compounds.
© 2007 Elsevier Inc. All rights reserved.

PACS: 61.10.Nz; 61.66.—f; 61.66.Fn
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1. Introduction complete the study we determined the structures of three

new compounds which show a cross-over from Fe’* to

The crystal chemistry of tellurates is dominated by the
possibility having either an oxidation state 4+ or 6+ for
tellurium. In a number of cases the two oxidation states co-
exist in the same structure, e.g. in Te,O5 [1], TesOq [2],
K;Te 01, [3], BaTe;O¢ [4], and SrTe;Og [5]. Whereas
Te(VI) exhibits octahedral coordination, the Te(IV)
coordination is much more varied thanks to the stereo-
activity of its lone pair. In the seventies of the last century
the structures of four different iron tellurates, Fe,TeOs
[6,7], Fe;TeOg [8], Fe;TeqsOq; [9], and FeyTe;Og [10] were
determined, which showed already the richness of the
crystal chemistry within this family of compounds. To
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Fe’* compounds, including a mixed-valent Fe’*/Fe’*
compound.

2. Experimental section
2.1. Syntheses

The three compounds were obtained by hydrothermal
synthesis using commercially available chemicals (1 um-
sized Fe;04, Fe;O3, and TeO, powders) used as received,
in a reactor with a free volume Vi, of 56ml, closed by
copper Bridgmann seals. The molar Fe;O4 to TeO, ratio
for the compound with final composition Fe;Te,O;, was
1:1, for FeTesOq3 2 : 9 and the molar Fe,O3 to TeO; ratio
for Fe,Te3O9 was 1 : 3. The mixtures were introduced in
gold tubes to which several water drops acidified with some
HCI to a pH of 4-5 were added before arc sealing. The
sealing was tested by weighting the tubes before and after
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one night under vacuum conditions. The tubes were also
weighted before filling as to know the volume of the
constituents in each tube. From the volume V¢ of the
constituents and the free volume Vi, the quantity of water
to be introduced in the reactor can be calculated by (Vin —
Ver) * CR where CR is the filling coefficient determined
according to the PVT curves of Kennedy [11] for water,
CR = 63.9%. The pressure was approximately 2000 bar
and the temperature 560°C. The bomb was left in the
furnace for 48h at this temperature and then cooled to
room temperature. The resulting products, consisting of
brown-red plate or block single crystals, were filtered,
washed with distilled water and dried under ambient
conditions.

2.2. X-ray single-crystal diffraction

The single-crystal data were collected at 173 K using an
Xcalibur-I four-circle diffractometer (Oxford-Diffraction)
with graphite monochromatized Mo-Kuo radiation. w-scans
were used in all cases; typical data collection times were
17-22 h. The intensities were extracted from the recorded
images by the “Proffit” algorithm such as implemented in
the RED program [12]. Further details about the data
collection are given in Table 1. The intensities were
corrected for Lorentz-polarization effects and absorption
and scale variation corrections were applied using the
AbsPack algorithm of the RED program [12]. The space
group P2;/c for compound Fe;TesO;, was determined
unambiguously from the systematic reflection conditions,
whereas for the data set of compound Fe,Te;O9 the
centrosymmetric group prevailed for the choice Pnma

Table 1
Crystal data for Fe;TeqO1n, Fes Te;Og, FeTegO13

versus Pn2;a. For the reflection data set of compound
FeTeqO;3 with extinction symbol R—the choice fall on the
three candidate space groups in Laue class 3m because of
an approximately equal internal R-factor R;, for the Laue
classes 3 and 3m. Out of the three possible groups the
centrosymmetric space group R3m was selected, which
proved to be correct during the refinement. All three
structures were ab initio solved using the charge-flipping
algorithm [13] such as implemented in the BayMEM
program [14]; default values for the flipping parameters
were used. Note that a priori space group information is
not used in the charge-flipping algorithm. The correct
space group can be inferred from the resulting electron
density map and thus independently checked with the
choice from the reflection conditions. Another feature of
the charge-flipping algorithm is that a priori knowledge
about the composition is not required, this in contrast with
conventional direct methods, where at least approximate
knowledge about the composition has to be provided. The
CRYSTALS program suite [15] was used to refine the
structures. All independent reflections were used for non-
linear least-squares refinement on |F|>. A parameter
describing secondary extinction was added to each refine-
ment. All atoms were refined anisotropically. Selected
refinement details, including cell parameters, are given in
Table 1. Atomic coordinates and equivalent isotropic displace-
ment parameters are listed in Table 2. Selected distances for the
three compounds are compiled in Tables 3-5. Further details
of the crystal structure investigation may be obtained from the
Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leo-
poldshafen, Germany (fax: (+49)7247-808-666; e-mail:
crysdata@fiz-karlsruhe.de) on quoting the depository number

FC3TC4012

Fez TC3 09

FCT%O 13

Crystal color, habit
Crystal size
Crystal system, space group

Red-brown, plate
0.30 x 0.06 x 0.16
Monoclinic, P2, /¢

a 9.1312(2) A

b 7.3554(2) A

¢ 15.73793) A
o 90°

p 107.95(1)°

y 90°

Volume 1005.57(7) A3
Z, Calculated density 4,575gcm™?
Formula weight 869.93
Reflections recorded/unique/used® 17235/3308/3302
Rint 0.033

No reflections with 7>20(1) 1963

No. variables 173

Residual electron densities (eA=3) —24,24
Goodness of fit 0.527

Final R indices (all data)

0.0380, 0.0281

Red-brown, prism
0.06 x 0.30 x 0.33

Red-brown, plate
0.03 x 0.23 x 0.23

Orthorhombic, Pnma Trigonal, R3m
7.80240(10) A 10.16630(10) A
17.7501(3) A 10.16630(10) A
5.28050(10) A 18.9330(3) A
90° 90°

90° 90°

90° 120°

731.31(2) A? 1694.63(4) A3
4,580gcm™3 6,6.052gcm™
638.49 1029.45
11862/1272/1271 9461/1268/1264
0.055 0.035

1186 1115

68 62

18,22 —3.2,35
1.018 1.029

0.0261, 0.0688

0.0309, 0.0641

#Unique reflections are those reflections that remain after averaging recorded reflections according to the Laue class; used reflections are those
reflections from the set of unique reflections that were used for the least-squares refinement. Reflections with (sin 6/ 7)?<0.01 were rejected, because they
are close to the beamstop and possibly partially obscured.
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Table 2
Atomic coordinates and equivalent isotropic displacement parameters for
FC3T€4012, F€2T6309, and FeTe(,OB

Atom X y z Ueq
F€3 T€4 0] 2

Fe(1) 0.32385(7) 0.36752(11) 0.19769(4) 0.0074
Fe(2)  0.57436(7) 0.11834(12) 0.09727(4) 0.0084
Fe(3) 0.68518(7) 0.36995(10) 0.30664(4) 0.0065
Te(d)  0.44973(3) 0.11898(5) 0.365440(17)  0.0079
Te(5) 0.17756(3) 0.12817(5) —0.010316(17)  0.0062
Te(6)  0.16339(3) —0.13947(5) 0.468896(17)  0.0076
Te(7) —0.01456(3)  0.11158(5) 0.252904(19)  0.0059
o) 0.1957(4) 0.3183(4) 0.0734(2) 0.0110
0(9) 0.3244(3) 0.1179(5) 0.23768(16) 0.0067
O(10)  0.4733(3) 0.3974(5) 0.32998(17) 0.0068
o(11)  0.6401(3) 0.1176(4) 0.33674(16) 0.0063
0(12)  0.3807(3) 0.1115(5) —0.01157(19) 0.0122
0O(13) 0.4630(3) —0.1607(4) 0.32860(19) 0.0078
o(14)  0.1899(4) —0.0699(4) 0.0677(2) 0.0084
O(15) 0.3743(3) —0.1308(6) 0.49459(19) 0.0182
o(16)  0.1218(4) 0.0560(4) 0.3839(2) 0.0134
o(17)  —0.1536(3) —0.0738(4) 0.2538(2) 0.0118
o(18)  —0.1199(3) 0.3011(4) 0.28765(19) 0.0077
0(19)  0.8320(4) 0.1675(5) 0.1124(2) 0.0199
F€2 T€3 09

Fe(1) —0.20196(7)  —0.06442(3) 0.70772(9) 0.0039
Te(2) —0.38274(3)  —0.126153(12) 0.18630(4) 0.0036
Te(3) —0.15929(4)  3/4 0.77774(6) 0.0037
0(4) —0.4543(3) —0.07063(14) 0.8876(5) 0.0056
0o(5) —0.2214(3) —0.17096(15) 0.5495(5) 0.0063
0(6) —0.3166(3) —0.03590(14) 0.3781(5) 0.0056
o(7) —0.3704(5) 3/4 0.9592(8) 0.0074
0(8) —0.1635(3) —0.12246(14) 0.0259(5) 0.0054
FeTe(, 013

Fe(1) 23 13 0.07698(6) 0.0034
Te(2) 0.10095(3) 0.49485(4) 0.076291(15) 0.0049
Te(3) 0.74869(4) 0.56989(4) 0.238320(17)  0.0092
0(4) 23 1/3 0.2485(3) 0.0088
0o(5) 0.7782(4) 0.5355(4) 0.14061(18) 0.0083
0(6) 0.2787(4) 0.4831(4) 0.0977(2) 0.0075
o(7) 0.0017(4) 0.2529(4) 0.0518(2) 0.0096
o) 0.1395(4) 0.5254(4) —0.02013(18) 0.0075

CSD-417291, CSD-417292, and CSD-417293 for Fe,O9Tes,
Fe;01,Tey, and FeOy3Teg, respectively. The structural draw-
ings were made using DRAWXtI [16].

3. Discussion

In order to generalize the discussion to all known
members of the iron tellurate family, first the results of the
bond valence calculations are discussed. Table 6 lists the
bond valence sums (BVSs) calculated using VaList [17] and
bond valence parameters from Brown and Altermatt [18],
together with the iron and tellurium to oxygen ratios. The
BVS values yield for each compound, taking into account
the site multiplicities for each individual atom, overall
charge neutrality. The calculations show that hexavalent
Te only exists in the Te-poorest compound, whereas
bivalent Fe starts to dominate for the compounds that

Table 3
Bond distances (A) in the structure of Fe;TesO1»

Fel-O13*  2.121(3)  Fe3-0O14*  2.004(3) Te5-012 1.865(3)
Fel-O17°  1.979(3)  Fe3-0I8° 1.960(3) Te5-0O14 1.887(3)
Fel-O11* 1.974(3)  Fe3-09* 1.9453) Te6-014¢  2.611(3)
Fel-O8 1.978(3)  Fe3-0O10 2.087(3)  Te6-019° 1.920(3)
Fel-09 1.940(3) Fe3-0Ol11 1.990(3) Te6-0O15 1.843(3)
Fel-0O10 2.1203) Te4-0O15"  2.294(3) Te6-016 1.920(3)
Fe2-012%  2.278(4) Te4-09 1.984(2) Te7-019 2.261(3)
Fe2-0O10°  2.1093) Te4-0O10 2.151(3) Te7-018"  2.759(3)
Fe2-013*  2.089(3) Te4-Ol1 1.926(2) Te7-017°  2.797(3)
Fe2-015%  2.476(4) Te4-013 2.151(3) Te7-0O16 2.094(3)
Fe2-012 2.048(3)  Te5-019%  2.689(3) Te7-O17 1.866(3)
Fe2-019 23194)  Te5-016' 2.811(3) Te7-0O18 1.869(3)
Fe3-013*  2.153(3) Te5-08 1.894(3)
Note: Symmetry operations used to generate equivalent atoms.

M-xi+pi-z

bxltyl—z

2 2

14+x,p,z.

4, ~d—pi+z

1 —x,—%—i—y,%—z.

f —x,—y,1 —z.

&l —x,—y,—z.

?‘—x, —L4yl-z

R e R

I—1+x,p,z.
Table 4
Bond distances (A) in the structure of Fe,TesOg
Fel-06" 2.000(3) Te2-07° 2.506(2) Te3-O7° 2.578(4)
Fel-04¢ 2.000(3) Te2-08° 2.667(3) Te3-08" 2.616(3)
Fel-0O8f 1.993(3) Te2-04* 1.942(2) Te3-08" 2.616(3)
Fel-0O4 2.189(3) Te2-05 2.428(3) Te3-05! 1.912(3)
Fel-O5 2.073(3) Te2-06 1.964(3) Te3-05 1.912(3)
Fel-06 2.021(3) Te2-08 1.910(3) Te3-0O7 1.905(4)

Note: Symmetry operations used to generate equivalent atoms.
Box2-pi+z
bx,% —y,—l+z
cl 3 3_ .
drui-ni-e
stx -y -z
€
7% + x,y,% -z
ey, 1+z.
ex,y,—1+z.
h
: x,3% -,z
1
X,5— ), 2.

are poorest in Fe. The iron coordination is always six, but
the octahedra are more regular for trivalent Fe than for
bivalent Fe. The structural distribution of the Fe octahedra
is shown in Fig. 1. The Fe octahedra tend to arrange
themselves in layers, the only structure being really three-
dimensional with respect to the distribution of the Fe-
octahedra, is Fe,TeOg, which is not amazing, because it is
the only structure within the series that has only hexavalent
Te ions, which themselves are coordinated octahedrally by
oxygen. The electronic lone pairs present in the other six
structures have apparently a very structure directing effect.
Face-sharing of Fe octahedra only occurs once in this
series; edge-sharing is evidently the predominant linking
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Table 5
Bond distances (A) in the structure of FeTesO,3

Fel-05*  2.152(4)  Fel-O5  2.152(4)  Te2-08 1.860(3)
Fel-O5°  2.152(4)  Te2-08°  2.578(4)  Te3-05¢  2.200(4)
Fel-08°  2.067(4)  Te2-06"  2.0373)  Te3-O7°  1.858(4)
Fel-O8"  2.067(4)  Te2-06 1.9133)  Te3-0O4 2.1238(7)
Fel-O8  2.067(4) Te2-07  2.191(4)  Te3-0O5 1.934(3)

Note: Symmetry operations used to generate equivalent atoms.

M —y,x—y,z

b1 +x—y,1—x,z

C—x,1—y,z.

§-xini-z
Y, =X+ )y, —z.
x4y 1-xz
i%+y,§—x+y,§—z‘

l—x+4+yx,—z
N—x,1-y,z

e

Table 6
Bond valence sums (BVSs), Fe:O and Te:O ratios and mean atomic

volumes (in A3)

Atom BVS Assumed Fe:O Te:O

ratio ratio

Atomic
volume

Compound

Fe,TeOs® Fe(1) 2942 3 125 15 12.45
Fe(2) 3.048 3
Te(1) 3.694 4

Fe,TeOg® Fe(1) 3.178 3 1:3 1:6 10.68
Te(l) 5490 6

Fe;TesO1,¢  Fe(l) 3.030 3 1:4 1:3 13.23
Fe(2) 1745 2
Fe(3) 2995 3
Te(l) 3.804 4
Te(2) 4131 4
Te(3) 3950 4
Te(4) 4112 4

Fe,Te;00¢  Fe(l) 2740 3 1:45 13 13.05
Te(l) 4541 4
Te(2) 4.017 4

Fe,Te;00°  Fe(l)  2.807 3 1:45 13 14.01
Te(l) 4152 4
Te(2) 4.024 4

Fe;TeqO"  Fe(l)  3.023 3 1:55  1:229  14.08
Fe(2) 2.888 3
Te(l) 4.054 4
Te(2) 3.870 4
Te(2) 4206 4

FeTeqOp3¢  Fe(l) 219 2 1113 122 1411
Te(l) 4169 4
Te(2) 3.721 4

“Astier [6] and Jumas et al. [7].
PKunnmann et al. [8].

“This work.

9This work.

Astier et al. [10].

fPertlik et al. [9].

€This work.

for the structures with the highest Fe:O ratio. Structures
with low Fe:O ratios show a transition from isolated
corner-shared octahedron dimers to completely isolated
Fe—Og¢ octahedra.

Interesting is how for the dimorphic structures of
Fe,Te;09 the same structural formula leads to a different
distribution and linking of FeOg octahedra. Both struc-
tures are layer-like with respect to their Fe—Og octahedron
distribution, but whereas in Fe,Te;Oy (d) only face-sharing
Fe,O9 bi-octahedra are found, in Fe;Te;O9 (e) all
octahedra within the quasidouble-layer are linked by
corner-sharing. It is noted that the two structures have
been obtained under quite different conditions. The
compound in Fig. 1(d) was synthesized at atmospheric
pressure under arc heating at 650 °C in an Ar flux followed
by slow cooling [6], whereas the dimorphic variant in
Fig. 1(e) was obtained under hydrothermal conditions at
P =2000bar and 560°C (see Section 2.1). A fast compar-
ison between the lattice energies of the two variants can be
done using the formalism developed by Glasser and
Jenkins [19] which uses only cell volumes, formal charges
and a modified and generalized Kapustinskii equation, and
which appears to be remarkably accurate compared to
direct energy calculational procedures provided the poten-
tial energy is lower than —5000kJmol~'. In the case of
dimorphic variants with the same space group, Pnma, and
the same charge distribution, Table 6, Glasser and Jenkin’s
equation reduces to a comparison of the cube roots of the
cell volumes. Taking the cell volumes } =784.7 and
731.3 A3 for the compound determined earlier [6,7] and the
one determined in this paper, respectively, potential
energies of —4978 and —5100kJ mol~! are found, which
is just on the borderline for which the method is assumed to
be valid. In view of the synthesis methods for both
compounds, this is in contradiction with what is expected.
It is noted that a correction should be applied to the cell
volumes because the earlier determined structure was done
at room temperature whereas the newly determined one
was determined at 175K, but this correction cannot
compensate for the rather large difference between the
energies. A more detailed energy calculation is needed,
possibly taking into account the special role of the lone
pairs in order to explain the formation of the compounds,
but this is beyond the scope of this paper.

A special note deserves the presence of one Fe** and
2Fe** jons in the structure of Fe;TesOp,. Table 3 shows
that the Fe’' octahedral coordination is much more
distorted than those of Fe*, with Fe—O distances ranging
from 2.048 to 2.476 A for Fe**, and 1.940 to 2.121 A and
1.960 to 2.153 A for the two Fe** ions, respectively. The
structure contains one Fe%*Olo bi-octahedron—internally
edge-sharing—that is cornerlinked to two Feg““Olo bi-
octahedron which themselves are mutually corner-linked.
Fig. 2 shows the linking of two pairs of Fe* octahedra and
one pair of Fe’™ octahedra, as well as the structural
distortions for the two types of octahedra.

It is known that tellurate structures containing tetra-
valent Te could contain TeO; trigonal pyramids, TeOs,
polyhedra with three short distances ranging from 1.86 to
1.95 1&, or TeOy4 disphenoids, each having a well defined 5s°
lone pair. Higher-order TeO,, polyhedra are equally well
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Fig. 1. FeOg octahedra in iron tellurates. (a) Fe,TeOs, (b)Fe,TeOg, (c) FesTesO12, (d) Fe, TesOg, (€) Fey TesOg, (f) Fea TesOq1, (g) FeTesOq3. The left
figure for each structure shows the arrangements of the (bi)layers of FeOg octahedra, whereas the right figure shows a top view of an individual (bi)layer.
Fe cations are not visible, because they are in the center of an octahedron, the oxygens are indicated as small spheres and Te anions as larger spheres. Only

bonds between Te and O are indicated.

a b e

Fig. 2. Detailed view of the linking of Fe’* and Fe’* octahedra in the
structure of Fe;Te Oy, (a); structural distortions in a Fe?* octahedron (b)
and a Fe’* octahedron (c). In (a) the two lower strongly distorted
octahedra correspond to Fe?* octahedra, whereas the four upper more
regular octahedra correspond to two times two crystallographic indepen-
dent Fe* octahedra.

found with n = 5,6, but with the fifth and/or sixth Te-O
distance at values larger than 2.7 A, lower than the sum of
the Van der Waals radii for Te and O (3.58 A), but
contributing only little—in the order of 0.1-0.2—to the
BVS in the hypothesis of tetravalent Te. The presence of

the electron lone pair has on the one hand a segregating
effect—the Fe-octahedra appear to arrange themselves in
(bi)layers (see Fig. 1)—and on the other hand to create a
non-negligible amount of empty space in the structure. It is
indeed known that the Te lone pair occupies a volume that
is comparable to that of an O-ion [20]. For the present
family this is illustrated by the volume per atom calculated
from the composition and the cell volume (see Table 6).
The structure with hexavalent Te and thus without lone
pairs has clearly the densest structure with 10.68 A3 per
atom. Structures that are relatively rich in Te have a higher
concentration of lone pairs and thus a relatively high—
apparent—occupied volume per atom. The empty space
that is occupied by the lone pairs has the tendency to
elongate itself in tunnel-like structures. The position of the
lone pairs was calculated using the method developed by
Galy et al. [20] and extended by Savariault [21] and found
to be in very good agreement with a simpler algorithm used
in the drawing program DRAWXxtl [16,22]. The distance
between the Te!Y anion and the lone pair turns out to be in
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a

a

- V#‘ '
Vs

Fig. 4. Perspective views of the lone-pair tunnels in the structures of (a) Fe;Te;O;; and (b) Fe; Te;Oy.

all cases approximately 1.25 A. Fig. 3 shows effectively that
in all structures except in that of the Te-richest, viz.
FeTeqO;3, tunnels are present which are more or less
obstructed by the Te'V-lone pairs. The two tunnel
structures that were newly determined in this study, viz.
those of Fe;Te O, and Fe;Te;Oy, respectively, are shown
in perspective view in Fig. 4. The lone pair cones are not

directed to the center of the tunnel, but in the direction of a
corner-linking oxygen between a Te and a FeOg octahe-
dron on the other side of the tunnel in the case of
Fes;TesO1,, whereas in the case of Fe,Te;Og three cones are
approximately directed to three off-center sides in rather
large voids that are regularly spaced along the tunnel
direction. Examples of other tellurite structures having
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similar tunnels obstructed by Te!V-lone pairs were reported
by Oufkir et al., PbTesO;; [23], and more recently by
Barrier et al., SrTe;Og [24], and Chagraoui et al.,
Bi;TesWO ¢ [25]. With respect to the three newly
determined structures in this paper only one appears to
be isotypic with an already known structure, viz. the
structure of Fe;Te;Oy is isotypic with that of In,Te;Og [26].

4. Conclusions

The family of ternary iron tellurate compounds shows a
structural diversity that is characteristic for the stereo-
chemistry of Fe>*, Fe**, Te*", and Te cations. Changing
the Fe;O4 to TeO; ratio has the effect of creating structures
with different valencies for the cations, or even mixed-
valent structures. It should be possible, choosing the right
proportions of iron and tellurium oxides, to synthesize
double-mixed valent compounds, i.e. compounds contain-
ing both Fe?*, Fe’*, Te**, and Te®*cations. The stereo-
activity, and thus the structure dimension lowering effects
of the Te** lone pairs becomes stronger if their concentra-
tion is higher. The overall tendency of the lone pairs is to
push the Fe octahedra in two-dimensional (bi)layers. The
lone pairs themselves are arranged in more or less regular
tunnels.
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