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11-fold Superstructure of TaGe,/11Tex: A Novel Response to Charge Transfer in the
MA,Te, (M = Nb, Ta; A = Si, Ge; 1/3 < x < 1/;) Series
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The commensurately modulated structure of TaGey/) Te; was determined from single-crystal X-ray diffraction
data. TaGey/ Te;, is orthorhombic; the basic unit cell dimensions are a = 6.4396(8) A, b = 14.044(2) A, and ¢
=3.8522(5) A, with Z = 4. The (3 + 1)D superspace group is B2mm{(00v), where v = 4/;. The structure consists
of [Te/M, A/Te] sandwiches stacked in the AA/BB mode like other MA,Te, phases (M = Nb,Ta; 4 = §i, Ge;
1/38x<1/;). Also, Taand Gearein Tetrigonal-prismatic and square coordinations, respectively. The intrasandwich
cationic arrangement is, however, quite distinct from the pattern found in the parent compounds. Instead of a single
zigzag strip of lone Ta atoms per sandwich per unit cell, there are two such strips plus two half-strips. It is shown
that the extra number of strips is needed to obtain the proper number of short intersandwich Te—Te contacts required
for the electronic stabilization of the compound. In this way an incommensurate modulated structure, as occurs
for TaSi,Te; compounds, can be avoided. It is proposed that, although the average oxidation state of Te changes
from 2- in MA,;;Te; to 5/5— in MA,/3Te,, equivalent Te-Te distances need not change owing to the setting up of

commensurately or incommensurately ordering motifs.

Introduction

Transition-metal tellurides are in many cases quite distinct
from the transition-metal sulfides and selenides because of the
less electronegative character of Te. The study of binary and
ternary phases has shown that Te, unlike S and Se, tends to adopt
oxidation statesintermediate between 1—-and 2—.1-!5 Forinstance,
Te in the metal-rich compounds® 4 can be considered as fully
reduced, whereas Te?- in metal-poorer compounds®-# tends to be
slightly oxidized to Te(2-9)~. This leads to a wide range of Te-Te
distances in contrast with the more “quantum”-like character of
S-S and Se—-Se distances. The (fractional) oxidation state of Te
can be tuned by a heterocharge substitution of the cations or by
a variation of the compound stoichiometry. A nice example of
the former procedure is provided by Mar et al.1? Thelatter method
is discussed in this paper.

Compounds in the MA,Te, series (M = Ta, Nb; A4 = Si, Ge;
1/3 £ x £ 1/3) have commensurately or incommensurately
modulated structures due to an ordering of M and A ions over
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the available sites within infinite [Te/M, A/Te] sandwiches.!¢-24
M cations are usually bonded to one another in such a way that
the complete set of M—M pairs forms a herringbone motif. A few
M atoms are not bonded to other M atoms; they form a zigzag
pattern perpendicular to the running direction of the modulation
wave. The concentration of these “lone” M atoms diminishes
with increasing 4 content, and it is for this reason that the zigzag
strips of lone M atoms can be considered as faults in an otherwise
regular herringbone pattern. A4 atoms are found in a unique
square coordination of Te atoms.

The hitherto investigated commensurate superstructures have
in common that exactly one electron per sandwich per unit cell
is transferred from Te p-orbitals to M-metal d-block bands to
adjust the electron counting in M3*+(A42*+),(Te(3+20/2),, The
assigment of the oxidation states follows from extended Hilckel
tight-binding band electronic structure calculations for M A, /3Te;
compounds.2025 The stoichiometry of these compounds can be
written more specifically as MA(j+n);3+2mTes, wWithn =0, 1, 2...,
whereas the modulation wave vector is directly related to the
following stoichiometry: q = [(1 + n)/(3 + 2n)]c*.22 Each
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11-fold Superstructure of TaGeys/1Te,

Table 1. Crystallographic Data for TaGeq;; Tes*

TaGeg.a6364T€2 M, = 462,55
a=6.4396(8) A B2mm(00y)
b=14.044(2) A T=295K
c=13.8522(5)A A=0.71073 A

V = 348.38(8) A3 Pealed = 8.818 g cm3
g=*uc* 4= 532.5cm!
Z=4

4 Note: The cell dimensions refer to the basic unit cell.

sandwich contains exactly one fault per sandwich per unit cell
regardless the value of n. The structures may differ, however,
inthewaythe [Te/M, A/Te] sandwichesarestacked. The pinning
of one sandwich onto another takes place only at special sites of
the Te surface of a sandwich, viz. exactly at those points where
the intersandwich Te-~Te distances are the shortest. These short
intersandwich Te-Te distances are related to the aforementioned
electronic transfer,20: 25

The compound which is discussed in this paper, TaGes; 11 Tes,
does not comply with the general formula MAq+m/a+2mTe2.
Indeed, instead of one electron as for the latter compounds, three
electrons per sandwich per unit cell are transferred to the M-metal
d-block bands. Since theelectronictransferisrelated tostructural
features, it is expected that the intrasandwich structure, i.e. the
ordering of M and A ions, of TaGe4;;Te; is different from that
in MA(14n)/3+2mTe2. Inaddition intersandwich Te-Te distances
might be different.

Here we report the synthesis of TaGe4;11Te; and its structure
determination using superspace group theory.26 The intrasand-
wich ordering is discussed in relation with the other ordering
patterns found in the MA,Te, series. The sandwich stacking,
which is an important factor for the electronic stabilization and
a key element in the structure determination, is given special
attention.

Experimental Section

Synthesis. TaGe4;11Te; was obtained during an effort to synthesize
TaGe,/3Tes. Stoichiometric amounts of the elements for the latter
compound were sealed in an evacuated silica tube. The temperature of
the tube was raised to 700 K at a rate of 150 K/h. After 22 days the
tube was cooled to room temperatureat the samerate. Very thinplatelets
with a metallic luster were found in the batch. SEM analysis on seven
crystals yielded an average composition of Ta04Ge3¢Tezs. The deter-
mination of the Ge and Ta content was hampered by a partial overlap
of their emission peaks; CrGeTe; was used as an internal standard.
Weissenberg photographs were taken to select a good-quality crystal for
a subsequent data collection on a graphite-monochromated Siemens P4
diffractometer. The majority of the selected crystals exhibited weak
superreflections along ¢* compatible withan 11-fold superstructurealong
¢. A few crystals with a 3-fold superstructure, as would be expected for
a TaGe,);3Te; stoichiometry, were also present. The formation of these
crystals is rather sensitive to the experimental conditions like tempera-
ture gradient and duration of the synthesis. Other syntheses yielded,
for example, many crystals that are truly incommensurate (q* =
0.3544(4)c*).

Crystallographic Data Collection. Crystallographicdata are compiled
inTable 1. The measured intensities were corrected for the scale variation,
Lorentz, and polarization effects. A Gaussian absorption correction was
applied using the program ABSORB from the XTAL software package.?’
The intensities showed a mmm Laue symmetry but were averaged
according to a point symmetry 2mm (see later). All further calculations
have been performed with the JANA93 computing system.2? The
scattering factors for neutral atoms and the anomalous dispersion

(26) See for a technical treatment of superspace group theory e.g. § 9.8 in:
International Tables for Crystallography; Wilson, A. J. C., Ed.; Kluwer
Academic Publishers: Dordrecht/Boston/London, 1992; Vol. C. A more
descriptive treatment is given by e.g.: Janssen, T.; Janner, A. Adv. Phys.
1987, 36, 519-624. The application to M A, Te, compounds is exemplified
in refs 21-24.
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Institute of Physics, Praha, Czech Republic, 1993.
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correction were taken from ref 29. All refinements were based on |Fy|
and performed in a full-matrix mode, using w = 1/(a3(|F,) + 0.01{FJ2)
as weights.

Structure Determinationand Refinement. The TaGey/11Te; basiclattice
metric is very similar to that of all other MA,Te; compounds, but its
Bravais class is not primitive but B-centered. This also holds for the
complete diffraction pattern, i.e. main plus satellite reflections. When
first-order reflections are defined as being the strongest satellites, the
wave vector describing the modulation is ¢ = 4/,c*. Since the wave
vector is commensurate with respect to the basic lattice, standard
crystallographic techniques could be used tosolve and refine the structure
in an 11-fold supercell. However, it is advantageous to use superspace
group theory? todescribe the symmetry of the modulated phase. Contrary
to the conventional approach, the superspace group analysis naturally
divides the complete structure into a basic part and a modulated part,
analogous to what is seen in the diffraction pattern. Functions are added
to the structure factor expression that describe the modulations of the
atoms with respect to the basic positions. Irthe present case these functions
are expanded in a Fourier series:

5
P(%,) =Py + )_[P,,sin(2mn%,) + P,,, cos(2mnz,)]

n=l

5
rix)=rn+ Z [ug, sin(27wnz,) + u; , cos(2wnx,))

n=1

where » counts the independent atoms in the basic unit cell. The argu-
ment of the modulation function has been defined as follows: %4 =t +
QT L=+ q:(rg + L), with ¢ being the global phase of the modulation
wave (1 = 0 is used in the present work), L being a basic structure lattice
translation, and w, = (A}, A4} wA; ) W = (Ar ey cwArcn). Po
and ry are the basic site occupancy factor and the basic structure position,
respectively. The goal of the determination of the modulated structure
is the finding and the refinement of the Fourier amplitudes P; ,, P;,,
u; . and u} . Since the modulation is one-dimensional, the symmetry of
the modulated phase can be described by a (3 + 1)D Bravais class and
a (3 + 1)Dsuperspace group.26 The (3 + 1)D Bravais class is determined
from the metric of the diffraction pattern; it is characterized by the symbol
mmmB(00y). The determination of the superspace group symmetry
follows from the systematic extinction conditions and a successful
refinement of a starting model. First the basic structure is determined
and refined, followed by that of the modulated structure.

The basic structure contains two independent Ta atoms per sandwich,
denoted Ta(1) and Ta(2) whose positions are too close to each other to
be occupied simultaneously in the real modulated structure. The sum
of the occupancy probabilities of these sites in the basic structure equals
1.0. There is one Ge atom whose basic structure site occupancy was
hitherto always found to match the relative magnitude (vy) of the wave
vector.20-23 Finally, one independent Teatom is present. The B-centering
only slightly modifies the atomic positions as compared with those in the
other M A,Te; compounds.

The determination of the modulated structure was split into two parts.
First, an appropriate model for the intrasandwich cationic ordering was
sought, and then the relative stacking of the two [Te/Ta,Ge/Te]
sandwiches was determined.

For the determination of the intrasandwich it was assumed that the
Ta and Ge cations have the coordination they have in the other M A, Te,
compounds, i.e. trigonal prismatic for Ta and square for Ge.!62¢ A
second assumption was that the occupation modulation wave of Ta(l)
governs the relative strength of the satellite reflections. It was
retrospectively found that for all other MA,Te; compounds the summed
squares of the nth-order Fourier amplitudes of the occupation wave of
M(1) for each satellite order scale well with the mean nth-order satellite
intensity. Thus, models for which the summed squares of the first-order
Fourier amplitudes were not clearly stronger than those of the higher
orders were rejected. In order to quickly cull meaningful models out of
the 102 possibilities, the occupation wave was taken to be a single-block
wave. Indeed if the modulation wave has only a single block, one is
assured that its Fourier amplitudes approximately decrease with increasing

(29) Cromer, D. T.; Waber, J. T. In International Tables for X-ray
Crystallography; Ibers, J. A., Hamilton, W. C., Eds.; Kynoch Press:
Birmingham, England, 1974; Vol. IV, pp 72-98. Cromer, D. T. Ibid.,
pp 149-150.
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Figure 1. Most probable intrasandwich cationic arrangements for the
structure of TaGeq/11Te,. The Ge atoms have been omitted for the sake
of clarity; they are found in the middle of a “bond” of Ta vacancies. For
each model the normalized intensity distribution for the different satellite
orders is given, from the 1st order on the left to the 5th order on the right.
The two labels of each model are derived from the numbers of occupied
sites in the two indicated Ta(1) and Ta(2) rows, respectively.

order (except for very broad or small blocks). Since noa priori assumption
could be made on the occupancy P at the Ta(1) site, other than that it
should be compatible with the 11-fold superstructure, in total five models
had to be considered, viz. FTeV =6/y, 7/, 8/41,9/1y, 19/1y. PTOV) =
/11, s 3/ 11 yields the same structures since the roles of Ta(1) and Ta(2)
are then simply interchanged. The numbers of Ta(1) and Ta(2) atoms
will be used to label the models, so the 65 model refers to that with PTa(D
=/, and therefore P18 = 3/,;. In Figure 1 the experimental mean
intensities of each satellite order are compared with the square of the
calculated Fourier amplitudes for each of the five models. The 6-5 and
the 7-4 models are in best agreement with the experimental intensities
and prove also to be the best in the subsequent refinements.

With the most probable intrasandwich cationic arrangements having
been established, the relative orientation of the two sandwiches in the
unit cell or, in other words, the correct space group symmetry had to be
found. The reflection conditions observed in the diffraction pattern are,
apart from the conditions due to the B centering, as follows: 0kim, k =
2n; Oklm, k + m = 2n3% Disregarding the few weak violations of these
conditions, the (3 + 1) D superspace groups compatible with the symmetry
are cither Bbmm(00~) and Bbm2(00y) or Bbmm{(00~)s00 and Bbm2-
(00+)500. The latter two however, never lead to the supercell 3D space
groups Bbmm and Bbm?2, whatever the value of the modulation phase ¢.3!
Therefore, the former two groups were chosen for refinement tests. It
should be noted that the choice of these space groups fixes the position
of the second sandwich with respect to the first one since the twosandwiches
areconnected by symmetry elements. However, the assumed superspace
groups proved to be incorrect, since the R-factors remained very high.
Toobtaindifferent stacking models, a space group without these symmetry
clements had to be selected. B2mm(00v),3? without any reflection
conditions other than that from the B-centering, fulfills this requirement:
the two sandwiches are not symmetry related. With this space group,

(30) (I/a(D)) = 3.93 for 417 Oklm (k = 2n) reflections; (I/o(I)) = 1.08 for
399 Oklm (k = 2n + 1) reflections; (I/a(I)) = 4.14 for 406 Okim (k
+ m = 2n) reflections; (I/o(I)) = 0.95 for 410 Okim (k + m = 2n +
1) reflections.

(31) The possible 3D space groups for Bbmm(00vy)s00 are (see e.g. ref 22
for details on a similar derivation): ¢ =0 (mod !/32) =~ B2 /m;t =1/,
(mod !/33) — B2mm; elsc Bm,. For Bbm2(00+)s00 only Brm, results.

(32) The generators used are (E1jny,nz,n3,ng), (Ellny + 1/3,n3,my + 1/3,n4),
(m,110,}/,,0,0), and (m,1{0,!/,,0,0). Note the nonconventional position
of the m, mirror plane at y = 1/, to facilitate comparison with the other
M A, Te; compounds,

(33) Petfidek, V.; Van der Lee, A. Manuscript in preparation, 1994.
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Table 2. Agreement Factors of the Refinements of the 7—4 and 6-5
Models®

74 model 6-5 model
reflcn order  no. of reflcns R R, R Ry
0 536 0.074 0.081 0.080 0.089
1 798 0.070 0.071 0.090 0.101
2 398 0.159 0.168 0167 0.161
3 84 0.357 0444 0324 0470
4/5 61 0.417 0.495 0.412 0.517
overall 1877 0095 0.094 0106 0.109

@ Note: The definitions of the R-factors are R = L||Fo| - |F¢| /L|Fo| and
Ry = [Zw(|Fd - |[Fd)?/ZWFo]' 2,

another stacking could be chosen in better agreement with the stacking
encountered in the other M A,Te; compounds.

Both the 7-4 as the 6-5 models yiclded satisfactory resuits in the
subsequent refinements (see Table 2). The relatively large R-factors for
the higher order satellite reflections are caused by the fact that they are
inherently weak and therefore could not be measured with the same
accuracy as the much stronger main reflections and first-order satellites.
On the basis of the agreement factors the 7-4 model has to be preferred
to the 6-5 model. A mixed model, i.e. one sandwich in the 7-4 mode and
the other in the 6-5 mode, gave roughly the same R-factors as the 6-5
model. The 7-4 model will therefore be taken as the correct one, although
the structural differences with the 6-5 model will be briefly addressed in
the following discussion. The final refinement was stable for all atoms
but for the Ge(2) atom that tended to drift away from its position within
the Te-square. Difficulties in stabilizing the 4 position have also been
encountered in other refinements of structures of M A, Te; compounds.2
They are related to stacking faults, e.g. shear domains, in the structure
that primarily cause residual densities at empty M sites of the ideal
structure. The drifting of the position of the A4 ion on refinement tries
to cover these residual densities.

Details on the way refinements are performed for this type of
commensurately modulated structures are described elsewhere.3 Only
reflections with I 2 2.5 o(/) have been used. The absolute configuration
was checked by reversing the signs of the imaginary part of the anomalous
dispersion terms. The results of the refinements have been compiled in
Table 3. Some information on bond distances can be found in Table 4.

Discussion

Intrasandwich Structural Features. The structural features of
TaGe,;11Te; are at first sight not very different from those in the
other MA,Te, compounds were it not for the repetition length
along ¢ which is larger than has been seen thus far. Figure 2
presents projections of the two symmetry-unrelated sandwiches
upon the planes y = !/, and y = 3/,, respectively. Figure 3
compares more schematically the single structure of one
TaGe, ,, Te; sandwich with that of other compounds in the MA,-
Te, series. The peculiar new feature of the structure of
TaGey,11Tea is that whereas the tilting angle of the Ta—Ta bonds
in the other M A, Te, structures (x = !/3, 2/s, 3/5) is the same in
a given row along c but changes sign from a row to the next one,
it changes sign in TaGey;;, Te; in the same row because of the
presence of a mirror perpendicular to c.

Another difference is the larger concentration of faults (regions
with “lone” Ta atoms, shaded in Figure 3) than in the other
M A, Te; compounds, viz. a diminishing fault concentration with
increasing supercell size. Each sandwich in the structure of
TaGey,11 Te: contains four such faults per unit cell, of which two
are of the same zigzag type as are found in the other MA4,Te,
compounds. The other two faults, centered on the mirror planes
perpendicular to ¢, are different since they contain only one lone
Ta atom. They can, however, be thought as being created from
the normal faults by a shear displacement as depicted in Figure
4. When the two half faults are combined, the original zigzag
fault is regained. In this way, the 11-fold superstructure can be
easily generated from the 3-fold superstructure at the cost of a
TaTe, unit.

Considering again the five most probable intrasandwich cationic
arrangements of Figure 1, we see that the 7-4 model is closest
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Table 3. Final Results of the Refinements?
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Ta(1) Ta(2) Ta(3) Ta(4) Ge(1) Ge(2) Te(1) Te(2)
P 0.636364 0.363636 0.363636 0.636364 0.1818182 01818182 1.000000 1.000000
x 0.3140(9)  0.036(1) 0.688(1) 0.9692(9)  0.422(2) 0.588(2) 0.1688(6) 0.831576
y 0.25 0.25 0.75 0.75 0.25 0.75 0.1157(3) 0.8829(3)
z 0.00 0.00 0.00 0.00 0.271(3) 0.788(3) 0.50 0.50
P, 0.00 0.00 0.00 0.00 0.323552 0.329159 0.00 0.00
P, 0.587058 0587058 -0.587058  0.587058 0130619  -0.115768  0.00 0.00
4, 000 0.00 0.00 0.00 0.00 0.00 0.00 0.00
A, 000 0.00 0.00 0.00 0.00 0.00 0.00 0.00
A, -0066(1) 000 0.00 -0086(1) 0.0 0.00 -0.012(1) 0.009(1)
A, 000 0.00 0.00 0.00 0.00 0.00 -0.037(1) ~0.0446(9)
4. 000 0.00 0.00 0.00 0.00 0.00 -0.0009(4)  -0.0002(4)
4. 000 0.00 0.00 0.00 0.00 0.00 0.00 0.00
P, 0.00 0.00 0.00 0.00 0.212404 0.191506 0.00 0.00
P, 0254169 0.254169 0.254169 0254169 —0.220184  -0.238581  0.00 0.00
4, 000 0.00 0.00 0.00 0.00 0.00 0.00 0.00
v, 000 0.00 0.00 0.00 0.00 0.00 0.00 0.00
" 0.00 -0057(2)  -0.064(2) - 0.00 0.00 0.00 -0.004(2) —0.007(1)
v, 0010() 0.00 0.00 0.009(1) 0.00 0.00 0.009(1) 0.001(1)
A 000 0.00 0.00 0.00 0.00 0.00 -0.0050(6)  0.0016(7)
4., 000 0.00 0.00 0.00 0.00 0.00 0.00 0.00
P, 0.00 0.00 0.00 0.00 0.097051 0.125735 0.00 0.00
P, 0067821  0.067821 0.067821 -0067821 0217481 0.202256 0.00 0.00
A4, 000 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ay 000 0.00 0.00 0.00 0.00 0.00 0.00 0.00
A, 0.030(2) 0.00 0.00 0.011(2) 0.00 0.00 0.007(18) 0.004(3)
A, 000 -00232)  0.014(2) 0.00 0.00 0.00 -0.001(2) 0.012(1)
A, 000 0.00 0.00 0.00 0.00 0.00 -0.0002(8)  —0.0011(9)
4.5 000 0.00 0.00 0.00 0.00 0.00 0.00 0.00
P, 0.00 0.00 0.00 0.00 0.150973 0.147505 0.00 0.00
P, 0.197931 -0.197931  -0.197931  0.197931 0.005472 0.032642 0.00 0.00
A, 000 0.00 0.00 0.00 0.00 0.00 0.00 0.00
L., 000 0.00 0.00 0.00 0.00 0.00 0.00 0.00
A, 001503) 0.00 0.00 -0.0293) 0.0 0.00 -0.006(2) 0.022(3)
A,  0.006(2) 000 0.00 -00022) 0.0 0.00 -0.021(1) 0.019(2)
4. 000 0.00 0.00 0.00 0.00 0.00 -0.0037(9)  -0.002(1)
4., 000 0.00 0.00 0.00 0.00 0.00 0.00 0.00
P 0.00 0.00 0.00 0.00 0.017580 0.006262 0.00 0.00
Py 0099352 0.099352 0.099352 0099352  -0.048679 0051374  0.00 0.00
A, 000 0.00 0.00 0.00 0.002(4) 0.016(3) 0.00 0.00
e 000 0.00 0.00 0.00 0.00 0.00 0.00 0.00
A, 000 0.044(1) 0.005(3) 0.00 -0.012(5)  0.033(5) -0.022(2) 0.008(3)
Yes  00152) 0,00 0.00 -00102) 0.0 0.00 0.028(2) -0.013(3)
e 0.00 0.00 0.00 0.00 0.00 0.00 -0.0014(8)  -0.001(1)
; 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

1,6,5

2 Notes: A number of the zero entries in the table are required so by symmetry: 4T = 4T = A;; n = Ayen s

ATe
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G o 4qTe o 4Te o 400 o 4Ta o

XA X2 YicH 1] (X

= 0. Other amplitudes that are formally allowed by symmetry have been set to zero by application of the maximum determinant rule?? to avoid

convergement-inhibiting correlations. The values of the Fourier amplitudes of the occupation wave have been calculated to give a fully ordered
distribution of cations according to the 7—4 model. Experimental standard deviations are within parentheses.

Table 4.
TaGe4/1 1Teys

Main Interatomic Distances in the Structure of

Ta-Ta Ta—-Ge Ta-Te

Ge-Te Te-Te(l)? Te-Te(2)? Te-Te(3)?

(d) 2.846 2.833 2873 2751 3.928 3.792 3.763
o 0.110 0.111 0.138 0.151 0.152 0.207 0.130
dmin 2711 2620 2.631 2.456 3.734 3.383 3.647
dmax 2981 3.013 3.189 2987 4,176 4.191 4.098

@ {d) is the mean-of all closest contacts found in the structure; o(a)

refers to the standard deviation of the mean, thus not to the usual
crystaliographic standard deviation; dmin and dmex are the minimal and
maximal distance, respectively, found in each set. All distances are in
A. b Key: (1) Te-Te contacts through the van der Waals gap, i.e. joining
two different sandwiches; (2) Te-Te contacts parallel to the layers, i.e.
within one Te sheet; (3) Te-Te contacts through a sandwich, i.e. joining
the two Te sheets constituting one sandwich.

to the arrangement of the other M A,Te, compounds. The 6-5
model, which also resulted in quite good R-factors, does not have
any complete fault but only 6 half-faults. The other three models

contain Ta triplets besides a combination of half and complete
faults.

The shear displacement not only generates a new ordering
motif for the cations but also influences the bonding geometry.
TaGe,,1; Te, exhibits a largedistance variation (Table 4), whereas
the NbGe(1+n)/3+2mTe2 (n =0, 1, 2) compounds show very little
variation between the different compounds. Te distances scale
fairly well with those in NbGe(1+n);(3+20)T€2 and in TaSi, ;Tey,
but metal to anion distances differ. Theshortest Ta~Tedistances
(2.631, 2.649, 2.650, 2.658 A) are unusually short but not
improbable.?* Because of these short distances, TaTeg trigonal
prisms are more distorted in TaGea,1; Te; than in other MA,Te,
compounds. Ge atoms are more displaced from the center of the
Te, square than in other M4, Te, structures, the shortest Ge-Te

(34) Shortest Ta-Tedistances (A): TayPd;Te;q, 2.644(2); TaPdsTe;q, 2.662
(8); TalrTe,, 2.646(12).
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14 2 15 i

Figure 2. Projected structure of the twosymmetry-unrelated sandwiches
in the structure of TaGes;;Te; on the planes y = /4 (top) and y = 3/4
(bottom), respectively. Te atoms are depicted as small open circles; Nb
atoms are indicated by large open circles, and Ge atoms, by medium-
sized open circles. The axes are as in Figure 1.
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Figure 3. Comparison of intrasandwich cationic arrangements for the
3-,5-,7-,and 11-fold superstructures in the M A4, Te; series. The displacive
modulations have not been taken into account. The axes are as in Figure
1.

distances being 2.456 and 2.581 A. The former distance is
probably too short as indicated by the difficulty in stabilizing the
Ge(2) position.

Intersandwich Pinning. The clue that led to the succesful
structure solution is the correct stacking of the two sandwiches
in the unit cell. Figure 5a— gives schematic representations of
the intrasandwich cationic arrangements for the proper stacking
of B2mm(00+) (Figure 5a,b) and of the incorrect stacking that
is imposed by the symmetry operations of Bbmm(00v) (Figure
5a,c). It should be emphasized that in both cases the stacking
of the successive Te sheets occurs in the AA/BB mode as for the
majority of the structures throughout the M A4,Te, series. Thus,
it seems that it is the cationic stacking rather than the anionic
stacking that determines the stability of the compound.

It is easily seen from Figure S that the correct structure cannot
be described, not even approximately, in the centrosymmetric
space group Bbmm(00v). Note, however, that the way the lost

van der Lee et al.

abcabcabcabc

Figure 4. Creation of the 7-4 model for TaGes11Te; from the 3-fold
superstructure by a shear displacement of two complete units. The a—d
symbols refer to the same building units as in Figure 3. The axes are as
in Figure 1.
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Figure 5. The comparison of the two different stacking models for
TaGey/11Te; according to the superspace groups B2mm(00v) and
Bbmm(00+v). The common sandwich at y = 0.25 is depicted in (a), the
sandwich at y = 0.75 as was found in the B2mm(00+) refinement is in
(b), and the sandwich at y = 0.75 as is generated from that at y = 0.25
by the symmetry operations of Bbmm(00v) is in (c). The axes are as in
Figure 1.

inversion operator acts can be redefined in the case of Ta(l) and
Ta(2): the operator reverses not only the coordinates but it also
“reverses” the occupation probability. In mathematical terms
this means that

RP=1-P

Unfortunately, this extended definition cannot be used for Ge.
Instead of aninversion center, it is now approximately a translation
of a/3 + b/2 that connects the two sandwiches. A refinement
of a model that constrains the two sandwiches in this way was
not succesful; thus, the translation is indeed only approximate.

It was earlier shown that there exists a relation between the
spacing of the faults in two successive sandwiches in terms of the
basic repetition length ¢y, for the NbGe()+r)/(3+20)T€2 compounds.
In order to obtain a stable structure, this spacing has to be (/ +
1/2), 1= odd. For TaGe,; Te, this empirical rule does not hold;
the spacing is always exactly zero regardless the model. The
difference is caused by the different symmetry for Nb-
Ge(1+ny;a+2mTe2 and TaGeyy1 Tey, respectively. The symmetry
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of the former phases can never lead to a zero fault spacing, whereas
the symmetry of TaGeq;11Te2 never yields a (I + !/,) spacing.

Electronic Transfer Versus Structural Features. As already
stated in the Introduction, the loss of one Ge atom, in comparison
with what is expected from the general formula M A(1+n);G+20 T2,
implies an enhanced charge transfer of two extra electrons from
the Te p-orbitals to the Ta d-block bands. It was earlier shown
that a charge transfer of one electron corresponds with the
occurrence of one normal fault per sandwich per unit cell. In
addition, two short intersandwich Te-Te contacts are associated
with each fault.22 These Te-Te contacts have been related to the
charge-transfer process by extended Hiickel tight-binding band
structure calculations.?’

The present structure determination of TaGey/y Te; shows that
this concept can be generalized: the charge transfer of three
electrons requires the presence of three normal faults per sandwich
per unit cell. In the structure of TaGey;;1Te; one fault is split,
so that there are indeed (2 + 2 X 1/;) = 3 normal faults. Again,
theshort intersandwich Te-Te contacts associated with the faults
are present, the shortest intersandwich Te-Te distances lying
between 3.73 and 3.80 A, in perfect agreement with the
corresponding distances of other compounds throughout the M A -
Teyseries. This isin good accord with the shortest intersandwich
Te-Te distances found in another ternary telluride, viz. 3.734,
3.746,and 3.776 A in TalrTe,, with a quitedistinct intrasandwich
cationic arrangement.!? Another similarity with the other M A,-
Te, compounds is that the Te atoms associated with the short
contact at the normal faults are slightly displaced inward the
sandwich as for the NbGe(i+ny(3+21Te; compounds. The
geometry of the half-faults is, however, different: theshort contact
Te atoms protrude out of the sandwich.

Regarding the complete faults, the Te atoms associated with
the short intersandwich contacts are always located at the “outer”
corner of the fault. Since the sandwiches are fairly rigid, those
corners are the only points where the sandwiches can be pinned
upon each other in order to adjust the electron counting of the
compound. This suggests that the faults playa crucial role in the
structural response to the electronic stabilization. Indeed, faults
areencountered inall M 4, Te, compounds except in NbSi, /;Te,,!?
where Te?- need not to be oxidized in order to meet the oxidation
state requirements of Nb* and Si2*. One could equally well
suggest that the relative orientation of the cationic distribution
in two successive sandwiches is responsible for the stabilization,
since the position of the faults is directly related to that of all
cations.

Although the electron transfer per Te atom changes continously
from 0 in NbSi;;;Te, to !/3in MA,;;Te,, the associated Te-Te
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contact distances remain surprisingly constant. This probably
stems from the fact that the electron donation to the system, or
more precisely, the position of the Fermi level, is controlled via
the amount of 4 in MA,Te,. This makes possible the setting up
of superstructures with constant intersandwich Te-Te contact
lengths rather than adjusting the contact length with varying
charge transfer. The latter applies better to the study of Mar et
al.l2and Jobicet al.,!3whouse heterocharge substitution of cations
to control the electron count. It remains surprising that the band
structure calculations give equal oxidation states for all M cations,
whether they are paired or not.20: 25 [t is tempting to assign
different oxidation states to the paired M atoms on the one hand
and the lone atoms on the other hand, implying a more complicated
charge-transfer scheme than presented here. New experiments
and calculations are under way to clarify these charge-transfer
processes.

Concluding Remarks

The unraveling of the crystal structure of TaGeq/11Te; has
shown that the structural response to the charge transfer process
in M A,Te, compounds is possible in more ways than previously
thought. Instead of a setting up of an incommensurate sequence
of n =0 and n = 1 TaGe(+m)3+2mTe; blocks as is the case for
TaSig360Te,2! thestructure is commensurate with the basic lattice
but contains a concentration of faults of lone Ta atoms larger
than normally found in commensurate M A4, Te, compounds. The
question why the system responds with a commensurate rather
than with an incommensurate sequence cannot be answered on
basis of the present results. Also unanswered is why only
TaGey11 Te; seems to exist, whereas the 3-fold superstructures
of TaSi;;3Te;, NbSi/3Te;, and NbGe,,;Te; are easily made.

Although the 7-4 model was taken as the correct one for the
intrasandwich cationic arrangement, the 6-5 model cannot be
completely excluded, because the R-factors for the final refine-
ments are only slightly higher. Additional techniques, such as
HREM or STM/AFM, might be fruitful to make a decisive
choice between the two models.
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