IOPSClence iopscience.iop.org

Home Search Collections Journals About Contactus My IOPscience

A superspace approach to the modulated structures of MAXTe2 (M=Nb, Ta; A=Si, Ge; 1/3 <or

= x < or = 11,,), exemplified by NbGe, T,

This article has been downloaded from IOPscience. Please scroll down to see the full text article.
1994 J. Phys.: Condens. Matter 6 933
(http://iopscience.iop.org/0953-8984/6/5/003)

View the table of contents for this issue, or go to the journal homepage for more

Download details:
IP Address: 171.66.16.159
The article was downloaded on 12/05/2010 at 14:41

Please note that terms and conditions apply.



http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0953-8984/6/5
http://iopscience.iop.org/0953-8984
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience

. Phys.: Condens. Matter 6 {1994) 933-844, Pripted in the UK

A superspace approach to the modulated structures of
MA_Te; (M = Nb, Ta; A = Si, Ge; 1 < 2 < J), exemplified by
NbGe3 /7T02

A van der Leet, M Evaint}, L Monconduitf, R Breci and S van Smaalen§
T IMN, Laboratoire de Chimie des Solides, 2 rue de Ia Houssinidre, 44072 Nantes Cédex 03,

France
§ Laboratory of Chemical Physics, Materials Science Centre, University of Groningen,
Nijenborgh 4, 9747 AG Groningen, The Netherlands

Received 16 September 1993

Abstract, MA,Tex (M = Ta, Nb and A = 8i, Ge) compounds show a great variety of
commensurately and incommensurately modulated structures depending on the value for x. It
is shown that the theory of superspace groups can be used to standardize the structures and
to predict the 30 symmetry of the commensurately modufated structures. The commensurately
modulated structure of NbGeyrTe; is determined with the aid of single crystal x-ray data. A
comparison with some already published structures in the series shows that all structuras with
% Sr< % can be regarded as being built from definite numbers of units of the MA, 2 Tez and
MA| ;2 Tea type.

1. Introduction

Recent studies in the M—A-Te type ternary phase systern (M = Nb, Ta; A = Si, Ge)
have shown that the MA,Te; compounds are very suitable for correlated investigations of
the electronic and geometric structure of transition metal tellurides [1-3]. In this case the
particular point of interest is the change transfer which takes place between the transition
metal element d bands and the Te p orbitals in relation to the Te-Te contact distances.
The rather simple variation of x in MA,Te; and, accordingly, of the degree of the charge
transfer, along with the experimental fact that nearly all structures are fairly well ordered,
may lead to a better understanding of the structucal variations in the M—A-Te ternary phase
system and in general in the transition metal and post transition metal tellurides.

The structures to be considered range from MA,; ;3 Te; to MAy /2 Tes, i.e. from a compound
with maximal charge transfer to a compound without charge transfer. It should be noted
that we use the phrase ‘charge transfer’ relative to the situation in which the atoms adapt
their formal oxidation states, i.e. +3 for M, +2 for A, and -2 for Te. Hitherto, only
structures with § < x < § have been found [1,3-7), besides the parent compounds MTe,
[8], and these will be considered in this paper. It has been shown previously that the formal
oxidation states of the cations remain unaltered in the modulated structures {1]. Thus, the
formal oxidation state of Te becomes fractional: —(1.5 4 x).

Recently, it has been argued that the structures in the MA, Te; series can be regarded as
being modulated with respect to a basic unit cell common to all structures [6]. Furthermore,
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the relative magnitude of the wave vector describing the modulation has been shown to be
equal to the value for x in MA,Tez. This value for x can be either rational (x = n,/n3, ny,
n, integer) or irrational, yielding a commensurate or incommensurate structure, respectively.

The superspace group approach offers a versatile and practical way to describe
modulated structures [9]. It is obvious that for incommensurate structures an approach
by conventiona! 3D space groups is not adequate, because of the absence of 3D translation
symmetry. Commensurately modulated structures, however, are adequately characterized by
3D space groups by defining a new, normally larger unit cell with 3D transiation symmetry.
The use of superspace groups offers an alternative way of describing those commensurate
structures and has several advantages compared with the conventional approach [10,11].
Indeed, with such a description one may better compare the structures within a series
with both commensurate and incommensurate modulations, such as in the MA; Te; series.
Another advantage is that in certain cases the number of independent parameters in an x-
ray or peutron structure determination can be reduced as compared with the conventional
approach.

In this paper we describe the use of superspace for the commensurately modulated
structures of MA1;x2Tez. The results can be used to standardize the structures in the series,
and to foresee the symmetries of new, not yet synthesized compounds. As an example, the
superspace group approach is used to determine the structure of NbGesTe; with the aid
of single-crystal x-ray diffraction data.

2. Experimental procedures

NbGe;;7Te; was obtained as a side product of the synthesis of NbGej;3Te; [11.
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 and maintained
for several hours, then raised to 1100 K, maintained for two days, and finally raised,
step by step, to 1280 K. Afier ten days the tube was cooled by exposure to air. SEM
analyses and Weissenberg photographs showed that not all of the thin, dark platelets found
in the batch had the same composition and cell parameters. Crystals of composition
NbGe, ;3Tez, NbGegysTez, and NbGesyyTe; were most frequently found, with the ¢ axes
of the orthorhombic unit cell very close to the ratio 3:5:7, respectively. The diffraction
patterns of all three compounds showed strong main spots defining an identical basic lattice
with almost equal cell parameters. Ir between the main spots much weaker superstructure
reflections were found.

For the study of NbGes 1 Tes, five crystals were selected and analysed by SEM, yielding
an average COmPOSitiOI'l of N-bz_gs(s)Sio_m(s)Gﬁo ,52(2)TC6,0(2). It is quite pOSSible that the
compound is contaminated with Si from the inner walls of the silica tube. Therefore,
syntheses were also performed in Si-free environments. SEM analyses of crystals resulting
from these syntheses still yielded small amounts of Si. This shows that the detector of the
SEM apparatus is probably contaminated with tiny amounts of Si. In any case, the results
of this study will hardly be influenced by the eventunal presence of Si, since Ge can easily
be substituted by Si on the same crystallographic sites.

Data collection was performed on a SIEMENS-P4 diffractometer (see table 1 for the
recording conditions). The measured intensities were corrected for the scale variation,
Lorentz and polarization effects, A Gaussian absorption correction was applied using
the program SHELXTL, distributed along with the SIEMENS-P4 diffractometer software.
The intensities showed mmm Laue symmetry and were averaged accordingly. All
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Table 1. Crystal data for NbGes 7 Tea and conditions of measurement.

Formula
Formula weight
Density (calc.}

Linear absorption coefficient

Maximum transmission
Mintmum transmission

Crystal size
Superspace group
Basic unit cell

Modulation vector
Diffractometer
Temperature
Radiation

Scan mode
Recording range
hklm range

- Standard reflections

NbGep.4285 Tez
379.2 g mol~!
7152

236.6 cm~!
0.963

0.306

< 0.24 x 0.0016 = 0.24 mm?
Prma{00y)s00
a=6435(1) A
b= 14.006(2) A
c=359072(4) A
g=ie
SIEMENS.P4
295K

Mo Ko

@

[.50-37.50°
—-l<h<12
—l<k<24
—l<l<?
—3<m=<3
002, 060, 301 every 100 reflections
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refinements were performed with the computing system JANA93 [12]. The scattering
factors for neutral atoms and the anomalous dispersion correction were taken from [13].
All refinements were based on |Fopsf and performed in the full-matrix mode, using
w = 1/(0?(|Fosl} + 0.02)Fas)?) as weights. The definitions of the R-factors are

R= E || Fops| — chal”/E | Fabs|s wR = [zw(lFobs[ - EFcall)Z/Z w[Fobslz]ln‘

3. Symmetry and superspace

All the spots from the diffraction pattern of the structure of NbGes;Tes can be indexed
with just three integers (hkl) by using the smallest possible reciprocal unit cell (figure 1)
with reciprocal axis ¢f. The extinctions in the pattern point to the space group Pnma, the
same as was reported for the structures of MA,,3Te; [1,3-5]. The latter structures have

been determined without making use of the superspace group approach.

(Lo) (1+1.-2) {1-1.3)

ct

(L) Qer-1) {1+2,-2) (12)

q

(1+1.0)

ck

Figure 1. A diffraction pattern for the structure of NbGess7Tes in between two main spots
along the reciprocal ¢* axis. The relative size of the spots corresponds roughly to the relative
intensities for each class of spots, Indexing is according to the indicated g-vector; for clarity
fik sets are omitted in each quartet of indices,
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Since every seventh spot along c; is strong compared with the spots in between, one
éan alternatively assign four integers (hkim) to every spot, regarding the foutth index m as
the order of the satellite with respect to the strong or main spots. The diffraction pattern is
then indexed by

H=ha"+kb* +ici+mg  g=(m/Te. )

A priori, the choice of n; is ambiguous, since the diffraction pattern is completely
indexed with integer indices (hkim) for any value n;, ny € {1...6). The natural choice
seems to be the one whicth assigns the strongest satellites to the first ordet m = 1; this
corresponds in our case to g = (3/7)c}. When indexed according to this choice, the 3+1)D
superspace group matching the set of extinction rules is Pama((0y)s00. (Equivalent to
No 62.1 in table 9.8.3.5 of [14].) Other choices for ¢ may lead to other sattings of the
superspace group, and always give the same structure. Pnma(00y)s00 was also reported
for the incommensurate structure of TaSig360Te; with wave vector ¢ = 0.360¢” [6]. Table 2
gives the (3+1)D symmetry operations for this superspace group.

Table 2. Symmetry operations of the superspace group Prnma(00y)s00. The superspace group
operators are written as (Re | viv2iavg) where R is the 3D rotational part, € the (ID) rotational
past acting on the fourth coordinate, (viuzvava) the g+1)D tansfational pait, and vy = § — v},
n;, i = 1...4, are integers.

(E | 51, m2, 3, n2) L} v, e, 3,0
(msdl gy 5D @lld vt dv)
(my110,3+12,0.00 |5, w50

@t s m b d) o d14.0,4 205, +0d)

Employing the superspace group approach, one has to use periodic functions to describe
the displacive and/or occupational probability modulations that are present in the structure:

ntot
PV (@) =1y + Y [ul, Sin(rhis) + ul, cos(rni)) (2)
n=1
ntot
P'(%4) = By + Y [P}, sin(2wngs) + P2, cos(2mnis)] 3)
n=1

where v counts the independent atoms in the basic unit cell, # is the order of the harmonic
(€ ntot), %, is the argument of the modulation function: 4 = 14-¢-r§; =t+q-(r§+ L),
with ¢ the global phase of the modulation wave, v} the average position within the
basic unit cell, L a basic structure lattice translation, and uy, = (A}, ., A} 0 ALcn):
u, = (Az,c.n’ A;,c,n' A;,c.n)'

For incommensurately modulated structures &, takes all possible values between 0.0
and 1.0 (mod 13, Thus, the variation of ¢ yields an infinite number of identical structures,
differently localized in space. For commensurately modulated structures, however, % is
restricted to a finite number of, say N, values, Only a shift of the global phase ¢ of 1/N
produces the same 3D structure. Let (Re | viwap314); be a (3+1)D symmetry operation, with
vy = § — v where § is an intrinsic phase-independent shift and v} is a phase-dependent
shift. A condition can bé derived for the (3+1)D symmetry operation to be a 3D symmetry
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operation by requiring that the same relation must exist between symmetry related atoms in
the (3+1)D description and those in the 3D description:

tg —D=g-wp+L)— iy {(mod 1) v; = (v1, Vg, ¥3)i. (4)

Alternatively, one can use equation (4) to find the 3D space group if the superspace group
is known, For operations with € = 1, vy is fixed and independent of ¢. For operations with
€ = —1, vy, or more precisely v}, is related to ¢, through

t=16—vi,—q- @+ L] (mod }). s

Different 3D structures are obtained by either varying ¢ and setting v; = 0 or by varying
v; and setting t = 0. The relation between the two approaches is givén by the relation
between ¢ and v} : ¢ = Jv{. With the choice f = 0 and v} variable, the condition limiting
the possible 30 symmetry elements is the samie for operations with € = 1 and ¢ = —1,

namely
v =q- (i + L) (mod 1). (6)

This last expression is the same as was previously reported by Yamamoto and Nakazawa
[15] in a slightly different notation. With the operations given in table 2 and eguation (6)
all possible 3D space group§ have been éalculated assuining a geheral commensurate wave
vector ¢ = (n)/na)c*. These space groups have been compiled in table 3. The results show
that the 3D space gfoup symuiietry is lowér than Prma if one of the components 7, ny of
thie modulation vector is even and the other odd.

Table 3. 3D space groiip§ derived from the 3+ superspace groufi Pnma(00y1500 by virtie
of the condition v4 = g ¢ {¢; + L) {mod 1), with ¢ = (n;/n2)c*.

i ui = q {mod _;_[;) Omgfw‘ise

ny +ny = even Pnma B Pm}:Z;

o vy =0 {mod %) Vi = -ﬁ—z (mod ;}7:)_ ~ Otherwise
nitni= odd? P2i/m . P2yma Pm

& n) = odd, ny = even gives the same 3D Space groups as n| = even, 22 = odd.

4. Refinemerit of the structure of NbGe;/7Te;

The determination of the structure of NbGes/sTes bégan with 2 réfinement of the basic
strocture with main reflections only. The final agreement factors are R = 0.207 and
wR = 0.252. These rather high values indicate large modulations. This is also reflectéd
in the high isotropic Debye-Waller parameters (> 1.0) for all atoms. Indeed, on refining
anisotropic Debye~Waller parameters, a great improvement in the R-factors wés obtained
(R = 0.083, wR = 0.104). This shows that the Debye—Waller parameters are able to cover
much of the displacive modulation in the structure. Isotropic Debye-Wallei parameters
were therefore used in the beginning of the refinemerit of the modulated structure 0 as not
t0 bias the parameters of the displacive modulation.
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The determination of the modulated structure began with the refinement of the first-order
Fourier components of the displacive modulation of Te and of the occupation probability
modulation of Nb(l) and Nb(2). The latter were restricted to each other so as to result
in an occupation probability sum P(Nb(1)) + P(Nb(2)) = 1.00 for each value for &4 [6].
The refinement of these parameters resulted in a decrease of the R-factors comparable to
the decrease obtained by refining the anisotropic Debye—Waller parameters in the average
structure. The introduction of the second- and third-order harmonics of the modulation
waves showed, however, that it was necessary to reverse the signs of all Fourier amplitudes
to obtain a proper occupation probability distribution, i.e. values close to 1.00 and 0.00.
Finally, the parameters of the displacive waves of Nb(1) and Nb(2}) and all modulation
parameters of Ge were refined. It is noted that the number of independent parameters
for the displacive waves of the cations is lower than the seven allowed by symmetry,
because the number of independent cation sites in the superstructure is lower than seven,
i.e. four, three, and three for Nb(1), Nb{2) and Ge, respectively. The choice of this limited
number of harmonics is to some extent arbitrary, but one should avoid tzking functions
that are linearly dependent on each other. The omission of second-order harmonics in the
refinement is proven to work rather well, but the simultaneous refinement of the mean (i.e.
the zeroth-order harmonic) and the first- and third-order harmonics easily leads to a close
10 singular matrix and false minima. This is certainly not advisable in the early stages of
the refinement.

Although the trend of the cationic occupational probabilities in the superstructure
approached a fully ordered model, the deviations from the ideal values 1.00 and 0.00
were too important to be ignored. These deviations amounted to 0.20 for certain sites, but
for no site were negative densities found. The origin of this apparent disorder was sought
in the existence of two domains with an equivalent, fully ordered distribution of cations.
Such domains are energetically equally favourable, but apparently they do not occur in
equal proportions [3]. The domains are related to each other by a mirror plane at x =~ %. A
similar phenomenen was found and successfully modelled in the structure of TaSi 5Te; [3].
The values for the Fourier amplitudes of the occupation probability waves were recalculated
to yield a fully ordered cationic distribution in a single domain and proper consirainis were
set between all equal parameters of the two mirror-related domains. The x-parameter of
the mirror was refined by means of a dummy atom. The refined domain volume fractions
were 0.943(3) and 0.057(3). It is quite possible that there are other domains that take part
in the structural disorder, but the volume fractions are too small to be modelled. The final
agreement factors for this mode! are R = 0.047, 0.075, 0.113, 0.122 and 0.065 (w R = 0.053,
0.088, 0.148, 0.159, 0.074) for 463 main reflections, 587 first-order, 115 second-order, and
91 third-order satellites, in total 1256 reflections (only reflections with [ > 2.5¢ () were
used in the refinements). These R-factors are comparable to those resulting from the single-
domain structure and ‘relaxed’ Fourier amplitudes for the occupation probability waves.
The resuits for the refinements have been compiled in tables 4-6.

5. Discussion

From the parameters in tables 4 and 5, and equations (2) and (3), the coordinates of all
atoms in the modulated structure can be generated. Since the structure is commensurate
with g = %c;, only seven basic translations along the ¢ axis are considered. The structure
of NbGes;Te; is based upon an AA/BB stacking of Te sheets perpendicular to the & axis.
Nb and Ge occupy sites within every other Te-Te double layer; therefore the structure is
better described as an AcA/BSB stacking of Te-cation-Te sandwiches.
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Table 4. Final values for the amplitudes of the displacive modulation functions. The table
also contains basic structure parameters (n = 0). Experimental siandard deviations are shown
in parentheses. The position of the mirror relating the two domains was determined to be
x = 0.168(1). The volume fraction of the main domain is 0.943(3), The z coordinates of Nb(l)
and Nb{2) were restricted to each other.

v n A:’,J‘.H A;,J'Jr A:,.f,ﬂ‘ A.t.d‘,ff A;‘c.n Alu,(.'.ft
Nb(1)
0 0.3186(3) 0.25 —0.0419(3)
1 0.008(6) 0.0 —0.004(1) 0.0110(6) 0.0 0.054(1)
2 0.0 0.0 0.0 0.0 0.0 0.0
3 0.0 0.0 0.0 0.0063(6) 0.0 0.020(%)
Nb(2)
4] 4.0324¢3) 0.25 —-0.041¢
1 0.0028(8) 0.0 0121 -0.0013(6) 0.0 —0.044(1)
2 0.0 0.0 0.0 0.0 0.0 0.0
3 0.0 0.0 0.0 0.0 00 0.0
Ge
0.427(1) 0.25 0.258(3)
0.0029(8) 0.0 —0.035(2) —0.005(1) 0.0 —0.004¢2)
Te
0 0.1681(2) 0.11604(6) 0.4775(2)
1 =0.03172y =0.0006(2) =00063(5) —0.0298(%) 0.0009(2) 0.0106(5)
2 0.0095(4) =0.0012(3y =0.0020(7) —0.0015(2) 0.0003(3) 0.0197(4)
3 0.0108(6) —0.0024(6y —0.0144(6) —0.0081¢5) —0.0003(5) —0.0054(%)

Table 5. Values for the amplitudes of the occupation probability modulation waves. The values
have been calculated so as to pive a fully ordered distribution of cations, ie. a site is empty
(P = 0.00) or occupied (P = 1.00). The values for Nb(2) follow from those of Nb{l) (see

text).

n P Py,
Nb(I)

0 0.571429

1 0.5437 -0.3414

2 0.1428 0.0689

3 —0.0255 0.2279
Ge

4 0.428 571

1 01278 0.6291

2 —-0.0619 0.1460

3 0.1206 —0.18%9

Figure 2 shows a projection of one AxA sandwich along the perpendicular direction.
The BB sandwich is related by symmetry and need not be considered separately. Nb is
situated in trigonal prismatic holes, whereas Ge is found in the middle of faces joining two
trigonal prisms. The trigonal prismatic coordination of Nb is very common in chalcogenides;
the square coordination of Ge, perpendicular to the sandwich, is unknown except in this
MA, Te; series. All Nb atoms, except two (per sandwich), are bonded to one other {distances
in the range 2.818-2.949 A); there are thus six Nb-Nb pairs and two lone Nb atoms per
sandwich. Besides the square coordination by Te (square perpendicular to the sheets), Ge
is also approximately square coordinated by Nb, in this case with the ceordination plane
parallel to the sandwich (range: 2.756-2.847 A). Note that the ‘lone’ Nb atoms form in-
plane zigzag strips perpendicular to the ¢ axis, and accordingly to the running direction of
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c

Figure 2. A projéction of one sandwich of the struciure NbGessrTey onto the plane y = *
Large open circles represent' Nb, middle-sized cireles Ge, and the small circlas Te,

the moduiation wave. The xmportant interatomic distances in the structure of NbGeszTe,
are compiled in table 7. What is 1nterestmg is the large spread in, especially, the Te-Te
coritacts parallel to the layer. This is atiributed to the rather diffuse character of the p
orbitals of Te compared with, for instance, the other chalcogens § and Se [16).

Table 6. Final values for the thermal parameters, The form of the temperature factor is
e_xp[-(ﬁ,,hz + Bank? + Balt + Brakk + Bkl + PrakD)]. The standard deviation is given in

parentheses. _
N Bz - B33 B2 B B .
Nb(l} 0.0007(3) 9.000 61(6) 0.0090(8) 0.0 (.0008(6) 0.0
Ge 0.0040(6) 0.00E6(2) 0.019(2) 6.0 0.000(1} 0.0

Te, 00017(2)  000062(4) . 0.0101(d) 0.00006(9)  -0.0000(3)  —0.0000(1)

Table 7. Main" interatoriic distances in the structure of NbGeyprTep. (d) is the mean of all
closest contacts found in the structure; oy refers 1o the standarg devintion of the mean, thus
not to the usual crystaliographic experimental standard deviation; dnin and dipa, are the minima)
and mzuuma] dtsla.nce respccuvely. found in each set, Al] distances are in

~ Np-Nb  Nb-Ge Nb-Te  Ge-Te Te-Te (1) Te-Te (2)" Te-Te (3)°
{d 2,887 2.801 2.864 2.770 3.949 3.823 3.753

o 0.066 0.032 0.064 0032 0150 0.246 0.061
dyi 2818 2.756 2763 2728 3739 3.306 3.625
duax . 2945, 2847 2964 2800 4211 4108 3817

T

1 Te-Te cont&cts thmugh the van der Waals’ gap, i.e. joining two different sandwmhes
b Te-Te contacts parallel to the layers, i.e. within one Te sheet.
¢ Te-Te contacts through a sandwich, i.e. joining the two Te sheets constituting one sandwich,

The coordination of the atoms in NbGeg.ﬂTcz, i.e. bond distances and bond angles, is
very near to that in NbGe,3Te; (g = 3c:‘“) [1]. Thus, the two structures are very similar
with regard to their stereochemistry, despite the large difference between their unit cells. It
is recalled that the incommensurate structure of TaSig 260Tes (g = 0.360¢*) [6] was shown
to consist of two building blocks, the TaSi, /2¥ey unit and the TaSiy3Tes unit. These two
blocks consist of two and three subunits, respectively. The TaSi, s3Teq unit is cqual to the
TaSiy,Tez unit except for an extra subunit with the lone Ta atoms (the ‘zigzag' strip). The
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geometric parameters of the separate building blocks, i.e. bond distances and angles, hardly
change upon joining them together to create a new (in)commensurately modulated structure.
Because of these observations it seems worthwhile to use similar building blocks also for
the structure of NbGes/1Te,, and more generally, for the whole series MA , Te;.

Considering only one sandwich, for instance AwA, the foflowing picture emerges
(figure 3). Structures with § € x < 3 can be considered as ordered mixtures of the
two structures at the extremities of the interval, i.e. MA;;3Tes and MA, ;2Tes. The most
simple commensurate structure after MA; 3Tea, MAy/sTe,, is just the combination of the
two building blocks, whereas the structure determination of this paper shows that MAy,;Te,
is to be considered as one MA,;3Tey unit plus two MA,2Te; units. In this way, a whole
cascade of commensurate structures can be formed, corresponding to the general formula
MAQ+m/@+2m Te2, where n is equal to the number of MA,;Te; units. The value for
(1 + n)/(3 + 2n) can be shown to be exactly equal to the relative magnitude y of the
modulation wave vector ¢ = yc* [6]. The denominator (3 4+ 2r), is just the multiplification
factor of the supercell with respect to the basic unit cell in the ¢ direction. This number is
always odd, since it represents the combination of one MA;;;Te, block consisting of three
subunits and » MA/2Te; blocks consisting of two subunits. The nominator, (1 4 #), takes
any integer value and defines the position of the strongest satellites in between the main
refiections of the average structure, in other words, the (1 + n)th satellite with respect to a
main reflection is strong.

In between these commensurate structures, incommensurate structures are found for
which the insertion of MA;;;Te; units is more variable, but always ‘quasi-periodic’,
since the diffraction pattern shows well defined spots. Alternatively, one can consider
the incommensurate structures in between two successive commensurate structures
MAi+ny/3+2nT€2, say # and 7 + 1, as being built from the complete blocks n and n + 1.
Every ‘incommensurate’ value ¥ can be approximated by a rational value n;/n,, e.g. the
stracture of TaSigagoTes has ¥ = 0.360 [6], which is equal to %. There is, however, no
integer value n for which (1 4 7)/(3 4+ 2n) equals % Therefore, the description of the
structure of TaSig js0Te; as incommensurate is preferred as compared with a commensurate
description within a 25-fold supercell.

Since the building blocks are commensurate superstructures themselves, of the same
basic unit cell, in principle only one superspace group, namely Prma(00y)s00, is nceded
t0 describe the symmetry of the whole MA,Te; series. Individual members of the series
are completely characterized by the value for x, or equivalently, by the value for the wave
vector ¢ = yc* = xc*.

As was shown before (table 3), the 2D spacé group of commensurate structures with
either #; Or ny even in ¢ = (n;/nx)e* and supérspace group symmetry Pnma(00y)s00
is expected to have lower symmetry than the highest symmetry possible, namely Prma.
Although it is possible to have orthorhombic structures with either ny or np even, via
another setting of this superspace group, these structures have not been found up to how.
The structures of NbSi,Te; (g = L >C") [71 and of NbGeyysTe, (g = -c"‘) [17] cohsist
of a number of domains of monochmc symmetry, P2,/c for NbSlmTeg and P2y/n for

NbGey s Tes. These space groups are not found in table 3, and accordingly the superspace
group symmetry cannot be Prma(00y)s00. On the other hand, all known phases with
= (n1/nz)e*, n; and ny odd, have the 3D space group Prma, corresponding to 2 value

= 0 (mod —)

It is Jnsuféc:ent to consider only one sandwich to understand the structural origin of
this symmetry lowering (compared with the highest symmetry possible Pnma). Since
the structures are thought to consist of two rigid units in which the geometric parameters
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MA 1/3'1'& )

v,am‘;\, vav.sv.sv

MAgTey 1/3<x<2/5

MAo /5Te 2

MA, Ten 2/5<x<3/7

'VAVAVAVA Y 'YAVAVAVAVAV&§‘§,

AVAVAVAVA‘VA'{\\\\" MAg /Teg
AVAVATAVAVAVA
MA 1 /aTe o

Figure 3, A schematic pattern of MA,Te; (} € x € §) structures. The + sign for the
incommensurate structures means that the structure consists of an ordered arrangement of the
two units shown. The distortion of the Te network has not been taken into account for sake of
clarity.

remain approximately the same after combination into a certain structure, a hypothetical
orthorhombic structure for MA,,sTe; can be easily constructed. In figure 4 the projection
of two Te sheets of two adjacent sandwiches, .. those that span the empty van der Waals’
gap, are shown. For comparison, the same is done for the real orthorhombic structure of
NbGey;sTes. It is seen that the wavy paiterns of the Te-Te vectors are more in phase
for NbGC}ﬁ'Tﬂz than they are for NbGey/sTea. The structural origin of the symmetry
Jowering is thus a mismatching of the rigid prototype units along the stacking direction
of the sandwiches. An alignment of the two Te sheets can be regained upon shifting
the second sandwich in the running direction of the modulation wave, for NbGez/sTes,
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over a distance of exactly two basic unit cells. This, of course, lowers the symmetry
to monoclinic. Although this is not a real explanation for the symmetry lowering of the
structure of NbGea,sTe,, it clearly demonstrates that the structure is likely to change for
either n; or ny even. A full account of the structure determination of NbGey s Tey will be
presented elsewhere [17].

AN :

v’dl‘:-'nv'i"n

(XXX XK XS

; AP
AN ASLAN AN AR Y
XXX LT XL R
Vi

.li‘:v-n‘l‘!"‘!"&‘!‘n’n-!.A“,"A‘!‘A“.'.}L‘Y’A 5

Figure 4. The wavy pattern of the two Te sheets that span the van der Waals® gap. The upper
drawing shows the projection of the two sheets of NbGez/7Tez onto y = % with ail Te atoms
indicated. The second drawing is the same as the first one, but for the omission of a number
of atoms, to demonsirate the matching pattern more clearly. The third drawing is similar to the
second, but now for hypothetical orthorhombic NbGezsTe:.

6. Concluding remarks

In this paper we have shown that the theory of superspace groups offers a convenient way to
standardize the (in)cormmensurately modulated structures within the MA, Te, phase system.
Commensurately modulated structures in the series might have different 3D space groups,
but the same (3+1)D superspace group which is common to that of the incommensurate
structures. The structure determination of NbGes/7Te; is exemplary for the commensurate
compounds in the series: after defining the strongest satellites to be the first-order satellites,
and starting from the average structure that is common to all structures, one arrives quite
easily at a model for the modulated structure.

The advantages of the superspace group approach as compared with a conventional
supercell approach are primarily of a standardizing nature. All structures have the same
basic unit cell and are fully characterized by their modulation wave vector and the global
phase of the modulation wave. The structure refinement itself is not necessarily easier: the
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number of independent parameters is the same as in a conventional refinement if the supercell
symmetry is the same as the superspace group symmetry. A conventional refinement leads
to the same results if the thermal parameters of like atoms are constrained to each other,
it is expected that the larger the supercell the more difficult the conventional refinement
would be, because of an increasing number of correlations,

MA, Te; structures with % L x g %, whether commensurate or incommensurate, are
simply described as ordered arrangements of the two extreme structures MA;»Te; and
MAy2Te;. It would be interesting to synthesize and determine the structures of e.g.
MA,4Te; and MA;/sTe, to answer two different sets of questions. Firstly: will they
possess the same superspace group as the compounds with 1 < x <  and will the building
principle be different from those compounds? Secondly, how and at what stage will the
environment of M change upon diminishing the A content of the system? The environment
of M in the parent compound MTe; was reported to be octahedral [8], instead of trigonal
prismatic as found in the phases described in this paper.
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