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Abstract. A series of displacively modulated mixed crystals Ta, - ,Nb,Te4 (0 s x S 1) exist 
in which the modulation wavevector q varies as a function of composition. In this paper, the 
nature of the compositional dependence of q is studied in greater detail and evidence is 
presented for a stepwise variation of q with x ,  Electron diffraction experiments at room 
temperature reveal that the modulation periodicity remainscommensurate until a threshold 
dopant concentration ( x  = 0.3) is exceeded and then jumps discontinuously to an incom- 
mensurate value. Further jumps in q are observed as the dopant concentration is increased. 
Models of the superstructures of the doped crystals corresponding to plateaux in the depen- 
denceofgonxarestudied by comparisonoftheobserved and calculatedelectrondiffraction 
patterns. The results indicate that the mixed crystals may be described as a series of long- 
period commensurate superstructures. I n  addition. satellite dark-field microscopy has 
revealed the presence of defects in the modulationstructuresol the doped crystals, including 
antiphase boundaries and discommensuration arrays. The effects of substitutionail doping 
on the phase transitions occurring on heating above room temperature in Tare,, and on 
coolinginNbTee,,arealsoexamined. Theobservationsare interpretedin termsol the charge- 
density wave origin of the modulations. 

1. Introduction 

The transition metal tetrachalcogenides TaTe, and NbTe, possess a quasi-one-dimen- 
sionalcrystal structure in which chainsofmetalatoms arecentred withinextendedcages 
of Te atoms in square antiprismatic coordination (figure 1). The presence of isolated 
one-dimensional chains of metal atoms renders these compounds susceptible to the 
onset of a charge-density wave (CDW) and the accompanying periodic lattice distortion. 
In TaTe,, the lattice distortion results in a (2a x 2a x 3c) commensurate superstructure 
[l,  21 at room temperature, while in NbTe, a (6 X V'% X - 16c) incommensurate 
modulation structure is observed [ l ,  3, 41, where a and c are the lattice constants of 
the tetragonal subcell. In addition to the room-temperature structures. several other 
modulated phases are stabilized upon heating or cooling. A transition to a (a x a X 3c) commensurate phase occurs in TaTe, on heating above 450 K [5] followed by 
a commensurate to incommensurate phase transition near 550 K [6]. In NbTe,, a lock- 
in transition to a commensurate phase apparentlyisostructural with room-temperature 
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a FigureLThe tetragonaIsubcellofTaTe,and NbTe,. 

The filled circles represent metal atoms while the 
open circles are Te atoms. "*' 

TaTe, occurs near 50 K [l, 7.81. Also, elongated streaks parallel to c' in the electron 
diffraction patterns of NbTe, develop into sharp closely spaced spots on cooling below 
about 200 K and have been attributed to the presence of a new incommensurate phase 
or phases with basal dimensions (2a x 2a) existing in the temperature range SO to 200 K 

The wide variety of modulated structures and phase transitions occurring in the 
tetrachalcogenides, together with the relative simplicity of the subcell, has generated 
considerable interest in these compounds. Based on a Landau free-energy expansion 
of the form initially proposed by MacMillan [12]. models of the room-temperature 
modulations in NbTe4 and TaTe4 have been developed by Walker and co-workers [13] 
173. One feature of the Landau approach is that, as a result of the competition between 
the elastic gradient terms in the free energy, which favour an incommensurate period- 
icity, and the anharmonic lock-in terms, which increase in relative importance at lower 
temperature, a discommensurate state is predicted prior to lock-in. The discom- 
mensurations are optimally phased in adjacent columns to minimize the overall free 
energy. Within this theoretical framework, the phase transitions, including the incom- 
mensurate to incommensurate transition occurring in NbTe4 [15, 161 and the high- 
temperature commensurate to commensurate transition in TaTe, [17], are driven by 
temperature-dependent variations in the relative strengths of the interactions between 
CDW on first-, second- and third-neighbour columns. 

Discommensuration arrays and their behaviour as a function of temperature have 
been observed in both TaTe, [6] and NbTe, [7-91 using satellite dark-field (SDF) micro- 
scopy. Although the details of the discommensuration process vary somewhat for the 
two compounds, the SDF images indicate that the discommensuration arrays evolve 
gradually from faults in the commensurate structures. Boswell et a l [5]  have shown that 
these faults arise from phasing errors of the CDW on adjacent columns associated with 
the structural transitions and may be considered as antiphase boundaries (APES) in the 
commensurate modulation. 

While the extensive number of theoretical and experimental studies of the tetra- 
chalcogenides has resulted in a fairly detailed picture of the dismmmensurate state, the 
exact nature of the discommensurations occurring in the CDW modulations remains 
unclear. A high-resolution electron microscopy study of the room-temperature phase 
of NbTe, by Eaglesham et al [7] found little evidence of the phase slip expected for 

[9-111. 
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discommensurations and concluded that the CDW modulation is very nearly purely 
incommensurate. The Landau theory approach suggests [18] that a very small energy 
contribution may be sufficient to pin the periodicity of an incommensurate CDW to a 
high-order commensurate value. Prodan el a1 [ll], by comparison of the observed and 
computer-simulated electron diffraction patterns (EDP) have found that the structures 
of the two low-temperature NbTe,phases, denoted LT, and LT, (which become stable 
upon cooling NbTe, into the temperature range 200 to 50 K) as well as the room- 
temperature phase, are best described in terms of long-period commensurate super- 
structures. 

The mixed crystal series (Ta, -,Nb,)Te, with 0 s x S 1 provides an opportunity to 
investigate further the nature of the incommensurate phases. The initial study of this 
system revealed the existence of a complete range of solid solutions and a variation in 
the CDW modulation wavevector q as a function of composition [19]. A subsequent 
electron diffraction investigation found that the periodicity remains commensurate asx 
increases until a threshold concentration (x  = 0.3) is exceeded and then jumps dis- 
continuouslytoan incommensuratevalue [20]. This wasconfirmed by thex-ray structural 
determination carried out by Kucharczyk etal[21] on the limiting commensurate com- 
position Tao.nNbo,zsTe,. In this paper, the nature of the compositional dependence of 
the modulation periodicity is investigated in detail and evidence is presented from 
electron diffraction experiments for a stepwise variation with x .  These observations 
provide the first indication of the occurrence of a ‘Devil’s staircase’ [22] in a CDW 
modulated system. An extension of the analysis applied to model the LT, and LT, 
phases of NbTe, is used to  investigate the structures of the mixed crystalscorresponding 
to the apparent plateaux in the dependence of q upon x. The results of this analysis 
reveal that the mixed crystals, including the two end members TaTe, and NbTe,, may 
be considered as a series of long-period commensurate superstructures. 

As observed for TaTe, and NbTe,, the mixed crystals undergo phase transitions 
upon heating and/or cooling with the nature of the transition being highly dependent 
on the stoichiometry. In addition, SDF images of the mixed crystals show the presence 
of numerous defects in the modulation superstructures, including discommensuration 
arrays and APBS. Thus, the study of the mixed crystals also provides further insight 
regarding the role of discommensurations in the commensurate to incommensurate 
transition process. 

2. Experimental procedure 

The crystals were grown by vapour transport in evacuated quartz tubes, using iodine as 
a transport agent, as described previously 111. Following reaction at 900”Cfor 24 h, the 
crystals were grown in a gradient of 700-500°C for about 300 h. The tubes were then 
allowed to cool slowly in the furnace to room temperature. Specimens for electron 
microscopy were obtained by crushing the crystals between glass slides to produce a 
large number of crystallites with thin edges parallel to the chain axis. These crystallites 
werepickeduponadhesive-coatedcoppergrids. Examinationwascarriedout on Philips 
CM2O and EM300 electron microscopes. I n  situ observations of the phase transitions 
were obtained using a single-tilt heating stage and a double-tilt liquid-helium cooling 
stage. The stoichiometry of the individual crystallites was determined by energy-dis- 
persive x-ray microanalysis (EDX) using a probe diameter of 175 A. The extrapolation 
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technique outlined by Van Cappellan [a] wasused for the determination of the thin foil 
k-factors of Ta, Nb and Te. 
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3. Results 

3.1. Observations at room temperature 

3.1.1. Electron difraction. In the EDPS, the presenceof the CDW modulation isindicated 
by the presence of sharp satellite reflections located at kmq (where m is an integer 
indicating the order) about the subcell reflections. For NbTe4, all of these satellites 
may be indexed using a single incommensurate modulation wavevector q = [$a*, &b*, 
0.691c*] defined relative to the subcell. For TaTe,, the superlattice reflections appear 
at commensurate positionsand, for convenience of notation, may be completely indixed 
using the three modulation wavevectors qI = [$a*, $b*, k*], q2 = [ha*, 0, Sc*] and 
q3 = [O. $b*, fc*]. Note, however, that for a suitably transformed coordinate system 
Budkowski er ai [24] have shown that a single q is also sufficient to completely describe 
the superstructure of TaTe,. 

Measurement of the satellite positions in the EDPs reveals that a commensurate to 
incommensurate phase transition occurs in the Tal -,Nb,Te, system forx 3 0.3. Below 
the critical Nb Concentration, the EDPS of the mixed crystals are identical to those of 
TaTe,. The commensurate to incommensurate transition ismarked by an abrupt change 
in the c component of the q ,  wavevector (retaining for convenience the notation used 
forTaTe4) to qIc = 0.6731 rt 0.0012 while the q2 and q3 satellites remain centred at the 
commensurate positions. The uncertainty in qrC quoted here represents the standard 
deviation obtained from measurements on several different crystals of similar compo- 
sition, as will be discussed below. Although only about 1%, the incommensurability 
may be easily observed in the EDPS. For example, in the [OlO] zone axis orientation 
(figure 2(a)) ,  the incommensurate nature of the modulation results in a detectable 
zigzag of the satellite rows parallel to b*. In the [130] zone axis EDP (figure 2(b) ) ,  the 
incommensurability is indicated by the presence of satellite doublets which arise due to 
the shifts of the third-order (nt = 3) reflections from their commensurate positions. The 
separation of these doublets is thus directly proportional to the amount of incom- 
mensurability. As is evident in figure 2(a ) ,  the satellites associated with wavevectors q2 
and q3 remain easily detectable for Nb concentrations near x = -0.3. These satelites 
are, however, slightly broadened in comparison with the corresponding q,-type reflec- 
tions. We propose that the electron diffraction observations are the result of the dev- 
elopment of an incommensurate phase having basal plane dimensions (20 x 2a). 

Asxincreases, furtherchangesoccurin the positionsand appearance of the satellites 
in the EDPS. The satellites associated with Q: and q, become progressively fainter and 
more diffuse with increasing Nb concentration while the q1 satellites in all cases remain 
sharp (figures 2(c) and ( d ) ) .  Note that for the end member of the series NbTe4, and q2 
and q3 satellites are replaced by very diffuse circular spots [l, 7.91. 

Following the abrupt commensurate to incommensurate transition at x = 0.3, the 
incommensurability of the mixed crystals has been found to vary systematically approach 
that observed for NbTe, asx increases. To investigate the nature of the dependence of 
the modulation periodicity on x .  EDPS were obtained from a large number of crystals of 
various compositions. The exact composition of the crystals in the regions from which 
the EDPS were obtained was determined by EDX analysis (the estimated uncertainty for 
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Figure 2. Selccted-area elcctron diffraction patterns from Ta, , N h , l c , .  ( a )  [ ( l l l l ]  and ( h )  
[130]zoneaxispatternrbrx -0.3: (c) [010]and(d)(130~roneaxispatternsfora = 0 . 7 .  

the cations being about 25%). Figure 3 shows the observed variation in qlc with x .  The 
variation appears to be discontinuous, proceeding through a sequence of discrete jumps 
as the Nb content exceeds certain threshold levels. In figure 3 ,  the measured qIc  are 
clustered primarily around five values. Using a least-squares technique, the best esti- 
mates of the values of qlc corresponding to each step were obtained. The derived values 
are summarized in table 1 and shown in figure 3 as a dotted line. The uncertainties in 
table 1 represent the standard deviation of the measured q,< about the hest estimate 
obtainedfrom the least-squares fitting. In all cases, these uncertainties are much smaller 
than the size of the jumps between plateaux in q,c.  The plateaux are not very sharply 
defined. However, we note that a similar variability in the measured q has previously 
been reported for pure NbTe4 [19] with differences of up to 1% occurring between 
crystallites from the same growth batch. Possible causes of the variability include the 
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Table 1. Variation of the modulation periodicity in Tal .,Nb,Ter. 

Nbcontent Estimated pa Standard deviation 

0.00 s x  s 0.30 0.6670 0.W8 
0.30 S x  6 0.55 0.6731 0.0012 
0.55 s x  s 0.65 0.6784 0.0013 
0.65 e x  = 0.75 0.6826 O.WD7 
0.75 S x  % 1.00 0.6862 0.0013 

-. ,~ _~+., ,._ 

~~ 

presence of metal-atom vacancies and/or trace impurities. Although the origin of the 
variabilityinNbTe,remainsunclcar, wesuggest that asimilareffect occursfor the mixed 
crystals and is intrinsic to these materials. Despite this, clustering of the measured q 
around particular values remains evident for the (Ta, -Ab,Te,) system. We propose 
that the plateaux indicate the existence of a series of long-period commensurate phases 
in the Ta, -,Nb,Te, system. 

3.1.2. Snrellite durk-field microscopy. SDF images of crystals of, TaTe4 rapidly cooled 
from the growth temperature typically reveal a three-dimensional network of APBs in 
the room-temperature modulation structure [5-7]. The two main types of boundaries 
may be distinguished in these images. Type I boundaries are generally constrained to lie 
parallel to the c-axis of the crystal and are out of contrast in SDF images formed using a 
q ,  satellite. The type I1 boundaries are generally inclined to the c-axis and exhibit 
contrast for all satellite reflections. From the observed diffraction contrast and an 
analysis of high-resolution images, Boswell et ul [S] have determined the displacement 
vectors associated with these boundaries to be of the form R I  = i{llO} for type I and 
R z  = &{302] for type 11. Similar boundaries have been observed in the low-temperature 
commensurate phase of NbTc4 191. In both compounds, the .APBS arise due to hasing 
errors of the c ~ w  on adjacent columns following a transition from a ( X h a  x d u )  to a 
(2n X 2a) base unit cell. SDF images of both TaTe, [6] and NbTe, [7-9] reveal that. upon 
heating above the C to IC phase transition temperature, the APBS gradually evolve into 
multiple lines similar to those previously associated with the presence of dis- 
commensuration walls in other materials 191. Ultimately, a regular fringe-like array of 
discommensuration walls isobserved spaced about 52 A apart for the room-temperature 
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0.2)  crystal showing antiphase houndaries. 

incommensurate phase of NbTe, and about 200 A apart for the high-temperature (i.e. 
T >  550 K) incommensurate phase of TaTe,. 

Defects are also observed in SDF images of the mixed crystals Tal-,Nb,Te,. For 
dopant concentrations up to about x = 0.3, the modulation periodicity is unchanged, 
remaining commensurate, while the SDF images (figure 4) reveal the presence of ABPS 
similar to those observed in quenched TaTe,. However, since the mixed crystals were 
slow-cooled, these APBS are probably associated with pinning of the CDW phases along 
the various columns by the impurities (i.e. the Nb atoms). The number of APBS has been 
found to increase roughly in proportion to the level of substitution, in agreement with 
this proposal. Effects attributed to  local pinning of the phase of a CDW by impurities 
have also been noted in several of the transition metal di- and trichalcogenides [25 ,26 ] .  
The fact that a large concentration of Nb ions may he introduced into TaTe, without 
altering the modulation periodicity indicates that the interaction between the CDW phase 
and the impurity potential is quite weak, as expected for a nominally isoelectronic 
substitution of this type. 

IncreasingtbeNbconcentration beyondx = 0.3 resultsinacommensurate to incom- 
mensurate phase transition and is accompanied by characteristic changes in the nature 
of the defects observed in the SDF images. As described above, for Nb concentrations 
slightly in excess of the threshold, the satellites associated with q2 (or equivalently q2) 
are sufficiently intense to allow the formation of a SDF image. These images reveal APBS 
apparently similar to those occurring in the commensurate Nb-doped crystals and 
quenched TaTe, except that the boundaries are present with a much greater density 
(figure S(a)). In SDF images of the same crystal formed using a q,-type satellite (figure 
S(b)), however, the APBS exhibit very weak or vanishing contrast. In place of the APBS, 
a patchwork of irregularly shaped domains is typically observed. The explanation of this 
diffraction contrast remains unclear. We note that the appearance of the domains is very 
sensitive to the specimen tilt (i.e. the deviation parameter) suggesting that lattice strains, 
possibly associated with the APBS, influence the observed diffraction contrast. Contrast 
effects attributed to the strain associated with type I APBS in room-temperature TaTe, 
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Vigurc 5. Salcllite & ~ ~ k ~ l ' k l d  imagr.\ uf t k  wri ic i c g ~ m  o f  it l',, ,Nh,Ti., ( r  I 11.3) cryst;il 
lurmed using (4 a q?-lypc hatellite and ( h )  a q,-type rAtcllitc. 

have previously been reported [5]. A high density of overlapping APES and their 
accompanying strains under dynamical diffracting conditions might account for the 
complicated diffraction contrast observed, but detailed calculations are needed to con- 
firm this. The lack of any domain contrast of this type for TaTe, and NbTe, again implies 
that the defects arise from pinning of the CDW phases by impurities. Alternatively, the 
observed APB contrast may simply indicate that the associated displacement vectors 
differ from those found in thecommensurate structures. Boswelletal[5] have previously 
shown that, for the room-temperature phase of Tate,, displacive boundaries of the 
form R = +[loo] (type 111), although not observed experimentally, are possible from a 
geometrical standpoint. Since the mixed crystals retain the (2a X 2a) basal dimensions 
of room-temperature TaTe,, type 111 APBS would also seem to be a possibility for these 
compounds. A network of APBS consisting of types I and 111 would be consistent with 
the observed diffraction contrast. 
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FiCarr 6 .  Satellite dark-field imagc i ~ I ; i T a ,  , N h ,  I c ,  (i ~ 0,fi) c r i * t i i l  formcd uhing aq,-typr 
satellite. showing rcgularly spaced fringenabout I O I I A  apart. 

In the incommensurate phases of the mixed crystals, the SDF images obtained using 
a ql-type satellite also generally show an array of closely spaced fringes perpendicular 
to the c-axis superposed on the irregular domain pattcrn (figure 6) .  Similar fringes have 
previously been observed in SDF images of the room-temperature phase of NbTe, [7-91 
and have beeninterpreted as arisingfrom the presence of an array of discommensuration 
walls (i.e. the projection of all the one-dimensional discommensurations in a plane 
normal to the c-axis). The average spacing of the fringes was observed to vary from 
about 250 8, for compositions corresponding to the first plateau in figure 3 to about 50 A 
for Nb contents near x = 1.0. Unlike the uniform fringes observed for NbTe,, in all of 
the mixed crystal phases the fringes are ‘wavy’, exhibiting significant variations in 
orientation and, to a lesser degree, in spacing. Some of this disorder may be related to 
the presence of pinning points arising from small variations in stoichiometry. However, 
although the APBS do not show any contrast in SDF images formed with this type of 
satellite, the fringes are also often displaced on crossing over the location of the (out of 
contrast) boundaries accounting for a large part of the orientational variation. The 
fringe-like arrays become progressively more regular as x increases. Since the q2 and q3 
satellites also broaden into diffuse regions as x increases, this scattering effect is appar- 
ently unrelated to any disorder in the discommensuration arrays. 

3.2. Observations above room temperature 

EDPsobtained at elevatedtemperatures indicatethe occurrence of cow-driven structural 
transitions in several of the mixed crystal phases. For crystals containing relatively small 
amounts of Nb, up to x I 0.2,a transition from the (2a x 2a x 3c) room-temperature 
commensurate phase to a ( d 2 a  x a a  x 3c) commensurate phase occurs near 450 K. 
This behaviour is identical to that previously reported for TaTe,. 

For the commensurate crystals containing near, but slightly less than, the critical Nb 
concentrationofx = 0.3, twodistinct phase transitions areobserved. A C  to ICtransition 
occurs upon heating at about 350 Kin which the value of ql< changes discontinuously to 
0.672 & 0.001. This value of q,c exactly corresponds to that of the second plateau in the 
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observedroom-temperaturedependenceofq, onthe Nbcontent (i.e.for0.3 < x  < 0.55 
in figure 3). Apparently, at elevated temperatures smaller amounts of Nb are needed to 
stabilize the incommensurate phase. The observation of this phase transition provides 
further indirect evidence for the proposed stepwise variation of 9 with x ~ a t  room 
temperature. SDF images obtained during the commensurate to incommensurate phase 
transition are shown in figure 7. In the commensurate state, relatively few APES, mainly 
of type 11, are observed in SDF images formed using a g,-type satellite (figure 7 ( a ) ) .  On 
heating into the incommensurate state, a network of APES forms in all regions of the 
crystal (figure 7(b)).  This process is generally completed within a few seconds. For SDF 
images formed using a q,-type satellite, the diffraction contrast of the defects changes 
from APE contrast in the commensurate state to a superposed patch-like domain and 
fringe contrast in the incommensurate state (figure 7(c ) ) ,  similar to that decribed pre- 
viously. Considerable temperature hysteresis occurs between warming and cooling for 
this transition. On cooling in  the microscope from 350 K, the incommensurate state 
persists to room temperature with no observable changes occurring in either the EDPS 
or SDF images. However, a very sluggish transition back to the commensurate state does 
occur at room temperature over a period of several hours. SDF images indicate that the 
number of APES is greatly reduced, to near the original density, during this transition 
(figure7(d)). Upon further heating to about 450 K,  a sharp reversible incommensurate 
to incommensurate transition takesplace. Thedisappearance ofthe 9,and q3satellitesin 
the ~~psindicatesa structural transformation toanewphase with basal planedimensions 
( f i n  X ~ a ) .  SDF images formed using these satellites show the phase transilion is 
initiated at the APBS which progressively broaden and ultimately expand to convert the 
entire crystal to dark contrast (i.e. to the d 2 a  phase). Verysimilar~phenomcna have 
been reported for TaTe, [5,6] during the commensurate to commensurate phase tran- 
sition in that compound. On further heating. no change in the incommensurability (i.e. 
the magnitude of ql r )  was observed until the crystals began to distintegrate (at about 
650 K under the conditions prevailing in the electron microscope). 

For the mixed crystal compositions which are already incommensurate at room 
temperature (i.e. those with x z -0.3), an incommensurate to incommensurate tran- 
sition similar to that described above has also been observed at about 450 K. SDF images 
show that the fringes associated with the discommensuration arrays are more regular 
above 450 K and again suggests that interactions with the APBS contribute to the orien- 
tational variation observed at lower temperatures. The incommensurability has also 
been found to be temperature-independent in these crystals. 

Attempts were made to observe a lock-in transition for the incommensurate phases 
bycooling below room temperature. No changesoccurred in the satellite positionsdown 
to the lowest temperature obtainable (about 30 K), although the diffuse satellites became 
more streaked on cooling. No finely spaced satellites were observed along the streaks 
analogous to those of the LTI/’LT2 phases of NbTe,. 

J C Bennen et a1 

4. Discussion 

4.1. A model for the long-period modiilatedstructures of Ta, .,Nb,Te, 

The electron diffraction study of Ta,-,Nb,Te, gives a clear indication of a stepwise 
variation of the CDW modulation wavevector 9 as a function of composition. Thus it 
appears justified toconsider the superstructure corresponding to each step as long-period 
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commensurate (LPC) rather than incommensurate. The solution of these structures by 
conventional x-ray methods is difficult, however, since the satellite reflections are often 
broadened and have relatively low intensities. Toobtain a best approximation regarding 
the nature of the modulation, models of the superstructures have been studied by 
comparison of the observed and computer simulated EDPS. This approach is a direct 
extension of our previous description of the LTI/LT2 phases of NbTe, [ll] where the 
separation of the weak. heavily streaked and very closely spaced satellites was similarly 
beyond the capability of conventional x-ray analysis. 

The calculationt of the satellite positions and intensities in the EDPS ofTal -,NbxTe4 
was based upon that recently used for the two low-temperature NbTe, phases which, it 
is now apparent. constitute the end members of the series. Based on the observed 
periodicities, the unit cell of the hypothetical average structuretvasenlarged toA = B = 
2a, C = 384c for the calculations and comprised four MTe, columns. This choice for the 
unique axis length is the smallest multiple of that used for the LT,/LT2 calculation, 
32c, which accommodates all the observed periodicities in the Tal .,NbxTe4 system as 
discussed further below. The original average structure positions (2a for M and 8m for 
Te in space group P4/mcc) were changed according to the modulation function given by 
van Smaalen [4] for room-temperature NbTe,. First- and second-order modulation 
harmonia are considered in the calculations. No attempt was made to differentiate 
between Nb or Ta atoms in the calculation of the EDB, but, assuming that no ordering 
occurs, the differences in scattering power of the metal atoms should generate only 
relatively small discrepancies in the magnitudes of the intensities calculated for the 
satellites and therefore do not significantly affect the results of the analysis. In order to 
confirm this, a number of calculations were also carried out incorporating Ta-Nb 
ordering, but no acceptable result was obtained. In all cases, ordering leads to additional 
superstructure retlections which were not experimentally observed. 

The main modulation is a ‘breathing’ mode distortion along all of the columns. In 
order to enlarge the unit cell from the V’Ta base of NbTe, to a 2a base, two additional 
defomiation modes, previously referred to as LT, and LT2 by Prodan et ai [5 ] ,  are 
required. Other possible deformations were considered but did not yield satisfactory 
agreement between the calculated and experimentally observed EDPS. For the LT, 
distortion, half of the columns (columns 111 and IV after the notation of [5 ] ) ,  which were 
originally in phase, are alternatively shifted in opposite directions along the c axis. The 
LT2 distortion involves further alternate clockwise and anticlockwise rotations of the 
Te cages around the c-axis superimposed on the breathing mode distortion. As a result, 
the LT2 modulation results in an effective extension of the Te cages. The four LT2 
columns are interrelated by a 4, screw axis. In the calculation, the amplitudesof the LT, 
and LTLshifts (6, and S2 in [ 5 ] )  for the mixed crystals were taken to be the same as those 
occurring in NbTe,. 

Briefly, the physical significance of the LT, distortion can be understood in terms of 
the following. In room-temperature NbTe,, the Nb atoms are predominantly grouped 
into triplets along the columns but other multiplets (e.g. doublet-singlet sequences) are 
also present. The effect of the LT1 distortion is to emphasize triplet formation along the 
chains. In room-temperature TaTe,, this process is complete with each column being 
comprised entirely of Ta atom triplets. The LT, distortion generates atomic dis- 
placements similar to those found in room-temperature TaTe, and thus may be con- 
sidered a precursor to the formation of this commensurate phase. In pure NbTe,, low 
1 The source program listing and decription has been deposited with thc British Library as Supplementary 
Publication SUP 52947. 
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temperatures are required to stabilize the LTl/LTZ phases. Our calculations indicate 
that the superstructures of the Tal-,NbxTe4 series may be interpreted in terms of the 
presence of LT,-type and LT,-type distortions at room temperature. 

The electron diffraction observations indicate the occurrence of a stepwise variation 
in the CDW periodicity as a function of composition in Tal -xNbxTe4. Calculations were 

TableZ. Calculated intensities (I) forTa, .,Nb,Te,. Intensitiesare rounded up the first digit. 
6,  = 6.67E - IlfortheLT, typeofdistortionand62 = 3.E - ZfortheLT,typeofdistortion. 
Ail calculations were carried out for a (2 x 1? 3 8 4 ~ )  unit cell. 

h k l  I h k  I I h k i  I h P I  I h k  I i 

0 0  0 Z . E t 8  0 0  0 Z . E + 8  0 0 0 2 . E + 8 0 0 0  Z . E + 8  0 0  0 2 . E t 8  
0 0 256 2.E + 4 0 0 252 6.E t I 0 0 248 6.E t I 0 0 244 5.E t 0 0 240 2.E t 4 

0 0 2 8 1 :  Z F C O  ~ ~ ~ . .  
0 0 480 7.E + 1 

0 0 512 1 . E t 3 0 0 5 1 6  Z . E + 3 0 0 5 2 0  2 . € + 3 0 0 5 2 4  2 . E t 3 0 0 5 2 8  9.Ei.Z 
0 0 720 6.E - 1 

0 0 768 8 . E + I 0 0 7 6 8  7 . E + 7 0 0 7 6 8  7 . E + 7 0 0 7 6 8  7 . € + 7 0 0 7 6 8  8 . E + 7  

1 0  12 6, 3.E- 1 
1 0  240 6,  I . E + O  

256 + 6 ,  Z,E 1 0 255 6> I.€ - I 1 0 254 6: LE - 1 1 0 253 6> l.E - 1 1 0 252 d r  l .E  - 1 
1 0 2 5 8  6 , I . E t O I O 2 6 0  6 , I , E + O l O 2 6 2  6 , I . E t O l O 2 6 4  6 , 1 . E + O  

6, l.E - I 
1 0 5 1 0  6 , 3 . E - I t 0 5 0 8  6 1 4 . E - I 1 0 5 0 6  6 1 4 . E - 1 1 0 5 0 4  6 , Z . E - I  

3 I 0 513 6> 1.E - 1 I 0 514 6:  1.E - I I 0 515 6, 1.E - 1 1 0 516 6 a  1.E - 1 
I O  516 61 l . E - 1  I 0 5 2 0  6, LE-I 1 0 5 2 4  6,  I . € - l  

1 0 276 

I O  744 6, I . E + O  
I 0 756 6l  3.E - 1 

1 0  512 6 , + 6 ,  l.E 

3 0 256 6 ,  t 6, 3.E 
3 0 3  6 : 3 . E + 1 3 0 6  S 2 3 . E + 1 3 0 9  6 2 3 . E t 1 3 0 1 2  d 1 3 . E + 1  
3 0 255 6> 3.E + 1 3 0 254 6? 3.E + 1 3 0 253 3.E + I 3 0 252 3.E + 1 
3 0 2 5 8  6 , Z . E + 0 3 0 2 @  S , Z . E + 0 3 0 2 6 2  6 , Z . E + 0 3 0 2 6 4  6 , Z . E f O  
3 0 262 y1 l.E - 1 

3 0 5 1 2  6 , + 6 r Z , E + 3  3 0  510 6, LE+O 3 0508 6,  1 . € + 0 3 0 5 0 6  6,  I.E+O 3 0  504 6,  I . € +  
3 0 513 3.E + I 3 0 514 6> 3.E t 1 3 0 515 dl 3.E + 1 3 0 516 6, 3.E t 

3 0 768 6,  t 62 8.E - 1 3 0 765 S2 3.E t 1 3 0 762 6* 3.E t 1 3 0 759 3.E + I 3 0 756 6, 3.E + 

2 1 512 6, 6, 9,E + 
2 1 510 6,  7.E - I 2 
2 1 5 1 6  6,  l . E - 1  2 1520  6, l . E - 1  2 

6,  7.E - 1 2 I 508 

2 1 644 6, +6, 2.E-  1 2 1 639 6, l . E -  1 2 1 638 br l . E -  1 2 
2 1 642 6,  2 . E t O  2 1644 6 ,  Z.E+O 2 

1 1 256 2 . E + 4  1 1  258 1 . E t 4  1 1260 L E + 4  1 
1 1 512 6 . E + 3  1 1  510 L E + 4  1 1508 L E + 4  1 

506 
524 

637 
646 

2 1  
7.E - 1 2 1 
I . € - 1  2 1 

2 1  
l . E -  I 
2 . E t O  z I 

2 1  

492 
504 
528 
624 

648 
756 

7.E - 1 
4.E - 1 
4.E - 1 
1.E - 1 

3.E + 0 
4.E - 1 

262 I . E + 4 1 1 2 6 4  2 . E t 4  
506 1 . E + 4  1 1 504 8 . E t 4  

1 1  CC? ? E l "  . . , " 
1 1 168 1 1 762 4.E + 1 1 1 756 4.E + 1 I 1 750 4.E + I 1 I 744 4 , E + 3  
2 4  0 Z . E t 6  2 4  0 Z.E+6 2 4 0 Z . E t 6 2 4 0  Z.E+6 2 4  0 2.E + 6 
7 d 1?P - _  
2 4  
2 4  
2 4  
2 4  
2 4  

.I 

256 
384 
512 ~~~ 

640 
768 L E + 7  2 4  768 

2 . E t Z  2 4248 
7 . E + I  2 4 38.1 
3 . E t 3 2 4 5 2 0  
2.E + 3 2 4 632 
1 . E t 7  2 4768 

2.E + 2 2 4 244 
7.E + 7 2 4 384 
3.E t 3 2 4 524 
2.E t 3  2 4 528 
l . E + 7  2 4 768 

Z.E+Z 2 4  240 
7.E + 7 2 4 384 
3.E t 3 2 4 528 
2.E + 3 2 4 624 
L E + 7  2 4 768 

1 . E t 2  
7.E + I  
4.E + 3 
2.E + 3 
1 . E + 7  
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carried out for aseriesof five LPC structurescorrespondingto the most apparent plateaus 
in the wavevector q. The number of LT, modulations within 384c was taken as 256 
(9,, = 0.6667) for x s 0.3, 258 (9,< = 0.6719) for 0.3 s x  S O S .  260 (sic = 0.6771) 
for 0.55 s x 6 0.65, 262 (qlr  = 0.6823) for 0.65 35 x S 0.75 and 264 (91c = 0.6875) for 
x 3 0.75 while the corresponding LT, values were half as large [ 5 ] .  The results of the 
calculations are summarized in table 2. Only reflections whose calculated intensity 
exceeds a threshold value, determined mainly by rounding errors, are listed. The 
calculated satellite positions and their intensities are in good agreement with the 
observed EDPS for each range of compositions. Those rows of reflections were the LT, 
andLT2satellitesdonot overlap(e.g. (101))requireafurthercomment. In thecalculated 
EDPS, a few weak satellites appear in closely spaced groups with intensities determined 
by a sharp envelope function. The envelopes are always centred at &e* although the 
satellites themselves are not. The experimentally obtained EDPs show only diffuse 
reflections centred at k* along these rows. This discrepancy may be accounted for, since 
the spacing of the predicted satellites is several times smaller than the already narrowly 
spaced reflections observedforthe LT,/LT,phasesof pure NbTe,and, assuch, probably 
not resolvable in our experiments. We note that, analogously with NbTe,, the diffuse 
reflectionsbecome streaked on cooling, although LT, and LT, satellites alongthe streaks 
are not observed. 

The symmetries of the Tal _,NbxTe, phases are described by the same space groups 
as determined for NbTe, [5]. For the main breathing mode modulation structure and its 
LT,, LT, and combined LTt/LT2 distortions, the appropriate space groups are P4/m, 
P4Jn. 14/m and P4,/m respectively. 

The LPC picture of the superstructures of Tal -,NbxTe4 provides further insight into 
the surprisingly complex phase relationshipsoccurring in this 'simple' system. In general, 
the various phases in Ta,_.Nb,Te, are stabilized by several competing factors. If 
possible, the metal chains are distorted by the CDW to form triplets with the largest 
permissible phase shift occurring between neighbouringcolumns. In addition, the inter- 
and intracolumn Te-Te bonding distances are preferentially maintained nearly constant 
[2,5,21]. For the room-temperature phase of NbTe,, Nb triplets only cannot be formed 
and the largest possible phase difference is found between the columns, i.e. n. In the 
case of room-temperature TaTe,, the CDW along neighbouring columns are shifted in 
phase by 2n/3, resulting in the formation of Ta triplets exclusively. The LT-like states 
ofTa, -,NbrTe4are somewhat intermediate between these twoextremes. AsforNbTe,, 
nearest-neighbour columns are related in phase by n. but with a small phase shift 
associated with the LT, distortion. Thiseffectivelyresultsinarelative phasingof (n - q) 
for one set of nearest-neighbour columns and (n + q) for the others, where q is an 
arbitrary phase shift determined by the number of LT, periods fitting the enlarged unit 
cell. The displacements associated with the LT, distortion result in progressively more 
of the metal atoms being grouped into triplets. Since the number of LT,/LT, periods in 
the extended unit cell must be an integer, the possible phase shifts p, between the 
columns are restricted to certain discrete values. This is also probably related to the 
phasing relationships imposed by intercolumnar bonding. 

The properties of incommensurate systems have generated intense theoretical inter- 
est. In particular, the response of the modulation wavevector q to changes in some 
parameter such as temperature or composition has been studied in detail [22,27.28]. 
The theoretical analyses indicate that; for an 'incommensurate' system, the adoption of 
some proximal long period is often energetically favourable. Under certain conditions, 
the occurrence of a 'Devil's staircase', where q locks in to an infinity of commensurate 
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values, has been predicted. The observation of a series of LPC phases in Ta, -*Nb,Te, 
provides the first direct experimental evidence for this type of behaviour in a CDW 
modulated system (Borodin et al[29] have also interpreted phenomena observed in the 
electrical properties of orthorhombic TaSJ in terms of the existance of a series of 
metastable incommensurate phases). In Ta, -rNb,Te,, since q assumes only a finite 
number of commensurate values, this system represents an example of a ‘harmless 
staircase’ [30]. 

Based on expansions of the Landau free energy, Walker and co-workers [13-171 
have developed a theoretical framework to describe the phase transitions in NbTe, and 
TaTe,. In all cases, the driving mechanism for the transitions involves variations in the 
relative strengths of first-, second- and third-neighbour intercolumn interactions. Only 
variationsof the interaction strengths with temperature were considered in thisanalysis, 
however. It appears that changes in the stoichiometry of the crystals produce similar 
variations in the intercolumn interaction strengths. Variations may arise from local 
distortions of the intercolumn Te-Te bonding associated with the substitution of Nb for 
Ta ions. 

4.2. Dircommensurations and APBS 

SDF imaging reveals that discommensurations and APBs play an important role in the 
‘incommensurate’ (LPC) phases of Ta, _ab,Te,. As shown by Mahy ef a1191 for NbTe,, 
the discommensurations involve displacenients of the form R = b(302). For the com- 
mensurate phases (x  s 0.3). APBS involving similar displacements have also been 
observed. These two types of defects are clearly closely related, differing primarily in 
the abruptness of the associated phase slip. For an APB, the phase slip is by definition 
restricted to the immediate vicinity of the interface. However, the nature of the phase 
slip associated with discommensurations in this system is unclear. In the LPC models 
of the structures, second-order harmonics are included in the modulation function 
generatingthe atomic displacements and, as aconsequence, discommensurations appear 
along the columns as multiplets of a different nature than the predominant triplet 
sequence. The discommensuration comprises a sequence of approximate doublet-single 
groupings and thus the phase slip occurs gradually over a considerable spatial extent. 
This picture of the discommensurate state is in agreement with the high-resolution 
imaging studies of the room-temperature phase of NbTe, which found very little evi- 
dence of phase slip associated with the discommensurations [7,9]. 

APBS are observed in both the commensurate and incommensurate (LPC) phases 
of Ta, -xNb,Te4. In the commensurately modulated compounds, the APBS represent 
stacking faults between otherwise identical commensurate domains, while those in 
the incommensurate phases presumably separate identical incommensurate domains. 
Interaction with these APBS is at least partially responsible for the observedorientational 
and spatial variations of the discommensuration arrays. The APBS also play a significant 
role in the commensurate to incommensurate transition which occurs on heating 
Ta,-,Nb,Te, (0.2 S x  < 0.3) above about 350 K. This transition is accompanied by a 
rapid increase in the number of boundaries. According to the LPC interpretation of the 
structures, the relative phasing of the CDW on nearest-neighbour columns changes from 
27/3 to about i~ as a result of this transition. The observed generation of a large number 
of APES implies that the atomic displacements necessary to achieve this reshuffling of 
phases cannot be easily accomplished, possibly due to impurity pinning (in this case Nb 
ions) of the CDW. The commensurate to incommensurate transition occurs very rapidly. 
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However, the reverse incommensurate to commensurate process is sluggish, requiring 
several hoursfor completion at room temperature. Asimilarly sluggish lock-in transition 
has been observed for NbTe4 and is apparently characteristic for this system. This 
indicates that formation of the metal-atom triplet sequences during lock-in, and the 
attendant removal of the discommensuration arrays, is a very slow process independent 
of the temperatures at which it occurs. It is interesting to note that the subsequent 
incommensurate to incommensurate transition occurring at around 450 K, as well as the 
previously reported commensurate to commensurate transition in TaTe4, both of which 
involve substantial rearrangements of the CDW phasings along the columns as the unit 
cell changes from (20 x 20) to (fi~ x 6) base but which in neither case require the 
formation or break-up of triplet groupings, occur rapidly without any significant tem- 
perature hysteresis. 

J C Bennett et 01 

5. Conclusion 

Thestudy of the Tal _,Nb,Te4system provides many new insights regarding the character 
of c ~ w  statesin general and the transitions between them. The interrelationshipof what 
initially appear quite different phenomena in the extensively studied transition metal 
tetrachalcogenides TaTe4 and NbTe4 can now be understood within the context of a 
series of LPC phases. The stepwise nature of the transition between the LPC phases in 
Tal -,Nb,Te, provides the first direct experimental evidence in a CDW modulated 
material for the Devil's staircase that is predicted to occur under certain conditions 
in incommensurate systems. In addition, the numerous unusual aspects of the CDW 
behaviour in these materials, including the sluggishness of the lock-in transitions, the 
role of APBS in the transitions and the anomalous diffraction contrast of these APBS, 
challenge our understanding of the CDW state and await further investigation. 
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