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Charge-density waves and superlattices in the metallic layered
transition metal dichalcogenidest

By J. A. Wison, F. J. D1 8aLvo and S. MAHAJAN

Bell Laboratories,
Murray Hill, New Jersey 07974

[Received 1 October 1974]

ABSTRACT

The d! layer metals TaS,, TaSe,, NbSe,, in all their various polytypie modifica-
tions, acquire, below some appropriate temperature, phase conditions that their
electromagnetic properties have previously revealed as ‘ anomalous . Our present
electron-mieroscope studies indicate that this anomalous behaviour usually
includes the adoption, at some stage, of a superlattice. The size of superlattice
adopted often is forecast in the pattern of satellite spotting and strong diffuse
scattering found above the transition.

Our conclusions are that charge-density waves and their concomitant periodic
structural distortions occur in all these 4d!/5d! dichalcogenides. We have related
the observed periodicities of these CDW states to the theoretical form of the parent
Fermi surfaces. Particularly for the 1T octahedrally coordinated polytypes the
Fermi surface is very simple and markedly two-dimensional in character, with
large near-parallel walls. Such a situation is known theorstically to favour the
formation. of charge and spin-density waves. When they first appear, the CDW’s
in the 1T (and 4Hb) polytypes are incommensurate with the lattice. This condition
produces a fair amount of gapping in the density of states at the Fermi level. For
the simplest case of 1T-TaSe,, the room temperature superlattice is realized when
this existing CDW rotates into an orientation for which it then becomes commen-
surate. At this first-order transition the Fermi surface energy gapping increases
beyond that generated by the incommensurate CDW, as is clearly evident in the
electromagnetic properties.

For the trigonal prismatically coordinated polytypes, CDW formation is withheld
to low temperatures, probably because of the more complex band structures. This
CDW state (in the cases measured) would seem at once commensurate, even though
the transition is, from a wide variety of experiments, apparently second order.

A wide range of doped and intercalated materials have been used to substantiate
the presence of CDW’s in these compounds, and to clarify the effect that their
occurrence has on the physical properties.

The observations further demonstrate the distinctiveness of the transition metal
dichalcogenide layer compounds, and of the group VA metals in particular.
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It is anticipated that the results presented in this paper will be of interest
as much to those whose field is metal physics, as to those primarily concerned
with layer materials. The paper contains much new experimental data, the
basis for its interpretation being provided in our electron-microscope results.
Following upon the initial microscopy on 1T-TaS, some two years ago, we
have investigated about 25 related systems. Indeed, the plates in this paper
are gelected from a total of almost 1000. These results have been complemented
by a variety of measurements, particularly susceptibility and resistivity, This
effort was impelled by the intriguing and often spectacular nature of the super-
lattices and the diffuse-scattering patterns revealed with the electron micro-
scope. Particularly fascinating and informative were the reversible first-order
transitions from one régime to the other. The interpretation we give of the
observed incommensurate periodicities and subsequent superlattices is in
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terms of charge density waves. This interpretation enables us to understand
the full range of previously anomalous electromagnetic data that over a period
of five years had been steadily accumulating on these materials. We have
reviewed the existing literature accordingly.

As examples of Fermi surface determined electronic instabilities, the
present results are particularly simple, and, moreover, are illustrative of many
more technical questions. The observed periodicities are easily picked out
on the theoretical Fermi surface ; we have striking commensurate/incommen-
surate transitions ; the electronic content of the system is readily manipulated ;
we can see clearly the role of cation disorder. The results come at an opportune
moment, when much interest exists concerning soft modes, Kohn anomalies,
and correlation based states. Earlier, particular interest in the dl-layer
dichalcogenide metals had been aroused through the presence of supercon-
ductivity there, and especially how this responded to organo-intercalation.
Just as interest in intercalation began to wane, we are now presented with the
topical problem, as for the Al5’s and C15’s, of interplay between a structural
instability, (here induced by the CDW), and the material’s superconducting
transition.

With the move into the metallic transition metal compounds, it is clear now
that the Fermi surface determined electronic instability is no longer the preserve
of chromium and its near neighbours.

The material contained in this paper is organized in the following manner :

Section 1 gathers as background most of the experimental data which have
appeared for the compounds in the past five years, relevant to the topic we shall
develop.

Section 2 is confined strictly to a description of our diffraction results.
These form the basis from which the present synthesis has sprung.

Section 3 is concerned with the band structures and Fermi surfaces of the
materials.

Section 4 deals in general with periodicities and superlattices as driven by
Fermi surfaces, and topics related to a charge-density wave as ground state.

Section 5 provides a detailed interpretation, in the light of §§ 8 and 4, of all
the experimental results presented in §§ 1 and 2 (primarily for the polytypes
containing octahedral sandwiches).

Section 6 gives further experimental data, especially from doped and
intercalated crystals, that serves as confirmation of the interpretation offered
in § 5.

Section 7 similarly treats the trigonal prismatic polytypes.

Finally, §8 summarizes the interpretation provided by the CDW model
of the various types of experimental observation reported to date, and also
indicates directions for future developments.

§ 1. INTRODUCTION TO THE MATERIALS

The structure of the group VB dichalcogenides consists of sandwiches that
are three atom-sheets thick. The bonding within each sandwich is covalent,
while that between them is weak van der Waals type. The top and bottom
sheets of the sandwich are of hexagonally packed chalcogen atoms, while the
middle sheet is of metal atoms. These X-M-X sandwiches can show either

12
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octahedral (AbC), or trigonal prismatic (AbA) coordination of the metal atoms.
The sandwiches stack in a variety of ways, giving either pure octahedral (1T),
pure trigonal prismatic (2H, 3R, 4He), or mixed coordination (4Hb, 6R)
polytypes (see fig. 1). The octahedral form is the stable high temperature form
of TaS,(/Se,). Tt is basically of the Cdl, type, the structure adopted by the
group IV semiconductors like d°HfS,. To be retained at room temperature
in the 1T form, TaS,(/Se,) must be quenched from above 1100°K in a chalcogen

Fig. 1
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atmosphere. For the pure materials the 1T products remain metastable if not
reheated beyond 550°K. The intermediate mixed coordination 4Hb and 6R
polytypes are secured by quenching from about 950°K. The‘trigonal prismatic
2H form seems to be the room temperature stable polymorph. This latter
structure is very closely related to that of the group VI semiconductors like
d2MoS,. All these materials have been discussed in detail in earlier papers with
regard to preparation, crystallographic, magnetic, electrical and optical
properties, (e.g. Wilson and Yoffe 1969, Huisman and Jellinek 1969, Lee et al.
1970, Thompson et al. 1971, Thompson, Gamble and Koehler 1972, Thompson,
Pisharody and Koehler 1972, Di Salvo ef al. 1973, 1974, Yoffe 1973) and are the
subject of a new review now in preparation (Wilson, for Rev. mod. Phys.).
However, a brief review of the anomalous properties for the compounds TaS,,
TaSe, and NbSe, is called for here.

Figure 2 shows the magnetic susceptibility (y,) of 2H-TaS,, 4Hb-TaS,
and 1T-Ta8, from 4-2°K to 600°K. According to band-structure calculations
(based upon the undistorted crystal structures of fig. 1), all of these polymorphs
of TaS, should be d-band metals with a moderate-to-high density of states at
the Fermi level. The susceptibility of 2H-TaS, is in accord with this, but
those of 4Hb and 1T-TaS, are anomalously low. Further, in 1T-TaS, we
encounter first-order transitions at 352°K and 200°K.; in 4Hb-TaS, first-order
transitions at 315°K and 20°K ; and in 2H-TaS, a second-order one at 80°K.
We shall label the higher transition temperatures in 4Hb and 1T-TaS, * T'; 1.
We label the transition in 2H-TaS, * 7', ’, since this latter turns out to be of a
somewhat different character.

Early X-ray diffraction studies did not reveal any structure changes at
these various °intra-polytypic’ transformation temperatures, beyond small
changes in the hexagonal ¢ and «a axis parameters. The marked difference in
character of the 1T and 2H polytypes, and of their intra-polytypic transitions
is very clearly demonstrated in fig. 3. Figure 3 shows the basal plane resistivity
(p_Lc) of 1T- and 2H-TaS, (see fig. 8 for 4Hb), along with similar plots for the
selenides. For the 2H polytypes the intra-polytypic transitions do not too
greatly perturb the metallic condition, but for the 1T and 4Hb polytypes the
effects are quite dramatic.

A striking feature to have been observed earlier with 1T-TaS, was that the
Seebeck coefficient changes sign from negative to positive on warming through
its 352°K transition (Thompson ef al. 1971). Despite a break, the Hall co-
efficient remains negative. Although the number of carriers above 7'y was
indicated to be very high, p is also high at 5x 1072 Q cm (see fig. 3). This
resistivity is three times more than that of the 2H polytype at the same tem-
perature. Above T4 the carriers in the octahedral polytypes evidently suffer
heavy scattering. Indeed, in the near infra-red reflectivity spectrum of
1T-TaS, rather little change is observed upon passing above T4, (see fig. 4).
The classical Drude behaviour, quite well exhibited by the 2H polytype in the
near 1.R. (Bachmann et al. 1971), is for 1T-TaS, completely disrupted above,
as well ag below T3. Only after replacing more than 709, of the Ta with Ti
does the 1T free-carrier reflectivity begin to appear ‘normal’ (Benda 1974).

T Our labelling, * 74 °, related to distortion ; ‘7', ’, to onset.
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Fig. 3
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TaS,). [Composite of repeated data.]

[As will be demonstrated, these latter optical measurements, made on mixed
cation crystals 1T—(Ta/T1)S, at helium temperatures, in fact correspond, for all
Tiz 15%, to T'>1T,;. Thompson, Pisharody and Koehler (1972) had already
reported that (at 300°K) the Seebeck coefficient was positive for (1T)-
Tay. o Tiy.S,, as for pure 1T-TaS, above T;.] Thompson, Pisharody and
Koehler (1972) observed further that for the 509, alloy Ta, ;Ti,..S, the electrical
resistivity is virtually temperature independent (at ~8x 10~* Q cm) right down
to 4°K. Tor all concentrations of Ti less than this, p in fact increases on
cooling, and in pure 1T-TaS, the apparent activation energy between the
200°K and 352°K transitions is 0-02 eV (=160 ecm~! or 230°K). At the lower
(200°K)) transition in 1T-TaS, (the equivalent of which does not occur in the
selenide), the resistivity increases by a further order of magnitude, and at
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Fig. 4
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Ta, ,Ti S, (data from Benda 1974). The anomalous behaviour develops
strongly for < 0-5. The marked change between 0-2 and pure TaS, oceurs
when the latter is below 7'y, as here.

4°K, p remains ~5x 1072 Q em (see fig. 3). By contrast, for 2H-TaS,, p is
~5x 1078 Q em, just prior to superconductivity appearing at 0-8°K.

In table 1 the results of thermal and pressure measurements at the various
intra-polytypic transitions are collected for a number of compounds. The
volume changes are calculated from the Clausius-Clapeyron equation, using the
dTy4/dP and AS data. The negative sign of each AV derives from the Clausius—
Clapeyron equation, given the fact that these transitions are all endothermic.
AV is largest for 1T-TaSe, at —0:4%,. For the 4Hb materials there is virtually
no change in Aa,, the volume contraction being carried by Ac,. Present
indications are that refined structural determinations will prove difficult. In
fig. 5 we summarize the known ranges of polytypic stability and metastability,
and the various inter- and intra-polytypic transition temperatures for the
typical case of TaSe,. In the present paper we concentrate on the infra-
polytypic transitions. These, as indicated in table 1 and fig. 6, entail heats
of transition of as high as 300 cal/mole, but this still is several times smaller
than that of an inter-polytypic transition (typically 13-2 kcal/mole).

One of the present authors suggested some years ago (Wilson and Yoffe
1969, § 8.2), when the anomalous properties of 1T-TaS, were first being noted,
that the solution lay with an understanding of the complex electron diffraction
patterns then obtained from 1T-TaS, at 300°K. The interpretation proffered
at that time was that shear structure formation occurred, as in V, O, 4,
WO,_,, ete., this hindering normal carrier mobility below 7';. However, it was
later recognized that the anomalous behaviour shown by the 1T materials
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Fig. 5
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Inter- and intra-polytypic changes for the case of TaSe,. The inter-polytypic
transition temperatures are drawn from Huisman (1969). The 1T, 4Hb and
6R polytypes are brought into the low temperature range (shown dashed) by
quenching.

particularly in resistivity (see fig. 3) persists above 7'y. Furthermore, the
crystals all proved to be of quite good stoichiometryt. The remainder of this
paper provides what we hope to substantiate as the proper solution to the above
problems, The form of explanation rationalizes also the anomalies in the low
temperature behaviour of the 2H polytypes, though detailed comments on the
latter are reserved mainly for § 7.

1 Present analysis shows them good to better than 0-59%,.
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Fig. 6
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at 410°K and its inter-polytypic transition to 4Hc; (a) crystallographic
change, (b) DTA trace.

§ 2. THE OBSERVATIONS OF ELECTRON AND X-RAY DIFFRACTION SUPERLATTICE
FORMATION AND DIFFUSE SCATTERING

2.1. General aspects

Because layer crystals cleave easily they are ideally suited for electron
microscopy, and accordingly their general characteristics are well documented
(Amelinckx 1964). The recent papers of Allpress (1972) and Bursill (1972) on
oxide shear-structures, and of Van Landuyt ef al. (1970) on NbTe,, demonstrate
the power of the technique directly to reveal superlattices and other complicated
structural features.

For NbTe, the crystals were observed to be broken up into twin domains,
presumably as a result of strain generated in the underlying CdI, structure by
the presence of marked metal-metal bonding. The domains are of such a
small size that, unless the electron beam is carefully constrained to interact
with a single domain, the observed diffraction pattern is highly confused. The
investigation of Van Landuyt ef al. has served to confirm the X-ray determined
structure of NbTe, and TaTe, (Brown 1966) ; a structure which we shall use
later in § 5.2. In NbTe,, metal-metal bonding causes marked shifts from the
“ideal * atomic positions that reach almost 0-5 A. Circumstances are similar
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in d®WTe, and d3ReSe,. For ReS,(/Se,) the band structure must be very
substantially modified by the distortion, as in the ideal structure they would
be metals, but in fact are 1 eV gap semiconductors (see Wilson and Yoffe 1969).
Standard X-ray powder patterns from the above distorted structures are
covered in ‘ extra ’ lines of fairly high intensity, corresponding to the increase
in cell size and to the reduction in cell symmetry following the appreciable
atomic displacements. Such marked distortions are not testified to by the
X-ray patterns obtained from the materials introduced in § 1.

Our electron diffraction patterns are obtained from crystals cleaved to less
than 2000 A in thickness, with the electron beam usually normal (or nearly so)
to the layers. Consequently we see the reciprocal lattice reflections (hk . 0)
in the hexagonal (or pseudo-hexagonal) cell. The beam voltage was varied
from 80 up to a standard 200 kV ; no fundamental changes in the diffraction
patterns were observed. The effects of double diffraction and spot elongation
due to the thin samples are discussed later.

Figure 7 shows electron-diffraction patterns as obtained at room tempera-
ture for several TaS,(/Se,) polytypes. [The scale of magnification for all
diffraction patterns shown in this article is approximately the same, so com-
parisons may be made from one plate to the next.] The pattern for stoichio-
metric 2H-TaSe, at room temperature is ‘ normal’, i.e. it is hexagonal with
the spot separation proportional to the reciprocal of an a, axis taken equal to
the Ta-Ta separation within a sandwich. Since these a, axes in all the Ta
and Nb layered polytypes are approximately the same (3-315 A for 2H-TaS, to
3477 A for 1T-TaSe,), the (hk.0) diffraction patterns from the various
polytypes should all appear very similar, according, that is, to those simple
X-ray determined structures portrayed in fig. 1. That this is not the case is
obvious from fig. 7. Various superlattices are present even at 300°K. Tigure
7 (v), moreover, shows a 3a, superlattice to be established in pure 2H-TaSe,
below 120°K,, a temperature at which its physical properties were noted earlier
to become anomalous (see §1; also §7). Judging from these (k% .0) pro-
jections alone the superlattices would appear to be hexagonal. One should
note however that strongly distorted ReSe, and NbTe,, which are in fact
triclinic and monoclinic respectively, appear hexagonal in cleavage plane
electron-diffraction patterns.

In the 4Hb pattern the diffraction spots corresponding to the parent lattice
are always clearly evident. For 4Hb-TaS, we suspect that the superlattice
transition at 315°K (see figs. 8 and 2 ; after Di Salvo et al. 1973) atfects only
the octahedral sandwiches, leaving the interposed trigonal prismatic sandwiches
undistorted. The trigonal prismatic sandwiches would appear to distort at
20°K. (Unfortunately we have no liquid helium facility on the microscope to
observe this low temperature transition directly.) The room temperature
pseudo-hexagonal superlattice for 4Hb-TaS, corresponds to a =13a,. That of
1T-TaSe, corresponds to a=/13a, rotated by tan-1 /3 (i.e. 13° 54') relative
to a,. TFor 1T-TaS, the 300°K diffraction pattern is extremely complex, and
as yet we do not have a proper explanation for its appearance, although it is
clearly closely related to that from 1T-TaSe,. Taking the pseudo-hexagonal
view it would yield a value of a ~ 81}a,, implying some 6650 molecular units per
cell. However, in view of what follows, we shall avoid such an interpretation.
We find, for example, that these numbers are a function of the temperature.
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Fig. 7

(iii) | | (v)

(V) - (vi)

Electron diffraction plates showing superlattice formation. (i) 2H-TaSe, (300°K).
A crystal showing standard a, parameter. (ii) 1T-TaSe, (300°K). Pattern,
for well-oriented sample, from 4/(13)a, superlattice, (8-type domain). (iii)
4Hb-TaS, (300°K). Pattern indexable on 13a, superlattice. Equivalent to
superposition of o« and B-domain patterns (see fig. 15 (i)). (iv) 1T-Ta8S,
(300°K). Basically 4/(13)a, superlattice pattern (here of x-domain type), but
with complex °decoration’ (see figs. 17 and 18). (v) 2H-TaSe, (90°K).
Sharp spots from 3a, superlattice. (vi) (@) 2H-TaSe, (135°K). Correspond-
ing diffuse scattering seen up to 50° above T, (120°K). (b) 2H-Ta,.qg8€,
(800°K). Same scattering, but more intense.
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Fig. 8
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Resistivity in 4Hb-TaS,, L and |¢, through both intra-polytypic transitions (compare
fig. 3 for 1T and 2H-TaS,) [from Di Salvo et al., 1973].

Knowing that superlattices are present in these compounds, evidence of
their presence and form was sought more carefully in X-ray diffraction. Since
not previously observed, the superlattice lines were expected to be very weak,
and long exposures in a camera that eliminated background radiation were
clearly necessary. A great many superlattice lines were finally recorded using a
Guinier powder diffraction camera with a bent crystal monochromator. For
1T-TaSe, an exposure of 110 hrs (at 300°K), using CuKo radiation with the
tube at 17 kV (to eliminate radiation wavelengths at half the K« wavelength),
and 40 mA, showed 85 superlattice reflections for 26 up to 90° (Di Salvo ef al.
1974). Similar results are reported for other polymorphs in §5.2 (¢). The
X-ray work was performed to confirm the conclusions drawn from the electron-
diffraction experiments, especially the tilting experiments (see § 2.2 (h)).

The reason that the superlattices are so easily seen by electron diffraction
is that for electrons, unlike X-rays, the scattering is in the dynamical limit (i.e.
multiple scattering is important). Many authors have discussed dynamical
scattering, but a simple picture comparing X-ray and electron diffraction is
given by Allpress (1972). The disadvantage with electron diffraction is, then,
that determination of atomie positions from the intensities of the diffracted
electron beams is extremely difficult, if not impossible.

For X-ray (or neutron) scattering the intensity of the superlattice lines
reflects the degree of displacement modulation of the parent structure (Guinier
1963, Chap. 7; Overhauser 1971). In the 1T-type materials this is revealed
to be rather small (~0-1 A), in agreement with the small adjustments found
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Fig. 9

v) (vi)

Electron-diffraction plates obtained by heating above T,. (i) 1T-TaSe, (500°K).

Diffuse rings, and various orders of structure modulation satellite spotting in
the (incommensurate) phase above Ty (473°K) ; (see fig. 13). (ii) 4Hb-TaS,
(300°K). 13a, superlattice prior to heating, from specimen giving plates (ii)
to (vi). (iii) 4Hb-TaS, (320°K). Intermediate condition in conversion to
high temperature phase (73 =315°K). Low temperature «-domain spotting
still evident ; contrast fig. 12 (v) from 6R-TaS,. The small linear accommo-
dation made in attaining the superlattice is apparent here. (iv) 4Hb-TaS,
{350°K). No second-order spotting is ever apparent for 4Hb and 6R. (v)
4Hb-TaS, (460°K). First-order spots much weakened and diffuse. (vi)
4Hb-TaS, (300°K). 13a, superlattice condition as re-established from (v).
Note, however, weak spots at a,*/2 not present originally.
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both in lattice parameter and enthalpy when the superlattice is adopted (see
§1). Actually, for 2H-NbSe,, superlattice lines of extremely low intensity
had been indicated earlier with X-rays at low temperatures, following upon a
very slight discontinuity in c¢/a (Marezio et al. 1972). The superlattice that
they tentatively suggested (at 10°K) had a=2a,, in contrast to the a=3a,
which we clearly observe by electron diffraction (for 2H-TaSe,). However,
the authors expressed doubt about the exact cell, since only a few superlattice
lines were observed and these with signal to noise of approximately one.
Displacements considerably less even than in the 1T and 4Hb polytypes are
implied by this result.

Above their respective first-order transitions (7';), the electron-diffraction
patterns from the 1T and 4Hb-type materials become very-similar. They are
both characterized by strong diffuse scattering in a chain-like pattern of inter-
locking circles, which persists more than 100° into the new phase, indeed right
to the temperature (z550°K) at which these metastable phases convert
irreversibly to the trigonal prismatic polytypes. Figure 9 includes a sequence
of plates for 4Hb-TaS, taken up through this diffuse-scattering high-
temperature régime, along with the room-temperature pattern as regained upon
cooling back below T'q. Proof of reconstitution of the superlattice at room
temperature is significant for two reasons : (a) it shows that the effects are
properties of the particular polymorph itself, and NoT due to some irreversible
inter-polytypic transformation ; (b) it shows that they do not follow from loss
of chalcogen in the high vacuum of the microscope during heating. The geo-
metry of the satellite spotting and diffuse scattering observed above 7’4 is later
shown to be directly connected with the form of the Fermi surface in k-space
(at least for those polymorphs where band-structure calculations have been
reported). This relation will be discussed in principle in § 4, and material by
material in § 5 and § 7.

Direct observations of the superlattice transitions themselves, in the
electron microscope, again clearly separate the 1T/4Hb materials from the 2H,
etc. For the former group the first-order transition shows very little hysteresis,
as noted also in the scanning calorimeter and susceptibility measurements.
The dislocations remain more or less fixed through the transition, but the many
swirling bend contours, which characterize these particular layer materials,
flicker wildly. Figure 10 (i) to (iii) shows such contours in a 4Hb specimen
firstly above, then below, and finally re-heated to above 1'3. As will be noted,
there is a rather detailed reconstitution of the initial strain conditions even at
this micro-level. Table 1 records that the volume strains at these transitions
lie between 0-1 and 0-4%,. Our electron microscope data (see table 2) for
1T-Ta8, in fact indicate a discontinuous reduction at 7'y in the basic lattice
parameter, a,, of about 13%. Contrasting with the 1T-4Hb materials, the
trigonal prism-type materials show in their diffraction patterns steady build-up
towards and into their commensurate 3a, superlattice condition in second-order
fashion, as other measurements would also indicate (see fig. 2).

We have also directly observed the érreversible interpolytypic conver-
sion of the 1T polytype, which occurs around 550°K. In comparison to the
intra-polytype transitions it is very sluggish. Samples can readily be secured
in which one may see in transmission, using an optical microscope, a local
merging of the yellows and browns of the 2H phase, the greens of the 4Hb, and



132 J. A. Wilson et al.

Fig. 10

(1) (ii)

(i) (iv)

) (vi)

Electron micrographs from 1T-TaS, (i) 360°K, (i) 345°K, (iii) 360°K : This
sequence indicates the changes in strain pattern of the band contours through
the 352°K transition, and demonstrates the high degree of reversibility
(13000 x). (iv), (v), (vi) Dark-field plates in superlattice state ; (iv) from
superlattice spot cluster of type b, (v) from an a,* spot, (vi) from superlattice
spot cluster of type a, for same area as plate (v). The origin of the remarkable
grainy contrast is not understood.
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the steel-blues of the 1T. In the electron microscope one can see that this
transition (as distinct from the intra-polytypic transitions) proceeds relatively
slowly via nucleation and growth probably within each sandwich, the sand-
wiches converting more or less independently down through the bulk of the
sample (see fig. 11). Detailed observations concerning the inter-polytypic
transitions will be reported separately. However, we should note here that in
aged 1T-TaSe, both intra and inter-polytypic transitions may be observed
concurrently. Such crystals presumably are more heavily nucleated, so that
the reversion of the metastable polytype is promoted at lower temperatures
than in fresh crystals.

Fig. 11

@) (i)

(iii) (iv)

Electron micrographs from 1T-TaSe, showing slow reversion to 2H structure at
460°K (i.e. just below T'). Plates (i), (ii), (iil) were taken at 2 minute intervals
(mag. 20 000). The sandwiches, in the early stages shown here, probably
convert individually. This same area of crystal was earlier investigated in
the experiments of fig. 15. The polytypic conversion boundaries appear to be
1120. Mag. for plate (iv) is 50 000. See also fig. 19.
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Fig. 12

(v) (vi)

Electron-diffraction patterns for 1T and 6R-TaS,. (i) 1T-TaS, (cooling through
T,). Details of the high and low temperature phases are seen superposed
(see fig. 13). The ‘ decoration ’ of the low temperature phase is rotated and
enlarged compared with at 300°K (see fig. 7 (iv)). Similar effect to be seen
in fig. 24 (vi). - (ii) 1T-TaS, (360°K). The two sets of diffuse rings are
strongly evident, plus many of the structure modulation satellites of various
orders. Contrast with fig. 24, and with fig. 9 (iv) for 4Hb-TaS,. (iii) 1T--TaS,
(630°K). Second-order spots now gone; return on cooling. (iv) 6R-TaS,
(300°K). Besides spots of the «/f sets many other spots of 13a, superlattice
show faintly. Also some 24, spotting. (v) 6R—TaS8, (warming through T,).
Linear accommodation made between phases apparent here. Compare fig.
7 (). (vi) 6R-TaS, (310°K). Carried into h.t. phase by beam heating
(note bottom right). No second-order spots {as 4Hb).

K 2
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2.2. Detailed observations

In the remainder of the present section we describe the details of the experi-
mentally observed electron-diffraction patterns, the various materials being
taken one by one. We here draw attention to (a) in the Appendix, which
illustrates the relationship between reciprocal and direct space for the hexagonal
system ; also to the combination of symmetry related plane waves (b). Note
that a,* is equal in magnitude to 2/4/3 . 2w/a,, and that a * is rotated by
30° from a,.

(@) 17-TaSe,

Diffraction from the room-temperature superlattice was shown in fig. 7 (ii).
Figure 9 (i) (T ~480°K) is representative of the 7> T'; patterns. This TaSe,
pattern is similar in all details to those from 1T-TaS, above 7'y (fig. 12 (ii)).
The diffraction data obtained above and below 7', for the two phases of 1T~
TaSe, are clarified and correlated in fig. 13. The room temperature super-
lattice is there represented by the © 3-by-1’ 13° 54’-rotated hexagonal net of side
a*=a,*/4/13. The more complicated spotting and diffuse rings (‘ bicycle
chains ’) of the high temperature unrotated condition have been made to show
up strongly in the diagram. Experimentally the basic array of a,* spots
becomes obvious in the low temperature phase, only where the sample is very

Fig. 13

/ \ NS

ST e
F T
" a*’ﬁ

/
4

Geometrie relationship between the basal plane electron-diffraction patterns obtained
from 1T-TaSe, above and below T'q. All straight lines serve merely to draw
attention to the pattern periodicity. The spotst shown are for the h.t. phase,
as are the rings. The spots in the low temperature pattern fall at the vertices
of the rhombohedral net (a-oriented) ; 6= +13° 54,

T Here neglecting the 1° twist of satellite vector relative to main spotting axis.
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carefully orientated normal to the electron beam using the Kikuchi pattern.
In the high temperature phase the radius of the smaller circle of diffuse scatter-
ing is just 3 to 49, (see table 2} large than a *, the low temperature reciprocal
superlattice unit. Thus the ratio of this radius to a,* is ~1/4/13 (i.e. =0-277
or 5/18). We will concern ourselves later with just how this particular
magnitude originates.

It is a remarkable fact that many fairly sharp spots are still present in the
high temperature diffraction pattern. The first set of six spots appearing
around each o,* point we label type 1. These first-order satellites experi-
mentally appear in the basal plane sections here at very close to 5/18a,*+.
The spots of the weaker set seen at 5/18a,*(a,; +a,,) as a triangular cluster, we
label type 2. The somewhat weaker spots at ~10/18a,* (which may not be
detectable in the printed version), we label type 2. The reason for this form
of labelling will be explained later. Exactly where the spots occur in three-
dimensional reciprocal space is shown in § 2.2 (2). In § 5.1 the origin of these
satellite spots above T, is shown to be an incommensurate charge-density
wave]. Spots of types 2 and 2’ are found to disappear relatively quickly upon
substitution of Ti for Ta (see § 6), and they likewise disappear first during the
heating experiments (see fig. 12 (iii)). From a careful examination of the high-
temperature diffraction patterns it appears that each complete set of satellite
spots (1, 2 and 2') is fractionally rotated ( ~1°) around its central Bragg peak,
the sense of this rotation being towards the low temperature superlattice
favoured for that particular crystal section. The effect can be clearly seen
in fig. 24 (i).

Fig. 14
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a and B-rotated superlattice domains as defined in the hexagonal array of cations of a
single sandwich. The twin domain boundary is here an atom row.

1 We later use the generalized label q,; for such a vector.
T Or rather the induced periodic structural distortion in the atomic array.
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Fig. 15
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(i) (ii)

(iv) V)

Superlattice domains in 1T-TaSe, (300°K). (i) Diffraction, with aperture centred
on dislocation forming «/8 superlattice domain boundary. Insert relates to
spots used in dark field work. (ii) Bright field (20 000 x ) of area around this
dislocation. (The same area was later used in the work of fig. 11). (iii) Dark
field of same region, using spot from main o * lattice indicated above. (iv)
Dark field using «-type superlattice spot, illaminating left-hand domain.
(v) Dark field using 8-type superlattice spot, illuminating right-hand domain.
(Our thanks are due to A. G. Cullis for the results of this session, and those
shown in fig. 11).
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The superlattice developed below 7'y may arise with the ‘ 3-by-1’ operation
to either side of the primary strings of a,* spots, thereby leading to twin
domains «, 8. Figure 14 shows the formation in direct space of a superlattice
twin domain boundary. Such boundaries have been observed, but they are
rather infrequent (Z0-2mm apart in a good crystal). Figure 15 shows
diffraction from the vicinity of such a boundary, which was associated in this
particular case with a bundle of dislocations. What is immediately obvious
from fig. 15 is that the rather complex diffraction pattern obtained from
4Hb-Ta8,, shown earlier in fig. 9 (ii), has the form of a superposition of «
and B-rotated 1T-TaSe, patterns (see (b) below). Upon cycling 1T samples
repeatedly through the superlattice transition, it seems the choice of orienta-
tion (« or B) becomes progressively less random.

(b) 4Hb-Tal,
The geometry of the room-temperature diffraction pattern (fig. 9 (ii)) is

clarified in fig. 16. As noted just above, this pattern is formed by the addition
of the « and B-rotated 4/(13)a, patterns. This produces a 13a, axis parallel

Fig. 16

e a3 RECIPROCAL LATTICE
POINTS.

« a-ROTATED
/13 SUPERLATTICE.

+ [3-ROTATED
/13 SUPERLATTICE .

4Hb-Tas,

The 4Hb superlattice diffraction pattern seen as the addition of « and B-rotated
1T-(TaSe,) patterns. Parts are shown of the following hexagonal reciprocal
lattice networks ; (a) the parent a,* one, (b) both a,*/4/13 rotated ones,
(¢) the unrotated a,*/13 one.
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to the parent CdI, direction. It seems not unlikely, since the octahedral
sandwiches in the 4Hb polytype (6R is similar) are regularly spaced by trigonal
prismatic sandwiches, that the superlattice distortion might alternate in sense
with each successive octahedral sandwich., Indeed the  balanced ’ pattern of
fig. 9 (ii) is obtained from the thinnest of samples, and is independent of the
crystal quality. (4Hb is sometimes heavily dislocated.)

Relevant to this matter, it was observed in our heating experiments on
1T-TaSe, (and —S,) that if the samples were cooled from temperatures at which
random conversion of individual sandwiches through to trigonal prismatic
coordination had begun, transfer into a 4Hb-like diffraction pattern could be
obtained. It appears that a converted sandwich disrupts the communication
between its flanking octahedral regions (or at least alters the sense of that
communication), so that whole blocks of « rotation occur above blocks of 8
rotation. Such patterns are often rather badly moiréd (by internal slip), and
frequently they show rather faint spotting at all points of the reciprocal lattice
corresponding to 13a,. (Compare fig. 19 (i) for light Ti doping.)

A further revealing complication is portrayed in fig. 9 (iii). This picture
was taken a little above T'3. It shows that while much of the sample is in the
high temperature régime, there lies superimposed on that pattern just one of the
low temperature 1/(13)a, patternsi. We can only suggest that the sample
contains just octahedral sandwiches at some level, and for the latter one is still
below T'y. It should however be remembered here that the low temperature
diffraction pattern for pure 1T-TaS, is not normally so simple (see fig. 7 (iv) ;
attention is also brought to figs. 12 (i) and 12 (v)).

Immediately apparent from fig. 9 (iii) is that the circle of type-1 spots is in
the 4Hb case somewhat smaller in radius than the ideal ,*/4/13 ; by — 5%, in
fact (see table 2), to be contrasted with + 39, for 1T-TaSe, (or —S,). None of
the 4Hb samples when taken into the high temperature phase (fig. 9 (iv)) show
those extra fairly sharp spots of types 2 and 2', noted above for both pure
1T-TaSe, and 1T-TaS,. Moreover, the intensity of both the diffuse scattering
and of the type-1 satellite spots is less than for the 1T materials. This implies
smaller atomic displacements in the 4Hb material.

(¢) 17-Tas,

As regards the high temperature phase there is no difference between
1T-TaS, and 1T-TaSe,, apart from the fact that the selenide is more prone to
undergo inter-polytypic conversion. The room-temperature diffraction from
1T-TaS, is much more complex however (see fig. 7 (iv)). The details of this
pattern are expounded in figs. 17 and 18. Each spot of the selenide pattern is
replaced by a cluster of four spots in the form of a centred equilateral triangle.
However, the centring spot does not fall exactly at the 4/13 site. The triangles
are of two types : namely, neighbour to a CdI, lattice point (type @), or not so
(type b). The centring spot for the former is more nearly ‘ ideal > than for the
latter (see fig. 18). The sides of all the triangles have a common inclination
relative to the main a,* spots. At 300°K this is approximately ‘3 by 2’

T The double transition seen by DTA (Di Salvo e al., 1973) in 4Hb-TaS, could
derive from this or a related situation.
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Fig. 17
17-Ta 52

Representation of repeat details in 1T-TaS, (300°K) superlattice diffraction pattern.
Expanded view of a,* unit is given in fig. 18. The heavy hexagons incorporate
type a superlattice sites, the triangles type b.

(i.e. 23° 25'); the arms of the triangles then roughly bisect the a * and 1T-
TaSe, a* directions. As the temperature is raised towards the 350°K transi-
tion, the triangular clusters smoothly grow in size and twist to a significantly
different orientation with respect to the a,* spotting (see fig. 24 (vi)). In this
process there appears to be some loss of hexagonality in the array of fine spots
‘ decorating ’ the triangle-centring spots.

Specimens of 1T-TaS, for all thicknesses and all preparative variants show
the same details, and these details regenerate upon cycling through 7'y. The
definition of the pattern is however very sensitive to specimen tilt. Only when
carefully centred with the aid of the Kikuchi bands do the basic Cdl, spots
flare out as in fig. 7 (iv). Moreover, when so positioned, a corner spot in the
type b triangles also flares strongly, emphasizing the larger triangular grouping
evident in fig. 7 (iv), and giving the impression of very non-collinear strings of
spots. When the specimen is tilted slightly (~ 5°), the clear systematics of the
pattern rapidly disappear, the pattern fuzzing out in ribs. Moreover, where
sharp spots remain, some of the small triangles are added to by further spots,
so that

becomes :: or :i: or

Figure 24 (v) corresponds to a specimen tilt of about 15°.
The various spots in the 1T-TaS, superlattice patterns are too close
together to permit satisfactory dark-field work even with a 10 u aperture.
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Fig. 18

1T-TaS, (300%)

Details of diffraction pattern from 1T-TaS, in quasi-superlattice state at 300°K.
The spots within the clusters around the type-b sites, that are marked by a
star flare strongly when the pattern is Kikuchi-centred upon the c-axis pole.
Neither type of cluster places its centre spot exactly at the a,*/+/13 points.
These details are a function of temperature (see text).

The dark-field patterns (see fig. 10 (vi), (iv)) obtained when trying to image in
the 4/(13)a, superlattice ‘spots’ show a remarkable grainy contrast, not
apparent for the selenide where those spots are not composite.

So far only one run has been made through the low temperature (200°K)
transition of 1T-TaS,. The diffraction pattern is found to lose these com-
plexities, the detailed origin of which is not yet clear.

The complex pattern from 1T-TaS, has many of the characteristics of
double diffraction (where spots with zero structure factor can appear), but it is
not likely that out of all the layer materials such an occurrence would be
confined to 1T-TaS,. Further discussion of the fine detail in the room-
temperature 1T-Tas, pattern pattern is given in §5.2 (e).
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(d) T'rigonal prismatic polytypes

In fig. 7 (v) we showed that the low temperature phase of 2H-TaSe, involves
the formation of a 3a, superlattice, and, while it is not yet proved, it is quite
probable that this is common to all the polymorphs 2H, 3R, 4Hec of TaSe,,
TaS,, and NbSe,. Certainly the anomalies in y, p, S, Ry, etc., outlined in
§ 1 (and re-examined in § 7), are all very similar for this group.

The 3a, superlattice spotting in 2H-TaSe, is of very low intensity, and shows
clearly only when the neighbouring a,* spots are strongly excited, this indicating
that the superlattice lies in the =0 plane. The apparent absence of a super-
lattice spot at the centre of the triangle defined by the a,* spots further indicates
that the modulation defining the superlattice is very slight. The intensity of
these points should in part be due to overtones (i.e. combinations) of the basic
(3, 0, 0) and (0, §, 0) satellite spots (see § 7). The latter spots gain perceptibly
in intensity for some 40° below the first appearance of sharp spotting (7', =
120°K for 2H-TaSe,). For 60°K above this temperature diffuse scattering
is observed about the (%, 0, 0) points (see fig. 7 (vi) (@)). Both these observa-
tions indicate second-order behaviour. Worthy of note is the extent of the
critical scattering, (viz. to 137,). Indeed, this diffuse scattering can be
observed at room temperature, following either incorporation of tantalum
excess in the van der Waals gap region (as in Ta,..sSe,, fig. 7 (vi) (b)), or
substitution of tungsten for tantalum within the sandwiches (as in
Tay.9oWy.0s5€,). Electrical and magnetic measurements are underway to
follow any associated shifts in 7', and to see whether these effects are a function
of ‘efa’.

Intercalation of 2H polymorphs with Lewis base organics, such as pyridine,
acts to suppress the above anomaly (Thompson, Gamble and Koehler 1972,
Di Salvo 1972, Revelli 1973 (Ph.D. Thesis), Murphy ef al. 1974), as observed
in y, pand By, Electron diffraction however often reveals a host of ordered
and partially ordered states, but these seem to relate to the intercalate in its
varying stages of deintercalation (see fig. 22 (iv)). When in the fully ordered
condition, using pyridine, it is nevertheless clearly significant, with regard to
the chalcogenide matrix, that the basal plane cell dimensions are a rectangular
24/(3)a, by 13a, (Parry et al. 1974), while for cyclopropylamine the same
hexagonal 4/(13)a, cell occurs that we have met for 1T-TaS, (or possible x 2,
Beal and Liang 1973, fig. 10). Thus, as will become apparent particularly
through the results of § 2.2 (¢g), there is considerable interaction between the
structural instability of the host and the geometric ordering pattern favoured
by (at least some) organic intercalates.

For inorganic 2H intercalates, however, such as iron (fig. 22 (v)) or sodium
(Carter and Williams 1972), the observed superlattices usually seem due to a
simple, geometric ordering of the intercalate, although tin does show a complex,
unresolved pattern (fig. 22 (vi)). The two patterns reported by Carter and
Williams for ammonia intercalated 2H-NbSe, are very interesting. Although
the extra spotting in their partially intercalated samples (x~0-40 and 0-60)
appears to bear an arbitrary relation to the matrix spotting, patterns of this
type were reported to come also from material that had never been intercalated.
The latter material showed heavy concentration of growth defects. This serves
to warn against always interpreting the observed superlattice as coming from
ordering of the intercalate. The 2a, superlattice reported by Beal and Liang
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(1973) for 2H-TaSe,+ aniline is probably a case in point. This superlattice
we often observe in chalcogen-poor material that, again, has never been
intercalated. In fact aniline is known to extract chalcogen as it de-intercalates
spontaneously at 300°K (A. H. Thompson et al., to be published) ; ammonia
does likewise, substantially reducing the 2H low temperature anomaly. In
fig. 19 (vi) we show a sample of ‘ pure’ 2H-TaSe, locally passing over from
the simple structure to a 2a, superlattice (360°K). Figure 19 (v) shows the
2a, superlattice to be thermally controlled, perhaps in a similar way to the
3a, superlattice described earlier. The relation between the two superlattices
will be discussed in §7, in terms of probable changes in the Fermi surface
geometry. The effects of intercalation are returned to in § 2.2 () and §§6
and 7.

(e) 6R-TasS,

Powder samples were kindly provided by R. B. Somoano and A. Rembaum
of the Jet Propulsion Laboratory, Pasadena, California. These contained
some small crystallites of up to 1 mm diameter which were adequate for electron
diffraction studies. X-ray diffraction and magnetic susceptibility measure-
ments indicated that the (powdered) material was contaminated by approxi-
mately 10 to 159, of other polymorphs, primarily 2H and 1T. The suscepti-
bility of the material showed a 10°K broad transition centred at 315°K,
apparently deriving from the 6R content, this being the same temperature as
for the transition in 4Hb-TaS,, the other mixed coordination polytype (see
fig. 1). No further anomaly was detected in y near 20°K, however, unlike
4Hb-Ta8, (fig. 8). As one can see from plates (iv) to (vi) of fig. 12, the electron-
diffraction patterns obtained are indeed similar to those obtained from 4Hb—
TaS,. Extra spots appear in these patterns at (}, 0, 0) and (4, 0, 0), which are
not seen for good 4Hb material. This may be due to stoichiometry problems,
or possibly defects in the stacking arrangements, such as having several
trigonal prismatic sandwiches together. Because the transition is not as sharp
as for 4Hb, pictures like fig. 12 (v), of a high temperature/low temperature
pattern superposition, can be readily obtained. It is immediately apparent
from this figure that the first-order high temperature satellites lie closer to the
main gpotting than the a,*/4/13 of the superlattice, by a ratio somewhat in
excess of cos™! 13° 54’ (or 0-97)—in fact by 5-29,, as for 4Hb.

(f)y Mixed crystals

Work on mixed systems has opened up a variety of interesting aspects ;
but so as not to overload the present paper most of this will be reported
separately. A comparatively simple and most illuminating substitution has
been that of Ti for Ta. In this article we will focus on 1T-Ta,_,Ti S, and
1T-Ta, Nb,S,. The electronic and optical properties of the series 1T-
Ta,_,Ti S, have already been reported (Thompson, Pisharody and Koehler
1972, Benda 1974). Ti substitution allows the average ‘ e¢/a ’ number for the
conduction electron system to be decreased continuously from 1 to 0, without
at the same time markedly distorting the crystal lattice. The molar volumes
of 1T-TaS, (T < T,) and TiS, differ by only 3% (57-80 and 57-12 A3 respec-
tively), though the compounds do have the significantly different c/a ratios
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Fig. 19

(iid) ' (iv)

v) (vi)

Stages in the destruction of the 1T phase by thermally promoted interpolytypic
conversion (see fig. 11): 1T-TaSe,. (i) (300°K, following short period at
500°K). A great many spots falling on @,*/13 net are apparent. This is
characteristic of faulted crystals. (ii) (300°K, following 1hr at 450°K.)
One of the hexagonal axes has become tripled, relative to standard +/(13)a,.
(iii) (500°K, following 1 hr at 450°K). Besides standard structure modulation
spots of h.t. phase, spots corresponding to 2a, and 3a, also apparent. Plate
(ii) was regained from this condition. (iv) (Held at 550°K.) Virtually
converted to trigonal prismatic coordination. Shows triple spotting of one
a, axis. (v) (Held at 550°K.) Final plates of sequence: (a) diffuse 2a,
scattering at 550°K, (b) sharp 2a, superlattice spotting, when cooled to 300°K.
(vi) (300°K.) Same 2a, superlattice appearing towards edge of an as-grown
2H sample.
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of 175 and 1-67, the a, values being 3:365 and 3-405 A respectively. The
crystallographic accommodation demanded by substitution of isoelectronic
Nb for Ta is even less, so that in this case, study can be made solely of the
effects of the 4d/5d* disorder in cation site potential.

In both alloy systems 7'y is depressed with increasing x, at a rate somewhat
faster than linear, but which approximates in each case to 10°K/atomic %,.
(The details of the electronic and magnetic properties at low 2 will be reported
separately.) The transition quickly broadens as  increases, becoming essen-
tially undefined for 2 0-15. The energetically slighter transition occurring
at 200°K in pure 1T-TaS, is completely suppressed by as little as 19, Ti
substitution. Moreover, the resistivity in all the 1T alloy systems remains
anomalous at large z, and indeed up to about x=0-5, p continues to increase
for decreasing temperature (see Thompson, Pisharody and Koehler 1972).

A selection of electron-diffraction patterns for these systems is collected in
figs. 20 and 21. The results of fig. 20 will be analysed at length in § 6. For
Nb doping of 1T-TaS,, although 7', is depressed (it falling to room temperature
for 89, Nb), the magnitude of the low and high temperature structure modula-
tions throughout remains virtually unchanged at (effectively) +/(18)a,. The
sharp satellite spots of the high temperature phase are rapidly smeared out
(by x ~15%, Nb), leaving the two interlocking sets of rings of diffuse seattering,
stronger even than before. By only 89, Nb doping the potential disorder
appears so severe that no trace is found of any second-order (types 2 and 2')
spotting (fig. 21 (ix)). Surprisingly this contrasts with the case for comparable
doping by Ti (see fig. 21 (vi)), despite the fact that the depression of 7'y is
virtually the same as for the Nb case. However, contraction of the structure-
modulation spotting back towards the main a,* spotting is the most striking
feature through the Ti alloys; a feature not found in the Nb-doping case.
The first-order (type 1) satellites, although becoming somewhat diffused, are
still evident even with 509, Ti doping, whilst the associated rings of diffuse
scattering, though weakening in intensity, persist right through to TiS, itself.
The rings do not appear to be due to short-range crystallographic order, since
annealing a sample with 85%, Ti for several days yielded little change in their
definition. As was apparent in fig. 13 for pure 1T-TaSe,, the radii of the large
and small circles are found to adjust throughout the series so that their sum
remains close to a,*.

For the ‘high’ temperature phase there is little difference in behaviour
between the sulphide and the selenide alloys, 1T-(Ta/Ti)X,. For the low
temperature phase, however, there are several differences of detail inthe
diffraction patterns. Differences are also picked up in the p and y versus 7'
behaviour below 800°K. Tt is clear they are associated with the fine struec-
ture observable in the room-temperature pattern for pure 1T-TaS, and
largely retained following suppression of the low temperature transition at
200°K (e.g. fig. 21 (iii)). This topic is returned to in §§5 and 6. At the
present stage we might point out the difference between the Ti-doped selenide
fig. 21 (ii) and the sulphide fig. 21 (iv). The latter contains some of the com-
plexities to be found in fig. 21 (vii) for 1T—(Ta/Nb)S,. One notes in such
sulphide plates both a loss of hexagonality for trigonality in the pattern of
‘ superlattice * spotting, and the complex manner in which the details of the
1T pattern are accommodated.
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Fig. 20

(1) (i) (iil)

{vii) (viii) (ix)

Changes in the e¢fa-dependent features of the 1T diffraction pattern (outside the
+/(13)a, superlattice region). (i) 1T-TaS,, 370°K; (i) 1T-Ta;Nby.,S,,
[at 300°K, as are remaining plates] ; (iii) 1T-Ta,.,Tig.58, ; (iv) 1T-Tay.;Tiy.58; ;
(v) 1T-Tay.5Tig8y ; (vi) 1T-Tag 5 1655, 5 (vil) 1TV, Ti,.¢S, 5 (viii) TiS, ;
(ix) 4Hb-TaS, . EDA,,,. The crystals for plates (ili) and (v) were kindly
provided by J. Benda, those for plate (ix) by S. Meyer, and for plate (viii)
by A. H. Thompson. The latter TiS, crystals are of good stoichiometry,
but still show interspot streaking.. The EDA intercalated plate (ix) shows
3a, spotting in the rings, ie. ¢,'/o,*=0-33 (see fig. 22 (i) and fig. 23 (a)).
In addition to the virtually unchanged ring size in (ii) relative to (i), note
that the second-order spotting is gone (true for =89, Nb).
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For 4Hb-like patterns such as fig. 21 (ii) to have been recorded, it is
presumed that the dimensions of the «/8 superlattice domains are reduced by the
doping to such an extent, that, with the 10 micron aperture used, this additive
pattern is yielded. It is probable that local variations in Ti concentration
significantly change the local value of Ty, so that there is not a single co-
operative adoption of « or 3 orientation for the superlattice throughout the
crystal. X-ray fluorescence analysis indeed has revealed that the Ti content

Fig. 21

(Vi) (viii) (ix)
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varies somewhat from crystal to crystal within a single growth batch. The
many extra spots of the a,*/13 array present in fig. 22 (ii) and the very marked
blobs, not spots, on fig. 21 (i) (b) are also indicative of somewhat faulted
material. Finally we note in fig. 21 (viii) a remarkable suppression of the
inner (type @) spots occurs, and the type b spots falling in parallel hexagonally
arrayed pairs, as with real 4Hb material. This signifies that the doping has
produced a change in the c-axis spot coordinates.

The behaviour of vanadium-doped TiS,/Se,, and of d'VSe, with respect to
its low temperature transition at 110°K, can be interpreted within the
present framework. We will treat separately some of these very interesting
vanadium-containing compounds. Not presently understood are the properties
of TiSe, and TiS, (A. H. Thompson, B. G. Silbernagel, to be published), and in
particular the source of the very high conduectivity in TiS,, which by all
theoretical counts should be a semiconductor. The interspot streaking evident
in fig. 20 (viii) suggests that some type of structural defect provides the carriers
in this d® material. The specimen used was of good Ti : S stoichiometry. It
was, however, noted to be peculiarly devoid of dislocations. Since it is very
easy to cleave, it would not seem to have metal atoms in the van der Waals gap
region, unlike many vanadium-doped products.

(9) Intercalated materials

While many organic materials form stable intercalation products with the
trigonal prismatically coordinated polymorphs of TaS, (see, for example,
Gamble ef al. 1971), only very few can be intercalated into 1T or 4Hb-TaS,.
Ethylene diamine (NH,CH,. CH,NH,) is one such (Meyer 1974). Crystals of
1T-TaS, . EDA, 1, 4Hb-TaS, . EDA,;, and 2H-TaS, . EDA,,, were provided
by Meyer. Since each polytype shows the same interlayer expansion, and has

Fig. 21

Diffraction pattern complexities developed in cation substitutional doping (<109 ;
nominmal ‘ as-grown ’ values). (i) 1T—(Ta/Ti)Se,, (a) 4%, Ti-1T-type pattern,
(b) 89, Ti-4Hb-like pattern ; contrast these well-defined blobs with sharp
spots of plate (ii). (ii) 1T—(Ta/Ti)Se,, 4%, Ti. This 4Hb-like pattern has
many extra spots falling on a 1/13a,* array—a feature characteristic of defect
material (see fig. 19 (i)). (iil) 1T-(Ta/Ti)S,, 29% Ti. The definition of the
small triangular spot clusters is much reduced relative to pure 1T-TaS,.
(iv) 1T—(Ta/Ti)S,, 4%, Ti. This 4Hb-like pattern shows in parts the com-
plexities seen in plate (vii) for Nb-doping. (v) 1T—(Ta/Ti)S,, 6% Ti. Com-
plex multispotting of sulphide degenerating towards ‘ 4/(13)a, ’ superlattice
of selenide. (vi) 1T—(Ta/Ti)S,, 6% Ti. Same sample taken above T4
(305°K). Shows diffuse 1st and 2nd order spotting. From latter ¢,"/a,* =
0-276, to be compared with 0-288 for pure 1T-TaS,. (vii) 1T—(Ta/Nb)S,,
29 Nb. Transfer from 1T to 4Hb-like pattern. However, latter array is
trigonal, not hexagonal, with much disruption. (viii) 1T—(Ta/Nb)S,, 8%, Nb.
Remarkable suppression of inner ring spotting, with second ring of spots
sharp and now forming parallel pairs, as for actual 4Hb pattern. (ix) 1T-
(Ta/Nb)S,, 89, Nb. h.t. condition in different area of same crystal. (73~
300°K.) ¢, /e,*=0-276, much as for 159, and 40% Nb. Additional blobs
in large circle also given by 159%, Ti doping.

+ The 1T-Ta8, is actually converted from a ‘ 1T ’ (Cdl,) type stacking to a ‘ 3R’
(CdClL,) stacking.

AP, L
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Fig. 22

11i) | | (iv)

) | | (vi)

Some patterns from intercalated materials (300°K); concentrations nominal.

(i) 4Hb-TaS, . EDA,,. Diffuse ring ¢,'/a,*=0-354; contrast fig. 20 (ix),
where more EDA 'had been driven out by beam heating. (ii) 4Hb-
TaS, . EDA,/,. In certain areas this ordered pattern was found ; the origin
of the ‘tabs’ on the diffuse rings of plate (i) is apparent. (ili) 4Hb-
TaS, . EDA,,,. Plate (ii) is a symmetric triple addition of this single orienta-
tion pattern, which is analysed in fig. 23. (iv) 2H-TaS,.pyry,. This
intercalation process, unlike the above, leads to very complex order patterns,
that change during deintercalation. (v) Fe,;3TaS, (trig. pr.). The super-
structure, due to intercalate ordering, is here distorted from the standard
hexagonal 4/(3)a, pattern. The honeycomb streaking probably reflects the
poor stoichiometry. (vi) Sny/TaS, (trig. pr.). Much more complex ordering.
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the same stoichiometry, we conclude that the EDA arrangement is similar in
each. Actually it is found that one can reduce the local EDA content in the
crystals merely by beam heating in the electron microscope.

When an organic donor intercalates TaS,, the electron concentration in the
TaS, sandwich is known to increase. It is not known, however, if the degree of
donation to trigonal and octahedral sandwiches differs. Qualitatively,
however, we did anticipate that the intercalation would cause g¢,/a,* to increase,
the reverse effect to that secured by group IV substitutional doping. While
2H-Ta8, . EDA,, continues to show the normal (2H) diffraction pattern (with
just a small amount of a,*-axis streaking ; 300°K), we indeed do find for the
1T and 4Hb materials diffuse ‘ring’ patterns, as shown in figs. 20 (ix) and
22 (i). The former, from a partially deintercalated sample, corresponds even so
to a substantially augmented g,'/a,* ratio of 0-33. Actually spotting derived
from a 3a, hexagonal superlattice is discernible within these rings. The second
plate comes from virgin material, and has a ¢, /a,* ratio of close to 0-35
(=1/4/8). In certain areas of such a specimen the diffuse rings give place to
the spotting pattern of fig. 22 (ii), from which it is apparent why the diffuse
rings of the previous plate (22 (i)) carry  tabs ’. Still further areas reveal that
this complex hexagonal pattern of spotting (fig. 22 (ii)) results from a symmetric
addition of three non-hexagonal patterns of the type shown in fig. 22 (iii). As
is portrayed in fig. 23 (a), this non-hexagonal superlattice is defined, within
the hexagonal matrix, by the operations (‘ 2-by-1’)+8 in conjunction with
(* 1-by-1") +4, yielding eight lattice points per a,* cell. The corresponding
direct space cell is shown in fig. 23 (b), this containing eight tantalum atoms and
two EDA molecules (per sandwich). The EDA molecule is of just the appro-
priate length to employ both its electron-donating amine groups in the manner
that the illustrated form of molecular ordering would imply. It is clear that
the ¢,'/a,* ratio simultaneously attained in the TaS, sandwiches favours this
same size of cell, a point returned to in § 6.4. The discontinuity reported in p
versus 7' just above room temperature by Meyer (1974) for the EDA, ;, complex
of 1T-TaS, is presumably due to the disappearance of this superlattice state.

Even after subtraction of the organic contribution, the above material is still
somewhat more diamagnetic than pure 1T-TaS, For the case of EDA
intercalated 4Hb—TaS, it appears that the octahedral sandwiches continue to
possess only a very low paramagnetic component, whilst its trigonal prismatic
sandwiches seem to remain quite paramagnetic (though not so markedly as in
pure 2H-TaS,) (Di Salvo 1974, unpublished). [Note through the series of
2H-intercalates-collidine, 5, -picoline, 5, -pyridine,,,, -EDA,,,, and -anilinegy,,
the paramagnetism is progressively reduced, while 7', is smeared out and forced
to somewhat higher temperatures (see Di Salvo 1972, fig. 10).] We return to
discuss just what effects organo-intercalation might be having on the band
structure of the host in § 6.

(k) Tilt experiments

In order fully to interpret the diffraction patterns more information 1s
needed. First we need to clarify the etfects on the observed diffraction pattern
of using thin erystals. Secondly, we would like to obtain definite information
concerning other reflection planes than just (hk0).

L2
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Fig. 23

EDA,4Hb-Tas,

reciprocal space

{a) 03538 2828 8
(b) 0-3333 3000 9
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Analysis of fig. 22 (i), (ii), (iii) from 4Hb-TaS,. EDA,;,. (a) The non-hexagonal
reciprocal cell shown to the left corresponds to a superlattice of 8 Ta sites per
cell (per sandwich). The hexagonal cell to the right associated with ring ‘ @ *—
see fig. 22 (i)—has the same area. The three symmetry related superlattice
cells shown in this region are marked, @, O and +. (b) Likely ordering of the
¢ bidentate ° EDA molecule to yield the above supercell at the stoichiometry
EDA,/,.- Tt is not known whether all molecules in a given vdW gap attach
themselves to the same sandwich.
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Diffraction from thin samples is represented by elongated regions in reci-
procal space, in contrast to spots for thicker crystals. Elongation will for the
present materials occur along the k, axis. The diffracted intensity decreases
from the centre of the elongated spot approximately as (Guinier, 1963, Chap. 5)

I, k, 1
et~ (46%)

where k,/c,* = distance from spot centre (in units of ¢,*), N =number of ¢, units
in sample thickness. Thus if N ~100 (i.e. a 600 A thick crystal), I(})~10-31,.
Since double diffraction is prevalent in electron scattering, /, can be an appre-
ciable fraction of the initial beam intensity, and a ‘ spot * centred on the (hk0)
plane could possibly show right through into the (hk{) plane, and vice versa.

When the spots are not too severely elongated, we can study in more detail
the effects of structure modulation, and the possibility of non-hexagonal
distortions, by tilting the sample normal with respect to the electron beam.
We then obtain diffraction patterns corresponding to intersections of the
‘ horizontal * viewing plane with the scattering map for the tilted reciprocal
lattice. For our typical sample thickness we find that the a * spots are not so
elongated as to reach right through from the I=1to =0 plane. However, one
does find that many of the extra spots appearing in the hk0 plates are not in
fact centred upon the =0 plane, but upon planes translated along %, by some
fraction of ¢ *.

A most revealing configuration of satellite spotting is found for the 1T
compounds when 7'>7,. [We have in fact made our tilt experiments on Ti-
doped material for which 7'y is depressed below room temperature, because
large tilts were not attainable in our heating stage. The results we show below
are for 1T-Tag ¢ Tij.g93,, for which 7'; ~240°K (see §6). Since the 6=0°
patterns (hkO plane) are, in character, identical to those obtained from pure
1T-TaS, for T'>T,, the results shown here most likely do apply to TaS,
itself.] TFigure 24 (i), where 6=0°, demonstrates that only the type 2’ spots
of the triangular cluster lie in the =0 plane (in addition of course to the main
a,* spotting). To locate the remaining spots, a crystal of about 2500 A in
thickness was used, and 1120 selected as tilt axis (see fig. 25). The patterns of
figs. 24 (iii) and (iv), obtained when the tilt angles were +50° and - 30°
respectively, indicate that the type 1 spots are in triangular sets of three on
planes at +c¢,*/3 (connected by the operation 3). This accounts for the
trigonal distribution of intensity often seen, as in fig. 24 (ii), among the hexa-
gonal grouping of type 1 spots. (This feature is not observed for the 4Hb
polymorph.) The type 2 spots follow the same form of distribution as type 1.
In §5.1 we construct a structural model that will generate such diffraction
conditions.

§ 3. CONCERNING THE BAND STRUCTURES OF THE ‘ IDEAL ’ 1T AND 2H MATERIALS

The high density of states at the Fermi level of the 2H metals, as inferred
from the electronic heat capacity and magnetic susceptibility, encourages one
to seek an interpretation of all the above observations in the band structures
and Fermi surfaces of these materials.
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Fig. 24

(iii (iv)

v) (vi)

Some effects of tilt and temperature on the 1T patterns. (i) 1T-TaS, (370°K).

Where close to 0° tilt (samples flexible), the second-order triangular clusters
(type 2') of 1=0 plane show strongly (along with the diffuse circles). (i)
1T-TaSe, (480°K). For this orientation lst and 2nd order satellites lying
outside I=0 plane here preferentially excited. (iii) 1T—Tay.g;Tiy.09S; (300°K).
Viewing plane tilted 450° to intersect four of the first-order satellites on the
+¢,*/3 planes; (T'>Ty; axis indicated). (iv) 1T-Tag.gTig-0oS; (300°K).
With tilt of —30° to intersect other two first-order satellites in the +c¢,*/3
planes (see fig. 25). (v) 1T-TaS, (300°K). Degeneration of superlattice
pattern upon slight tilting. The main spots are seen to be ‘ decorated * now.
(vi) 1T-Ta8, (360°K). Both high and low temperature patterns show here.
The spot decorating triangles are larger and twisted in orientation relative to
room temperature.



Charge-density waves 155

Fig. 25

[ e o
I
(G) @. : o @
oy !
e o | . °
!

Geometry of first (and zero) order diffraction spotting for 1T incommensurate phase,
showing the tilt angles used in obtaining fig. 24 (iii) and (iv).

(@) hkO projection, (b) hOI projection. (See also fig. 30.)

* 3.5
f=tan-t (2.5 .22\ _49° 24,
a* 3-0
* 35
D =tan-1 [ L 22 Z30° 15,
a* 30

Full ab initio band structures along symmetry lines have recently been
derived using the APW technique for representative members of the layered
transition metal dichalcogenides, assuming undistorted structures (Mattheiss
1973, 1974). These supersede the earlier two-dimensional semi-empirical
tight-binding results (Bromley ef al. 1972, Murray et al. 1972, Murray and
Yoffe 1972). Of these latter papers, the last has given a reasonably true
picture for titanium disulphide, comparing favourably with the recent K.K.R.
result of Myron and Freeman (1973). However, for the heavier group IV
materials (MBY 1972) an incorrect splitting within the f,,-based d-band had
appeared. In the case of the group VI trigonal prismatic materials, the BMY
paper foundered in part on the incorrect assessment that the inter-d-band
semiconducting band-gap in 2H-MoS,, etc. be less than 1 eV (Wilson and Yoffe
1969). Now there is sufficient experimental evidence to affirm the new APW
results, in asserting that these group VI band-gaps are in fact 21 eV, This
data will be analysed in detail in the forthcoming review (Wilson 1975). It is
sufficient here to say that the initial part of the group VI optical spectra is well
matched by the d—d-band absorption possibilities of the new 2H calculation,
determined in keeping with the selection rules of the full non-symmorphic
space group Dg,t.  The earlier 2H calculation did not adequately deal with the
crucial inter-d-band hybridization effects (Mattheiss 1973 b), and furthermore,
because of its two-dimensional format, it automatically could not reveal those
d-band splittings which follow from the fact that here there are two sandwiches
per unit cell. The lowest d-band (predominantly d, at I'} is particularly
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Fig. 26 contd.

d-band density of states

Tas. |
‘0,8. | 2HTas, 17-Tas,
Ry ] ;
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04 § %
o1 2 3 0 1 2 3

States/eV-cation-spin
(c)

(@) Band structure (APW) for 2H-TaS,, (b) Band structure (APW) for 1T-Tas,,
(¢) Comparison of d-band density of states (tight-binding) for the 2H and 1T
polymorphs of TaS,. [From Mattheiss (1974).]

narrow (~1}eV), and the inter-sandwich band splittings (which occur away
from the basal planes k,= +w/c) in fact reach a comparable magnitude.
Accordingly there is a marked effect on the form of the 2H Fermi surface and,
along with it, on those properties of present interest for the d* 2H polymorphs.

Figure 26 (@), (b) gives Mattheiss’ band structures for 2H- and 1T-TaS,.
In each the Fermi energy falls very close to 2 eV above the top of the p-band.
Experimentally a p-d-band separation lower by 4 eV would be preferred
(Wilson 1975), but this is not of importance here. Far more important is the
high sensitivity of the Fermi surface to small adjustments in band shape,
particularly within the ¢d,:” band of the 2H polytypes, since it is so narrow.
Although slight modifications are called for from various experimental results,
for the moment we show the geometry of the Fermi surfaces as estimated from
the calculations (fig. 27 (a), (b)).

Partly because there is only one molecule per unit cell for the 1T polytype,
the Fermi surface is there particularly striking in its simplicity. All the
electrons lie within one zone grouped around the six ML axest. Adding to the
simplicity is the very slight energy dependence in the k, direction for the states
about the ML axes, (a feature true for either polytype), this leading to a Fermi
surface that is almost two-dimensional. For the 2H polytype this 2D character
is not quite so marked, particularly close in to I', but experimentally one still
finds an anisotropy of 30 in the bulk resistivity (p]c/p_Lc) (Edwards and
Trindt 1971, Frindt ef al. 1972). One should contrast the above c-axis d-bands
with the very much wider bands found for NiS, the NiAs structure of which

+ Angular photoemission results demonstrate that these regions are not all
strictly equivalent away from the symmetry planes (Traum e al., 1974), in accord
with D, % symmetry.
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(a i)

2H-TaS, tower band

—

K 1 M L\

(@ 1)

2H-TaS, upper band

1T-Ta 52

(b)

(@) Fermi surface of 2H-TaS, (see also fig. 37), (b) Fermi surface of 1T-TaS,, con-
structed from band-structure calculations of Mattheiss (1974), and hence not
including splitting due to spin—orbit coupling. (The 2H surface represents

an average of the APW and tight-binding results.)
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amounts to a layered structure in which the previously empty inter-sandwich
sites are now occupied by metal atoms (Mattheiss 1974). Helping to bring
simplicity to the Fermi surfaces of the group V dichalcogenides is the fact that
we are dealing with d! systems, where the Fermi level is first entering the d-
band complex. Moreover, unlike the case with the transition metal elements
or their alloys, the d-bands of the present sulphides are not overlapped by the
metal s-band ; neither are they directly overlapped by the ligand p-bands.

The total width of the d-bands is not inappreciable ( ~5 eV}, this coming in
large measure from covalent interband mixing. However, the bands are still
sufficiently narrow in these chalocogenides that correlation effects, so important
in oxide metals like V,04 or CrO,, will still play a significant role. (For an
assessment of the extent of correlation in the present materials relative to other
transition metal compounds, see Wilson 1972, 1973.) Accordingly one expects
and finds strong electron-phonon coupling along with superconductivity in
many of the 4d/5d layered dichalcogenides, and magnetic behaviour in certain
related 3d systems.

As will shortly be made evident, it is the union of these three features, (a)
the general simplicity of Fermi surface, (b) the latter’s strongly 2D charac-
teristics, and (c) a strong electron—phonon coupling, that yields the effects of
present interest.

§ 4. FERMI SURFACE DETERMINED PERIODICITIES AND SUPERLATTICES

A number of experimental and theoretical works have dealt with the
relation of superlattice formation to the Fermi surface in metallic systems.
Most of these concern order-disorder phenomena in certain alloys. There, a
periodic potential deriving from the Fermi surface can cause a periodic sorting
of the atoms away from the disordered condition. Far fewer papers as yet
deal with the periodic displacements of like atoms, due to this same Hermi-
surface-derived potential. Recent work (Comes ef al. 1973, Werner 1974) on
the Krogman salt K,Pt(CN),Br,.s, . 3H,0, a quasi-one-dimensional metal,
shows it to provide an excellent example of such periodic distortions. Other
metallic systems that may incorporate similar effects include some rutiles like
NbO, (Shapiro et al. 1974). We have found that the layered transition metal
dichalcogenides are particularly amenable systems in which to study these
periodic distortions, as the electron concentration can readily be changed by
doping (see § 2.2 (f) and (g)). Moreover, various polytypes of the same com-
pound, having quite different band structures, can easily be prepared. Several
other reasons will become apparent shortly.

At the end of this section we give some background work on alloys, in so far
as the results complement those now obtained with periodic structural distor-
tions. We begin by discussing the conditions necessary for Fermi-surface-
driven periodic structural distortions, and the applicability to the group V
layered dichalcogenides.

4.1. Pure materials ; charge and spin-density wave states

Electronic instabilities, which result in spin-density waves (SDW), or in the
periodie structural displacements (PSD) coupled to charge-density waves
(CDW), or in (long period) superlattice formation from atom sorting in alloys,
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each arise from the same basic driving force ; namely, a divergence in the
generalized static electronic susceptibility x(q). SDW and CDW possibilities
of this sort in metals were both first considered seriously by Overhauser. In
1960 he examined the occurrence in Hartree~Fock theory of an instability with
respect to the formation of an SDW and suggested that specific heat anomalies
in certain dilute magnetic alloys might arise from a distribution of local fields
caused by the stabilization of an SDW. (In most such systems effects of this
type are now ascribed to a simple type of RKKY interaction, but SDW effects
probably occur in some special systems such as Y-Gd.) Overhauser (1968)
later considered the role of correlation, and suggested that its inclusion en-
hanced the possibility of CDW occurrence in simple metals : although CDW
produced anomalies in the optical properties of alkali metals are not now
generally believed to exist. The developments of the SDW concept are
discussed by Herring (1966).

x(q) is derived from the ‘ bare > magnetic or electronic susceptibility of the
conduection band, x°(q). The latter is proportional to a sum over the Brillouin
zone of the form

(1 —nk+q)

k Ek_Ek+q

where n, is the occupation number of the state k as given by Fermi-Dirac
statistics, and E, is its energy. y9%(q) depends critically on the geometry of the
Fermi surface, since the latter determines the regions in k-space contributing
to the above sum. Because of the form of the denominator, certain contribu-
tions to the sum y%q) can attain a large value when q is close to spanning the
Fermi surface from side to side.

For free electrons at T =0, the spherical Fermi surface leads to a y%(q) that
decreases monotonically with increasing |q[. If the Fermi surface possessed
cylindrical sections, these would make a contribution to y%q) that is indepen-
dent of |q| up to 2ky, but which then falls as |q| increases further. If the
Fermi surface contains flat parallel sections (or equivalently K versus k is one-
dimensional), a contribution is made to x°(q) that diverges logarithmically at
|q| =2k (for these examples see Roth et al. 1966). The trend in y suggested
above has been affirmed for a complete but simply modelled Fermi surface by
Fehlner and Loly (1974). They show x%g) to steadily develop a peak very near
|q| =2k, as the modelling radius of curvature for their Fermi surface is
increased.

In an actual material the generalized susceptibility is obtained from the bare
susceptibility by including electron—electron (direct Coulomb, exchange and
correlation) and electron—phonon interactions. In calculations this is usually
attempted via a renormalization of the RPA form x(q)=x%q)/[1—~ X(q)x%q)].
X(q) is rather weakly dependent upon the detailed Fermi surface shape, but, as
will be apparent later, it can be influenced by the symmetry of the Fermi
surface. A divergence in y(q) will occur if and as X(q) tends to 1/x%g). Since
x%(q) is always greater than zero, X(q) must be positive if any divergence is to
be at all possible.

Chan and Heine (1973) give the explicit form of X(q) for several different
circumstances. They show that when X(q) is dominated by the screened
exchange matrix element V(q), a SDW instability may occur, as in the case of
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A schematic of the SDW/CDW choice, displaying the criteria as developed by Chan
and Heine (1973), and the likely modifications in the various parameters in
going from a 5d to a 3d material. ¥, and U, are the averaged sereened
exchange and bare Coulomb matrix elements respectively (for the conduction
electrons), and 7 is a measure of the electron—phonon coupling. w(g,) is the
unmodified phonon frequency at the singularity wave-vector.

COr metal. When the electron—phonon interactions become important and
overwhelm the electrostatic term U,, the alternative conditions for a CDW
to arise are deduced (see fig. 28). This work suggests that an instability will
result only when x(q) is itself large. Overhauser, on the other hand, in his
1968 paper maintains that electron correlation, when allowing properly for the
system response, could allow X(g) of itself to produce particularly a CDW as
ground state. His discussion was largely given in connection with potassium
metal, where x%(q) is essentially of course free-electron-like. However, many
theorists express the feeling that if X(q) were indeed large enough to produce
a CDW in a virtually free-electron gas, more severe instabilities such as com-
plete localization of the conduction electrons would in fact form a lower energy
state in a large number of materials. Despite such questions, we use the above
form of y(q) as the basis of discussion, while acknowledging questions as to its
capacity to foretell every CDW instability. We note there is no general
reluctance to accept the possibility of a CDW, whenever x°(q) is large enough,
as seems to be the case for the quasi-one-dimensional metallic compounds
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A basal-plane atom-sheet of the ordered h.c.p. alloy ‘ Cu,,Sh, ’ (the ¢'-phase), showing
the rotated 4/(13)a, supercell. The distribution of the antimony (filled
circles) comes close to matching three symmetrically directed sinusoidal waves,
with A;=4/3/2.4/(13)a,. Down an atom row the repeat is 13a,. (Based
on the work of Yamaguchi and Hirabayashi 1972.)

K,Pt(CN), . 0-3Br . 3H,0, etc. (Rietschel 1973, Rice and Stréssler 1973), and
perhaps even for the TTF-TCNQ-like organic salts. While x%q) for the layered
compounds under study is not even roughly calculated as yet, the Fermi
surfaces indicated by the present band-structure calculations, with their
strongly two-dimensional character, do lead one to expect large peaks in
x°(q). Thus, while this particular paper will not resolve some of the basic
theoretical differences concerning CDW formation, it serves to show that
CDW’s exist in other than one-dimensional compounds.

Actual calculation of a ¢-dependent susceptibility has been made for very
few metals. A recent calculation (Cooke et al. 1974) of y(g, ) for niobium
(100> evaluates the size of anomaly in y, from which the much investigated
Kohn phonon anomalies (see Sharp 1969) are produced. The effect of tem-
perature on y and x° is most pronounced in one dimension (or for flat sections
of Fermi surface), where the peak at 2ky becomes proportional to In (Ey/k7),
(Ehrenfreund et al. 1972). A circumstance similar to that of one dimension
arises for multi-sheeted Fermi surfaces, when for instance a hole sheet can be
closely nested into an electron sheet by vector q,, as for antiferromagnetic Cr.
(For recent discussion, and band structure of the paramagnetic phase, see Rath
and Calloway 1973). A calculation by Rice and Halperin (1970) of the effect
of temperature on the non-divergent 5d analogue, tungsten, indicates that there
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the peak present in x°(g) at T'=0°K (peak height ~2x%0)), is decreased and
broadened about 259, by 400°K.

Given the temperature dependence of the peaks in x°(q), and also that of the
electron-phonon coupling, a divergence in x(q) may be attained as the tem-
perature is reduced from a suitably high value. From this model one may
expect a second-order phase transition at such a divergence, that can leave a
CDW ground-state with ¢ =g, for T'< T';ge)- Below T', the coupled periodic
structural distortion (PSD) of wavelength 2m/g, (in general incommensurate
with the atomic lattice) grows in amplitude in an approximately BCS-like way
(see Rice et al. 1969, for case of the chromium SDW). Above T,, due to the
appreciable electron—phonon coupling, softening of certain lattice modes is
expected as with other second-order lattice instabilities. In 2H-TaSe, such
softening is apparent, from the diffuse scattering seen in electron diffraction,
over a span of some 50°K prior to the (seemingly) second-order transformation
at 120°K. The diffuse scattering in this case appears around those same
reciprocal lattice points as are shown ultimately for the CDW itself (see § 2.2 (d)
and § 7). Such scattering may come both from the large vibrational displace-
ments of a giant Kohn anomaly induced in the phonon dispersion curves, and
the fluctuating development of SRO for the impending CDW state. Analogous
critical scattering, pertinent to the postulated SDW state in y-Mn, has been
detected there above 7'y (Moringa 1974).

4.2. Points concerning the behaviour of a CDW

Following upon the creation of a CDW(/SDW) state at T',, whatever diffuse
scattering then remains present could express a rather limited phase coherence
length, together with some non-conformity in the selection of orientation of the
CDW. Inevitably a limited phase coherence length could be caused even at
T=0 by, for example, impurities and dislocations. Furthermore, as was
expounded by Overhauser (1971), there probably exist low-lying excitations of
the CDW corresponding to local changes of the CDW direction and wavelength,
these arising from phase modulation effects of the phonons on the CDW/PSD.
Such excitations Overhauser labelled ¢ phasons’ in analogy with magnons.
The coupled phason modes occur for wave-vectors fairly close to g,.  Out of the
3N vibrational modes, they may contribute (as derived by Overhauser) very
disproportionately to the Debye—Waller factor for the PSD, though not to that
for the parent structure. We shall return to this topic when discussing the
characteristic diffuse scattering observed in 1T/4Hb-TaS,/Se, in the extensive
temperature range between Ty and T',. [Note that this latter temperature is
here normally inaccessible because of inter-polytypic conversion, but may be
reached through Ti doping (see § 6).]

As will be expanded upon in §§ 5 and 6, all the various experimental results
do indicate, in the case of the 1T and 4Hb polytypes, that there exist incom-
mensurate charge-density waves, the amplitude of which grows down through
the polytypic stability range below 550°K as far as T'q. For these polytypes
the first-order transition at 7'y represents the point of conversion (‘lock-in’)
to a commensurate geometry. The superlattice so defined then permits a
reduced zone description for both the electron and phonon dispersion curves.
In the contrasting case of the 2H polytypes, the CDW appears at onset very
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closely associated with a 3e, commensurateness (see § 7). Because of the
rather strong electrostatic forces involved in CDW generation, it might be
supposed that the drive to become commensurate should be stronger for a
CDW than for an SDW. Somewhat surprisingly most impurities in chromium
quickly drive the system towards commensurate behaviour (for details and
theory see Edwards and Fritz 1973, Kotani 1974), whereas all impurities seem
for our CDW’s to have the effect of depressing the lock-in temperature (see § 6).
Especially for a CDW involving tight-binding d-electrons, we suspect that the
move to adopt some appropriate lattice commensurate geometry will occur
whenever a reasonable chance appears. Since an incommensurate wave will
inevitably in some places situate its charge maxima between metal atoms, the
move to become commensurate will secure that the displaced charge be centred
back on the metal atom ions. Certainly this is how what occurs with the
present 1T and 4Hb materials at T4 is most readily interpreted (see § 5.2).

When a CDW becomes commensurate at such a first-order transition, it
may change magnitude, wavelength and/or direction. The enthalpy of this
transition, AHg4, is a measure of the net commensurability energy. If AH,
were to be rather large compared with the integrated excess heat capacity of
the incommensurate CDW (AH,={ AC,, . dT, relative to the simple ground
state), the structural adjustment is probably not just a response to the Fermi
surface geometry. In such a case, particularly when an incommensurate
CDW is not maintained above the lattice distortion temperature, the transition
can more fruitfully be discussed in other terms. We suggest then that the
term CDW be reserved to two circumstances: (1) to the incommensurate
state where wavelength and direction are determined solely by a divergence
in x(q) at q,, & spanning vector of the Fermi surface, (2) subsequent to the
adoption of a commensurate state at some first-order transition temperature
(in generdl from an incommensurate state), for which transition AH; SAH,.
The exact boundary in this second case is somewhat arbitrary, but we intend
to separate a CDW from cases where AH 3> AH,, particularly when AH,—0,
because in these latter cases the Fermi surface is of little or no importance.
Such is, for instance, probably the case for the MnP-type distortion of the
NiAs structure, (0-3 A displacements at 300°K), found in d2TiSe and d3VS.
The same is true for the distorted rutile family VO,, NbO,, etc.

In the d* metallic layer compounds we have encountered a case where the
Fermi surface is particularly simple, and shows large approximately plane-
parallel regions. Because of the simplicity of the Fermi surface, the associated
oscillatory potential impressed on direct space (the transform of y%q), Roth
et al. 1966) is free from many strongly conflicting components. Furthermore,
because of the large parallel elements it is strong and long-range. For plane-
parallel sections of the Fermi surface, Roth and co-workers have shown that
the derived real space component of potential falls off only as 1/r, in contrast to
1/r3 for spherical Fermi surface segments. Further, the strength of the
component, is proportional to the areas of the Fermi surface lying parallel.
Note the oscillatory potential is impressed upon real space parallel to the
k-vector that spans the Fermi surface segments of interest.

One further important point for these d! layer metals, noted in general
materials systematios (Wilson 1972, 1973), is that exchange and correlation
effects do remain at a quite significant level (U~ 1A); indeed, there is some



Charge-density waves 165

magnetic behaviour in related 3d systems (e.g. see Conroy and Pisaharody 1972).
The trigonal prismatic polytypes are superconductors, for which, above 7', p in-
creases approximately as ax T2, an indicator of the strong electron—electron
scattering, to which highly correlated metallic transition metal compounds are
susceptible (Volkenstein et al. 1973, Doniach 1974). For 2H-NbSe, the fairly
narrow band-width and the quite high electron—electron and electron—phonon
interactions lead to a,~5x107* Qcem (°K)~%, y,,~20 mJ/mole °K?, and
V., 1B%~04 eV (van Maaren 1972), values that are fairly typical of transition
metal superconducting compoundstoward the narrowband limit. Thematerials
fall then within the rather narrow range of interaction strengths that seem suited,
in the presence of a sympathetic band structure, to support instabilities towards
charge and spin-density wave ground states. The choice criteria, developed by
Chan and Heine (1973), for the adoption of a CDW versus a SDW, are shown
figuratively in fig. 28. We portray there some plausible relative changes in mag-
nitude of the various parameters,such as are required for the promotion of a CDW
for 5d1TaS,, but a SDW for related vanadium containing 3d materials. In fig.
28, of the various parameters, V, and U , are the average- (local) exchange and
Coulomb matrix elements, and 7 is a measure of the electron—phonon coupling.
The equilibrium amplitudes that might be reached in such oscillatory
adjustments to the ground state have not been treated, but from experiment
would seem to range widely, e.g. for SDW’s proved or postulated, see CrB,
(Liu et al. 1973), y-MnFe (Endoh et al. 1973), Cr (Rice ef al. 1969), and o-U
(Smith and Fisher 1973). As regards a CDW, it remains to be proved that a
rutile like NbQ,, with its 0-25 A displacements (see Shapiro et al. 1974, or
NbySn (0-015 A, Shirane and Axe 1971) are genuine members of the class (as
some suggest). The only clearly signatured case of a CDW, apart from the
materials we are currently discussing, is for the previously mentioned linear-
chain partially oxidized platinum cyanide family, e.g. K,Pt(CN),Br,.5, . nH;0.
The properties of the latter, however, do present some interpretative problems
because of the non-stoichiometric disorder (Butler and Guggenheim 1974).
Recent diffuse-scattering experiments (Comes et al. 1973 a, b) suggest a dis-
placement modulation within the Pt chains of approximately 0-05 A, The
modulation here is indeed seen to derive from coupling to the Fermi surface,
since making the change from the K/Br, 5, to the Rb/Cly.;3 compound changes
the observed wavelength in the appropriate manner. For both these materials,
moreover, the modulations are lattice incommensurate, at least at room
temperature. Our present results show that the system 1T—(Ta/Ti)S, is
particularly flexible on this latter point, as is set out in detail in § 6. It is
hoped that current neutron diffraction work on the layer metals (Moncton and
Axe 1974) will, in addition to yielding crystallographic data on the distortions,
be able to follow in detail the soft-mode behaviour (in I'M) occasioned by the
CDW, as has been done for the Pt-chain compounds (Renker ef al. 1973,
Werner 1975). It should provide also more experimental data against which
to test the self-consistent electron—phonon interaction theory recently developed
by Bariié et al. (1972, 1973), primarily with the A15 superconductors in mind.

4.3. Alloys; Fermi surface driven long and short-range order

Certain alloy systems can show ordered superlattices of strikingly long repeat
period, e.g. 10a, for CuAu(II) (Tachiki and Teramoto 1966). Such work (see

A.P. M



166 J. A. Wilson et al.

Sato and Toth 1968) often has linked the driving force of this atomic organiza-
tion to the generation, via the appropriate superlattice, of new Brillouin zone
boundaries more or less coincident with the old Fermi surface of the disordered
( parent ’) structure, over considerable areas in k-space. This must secure a
reduction in the total electronic energy. In extreme cases the superlattice can
bring a significant reduction in the number of free carriers.

A recent study of this type (Yamaguchi and Hirabayashi 1972) has dealt
with the order in certain h.c.p. Cu~-Sb alloys containing close to 209, Sb. These
workers relate their electron diffraction results to two idealized superlattice
formulae Cu,gSby, (e-phase, 20-49, Sb) and Cuy,Sb; (¢'-phase, 23-19, Sb).
Actually in the former phase (98=7x 7 x 2 atoms) certain sites in the super-
lattice (12 in number) are randomly occupied by either Cu or Sb, and then, for
specimens slightly antimony-poor, the periodicity taken up in the e-phase is
observed to be variable and fractionally greater than 7a,. This incom-
mensurate periodicity falls towards 7 as the electron-to-atom ratio is increased
(via increase in the antimony content). No such latitude was observed for the
¢’-phase. The structure determined for this latter phase is shown in fig. 29.
In this superlattice the antimony atoms are seen to cluster around the corners
of a +/(13)a, cell having ‘ 3-by-1’ (13° 54') rotation in the basic h.c.p. array.
We have already encountered a cell of this external form for 1T-TaSe,.

The segregation of atoms in these alloys to produce matter waves as apparent
as those in fig. 29 is also a feature found in certain non-stoichiometric materials
that maintain very high vacancy concentrations, e.g. in the carbide vacancy
materials like V,C,_; (Billingham et al. 1972, Shacklette and Williams 1973),
and also in various superlattice materials based on ‘TiO’ for which both
sublattices can be highly defective (Castles et al. 1971). When all such
materials are maintained through quenching in the °parent’ disordered
condition, and subsequently are examined in diffraction, particularly electron
diffraction, they are found to show very marked narrow bands of diffuse
scattering. The magnitude of the vectors of strongest diffuse scattering
correlate closely with the size of the superlattice finally attained in the ordered
phase. These same vectors of strong diffuse scattering themselves would
seem to be determined by the Fermi surface geometry of the parent condition
(i.e. when fully disordered).

The cut-off effect of any particular Fermi surface on some wave-vector-
dependent property, such as the generalized susceptibility x(q) above, or here
the ¢ pair-ordering function’ figures prominently when Fourier-transformed
back in the real-space potential. The range of the ensuing periodic real-space
potential component has been confirmed in CugAu and related alloys to be
active to beyond third nearest neighbours (Moss 1969, Cowley and Wilkins
1970). The geometry of the potential so impressed upon a particular alloy
will in general be incommensurate with the parent lattice, and any ultimate
adoption of some commensurate LRO (as that given above for the Cu-Sb ¢'-
phase), usually represents a delicate choice, balancing electronic and lattice
energies. Whatever order geometry might be assumed within the alloy is
simultaneously dependent on the Fermi surface, as dictated by the Fermi level
(or initially ‘efa’), and, of course, on the numerical ratio between the atom
types there present.

Such diffuse scattering as is observed could in alloys in principle arise from
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three possible mechanisms : () statie short-range order (SRO), i.e. the vacancies
or alloy atoms do not show complete randomness, (b) soft phonon modes pro-
ducing strong thermal scattering, (c) local dynamic fluctuations into a LRO
condition whose lifetime may be as long as 10-6sec. The last possibility is
prompted by observation of just such an effect for the omega phase of Zr/Nb,
via neutron and Mossbauer studies (Moss ef al. 1973, Batterman ef al. 1973).
Of course, several of these effects may be present in any specific case. All of
them, potentially, can arise from the same basic electronic instability.

For alloys and defect materials it has in a few cases been possible to convert
the observed diffuse-scattering map, which can be very complex, back into the
real-space SRO distribution function (e.g. V¢C;, Sauvage and Parthé 1972).
The other task posed of tracing the observed diffuse scattering vectors back
to the Fermi surface topology has proved more difficult. Agreement seems to
have been attained for Cu,Au (Moss 1969, Hashimoto and Ogawa 1970), and
some tentative suggestions have been made for ‘ TiO ’ (Castles et al. 1971).
However, in most cases the Fermi surface is simply not determined as yet to
the accuracy required.

§ 5. DETATLED INTERPRETATION OF THE EXPERIMENTAL OBSERVATIONS IN
POLYTYPES CONTAINING OCTAHEDRAL SANDWICHES

In this section the diffraction results presented in § 2 are derived from a
simple model of scattering for a PSD, and the observations are connected in
detail to the basic physics as presented in § 3 and § 4.

5.1. Analysis of the diffraction resulls for the incommensurate state

Since the 1T polymorphs have three-fold rotational symmetry about the
¢ axis, it may be anticipated that three equivalent charge-density waves with
propagation directions at 120° to one another will co-exist (though such is not
always the case ; cf. the SDW in Cr, where a single cubic axis (per domain) is
selected). Also, since the inter-sandwich bonding is weak, and as there is a
large anisotropy in resistivity (> 10), it might further have been suspected that
the charge-density waves are not coupled in phase from sandwich to sandwich.
Below we shall demonstrate that there are indeed three CDW’s per layer, and
that, in fact, the combined phase does systematically shift from one sandwich to
the next.

If a CDW in the conduction band causes a sinusoidally varying component
in the electron density, one expects the ionic cores and the nuclei to readjust
their position in a sinusoidal response to the electric field of the wave (Over-
hauser 1968, 1971). The atomic displacements from equilibrium are presumed
to be proportional to the local gradient in the CDW, AxocV(Ap). The
displacement wave will take the form Ax=Asin (q, . r+ @), where q, is the
propagation wave vector, A is the wave amplitude, and is parallel to q,, r
labels the unperturbed atomic positions, and @ is an arbitrary phase angle not
tied to the atomic lattice.

If we neglect the smooth variation of the atomic scattering amplitude with
scattering angle, the amplitude of scattering from such a modulated crystal,

M2



168 J. A. Wilson ¢t al.

I(k) (either X-ray or electron diffraction, neglecting extinction and double
diffraction effects) takes the form
I(kyoc Y. exp {tk.[r+Asin(q,.r+®)]}. (1)

atomic
pogitions

To compute this sum the following identity is used, after Overhauser (1971) :

+ 0
exp (1Y sin )= Y J(Y).exp (iah),
where J (Y) is a Bessel function of order «. If we then assume the crystals are
large, so that broadening of the diffraction spots due to crystal size may be
ignored, the following I(k) is obtained (one atom per unit cell) :

I(k)oc ¥ exp (ia®) J (k. A) . S(k—ha,* —kb,* —lc,* —aq,), (@)

where the Dirac delta function contains &, k, [, a—integers (positive or nega-
tive), a,*, b *, ¢, *—the reciprocal lattice vectors of the undistorted cell (2=
included in definition). (For the case of the layer compounds we shall use the
standard symbols for a crystal with hexagonal axes, a,=a,,, b,=a,,, €,=¢,.)

We break the problem (worked here for the 1T polymorphs, 7'>7';) into
two parts ; firstly, the scattering from a single ‘ layer ’, assuming three waves
at 120° with various selected phase relationships ; secondly, the mode of CDW
stacking between successive ‘ layers ’.

For a single layer we assume three waves of the type A, sin (q,;" . r+@;},
i=1, 2, 3, with the q,," in the plane of the layer directed 120° apart. Since we
are discussing a single layer r=mn,a,  + n,3a,,, with %, and n, integers. Inserting
three waves into eqn. (2), we find for the scattering amplitude from a single
layer

I{k)ec 23: exp [i(a®@y+ BDy+ yPy)] . J (k. Ay) Tk . Ay) . J (k. Ay)

o 5, Y

X S(k - halo>I< "Icazo* '_Lco* - aqoll - quzl - Vq03’)> (3)

where «, 8, y, b and £ are integers, but L is a continuous variable., This scatter-
ing occurs on lines perpendicular to the layer. In addition to scattering as
from the unmodulated structure, lines of scattering occur separated from the
parent reciprocal lattice positions, ha,,*+ka,*, by positive and negative
integer multiples of ¢,,", ¢,," and ¢,5’.

The scattering from the complete crystal is next obtained by adding the
scattering from each layer, with due regard to relative phase in successive
layers. We give computation of this scattering in a model which fits the data
for 1T-TaS, and 1T-TaSe, when 7> T';. The model is as follows :

(1) The amplitudes |A,;| are the same in each layer, and also from layer to
layer.

(2) In a given layer the three phases @, take a common value @’ at the
arbitrarily placed CDW origin, there being a progressive shift of 120° made in
each from one layer to the next. This latter factor may appear somewhat
arbitrary, but is necessary to explain the results presented in § 2.2. As we will
later illustrate, the condition reduces the Coulomb interaction energy of the
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CDW’s between successive sandwiches, Within this model we have, then, for
the total scattering amplitude,

Ny

I(k)oc Y [exp [ik . €,(3ny)] . I (k, DD =d’)
. 27
+exp [tk. ¢,(3ny+1)]. 1, <k, P=0' +
. ' 4
+exp [ik . ¢ (3n5+2)]. I, <k, «1><3>=c1>’+?>:|. (4)

Inserting the form of I (eqn. (3)), we can sum over n, to obtain the total
scattering amplitude

I(k)oc ¥ <1+exp[ oc+ﬁ+y+l]

o B,y
dori
texp [ <oc+,8+y+l>}> LAY Tk Ay (k. Ay)
Z ! 7 ’
x 8 <k_kalo*_ka2o*_§ CO*—Oqul _ﬁqoz ~ Y403 >’ (5)

where now «, B, y, k, k, 1 are all integers. From eqn. (5) it is immediately
apparent that zero in intensity is obtained whenever a+B+y+1#3n (n-
integer). Note that in the delta function [ is divided by 8, and this is equivalent
to fixing of the c-axis repeat as 8¢c,, via the above 120° shifts in @’.

In order to compare eqn. (5) to the observed scattered intensity, one should
note that the magnitude of the A;’s is fairly small (~0-1 A or less), so that,
for the scattering range studied, k. A;<0-3. For this range we can replace
J, by its small argument expansion J,(¥)=(2 a!)=1. Y= Also, with « integral,
J_o(Y)=(—=1)*.J (YY), so that the relative intensity of a given satellite spot
to a main peak is approximately (k . A)2d=l+I8l+lyD  Consequently we expect
to see satellite spots only of low order, the order index being (|«|+|8|+ |y|).
The numbers previously used to label the sharp spots in fig. 13 are just the
above orders for the various types of reflection spot.

From the diffraction experiments for 7'> 7', we identify, (for 1T-TaSe,),
|901"| a8 0-285[(2/4/3) . (27/a,)], the directions of the q,,;" being along the a, *.
Using the extinction condition above, the calculated diffraction patterns for
the I=0 and /=1 planes are shown in fig. 30, portraying only those spots of
order <2. In the planes [=3n, where the main (i.e. order zero) spots lie, the
pattern has hexagonal symmetry about those spots, while in planes I=3n+ 1
there is only trigonal symmetry. The pattern at I=38n—1 is the same as at
I=3n+1, but rotated about c¢,* by 60°. The spots again are labelled with
their (lower) order numbers, and we use the prime to denote spots on the =0
layer. In the I=1 pattern the triangular groupings of the three strongest
satellite spots (sum of reflections of orders 1 and 2) are centred directly above
the main spots in /=0. It is thus clear that the observed basal plane electron-
diffraction patterns are a superposition of the k,=0 and k,= +c¢,*/3 planes,
due to spot elongation and dynamical scattermg, as pomted out in § 2.2 (A).
The observations reported there for various sample tilt angles agree exactly
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Fig. 30
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The calculated positions of the first and second-order satellite spots for the incom-
mensurate lattice modulation (in a 3¢, model), agreeing with the experimental
results for the 1T polymorphs above T'q. The spots are shown as they fall in
the k,=0 and +c,*/3 planes. Relative to the +c,*/3 satellite spotting, that
in the —c,*/3 plane is rotated by 60° about the a,* cell corner (see fig. 25).

with the predictions of the present analysis for which we have employed
c=3¢,.

A number of physical observations can now be drawn from this result.
The first is that the shifting of the PSD phase from layer to layer amounts to a
tilting of the divergent wave-vector out of the layer. If we choose three waves
with q,;=q,; +¢,%/3, we would reproduce the results of eqn. (5), at least as
far as the position of the satellite spots. Only proper measurement of intensi-
ties will reveal the direction of the actual displacements A;, but it seems not
unreasonable to expect that the metal atom motions will be mostly parallel to
the layers, i.e. that the A, be parallel to the q,;/. However, as far as coupling
to the phonons is concerned, the vectors q,; will be the important ones. From
a plate like fig. 12 (ii) we evaluate that |q,|=~0-70 A-1, this wave-vector
being tilted out of the layer plane by =301° (see fig. 25). It is the projection
q,’ of q, on the basal plane that later appears in fig. 34, along of course with the
mean projection of the Fermi surface. From fig. 27 (b) (of the 1T Fermi
surface) we note that the direct ‘ nesting > process may actually be improved
following the above tilt to the q,;, since it tends to accommodate for the c-axis
wiggle in the Fermi surface ‘ walls ’.

Further insight into the form of the CDW state comes when we look at the
real space-charge redistribution that it represents. First consider just a single
layer, with its combination of three simple charge-density waves, Ap=
Ap, Y sin (qo;" . r+®@,).  The detailed contouring, and the peak-to-peak swing

(4,), of the resultant charge distribution will depend upon the value of ®.
The two most symmetrical cases are generated when (with @, = @’)

@' =30°+n . 60°, for which 4,=9/2Ap,, (snc-fold symmetric, but>’

asymmetric w.r.t. + and —
and
only three-fold symmetric
@' =60°+n . 60°, for which 4,=34/(3)Ap,, | though symmetric w.r.t. |.
+ and —
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(Note that we use the point where the @, take a common value @’ to define the
phase origin in the incommensurate CDW itself.) The actual value taken up
by @’ is seen to be physically significant, in that it will affect the direct intra-
(and inter-) layer Coulomb interactions. It is these latter that largely limit the
stability of a CDW state. The &' adopted should tend to minimize the
Coulomb interaction energy within, of course, the bounds set by the driving
force for CDW formation (and Aps£0) in the first place.

In fig. 31 the single-layer charge-modulation function is shown for the
cases ®'=90° and ®'=120°. The three individual waves are indicated by the
vectors A" drawn from the origin. Note that the maxima in the resulting
undulatory build-up of charge make a hexagonal pattern in which they fall
along lines rotated 30° away from the input q,," directions. Since the q;" lie
parallel (almost) to a,;*, the maxima are therefore to be found parallel to the
direct space cell axes, a,, and hence to the lines of atoms (see Appendix).
Furthermore, the real space wavelength between these charge peaks is seen
to be A, =2/4/3.27/|q,’|, or 2/4/3 times longer than the wavelength of the
individual plane waves. With the value of |q,’| previously deduced, we find
for 1T-TaSe, (T'>T4), A,'=a,/0-285 or 3-50a,,.

When generating the CDW in the next layer, we phase-shift each plane
wave by 120°.  The shape of the CDW remains identical to that in the previous
layer, but it is translated in the 1120 direction so that charge maxima lie as far
as possible above minima in the previous layer. Inspection of fig. 31 suggests
the choice @' =90°, with the CDW stacked ABCABC (using the usual close-
packing notation) would best minimize the significant intra- and inter-layer
Coulomb interactiont.

ABAB stacking of the CDW, while ruled out in the 1T case (since scattering
would occur then at [=n/2 planes), would appear to represent the 4Hb case
(I'>Ty). The main CDW we take to occur in the alternate sandwiches,
having octahedral coordination. The waves in these sandwiches then are
directly superposed A—A—, as (crystallographically), are the metal atoms there
(in fact for all the sandwiches, see fig. 1). The first-order satellites in the
4Hb plates never show a trigonal distribution of intensity (fig. 9), and flare at
the same time as the zero-order spots (see § 5.2 (c)), thereby indicating that
they lie in the same I-planes. The absence in the 4Hb (and 6R) plates of any
second-order spotting could mean that the A, are smaller than in the 1T
polymorph. Tt could also mean simply that the lateral coberence length of the
modulation is relatively low (although the first-order spotting seems quite
sharp). Coherence within each octahedral sandwich, it should be remembered,
has in these polytypes to be maintained in the presence of flanking trigonal
prismatic sandwiches.

When ABAB stacking of the charge-density wave is favoured by the
symmetry of the parent crystallography, it seems likely from inspection of fig.
31 (2) and (b), that then the phase selection @' =120° could occur. Rather
surprisingly ABAB stacking of the CDW does not appear to occur for the 2H
materials (Moncton and Axe, to be published).

T Analogous phase staggering has also recently been reported between Pt chains
in K,Pt(CN),Br.;2-3H,0 (Renker ef al. 1974, Werner 1975).
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Fig. 31

$ = 90°
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Charge modulation envelope produced by three sinusoidal waves directed at 120° to
each other, for (a) ®'=90°, (b) ®'=120° common phase angle at origin.
Case (b) is symmetrical with respect to charge excess and deficit, though only
trigonal ; it also shows a larger overall amplitude. For more detail on
geometry see Appendix diagrams. The origin in case (b) is brought to ‘ point’
C by the choice ®'=240°.
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The choice made by 1T-TaSe,, etc. to employ the symmetry-related set of
three vectors q,;, rather than just one of them, in order to define the CDW
state, probably also devolves from the same question; namely, the best
matching of the direct Coulomb interaction in the CDW to the crystallography
of the undisturbed lattice. For a SDW, where the lattice response is much
slighter, one does encounter single-g domains, as in Cr. With the exception
possibly of NbTe,/TaTe, (§ 7.5 (f)) no evidence of single-g domain behaviour
has been detected for the present materials. Even for the phase below T4, the
o and B domains mentioned earlier do not involve breaking the ¢ set, but involve
(primarily) rotation, positive or negative, of the triple set as a whole.

A final point concerning the high temperature phase plates is why the
vectors q,; should be found to take orientations that, in basal plane projection,
make angles of 30° with respect to the Brillouin zone side walls. In fact, in our
previous short communication, we incorrectly depicted q,’ as being parallel to
I'K. Tt is apparent from the plates (for 7'> 7'), as from the above analysis,
that I'M is the operative direction. This point was correctly portrayed in the
note of Williams et al. (1974). In fig. 32 we make comparison between the
geometries leading to x%g), firstly for the situation that holds empirically
where ¢, is parallel to I'M, and secondly for the case with g,” parallel to TK
(i.e. parallel to the zone walls). We do this by showing the Fermi surfaces as

(a)

(b)

To demonstrate the superior overall ‘ nesting * of the 1T Fermi surface for the hori-
zontal component of q,; parallel to I'M, (@), rather than parallel to T'K, (b).
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displaced by the  spanning ’ vectors for the directions in question. Although
the second case probably gives the optimum contribution to x°(q) obtainable
from a single segment of the Fermi surface, it is seen from fig. 32 (b) that the
empiric case, with ¢," parallel to I'M, secures quite comparable contributions
per segment, but these now will arise for four out of the six Fermi surface
segments, not just two. With the q,,” parallel to I'M, the charge maxima as
built up in the triple CDW are, it should be recalled, rotated 30° away from the
single component g-vectors, and thereby form in the atom row direction (see
Appendix figure).

The size of the wave vector ¢,, as deduced from the structure modulation
satellites of the diffraction plates, requires that the Fermi surface be scaled asin
fig. 32, given that its shape be kept as simple as possible. The Fermi surface
is constrained then to intersect the zone wall approximately 0-43 of the way
from ML to KH. The tight-binding interpolation scheme made by Mattheiss
(from which fig. 27 (b) is constructed) yields approximately 0-59. In view of
the fact that the calculation is a first principles’ effort, and also that it carries
a full « =1 correlation term, rather than some empirically more favourable value
around 0-7, we regard this match as very satisfactory. In both figs. 32 and 27
we have met the condition that the Fermi surface encloses exactly one electron.
With respect to the detailed shape, however, it should be recalled that the 1T
space group is only trigonal not hexagonal, and away from the symmetry lines
and planes of the band-structure calculation, the band structure and Fermi
surface in alternate hexants of the zone need no longer be equivalent. In our
figures we have assumed any such deviation to be slight}. Angular photo-
emission results (Traum ef al. 1974), on the other hand, indicate a very sub-
stantial trigonality, and we may be making some error at this point. However,
the photo-emission work is complicated by questions both of steric emission
and blocking for the electrons comprising the photo-emitted beam.

The main features to perceive for the high temperature 1T phase are : (1)
the CDW in each sandwich is formed from a symmetrized set of three wave
vectors ; (2) the wave vectors ¢q,; possess a k, component, which relates to
c-axis stacking of the CDW from one sandwich to the next; (3) the basal
component of the wave vectors takes the I'M directions in order to maximize
x%q,) from all segments of the Fermi surface simultaneously ; (4) the triple
CDW, as built up in direct space, aligns its charge maxima within a sandwich
along atom rows, with an incommensurate spacing of about 3-5a¢,. Because
of cancellation between the pair of 2/4/8 factors, AP = (a,*/q,")a,.

In the next subsection we shall see what is the relation between this geo-
metry and that of the commensurate phase below 7';.

5.2. The commensurate CDW state
(@) General aspects for the 1T polymorphs

At Ty, it appears, taking the simplest case of 1T-TaSe,, that the charge
pattern of the triple-g CDW rotates almost rigidly about the ¢ axis, with just
29%, increase in A, to achieve commensurateness in the basal plane with the

+ The very slightly twisted orientation taken by the modulation vectors (see
§ 2.2 (a)) could possibly arise from this trigonality.
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¢ 3-by-1"’ 13° 54'-rotated hexagonal repeat in the cation array. This is as
portrayed in fig. 14. The regions of charge build-up most probably come to
centre around particular cation sites (so anchoring the CDW phase origin).
In total for each sandwich there are 13 cations per unit, which, in a cell main-
taining hexagonal symmetry (as when following the choice ®’ = 90°), would fall
into three types, in the ratio 1: 6 : 6. In fig. 33 we have indicated the direc-
tions in which the cations are likely to move in the cation plane, for a @ =90°
CDW, assuming the displacements act to minimize the charge separation
brought in a sinusoidal CDW. TUnfortunately Ta is not amenable to a N.M.R.
investigation of the site field inequivalencies (unlike Nb in 2H-NbSe,), and the
distortions (~0-1 A) are too severe for N.Q.R. to be useful. It is hoped that
neutron-scattering experiments will shortly determine the actual atomie
displacements, thereby identifying @',

Fig. 33

[} 1T-TaSez
S P atom types -
o 6
o 6
® 1 Jceil

Basal plane displacements in the 1/(13)a, superlattice for the cations assuming their
motion is simply directed to the charge maxima formed by CDW. We anchor
the CDW phase origin at an atom site, and make the phase angle choice
®'=90°, as for the high temperature phase. This makes points B and C
equivalent (see fig. 31). The sites @ :5:0 are in the ratio 6 : 6:1. (The
arrows here, and particularly in fig. 38, greatly overstate the actual displace-
ments.)

The lock-in transitions studied to date are each accompanied by volume
expansions (see table 1) into the low temperature phase, along with the evolution
of heat. Given the present amount of data, however, it is not clear if and how
this crystallographic response is related to the precise accommodation the
CDW has to make at 7'; in each case to achieve the 4/(13)a, commensurate
geometry. As can be seen in fig. 9 (iii), 4Hb-TaS,, for example, makes a 59,
reduction in A at the transition, while the @, axis remains unchanged. A
major reason for the absence of a clear pattern to the numerical data of tables
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1 and 2 is that the situation which exists in 1T-TaS, is more complex than for
the others (see § 2.2 (c)). If one assumes that in a 4Hb polytype only the
octahedral sandwiches are affected at 74, then the entropy change per mole
should be approximately half that in the corresponding 1T polymorph. While
this is the case for TaSe, (see table 1), the change at 7'y for 1T-TaS, is observed
actually to be somewhat less than for 4Hb-TaS,. We will return to discuss
1T-Ta$, and its unique multi-stage lock-in behaviour shortly.

(b) The transition in the mixed coordination polytypes

Concerning the 4Hb mixed coordination polytypes, it is truly amazing that
their properties indicate that the two types of sandwich behave there almost
independently of each other. This we see, for example, in the magnitudes of
the susceptibilities (see fig. 2), and again in the optical spectra (see Wilson and
Yoffe 1969, fig. 22 (i)). Indeed, in transmission 4Hb-TaS, is green, compared
with blue for 1T and yellow for 2H-TaS, (t~500 A). Because of the tight-
binding nature of the d-bands in these materials, a band structure can be
anticipated which will spatially alternate the character of those bands between
successive octahedral and trigonal prismatic sandwiches. In the 4Hb crystal
(P6,/mme), both types of metal atom find themselves (neglecting the CDW
distortions) in the same point symmetry as they do for the respective single
coordination polytypes (viz. octa.—3m ; trig. pr.—6m2) ; the chalcogen atoms
are always in 3m sites. Since the Fermi energies in the pure 1T and 2H
polytypes are virtually identical, they will be readily matched in the composite
4Hb and 6R types.

The small size of the discontinuity in p for 4Hb-TaS, at 315°K, along with
the positive gradient to the p versus 7' curve below T’y (see fig. 8, in contrast
to fig. 8 for the 1T materials), clearly indicates that the trigonal prismatic
sandwiches carry most of the current above and particularly below T'y. Since
the conductivity within these sandwiches increases on cooling, while con-
ductivity up the ¢ axis is impeded by the low conductivity of the intervening
octahedral sandwiches, the resistivity anisotropy becomes exceedingly large,
particularly after the low temperature transition at 20°K. At 4°K (plc/p Lc)~
103. The material does not become superconducting down to 1°K (Meyer
1974).

Table 3.
Taso (°K)
TaS, TaSe,
1T 4Hb 2H 1T 4Hb 2H
350 473
N\ N
315 410
80 120
v 7
20 75
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The 20°K transition we presume to be the analogue of the 80°K transition
for 2H-TaS, (see § 7), this occurring just in the trigonal prismatic sandwiches.
We note that the transition has become first order in the mixed polytype.
In all instances the various 4Hb transition temperatures are lower than for the
corresponding single coordination case (see table 3). It is not possible to say
whether this depression is due to the increased complexity of the 4Hb band
structure, to the higher degree of incommensurateness in its CDW wavelengths,
or to the lack of cooperative behaviour here between neighbouring sandwiches.
T 4 certainly is depressed by structural disorder, as produced by substitutional
doping, even when this is isoelectronic, e.g. Nb for Ta, Se for S. (Many of the
effects obtained via doping are discussed in detail in § 6.) Probably the reason
for no low temperature commensurate superlattice appearing in
K,Pt(CN), . 0-3Br . 2:3H,0 is because the extent of the incommensurateness is
too high (A~ 6-8¢c,), but here again the question of disorder is present in the
bromine packing the [Pt(CN),] chains.

(¢) Powder X-ray diffraction

While tilting experiments are helpful in determining the correct ! index for a
reflection, they are not always conclusive, especially for very thin samples
where spot elongation is severe. Electron-diffraction patterns can be thought
of as giving a two-dimensional projection of the low [ reciprocal lattice planes
onto the I=0 plane. Two of three indices labelling the reciprocal lattice
positions are thus determined by electron diffraction, and the last can be fixed
by X-ray diffraction.

A number of samples have been studied in powder X-ray diffraction using
a Guinier-De Wolf camera. Since the distortions are small, we only expect to
see satellites of type 1 in the X-ray diffraction patterns. In table 4 we list the
diffraction patterns observed at room temperature for 1T-Tag.4,Ti;.46S,,
1T-TaS,, 1T-TaSe, and 4Hb-TaS,. In general the main lines, labelled with
hkl indices, were considerably overexposed on the film, due to the long length
of the exposure ; consequently their intensity is not given. The intensity of
the super-lines for each sample is visually estimated relative to the strongest
which is labelled as very strong (vs), while those just at the limit of visibility on
the film are labelled as very weak (vw).

The tilting experiments on 1T—(Ta/Ti)S, alloys, in which 74 <300°K,
showed that the type 1 satellites were not in the I =0 plane, but lie in triangular
clusters in planes perpendicular to ¢,*, that intersect at approximately + ¢ */3.
It would be difficult, however, conclusively to rule out intersection at ¢, */4, or
2¢,*/5, or other values close to ¢,*/3, due to spot elongation along ¢ *. Using
the distance to this intersection point along c¢,* from a main a,* spot as a
parameter (k,), powder-diffraction patterns were calculated. Employing the
value of q, obtained from electron diffraction for 1T-Tay. ¢,Tiy.4¢8,, the first
two lines in the powder-diffraction pattern are calculated to be

k, I 0 co*l4 c.*[3 2¢,*5 l Experiment
Largest 10-9 988 9-26 8-75 9-2
d-spacings 516 6-35 6-84 7-31 68 A

A 3c, repeat is, we see, confirmed.
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We now also conclude that the superlattice spots seen in 4Hb-TaS, lie in the
1=0 plane, since the first d-spacing observed, 10-4 A, is the 100 line for a hexa-

3
gonal lattice of 1/(13)a,, (— 1/(13)a, x %—: 10-4 A). Again this result was

suspected from the fact that the superlattice spots flared in intensity in electron
diffraction at the same time as the main a,* spots—a situation not encountered
with the 1T polymorphs above T';. From the fact that the powder-diffraction
lines are sharp and are observed on the =0 plane, it seems likely that this
4Hb CDW indeed has locked-in to alternate « and B-rotated states in successive
octahedral layers, with the q,; parallel to the layers. Finally, we should note
that the superlattice lines observed for 4Hb-TaS, are noticeably weaker than
for 1T-TaS,. Thus we expect the superlattice distortions at room temperature
to be smaller in 4Hb-TaS, than in 1T-TaS,.

For 1T-TaSe,, 1T'< T'y, we record in table 4 a great number of superlattice
lines, of which the line at 3-88 A is in fact intense enough to be seen weakly on
standard short-exposure films. These data were originally given a tentative
assignment in terms of a triclinic cell (Di Salvo et al. 1974). Very recently
Yamada and LaPlaca, in a single crystal study (to be published), suggested a
hexagonal superlattice with a=4/(18)a, and ¢=12c¢,. Moncton and Axe
(1975), however, determine that ¢=13¢c,. Until the distortion details of the
CDW/PSD are known, it is not apparent why the superlattice should adopt
this long ¢, repeat. Since the superlattice points occur so close to the /= 0 plane,
it is not surprising that they all show in the 1=0 plane in electron diffraction.

By contrast the X-ray pattern from 1T-TaS, for the room temperature
state is approximately though not exactly fit by the cell a=+/(13)a, and
¢=3c,. (For example the observed d-spacings 379 A and 3-68 A differ
significantly from those calculated at 3-88 A and 3:63 A. This deviation
from the 4/13 superlattice was not detected by Brouwer and Jellinek (1974).)
It is apparent here, and from the electron diffraction patterns, that between
352°K and 200°K the CDW is not quite commensurate. Williams, Parry
and Scruby (to be published) from an extensive X-ray and electron diffraction
study of 1T-TaS, clearly show that the g, do not rotate by the full 13° 54’
at the 352°K transition but stop short by ~3°. Only with the transition at
200°K is the lock-in finally completed, to give a superlattice that is very
similar or identical to that of 1T-TaSe,. It is not clear at the present time
why the transition at 3562°K stops short of full lock-in, but it is interesting to
note that then ¢ remains at 3¢, until the final 200°K transition. We shall
return to the 1T-TaS, case in § 5.2 (e).

(d) More points concerning the commensurate state properties

In fig. 13 we have recorded the inverse ¢ 3-by-1’ rotated relationship which
exists between the reciprocal lattices for the parent CdI, structure and for the
CDW-driven superlattice. There we displayed the virtual equivalence in
length of a* for the (1T-TaSe,) superlattice, with both the first-order satellite
vector and the radius of the smaller ring of diffuse scattering for the phase
above T4, the latter being very close to (a,*/4/18) for pure 1T-TaSe,. At
lock-in, all the first and second-order spotting rotates, each spot about its own
zero-order spot. All spots take the same clockwise or anticlockwise sense,
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thereby accommodating themselves onto that superlattice net, respectively to
denote either a B or a «-oriented domaint.

With fig. 84 we have developed the above figure (13) to include the Brillouin
zones for the two phases, the high temperature Fermi surface, and a typical
CDW (projected) spanning vector, q,. The dotted wedges, as drawn, divide
the parent B.Z. into 12 equal area segments. Since the wedge is of angle
2 x 16° 06’, one of its sides passes through the (11-0) oriented reciprocal lattice
point of the superlattice net. Such reciprocal lattice points are, in fact, also
seen to be incorporated into the paths of the second (larger) circles of diffuse
scattering, for which the radius then closely takes the value of 4/7a*. (Note,
here, hexagonal geometry is such that, for that value, the second ring incor-
porates 12 reciprocal lattice points, rather than just 6 as for the inner rings.)

We earlier ascribed the inner rings to (very probably) phason scattering,
associated with the critical Fermi surface spanning wave vector, q,. The
larger circles, we now note, seem similarly related to the umklapp vector
—q,+a,*, although, as we have tried to indicate in fig. 13, a careful examina-
tion of plates like fig. 12 (ii) seems to show slight overlap for the two sets of
circles. Of these two spanning vectors, —q,+a,* corresponds to A=1-38a, ;
and it is only q, that achieves commensurateness at 7'4.

Corresponding to what is noted above, any rotated hexagonal superlattice
(m,) in an h.c.p. array (a,) has all its cell corners at distances from the origin

1T-TaSe;
SPACE])

Wy, “
My
;
,

i
7’

The figure portrays, for the simpler cage of 1T-TaSe,, the relationship between the
high temperature Fermi surface, one of its critical spanning vectors (in basal
projection), ¢y, & radius of a smaller ring of diffuse scattering, and the low
temperature rotated superlattice. The Brillouin zones for both phases are
included. The dotted wedges divide the parent zone into 12 equal area
segments. The Fermi surface as drawn is modified slightly from that in fig.
27 (b}, to match the experimental value of g,,.

T We ignore here, as in fig. 13, the 1° twist in the h.t. spotting that was mentioned
in §2.2 (a). Its presence is clearly apparent in figs. 9 (i), 12 (ii) and particularly
fig. 24 (i),
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held by 12 atoms, rather than just 6 as for an axial superlattice (see fig. 14).
These rotated (6 * 30°) superlattices are of side 1/7, 4/13, 4/19, /21, (1/28),
V31, /39, 4/43, /49a, .... Note that the latter 5-by-3-rotated cell, for
which a," = 7a,, is then associated with an 18-atom peak in p(r), a feature that
recurs at 13a,, etc. It will be interesting to find if this has any influence via
p(k) in promoting a special stability for the 4/13a, superlattice, which the
Fermi surfaces have come so close to matching. Certainly, as we shall see in
§ 6, this superlattice is fairly tenaciously clung to, even when the Fermi
surface geometry is changed quite appreciably via doping, ete.

The reduced Brillouin zone of the superlattice phase is 1/13 of the old zone
in cross section, so that, if the bands were to fold neatly into the new zone, the
Fermi surface would lie halfway through the seventh band. In fact it does
seem, from the three-fold increase in resistivity at 7'y for 1T-TaSe, (see fig. 3 ;
note also the large increase in Ry found when cooling 1T-TaS, through T’y
(Thompson et al. 1971)), that the total area of the Fermi surface becomes very
substantially reduced at lock-in. For the high temperature phase, as we will
discuss in § 6, some gapping already exists across the simple band structure
in the vicinity of the Fermi surface due to the incommensurate CDW. The
low value of y found above T, (see fig. 2) is related to this loss of free-carrier
behaviour. Below 7'; the augmented gapping of the superlattice drives y
still closer to the diamagnetic core value (approximately —55x10~¢e.m.u./
mole for MoS,, and —100x 107 for WS, ; see Geertsma and Haas (1973)).

Wherever in the zone the gapping from the superlattice geometry is centred
at or just below the original Fermi level, appreciable stability will be lent to the
superlattice state from the reduction in electronic band energy of the electrons
so placed. This is the descriptive form employed by Sato and Toth (see their
1968 review) to interpret the stability of many long-period superlattice orderings
in alloys.

In the IT and 4HDb layer compounds, 7' is reduced quite sharply by the
application of pressure (see table 1). Pressure should promote significant
changes in band shape for the layer compounds, reducing the two-
dimensionality. The depression rate for 1T-TaSe, and 4Hb-TaS,, is close to
5°K/kB (much in fact as for the SDW ‘ Neel’ point in chromium (Fletcher
and Osborne 1974).

Also noteworthy is that 7'y falls from the 1T and 4Hb (and indeed 2H)
tantalum selenides to the corresponding sulphide, in each case by approxi-
mately the molecular weight ratio of 1-38 :

’ 1T 4Hb 2H

T4 ratio
(TaSe, : TaS,) 1-35 1-30 1-50

This is not unexpected, since the electronic instability is coupled strongly to
the phonon system. The changes brought by substitution of different cations
seem to effect the d-band details too severely for such a simple relationship to
hold, though the changes are in the appropriate direction.

AP, N
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(e) The complexities of the 1T-TaS, case

We next offer some comments concerning the rather complex behaviour
displayed by the 1T polymorph of TaS,. As for why 1T-TaS, should be
unique in these complexities, we perceive no answer. It is only little more
incommensurate than is 1T-TaSe,, and indeed zero mismatch can be achieved
by substitutional doping with 2 to 3%, Ti, yet the complex state remains (see
fig. 21 (iii)). In fig. 21 (v), which is for 6%, Ti-doping, we see that although
the clear systematics of the 1T-TaS, pattern are degenerating, a simple
1T-TaSe, type pattern has mot been achieved. 89, Nb-doping of 1T-TaS,
yielded fig. 21 (viii), which recalls the 4Hb pattern (although the inner spots
are noted to be absent with this flare out condition of the a,* spotting). The
4Hb-like spotting [both here and again in selenide figs. (i) (b) and (ii)], is
assumed to arise from a drastic reduction in «/f domain size, resulting from
the doping. The condition persists to low temperatures. It is worth noting
that such doped 1T sulphide plates (fig. 21 (iv) and (vii)), invariably show a
novel trigonality in the strong spotting, as the morass of fine-structure spotting
is drawn towards the 4Hb-like pattern. Presently we are trying to follow the
behaviour of the °superlattice’ state through the mixed sulphur/selenide
series, which we find extensively to retain the complexities of the pure sulphide,
but without the added complexities just mentioned for cation substitution.

As was shown in fig. 18 for 1T-TaS,, the spots centring the small triangular
clusters, in the diffraction pattern from the state obtaining between 350°K and
200°K, do not fall exactly at the vertices of the hexagonal a,*/4/13 net. How-
ever, they do form collinear strings (according to our construction) for the spot
pairings 1 and 2, 3 and 6, 4 and 8, 9 and 5, 10 and 7, 12 and 11 (in the notation
of figs. 17 and 18), which might be taken to radiate from the parent Bragg
spotting, after the manner of the first and second-order high-temperature-phase
satellite spotting.

Why the rotational adjustment in 1T-TaS, should fall short of the full
3-by-1 lock-in (13° 54') in this fashion is not understood. The short-fall is
actually greatest right at the 350°K transition (~3°—see fig. 24 (vi)), being
reduced to about 2° by room temperature (see fig. 7 (iv) and fig. 18). F¥rom the
latent heat changes given in table 1, it is seen that the stabilization energy in
1T-TaS, at the 350°K transition is only about one-third of that in 1T-TaSe,
at full lock-in (473°K). Moreover, because of the progressive change in the
sulphide below 350°K, this difference does not show up in the subsequent
200°K transition. The resistivity and susceptibility data in figs. 2 and 3 do
indicate that less of the Fermi surface is initially removed in the sulphide than
the selenide, but that below the 200°K transition the reverse is true. Small
differences in band-structure detail throughout the parent zone, prior to
folding into the small superlattice zone, will critically determine this transport
behaviour.

(f) NboTey and TaTe,

Apart from in the introduction to § 2, we have not mentioned NbTe, and
TaTe,, which, though still structurally based on the Cdl, type, are fundamen-
tally different from the preceding 1T compounds (see Wilson and Yoffe 1969).
The cation shifts range up to almost } A, or 129, of a,, and seem much more
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Fig. 35
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The structure of TaTe, (based on results of B. E. Brown ; see Wilson and Yoffe 1969,
fig. 4), drawn here in terms of distortion from a 3a, hexagonal cell. The
estimated regular value of a, is 3-71 A (not 374 A, asin W & Y).

related to the situation in WTe, (and B-MoTe,), where d? inter-cation bonding
produces a puckered chain distortion, that leaves a virtually semiconducting
end product. In the d! system we see, however, from the representation of the
TaTe, structure made in fig. 35, that a simple electron-pair bonding picture will
not account for the deformation here. It makes an interesting speculation
that the observed ribbonated structure arises initially from a single-g CDW,
for which A has fallen from 3-la, in the sulphide and selenide to around 2-6a,
in the telluride (the value that this view of the structure of fig. 35 would
require). The implied adjustment in band structure is readily accounted for,
as in NbTe, the d(t,,) band starts to overlap with the predominantly chalcogen
p-band (Wilson 1974). With the heavier p/d covalent mixing, the states at
the Fermi surface then should be sufficiently extended to produce quite strong
cation—cation interaction, encouraging large atomic displacements to develop,
compared with those for the simpler situation in the sulphide and selenide.

§ 6. CoNFIRMATION OF THE CDW INTERPRETATION
THE USE OF DOPED AND INTERCATATED CRYSTALS

The clearest confirmation of our CDW interpretation of the observed
phenomena in the TaS, family has come through our doping experiments,
where the Fermi surface geometry is altered in a systematic fashion. We start
with a section bringing attention to the not insignificant role played by disorder
in these experiments, but find it does not affect the crucial result represented

N2
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in fig. 36. We close § 6 by showing that the model will explain the anomalies
in the electrical, magnetic and optical data, previously listed for these poly-

types.

6.1. A prologue—The effect of doping on the +/(13)a, commensurate transition

As noted when discussing the diffraction results of fig. 21, the temperature
at which the 4/(13)a, superlattice is adopted by these systems is quite strongly
affected by substitutional doping. We have found from magnetic, electrical
and structural experiments that the following levels of cation substitutional
doping bring 7', down to room temperature: 1T—(Ta/Ti)S,, 6% Ti; 1T-
(Ta/T1)Se,y, 10%, Ti; 1T—(Ta/NDb)S,, 5% Nb; 1T-(Ta/V)Se,, ~5% V. With
doping the transition broadens, and becomes ill-defined for #215%,. In no
case has Ty been observed to increase above its value in the undoped material.
This proves true also for the mixed anion system 1T-Ta(S/Se),, when we use
the line between T'; for 1T-TaS, and 1T-TaSe, as reference value. This,
together with the very similar effect that introduction either of d°Ti sites or of
d!Nb sites has upon 7', indicates that the prime factor in reducing the lock-in
temperature is disorder, and not change in the average electron content, e/a.
As one might suspect for a d-band phenomenon, the effect of disorder in the
cation site potential proves more active than anion site disorder. It remains

Fig. 36
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The g, /a,* data, contained in fig. 20, is shown against electron content through the
series 1T-Ta, ,Ti,S,. The selenide data is almost identical. The dotted
curve is g,0c4/(1—=), arbitrarily brought into agreement with the experi-
mental data at 759, Tit. Note 1/4/13=0-2773. ¢,'ja,* for the 40% Nb
doping (fig. 20 (ii)) is 0-274, and similar little-changed values are seen for Se
and even V doping.

+ At large efa the experimental data falls below this parabola, as the band
structure of fig. 26 (b) would imply, since along I'M E versus £ flattens out
approaching I,
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striking nonetheless that the e/a change brought by group IV substitution
should not play a role here of at least comparable importance. In fact, both
for 1T-Ta8S, and 1T-TaSe,, the Fermi surface size is better matched to the
4/(13)a, superlattice geometry under 29, to 3%, Ti doping than it is for the
pure Ta material, yet T'; falls, virtually as under Nb doping. For both, the
initial rate of fall is approximately 10°K per per cent substitution. One
certainly cannot ascribe this fall in 7'y to reduction in volume upon doping
(as might possibly mimic the fall in 7'; under pressure, see table 1), since T,
is depressed also by substitution of Zr into 1T-TaS,, and there the molar
volume is sharply increased (Benda 1974).

Several of the plates in fig. 21 serve to indicate that the superlattice condi-
tion finally established below 7'y, in the presence of light doping, is rather
severely disturbed. The 4Hb-like patterns seen there reveal that the /B
orientation selection is not maintained over more than a few microns, unlike
for the pure materials, where a single domain may extend across the whole
crystal. It will be interesting to find how AH for the lock-in transition, which
is never more than } kcal/mole in the pure materials, is reduced by the doping.
The lower 200°K transition in 1T-TaS,, for which AH is only 50 cal/mole, is
completely removed by 3%, Ti, though it does survive very substantial Se
doping.

6.2. The results from doping to non-superlatiice conditions

Once the 4/(13)a, superlattice has been suppressed by Ti doping (2 159%,),
no further superlattices have ever been detected, such as must geometrically
be appropriate to other values of efa through the d/d° system. Although we
have not investigated the situation structurally to low temperatures, no features
occur in the magnetic or electrical data that are suggestive of superlattice
formation. In contrast to this sensitivity of long-range lattice commensurate
states towards site disorder, there is displayed a remarkable unperturbability
towards the creation of the CDW state in the first place (though doubtless the
CDW is of much reduced coherence length). This is so despite the fact that
the stabilization energy brought by a CDW with 7', ~600°K, is probably
only ~5x10-2eV per electron or § keal/mole (i.e. 2A ~5kT,, the CDW gap
energy, applied approximately to one-fifth of the d! electrons). The value used
here for 7', we abstract from p and y versus 7' measurements made at low Ti
doping. This doping prevents reversion of the 1T to the 2H phase. We shall
make further comments on these electrical and magnetic measurements below,
but the details are to be reported separately.

At various points we have implied that the CDW wavelength responds in
keeping with changes wrought in e/a by substitutional group IV doping. The
diffraction patterns of fig. 20 provide a record, in the ratio g, /a,*, of just what
these changes are. The structure modulation satellites and the diffuse-
scattering circles (inner one) are seen steadily to contract back towards the
main spotting, as the d-band is progressively emptied. [Relevant to this
reduction in the average value of e/a per cation site, it was anticipated that the
d-band would be of sufficient width (relative to the degree of matching of the
Ti and Ta site potentials) for it to permit the rigid-band approach as a satis-
tactory first approximation.] Complementing the above very little change of
9o’ /a,* from that in pure 1T-TaS, is signalled in the patterns obtained with
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d™NDb or V doping. Figure 20 (ii) is such-a pattern, here from a sample with
40%, Nb substitution (by which stage, we note, the sharp satellite spotting has
been lost, and 7' completely suppressed).

Given the reduction in efa caused by Ti doping, we infer that the results in
fig. 20 are indeed monitoring the Fermi surface, as it shrinks back on the ML
axes in accord with the calculated band structure (see figs. 26 (b) and 27 (b)).
As the tantalum content is reduced, £y drops to where the bands are increas-
ingly parabolic, causing the Fermi surface to become ellipsoidal, with constant
eccentricity. In fig. 36, which records our measurements of ¢,’/a,*, we show
that the plot of q,’/a,* versus doping content indeed tends to a quadratic form
as efa becomes smaller. Results like these (fig. 36) we hold as providing
conclusive evidence that the effects seen indeed derive from the Fermi surface.
It is particularly convincing when the positive results of 1V/V cation mixing
are viewed against the absence of any major change in ¢,"/a * for V/V mixing.
In the latter cases the slight changes detected in ¢, /a,* are not inappropriate
to the peripheral changes to be expected in band shape, e.g. from spin—orbit
coupling. [The band structures of fig. 26 are non-relativistic. Band splitting
in the proximity of Ey will occur for the states I'(3+ ) and A(3+ ) in 1T (Dy4?),
and K(5) and H(2) for 2H (Dg;%).]

Using fig. 36, one notes that the Fermi surface geometry at 209, Ti is
suited to a 4a, superlattice ; that at 409, Ti to a 4/(21)a, ‘ 4-by-1’ rotated
superlattice. Such states, as mentioned above, are not to be detected in any
measurements. The diffraction patterns of fig. 20 show that even the first-
order structure modulation spotting is highly diffused at all such doping levels.
Initially we had further conjectured that there may occur cation migration to
produce certain ordered alloy superlattices, this possibility arising whenever
the periodicity of the latter should find itself in close conjunction with that
deriving simultaneously from the Fermi surface. Unfortunately our model
supercells for such accord require x to be in excess of 60%, by which stage the
Fermi surface effects are waning rapidly. We obtained no success from long
annealing at 500°K (though this, note, is only marginally below 7, : even so
the cation diffusion constant may then be extremely low).

6.3. Further evidence in optical, electrical and magnetic data

A rough estimate of the stabilization energy brought by the 1T CDW was
given above at 0-05 eV per d! electron. This was derived from a gap equation
of approximate BCS form, such as has been found satisfactorily to describe the
SDW in Cr (Rice et ol. 1969, Barker and Ditzenberger 1970). With 7', ~600°K,
we expect the average gap, 2A, to be ~%eV. The I.R. absorption and reflec-
tion spectra (Benda 1974, Barker 1974), unlike the case for chromium, do not
show a single rather well-defined peak, but instead display loss throughout the
I.R. (and ultimately match up with the low d.c. conduetivity). The principal
range of anomalous absorption seems to stretch from 0-15 eV to 0-6 eV. The
absorption between £ and 1} eV we attribute, as earlier, to standard intra-d-
band transitions (Wilson and Yoffe 1969, fig. 80). Note that we are for the
moment talking about the incommensurate state, as attained through doping
or elevated temperature. For increasing Ti doping, the anomalous behaviour
in the LR. steadily disappears, so that from about 609, onwards it is possible
to fit the data reasonably closely using a Drude plot. However, the relaxation
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parameter required is extremely short, being only 1015 sec for 1T-Ta,.,Ti,.¢S,
(Benda 1974).

For pure 1T-TaS, when taken below 7'y (and still more so below the 200°K
transition, Barker (1974)), the I.R. absorption is further complicated by
extension of the gapping, due to the superlattice condition. The rapid depres-
gion of 7'y observed under doping suggests that any simple superlattice gapping
is dominated by the underlying CDW correlated gapping. In the p versus 7'
plots of fig. 3 we interpret the negative gradient ot the plots found in the initial
range below 7'; as resulting from thermal excitation of substantial numbers
of additional free carriers across the smaller superlattice gaps in typical semi-
metallic fashion (e.g. WTe,). The slopes yield a (least) activation energy of
about 0-02 eV, or one-tenth that estimated for the CDW itself. [For the
mixed coordination polytypes, the p . versus 7' gradient does not show a
negative value in this initial range below 7'y, (though it is much reduced ;
see fig. 8), since in these polytypes the greater part of the current passes
through their trigonal prismatic sandwiches.]

When similarly examining this region below lock-in, but now using samples
lightly doped with Ti, negative p versus 7' gradients continue to be observed.
Moreover, there follows no strong reduction in p at lower temperatures (for
x22% in 1T-Ta,_,Ti,Se,). The persistent negative gradient suggests a heavy
amount of disorder scattering, and even local trapping. Many of the plates
of fig. 21 plainly reveal structural disorder in the superlattice state. p versus 7'
plots of this type continue to be obtained for Ti concentrations far beyond those
at which lock-in to the 1/(13)a, superlattice finishes. Only below about 20°K
does the increase in resistivity cease. This type of behaviour is reminiscent
of that produced either by extreme disorder, as in NbN,,.,, (Fisk and Lawson
1973) and concentrated TiAl and VAl alloys (Mooij 1973), or by spin fluctuation
conditions as in PuZn,, etc. (Brodsky 1974). As mentioned in § 1, only when
the level of Ti doping exceeds 509, does the p versus T plot of 1T—(Ta/Ti)S,
finally take on a positive gradient at room temperature and below.

With low doping concentrations 22109, Ti, a positive gradient is, however,
ultimately attained above about 600°K, and this we take to signify the end of
the CDW state, and the onset of more normal free-carrier behaviour. By this
stage the resistivities of the 1T and 2H polytypes have become very comparable
(see fig. 3). Actually under the same 600°K conditions, the magnetic suscepti-
bility (fig. 2) of the 2H phase is still much higher than for 1T (+ 100 x 10~ and
+10 x 10~%/mole respectively). This we take largely to reflect the four-fold
difference in their density of states at Ep (fig. 26 (c)).

When a sample, permanently secured by substantial Ti or Nb doping
(2159%,) in the non-superlattice 1T phase, is followed in y from high to low
temperatures, the susceptibility (once T < T',) is found to slide slowly down into
negative values. The residual paramagnetism from the ‘ free ’ Fermi surface
electrons finds itself only slowly insutficient to offset the core diamagnetism, the
CDW gapping in the presence of such high disorder being much retarded. The
terminal value, however, is close to that found in pure 1T-TaS,, for the range
Ti<T<T,.

6.4. Concerning organo-intercalation

Finally we turn to the problem presented in the EDA intercalation plates

of fig. 20 (ix) and fig. 22 (i), (§ 2.2 (9)). The size of the rings of diffuse scatter-
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ing, while compatible with the stoichiometric geometry of fig. 23 (b) and its
eight metal atoms per unit cell, is not t0 be drawn simply from fig. 36. 1f one
were merely to extrapolate the curve of fig. 36 to higher electron contents (and
even, thereby, neglect the density of states peak arising from the critical point
at T), the experimentally implied expansion of the 1T Fermi surface would be
completely beyond the ‘ unaided’ electron-donating power of the organic to
secure. It is apparent that the detailed shape of the d-band structure must be
modified somewhat in the process of intercalationf. Then, unfortunately, we
do not get a true measure of the electron-donating power of the intercalate.
Tt is in fact known that the 1T stacking changes to a 3R stacking during EDA
intercalation (Meyer 1974). Other sandwich-stacking changes have been
reported for pyridine intercalation in 2H-TaS, (Parry et al. 1974), and likewise
for alkali metal intercalation (Omloo and Jellinek 1970). It is through such
band-structure changes accompanying intercalation that we can accept a
v/(13)a, superlattice state being formed in eyclopropylamine intercalated
9H-TaS, (Beal and Liang 1973, fig. 10 (b)), when already the superlattice for
2H-TaS, is 3a, (see § 7).

Conversely, the latter authors find (Ibid., fig. 3) that when cyclopropylamine
is intercalated into 1T-TaS,, the optical spectrum at 77°K is not like that of
pure 1T-TaS,. Instead, it is of a form which we are now in a position to note
comes from having passed outside the 1/(13)a, superlattice régime, it being, as
they show, rather like that from I1T-Tag 5Nbg.56S;. The latter material
actually yields a spectrum that upon intercalation changes little over the range
0-4 to 4 ¢V. Unlike 1T-TaS,, it shows the presence of free-carrier absorption
in the near infra-red.

1T-Ta$, intercalated by EDA does not become superconducting (> 0-3°K,
Meyer 1974), here being similar to pure 1T-TaS,, or indeed 1T-TaSe,, which are
not superconducting, certainly to well below 1°K. Superconductivity has been
detected below 1°K in the 1T—(Ta/Ti)S, system, beyond such Ti concentrations
as permit the +/(13)a, superlattice to appear at low temperatures (J. Gerber,
unpublished).

§ 7. THE CASE OF THE TRIGONAL PRISMATIC POLYTYPES
7.1. Background concerning the low temperature state

Tt has been known for some time in the case of TaSe, that some form of
phase change occurs at close to 120°K, in all of its polymorphs possessing
trigonal prismatic coordination, 2H, 3R, and 4Hajc. The plots of magnetic
susceptibility versus 7' were, for example (e.g. Bjerkelund and Kjekshus 1967),
found to show a break very reminiscent of antiferromagnetism (although the
absolute value of y was less than for palladium, see fig. 2). Naturally this
prompted an N.M.R. investigation, since the complete family of materials was
already known to be superconducting. By this investigation (made on 2H-
NbSe,) antiferromagnetism was immediately discounted (Ehrenfreund et al.,
1971). However, it was discovered that atomic site field inequivalencies
appear in the low temperature phase. The N.M.R. quadrupole satellite peaks
of Nb become split quite strongly, into what would seem to be an equally

+ The 1eV band splitting at I' in 2H-TaS, (14+/4— ; fig. 26 (a)) gives some
measure of inter-sandwich interactions.
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weighted doublet. This splitting was judged greater, moreover, than could
be accounted for by the very small shifts in atomic position indicated in a
concurrent crystallographic investigation (again for 2H-NbSe, ; Marezio et al.
1972). Although the details in the latter structural refinement were always
suspect, since the changes were so slight, it was made apparent that the atomic
shifts lay in the range below 0-05 A, as for ¢ soft phonon mode ’ materials like
NbySn (Shirane and Axe 1971 a, b) or SrTiO,. The conclusions drawn were
that the structure remains hexagonal (though following a slight downward
break in ¢/a), and that the N.M.R. results would have to be accounted for by
inequivalencies ~ 59, in the site d-band charges.

In table 1 we incorporated earlier the integrated heat of transition for
2H-TaSe,. This is only 1 cal/mole ; yet it is likely to be the largest value in
the family (7' highest). It reveals how slight the transitions are, compared
with say the lock-in transitions of the 1T polymorphs, for which AH is two
orders of magnitude higher. It also accords with the sensitivity of the transi-
tion details to preparation conditions and stoichiometry. This sensitivity
appears intriguingly coupled to sensitivity in the superconducting temperatures

Table 5.
2H-TaSe, 2H-Ta8, 2H-NbSe,

Peak in susceptibility 120° (a), (b) 80° (e), (b) broad (f)T
Break in p versus 7' 110° (a), (b) 75° (e), (b) (35°) (a)
Ry start 120° (a) 65° (e) 40° (a), (f)

[-1— ,0, — 90° 55° 25°
[H|c] end 35° 20° 15°
N { =0, + 60° (g)

peak 25°
T, structural 120° (b), (c) 35° (¢)
T, 0-2° 0-8° 7-3°K
orT . JoP (<3x10°%) (d)| +5%x107%(d) |+6x10-5(3), (§) °K/bar

(2H-NDS, becomes superconducting at 6:1°K, and no structural change is reported
via N.M.R. down to this temperature (k). A structural change below 4°K has
possibly been detected in the electron microscope (1).
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(as for the martensitic transition in Vz8i, and NbySn). Huntley and Frindt,
in a forthcoming paper, display the especially high sensitivity of the transition
in NbSe,, through a comparative plot of Hall coefficient versus 7' for a selection
of specimens. Although the transition is slight, the Hall coefficient in fact
undergoes in its vieinity a change in sign, as first reported by Lee et al. (1970).
The Seebeck coetficient shows almost as marked a change (Geballe 1972). For
2H-NbSe, the ability to transform is possibly destroyed by cycling to pressures
in excess of 1 to 2kB; the superconducting transition temperature (7',) is
thereby increased (Yamaya and Sambongi 1972). T, increases rapidly for
TaS, and particularly NbSe, up to pressures of 25 kB, but this is not so for
2H-TaSe,, where T, is probably too far removed from 7',. Correspondingly,
no change is found in 7', for NbS,, for which, if a structural transition exists
at all, it lies below 7',. These facts are summed up in table 5.

7.2. The low temperature state related to the band-structure results

As was presented in § 2.2 (d), we now know that the structure of the low
temperature phase is a 3a, superlattice, defined by very slight modulations in
atomic position. In addition to the case of 2H-TaSe,, this periodicity is now
also confirmed for 2H-NbSe, (Moncton and Axe 1974), and we presume it to be
general to the family. In fig. 27 (a) we have presented the Fermi surface as
derived from Mattheiss’ band structure of fig. 26 (¢). From this diagram it
seems quite likely that the same form of critical spanning is involved here as
was the case for the 1T CDW ; viz. at the centre of the Brillouin zone walls, by
the triple set, q,,, having basal projections parallel to I'M. The very recent
band structure by Fong and Cohen (1974), though showing some differences of
detail, and unfortunately not being calculated for the crucial symmetry lines
MK and LH, would seem, with a Fermi level falling at 0-3 eV on their (arbitrarily
positioned) energy scale, to lead to virtually the same Fermi surface as above ;
in particular, a Fermi surface that intersects the zone walls just about hali-way
from the ML to the KH axes. We show in fig. 37 the (Mattheiss’) Fermi surface
as it intersects the planes AHIL and 'KM. Away from the former plane, the
surface becomes two-sheeted, this resulting from the presence of two molecules
per unit cell. Possibly it is this fact which prevents a CDW state in the 2H
polytypes from providing the same degree of stabilization of the ground state
that it does in the 1T polytypes. It should be further noted on this point that
with a hexagonal 3a, superlattice, for which the maxima in the CDW are
centred on atom sites, the minima also automatically find themselves similarly
centred. This can be seen in fig. 38 (a) in which we have shown the directions
of the cation displacements to be expected for a @ =90° CDW (see §5.1).
Still to be reconciled with the N.M.R. results is the fact that here there are not
just two but three site types per cell, present in the ratio 1:2: 6. Given the
presence of the superlattice, it is of course clear why the very low temperature
magneto-thermal oscillation data (Graebner 1973) does not fit the simple band
structure. The details of the band folding into the reduced Brillouin zone of

T Note if the CDW origin is shifted to lie symmetrically between three cations,
the atom site ratio will reduce to 6 :3, should one consider only the local charge
in the CDW (fig. 31 (a)), and neglect the atomic displacements (fig. 38 (b)).
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Fig. 37

The two-sheeted Fermi surface of 2H-TaS, in horizontal section (see fig. 27), showing
the common AHL section (~), and the two I'KM sections (———— lower
band ; —-— . — upper band). One of the critical spanning vectors g,
(horizontal projection) that probably produces the 3a, superlattice is indicated,
along with the vector probably determining the 2a, superlattice (§ 7.4).

the 3a, superlattice are likely to remain a mystery for some time, and, with this,
so are the remarkable changes in Hall and Seebeck coefficients. It is not
likely, either, that the band-structure calculations will be made sensitive
enough to perceive whether differences in the density of states at the Fermi
level play a role in determining 7', and in the amplitude of the CDW below
this temperature.

Calorimetrically determined electronic specific heats (y,,), of course, refer
to the superlattice condition (with the exception of 2H-NbS,, for which only
unconfirmed data exist). According to the calculated density of states,
N(Hy) prior to the transition is quite high (~3/eV—° cation’ spin, as for
V,8i), and is critically placed at a very sharp peak in the density of states
(fig. 26 (c)). The experimental value of y., for 2H-NbSe,, at 16 mJ/mole
°K2, shows N(Hy) to remain bigh below T. This value of y,, is found to
decrease with organo-intercalation, the reverse of what is found for 2H-TasS,.
The details clearly are highly individual. However, what does seem general
is that an increase in vy, produces an increase in 7,. For 2H-TaS,, such an
increase in y,., follows upon either organo-intercalation or substitution of
selenium for sulphur. As we will see in the next subsection, both these actions
are in fact found to incur a suppression of the superlattice state.

A representative selection of data relating to the above matters is given in
table 6. Much data contained in the Stanford Ph.D. theses of J. F. Revelli,
R. E. Schwall, J. A. Benda and S. F. Meyer remains unpublished.
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Basal plane displacements in 3a, superlattice (compare fig. 33). The choice @' =90°
is still made ; in () origin is retained at an atom site to preserve hexagonal
symmetry for distorted phase ; in (b) origin is displaced to the off-site position.

7.3. The magnetic, electrical and optical properties
The suppression of T,

As one suppresses the ‘ amplitude > of the low temperature state in 2H-
TaS,, via organo-intercalation (with its changes in band structure and con-
duction electron content), or alternatively via selenium substitution (with its
concomitant lattice strain), the peak in y falis and broadens (Di Salvo 1972 and
unpublished, Murphy ef al. 1974), and the resistivity anomaly is likewise
removed. The latter anomaly in p at 7', (see Thompson, Gamble and Koehler
1972) takes the classic form for a second-order transition (or in fact very much
as for the SDW onset in chromium, see Barker and Ditzenberger 1970 ; fig. 12).
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Approaching 7', from above, there is evidence of growing critical scattering,
corresponding to the diffuse scattering seen in electron diffraction (fig. 7 (vi)).
Occurring immediately below 7', is a small hump in p, extending over perhaps
20°K, that probably derives in large part from the changing number of carriers
as the gapping develops. The materials offer interesting possibilities for
critical exponent work. The temperature range of the fluctuations seems more
limited here than in chromium or dysprosium (theory for which has recently
been presented ; Kasuya and Kondo 1974), and much more so than for typical
alloy disordering (see Thomas et al. (1973), concerning ‘ FezAl’). For 2H-
TaS, and TaSe,, the hump in p associated with 7', comes just where the tem-
perature exponent is passing from 7 to 7" (approx.) behaviour, and it is
rather difficult to choose a base line. Consequent upon pyridine intercalation
into 2H-TaS,, with suppression of T',, p retains the gradient of its high tem-
perature curve, and does not drop to the low values shown by all the pure 2H
materials (Thompson, Pisharody and Koehler 1972); though ultimately
the intercalated material does still become superconducting, and with a higher
T, than for 2H-TaS, The same is true for the mixed system Ta(S/Se),
(Revelli, thesis ; Revelli and Phillips 1974).

The above pattern of behaviour with regard to the suppression of T is
also to be seen in the L.R. spectra, (Benda ef al. 1974). For Ta(S, sSe,.5), and
its pyridine intercalate, a normal free-carrier behaviour occurs, but with pure
2H-TaSe, quite marked absorption is found (at 4°K) in the range from 0-1 to
0-5eV. This is, however, nothing like the general disruption of the Drude tail
that was observed in the 1T polymorphs (see fig. 4). The absorption peak in
2H-TaSe, actually occurs at around } eV, which is about five times higher
than would be expected (for 7',=120°K) from the BCS-like gap equation,
2A =5kT,, that earlier proved successful for the chromium SDW. However, it
must be noted that the agreement for chromium related to the ¢ncommensurate
state only. When very small amounts of Mn, Ru or Fe are doped into Cr
securing the commensurate state, the peak in absorption is in fact shifted from
0-15 6V up to 0-4 eV (Barker and Ditzenberger 1970). In 2H-TaSe,, at 4°K
we are similarly confronted with a lattice commensurate state, even though
there is not found the very large discontinuity in p at 7, which is appears
for Cr: 3%, Fe, ({bid., fig. 15 (a) ; see also Kotani 1974).

7.4. Other questions concerning the stability of the 3a, CDW

We have endeavoured for 2H-TaSe, to discern some degree of incommen-
surateness inherent in the diffuse critical scattering seen above the 120°K
transition, and conclude it not to be more than 2 or 3%,. As we have seen
above, in clear contrast to the 1T polymorphs, it is not apparent from
our data that a static incommensurate CDW pre-exists the superlattice
state. T4 and T, then, appear to be the same, although the onset transition
at 120°K does seem second orderf. It is possibly only this chance proximity
of the 3a, commensurateness that allows the CDW state to develop at all in the

+ Recent results separating 7', and 7'y have now been obtained for 2H-TaSe, by
Moncton and by Barmatz.
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trigonal prismatic polymorphs, since there is forced to be a conflict here bet-
ween the sheets of the Fermi surface, not present for the 1T polymorph. It
remains to be discovered just if and how the varying extent of suppressed
incommensurateness (pre-determined in each parent Fermi surface) helps
govern the changes in 7', 4 and also the amplitude of the CDW when we pass
through the 2H family from TaSe, to NbS,. Already, at the end of § 5.2 (d),
we noted the possible role played by the molecular weight in determining the
transition temperatures. From the scanty data available on the 3R and 4Ha/c
polytypes (Bjerkelund and Kjekshus 1967, Revelli and Phillips 1974), it seems
T, is rather insensitive to the band-structure modifications that these structural
changes must bring. Indeed we find it somewhat surprising that 3a, critical
scattering becomes visible at room temperature in samples modified by either
excess metal in the van der Waals gap sites (Ta,.(55€,), or by cation substitution
(Tag.4eWg 0s5€,). We have not in these cases, either, as yet made careful
enough measurements to detect any small change in the diffuse electron
scattering away from the 3a, positions. (Substitution of 20% W is, unfor-
tunately, found completely to suppress the susceptibility anomaly.) Electrons
added in the above manner would, from an inspection of the band structure,
seem likely to be incorporated principally into states around the I'A axis,
thereby not too greatly changing the MK intercept of the Fermi surface.

When samples again of formula M,, X, are produced, but now probably
containing chalcogen vacancies rather than metal excess, as from heating or the
deintercalation of sulphur-extracting organics, we are confronted by a quite
different result. This is the appearance of a 2a, superlattice (see figs. 19 (v)
and (vi)). The onset temperature for this condition lies well above room
temperature. If this were also to represent a CDW-driven superlattice, 2a,
is in fact most compatible with critical spanning across the centre of the zone,
parallel to I'M, but in the end planes of the zone. The Fermi surface (see fig.
37) would actually be more favourable to the 2a, condition arising via such
ALH plane interactions, if the d-band splitting in the I'MK plane were to be
increased. An increase in the splitting of the ‘ d,: ’-band would follow upon an
increase in inter-sandwich interaction, such as will arise if the van der Waals
gap spacing is reduced. This may well be the case following deintercalation
and chalcogen loss. Likewise, it is feasible that the 2a, superlattice is the phase
reached in NbSe, by the application of 33 kB pressure at 300°K (Frindt ef al.
1972), since a pressure of 30 kB would produce a 5%, contraction in ¢, (Jones
et al. 1972) that will occur disproportionately in the vdW gap. It is not likely
that the phase reached is the 3a, superlattice condition, forced up to room
temperature. For the 2H phase it is known that pressure increases the super-
conducting temperature, which probably implies 7'4(3a,) falls under pressure
(as the preliminary Hall coefficient data of Yamaya and Sambongi (1972)
would suggest).

Under pressure (and particularly through the 30 kB transition) the aniso-
tropy in resistivity of NbSe, is observed to decrease from a room conditions
value of 30 to a figure below 10 (Frindt ef al. 1972). A comparable drop in
conduction anisotropy was also observed on cooling 2H-NbSe,, beginning
rather sharply at about 756°K (Edwards and Frindt 1971). This again has been
attributed, and falsely so we believe, to the 3¢, transition rising. It seems
likely that the reduction in c-axis conductivity above 75°K most probably
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comes with activation of the inter-sandwich ‘bumping’ mode (5,,2). For
NbSe, the rigid sandwich ‘ rubbing > mode (Z,,?) occurs at 30 em~! (Wang and
Chen 1974), and, using the ratio of 1-6 between these two modes displayed by
MoS,, we arrive at a value of 50 em~! (or 75°K) for the B,,* mode, so crucial to
c-axis scattering. Note that these mode frequencies are somewhat higher in
NbSe, than in MoSe,. This is presumably a reflection of the metallic bonding
in the d' material, as is also the reduced chalcogen-chalcogen ‘ vdW ’ length of
the group V materials.

§ 8. SUMMARY

We feel that the results and discussion given in this paper provide new
direction to work on the metallic layered compounds—the properties of which
were increasingly being regarded as ‘anomalous’. It now seems that these
unusual properties follow, virtually without exception, from the occurrence of
charge density waves.

By focusing on the changes (structural, magnetic, optical, thermal, etc.)
which occur in these materials at a variety of first and second-order transitions,
perception was gained of the underlying electronic conditions. In the 1T
polymorphs the transitions that occur somewhat above 300°K represent the
move into a commensurate aspect for a pre-existing incommensurate CDW.
It is found with the aid of slightly Ti-doped samples that the onset temperature
for this incommensurate state is up at approximately 550°K. For the trigonal
prismatic polytypes, all the transitions are much slighter and now occur at low
temperature. The lower amplitude of the CDW in the latter polytypes is
attributed to their mare complex band structure.

Through extensive doping experiments on the 1T materials, we have
related the electronic instability represented by the CDW, to a divergence
arising in y(q) from a particular spanning of the Fermi surface. We have also
accounted for the observed orientational details of the instability wave-vector
in a physically meaningful manner. Substitutional doping yields interesting
disorder effects with regard to lock-in of the commensurate phase. All cation
doping, even when isoelectronic, ultimately suppresses lock-in. The 4Hb
polytype throughout presents a remarkable combination of the 1T and 2H
properties, appropriate to its c-axis alternation in sandwich coordination type.
The neutron diffraction work (Moncton and Axe) will throw considerable light
on the details of the various crystallographic distortions and superlattices, as
well as on phasons and the growth in amplitude of the CDW below 7', and on
the critical phenomena above.

Charge-density wave formation is general to the d!/d® layer metal family,
in large part, it seems, because of the form and simplicity of the Fermi surfaces.
Because of the low (d-)electron content, the Fermi level lies in the very bottom
of the d-band complex. This, moreover, is not overlayed by an s-band, as in
the transition metal elements themselves, nor by the anion p-band, as in many
other metallic T.M. compounds. All these factors help to contribute to a
simple Fermi surface, to which then the layered structure of the materials
further adds its high degree of two-dimensionality. Such a Fermi surface
greatly favours the possibility of a critical divergence occurring in y(g). Thisis
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additionally promoted by the high electron-phonon and electron—electron
interactions present in these materials ; materials that are not too greatly
removed from the Mott transition. Accordingly, interesting magnetic effects
may be produced by light doping with more magnetic ions like iron or uranium.
It should be particularly interesting to find a system that will pass from a
CDW to an SDW state beyond a certain doping level. What will doubtless
also be probed further is the relationship between the CDW state and super-
conductivity, and between the lattice instabilities and 7',. We are extending
the above studies on the metallic layered compounds to incorporate a still
wider range of mixed systems, particularly with regard to magnetism and to
disorder. We also hope to investigate more closely the effects of the CDW
instability on the physical properties of metallic systems, and to determine if
they are a rare or relatively common occurrence.
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APPENDIX
For space groups with hexagonal Bravais lattice (inc. Dg,* and Dy %)
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(@) Relationship between direct and reciprocal space for space groups with hexagonal
Bravais lattice, (inc. Dg,* and D,;®). (b) Orientation and size of the repeat
unit for a CDW formed from three in-phase waves directed 120° apart (basal
plane projection).
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