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this interpretation, the critical field for the or-
dered phase is probably an order of magnitude
less than the expected antiferromagnetic critical
field of 7.4 T.

Another curious feature seen in Fig. 3(a) is
that the curve T~ corresponding to the transi-
tion between the two superfluid phases of liquid
'He seems to intersect the solid transition line
about 0.45 T, very near the field at which the
solid changes behavior. It is unknown whether
this is a coincidence or whether there exists a
relationship between the AB transition in liquid
'He and the magnetic phase transition in solid
'He. We believe that the latter possibility is un-
likely, although it should be remarked that the
measured quantities relate to phenomena occur-
ring at the liquid-solid interface and that the bulk
solid is not in thermal equilibrium with the liquid,
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The crystal distortions commonly observed in the layered transition-metal dichalcoge-
nides have been attributed to a Fermi-surface instability, i.e. , a charge-density wave.
I find that the temperatures of these distortions correlate with the ionicity of the metal-
chalcogen bond. This results suggests that these distortion temperatures can be specified
without knowing the details of the Fermi surface.

The layered transition-metal dichalcogenides
and their intercalation complexes have received
much attention as a result of their highly aniso-
tropic properties. ' Quite apart from the anisot-
ropies, the disulfides and diselenides of Ta and
Nb are unstable at lower temperatures and under-
go crystal distortions. The discovery of magnet-
ic anomalies associated with these distortions
was made by Quinn, Simmons, and Banewicz' in
their studies of 2H-TaSe, . Lee et al. ' measured
the transport and magnetic pr operties of 2H-

TaSe, and 28-NbSe, . Ehrenfreund et al. ' showed
that the magnetic and transport anomalies are
not associated with magnetic ordering as origin-
ally suggested, ' but most likely with subtle crys-
tal distortions.

More recently, many new transitions have been
discovered (see Table I) and a mechanism for the
distortions has been proposed independently by
Williams, Parry, and Scruby, ' and by Wilson,
DiSalvo, and Mahajan. 6 These authors cite elec-
tron diffraction evidence to support their propos-
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TABLE I. Listing of the known distortions in layered dichalcogenides. The transition temperatures are defined
from the transport measurements. The notation "est" indicates mixed polytypes (octahedral and trigonal prismatic
layers) where the true values of c/a for individual layers are not known.

Material

Continuous distortions

c/a
TC
(K) Ref. Material

Discontinuous distortions
TC{.K) Ref.

(1) 2H- TaSe&
(2) 2H-TaSr
(8) 2H-NbSez
(4) 1T-VSe2
(5) 6R-TaS2
(6) 4'-Tas,

1.850 +0.002
1.822 +0.002
1.8209 +0.0004
1.817 +0.002
1.805 (est)
1.798 (est)

90
56
26
55+5
15
15+3

8, 10
8, 1
8 11

12
12
18

(7) 1T-TaSe2
(8) 1T-TaS~
(9) 1T-Tise,

(10) 4Hb- TaS2
(11) 4Hb- TaSe2
(12) 6R-Tas,

1.805 +0.002
1.755 +0.008
1.697 +0.001
1.752 (est)
1.806 (est)
1.768 (est)

478
850
200 +10
820
410
811

1,14
9

12
18
15
12

al that charge-density waves' occur in the layered
compounds and cause the crystal distortions. The
primary support for this model rests on the ob-
servation of an incommensurate periodic distor-
tion'" and on evidence that the distortion perio-
dicity is a function of the electron to atom ratio. e

I present a systematic study of the distortions
in the layered compounds based primarily on
electron-transport measurements. I show that
the transition temperatures are not a function of
metal-site symmetry but closely follow the trends
in the ratio of the lattice parameters c/a. The
ratio c/a is shown to be a fine-grid indicator of
the ionicity.

The known distortions in the layered compounds
are summarized in Table I. The continuous and
discontinuous grouping qualitatively character-
izes the temperature dependence of the transport
properties. I will consistently define the distor-
tion temperatures as those associated with the
transition between the incommensurate and com-
mensurate (or nearly commensurate} states.
Thus I only consider the high-temperature distor-
tions in 1T-TaS, and TiSe, where the crystals
distort in two steps. "" I will consider both tran-
sitions in the mixed polytypes 4Hb-TaS, "and
6R-TaS,." In these polytypes there are two dis-
tortions in each: a high-temperature transition
in octahedral layers and an independent, low-
temperature transition in trigonal prismatic lay-
ers. "

The T,'s for the discontinuous distortions are
easy to define, but the T,'s of continuous transi-
tions are sot easy to define because the transport
properties change gradually. I will take T, for
the continuous group to be the point of maximum
slope in the Hall constant versus temperature
plot. This definition of T, has been found to cor-
respond to the incommensurate-commensurate

(or nearly commensurate) transition as deter-
mined from electron and neutron diffraction stud-
ies

Perhaps the most important newly discovered
transition is the one in stoichiometric 1T-VSe,.'
This transition is similar to those in 28- TaS2,
2H- TaSe„' and 2H-NbSe, ' but VSe, has octahe-
dral coordination of the chalcogen about the met-
al" while the 2II compounds are trigonal prismat-
ic. Thus, the character of the transition (contin-
uous or discontinuous) is not a function of metal
site symmetry Inspe. ction of the c/a' s, however,
reveals that they are similar for VSe, and the 28
compounds. For the mixed polytypes of TaS, and
TaSe„c/a also correlates with the transition
type provided it is assumed, as suggested by
DiSalvo et al. " that the continuous, low-tempera-
ture distortions occur in trigonal prismatic lay-
ers while the higher-temperature distortions oc-
cur in octahedral layers. I will assume that the
thicknesses of the octahedral and trigonal pris-
matic layers are different. I estimate the layer
thicknesses by taking the ratio of the c axes,

ocrairrdrai/ rrigonai prisrrrrricr to be a constant. The
c-axis ratio is determined from the unmixed 1T
and 2H polytypes and then used to weight the con-
tributions of the octahedral and trigonal prismat-
ic layers to the combined c axis in a mixed poly-
type.

The correlations between the type of transition
and c/a suggests that c/a is an important ruler
with which the T,'s should be compared. Vfhen
this is done for the two groups of transitions, it
is found that there is a linear relationship be-
tween T, and c/a. For the discontinuous transi-
tions T,=0 when c/a is 1.608 while for the con-

.tinuous transitions T,=O when c/a is 1.793. The
success of these comparisons implies that all of
the T,'s may be related to c/a in a single corre-
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FIG. 1. Transition temperature versus normalized
c/a. The numbers on data points designate the materi-
als of Table I. The points marked with an asterisk are
estimated c/a values.

lation. To construct this comparison c/a must
be renormalized such that the renormalized c/a
at T,=O is the same for both groups of data,
This is done in Fig. i.

The data displayed as in Fig. 1 show that octa-
hedral VSe, logically fits in with the other con-
tinuous distortions. The group-IVB diehalcoge-
nide TiSe, resides between the extreme groups.
The mixed polytypes fall near the correlation for
the unmixed polytypes. Other layered dichalcoge-
nides ean be compared with Fig. I to predict
where a distortion should occur. One noteworthy
prediction is that none of the polytypes of NbS,
would be expected to undergo distortions. Some
effort has been made to find transitions in this
material without success. ""

Our generation of the T, versus c/a relation
actually followed from the supposition that T,
would be related to the ionicity. But there is not
yet available enough thermochemical data to de-
rive ionicities or to plot T, versus the heat of
formation directly. Huisman et al. "suggested
that departures from the ideal close packing of
chalcogen atoms (reflected in c/a) are caused by
the covalent character in the metal-ehalcogen.
bond. An inspection of the trends within the di-

c-c
a a T =0

c
c
a T =0

c

X 100

FIG. 2. The d-P energy gap versus the normalized
c/a for octahedral, 1T materials. The energy gap is
arbitrarily defined from the photoemission data of
Refs. 20 and 21 as the energy difference between the
bottom of the d band and the peak in the density of
states in the highest, O-bonding, p band.

chaleogenides of groups IVB, VB, and VIB shows
that this is indeed the case. The most ionic com-
pounds in group IVB have the smallest c/a' s
while the most covalent compounds of group VIB
have the largest c/a' s.

In an earlier discussion of ionicity Gamble'
showed that the ionicity correlates with the a-
axis lattice dimension when the sulfide, sele-
nides, and tellurides are treated independently.
This correlation could also be used in the pres-
ent case. The primary reason for choosing c/a
to indicate the ionicity is that it is a normalized
parameter that permits the grouping of all the
chalcogenides into a single correlation.

An experimental test of the correlation between
covalency and c/a is provided by the photoemis-
sion studies on these compounds. ' ' The cova-
lent mixing between the metal d and chalcogen p
orbitals is reflected in the splitting between the
d-like conduction band and the p-like valence
band. This splitting may be estimated from the
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photoemission spectra and compared to the nor-
malized c/a. This is done in Fig. 2 for the octa-
hedral materials for which adequate data are
available. The high correlation shown in Fig. 2

supports our conclusion that c/a is a fine-grid
indicator of the covalent character of the metal-
chalcogen bond. In Fig. 2 the group-IVB materi-
als logically fit in with those of group VB.

The normalized c/a ratio may also be com-
pared to the fractional ionicity f, as defined by
Pauling. " This comparison is made for the ma-
terials of Fig. 2 in Fig. 3. The correlation is
good considering the coarseness of the Pauling
ionieity scale but an improved treatment of ioni-
city such as suggested by St. John and Block" or
by Harrison and Ciraei'4 is needed for these com-
pounds.

The correlations presented here have not yet
provided a mechanism for the transitions but in-
stead they emphasize that in addition to charge-
density waves, a structural instability inherent
in the local chemical bond is needed to account
for first-order, incommensurate-commensurate
transitions. The inclusion of both continuous and
discontinuous distortions in the T, versus c/a
correlation suggests that all of the transitions
are first order. Recent resistivity data indicate

c -c77T=0
X 100

c
T =0

c

FlG. 3. The fractional ionic character f; versus the
normalized c/a ratio for the octahedra11T , dichalcoge-
nides. The ionicity f; was defined by Pauling (Ref, 22)
and the values plotted here are taken from Bef. 19.

that the continuous distortion in 2B-TaS, has a
first-order component. " The separate treatment
of the continuous and discontinuous groups is
probably required by the substantially higher vi-
brational entropy associated with structures in
the discontinuous group. A comprehensive analy-
sis of the transition thermodynamics is needed
for further insight into distortion mechanisms
but it is clear from available data'" "that the
transition entropies are a function of both tem-
perature and structure.

I conclude that neither the continuous-discon-
tinuous character nor T, is a function of crystal
symmetry. I find that isolating the group-IVB
from -VB materials or the sulfides from the
selenides is not necessary. I conclude that the
T,'s are strongly correlated with c/a and the ion-
icities. From this correlation, I can predict the
distortion temperatures for a large number of
layered dichalcogenides without any knowledge of
the details of the band structure.
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to publication.
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We present the temperature dependence of the proton spin-lattice relaxation rates
(T& ) for pure tetrathiafulvalene tetracyanoquinodimethane (TTF-TCNQ) and its deuter-
ated analogs TTF(D4)-TCNQ and TTF-TCNQ(D4). In the metallic region, the relaxation
is Korringa-like, characteristic of metals without strong electron-electron Coulomb
correlations.

We have measured the proton spin-lattice re-
laxation rates (T, ') in the one-dimensional or-
ganic metal tetrathiafulvalene tetracyanoquinodi-
methane (TTF-TCNQ)' ' and its deuterated ana-
logs TTF(D,)-TCNQ and TTF-TCNQ(D, ) from 4.2
to 300 K. Since the protons are directly coupled
to the electronic system through the hyperfine in-
teraction, selective deuteration of the proton
sites on either the TTF or the TCNQ chains al-
lows the use of NMR to probe the local electronic
Bus ceptlbll lty.

TTF-TCNQ crystallizes in regular segregated
chains' of TTF donors containing holes and of
TCNQ acceptors containing an equal number of
electrons. If precisely one electron mere trans-
ferred in the salt, both the anion and cation chains
would be half-filled with a Fermi wave number kF
=&/2a. However, there is evidence from analy-
sis of x-ray measurements of molecular bond
lengths' and from photoemission studies' that the
charge transfer is incomplete, leading to differ-
ent band occupations on each chain. The relative-
ly large negative th rmopower' is consistent with
incomplete charge transfer. Because of the dif-

ferent Fermi wave numbers and the intrinsically
different intramolecular interactions, the TTF
and TCNQ cha. ins are not expected to be the same.
Hence, nuclear-relaxation studies on the individ-
ual molecular chains are important.

High-purity TTF- TCNQ and its deuterated ana-
logs were prepared by methods described earli-
er. ' TTF and TCNQ were deuterated following
the procedures of Yamagishi et al." Mass spec-
tral analyses showed greater than 99% deutera-
tion for TCNQ(D, ) and 93% for TTF(D,), with
each level of deuteration being maintained during
the formation of the corresponding TTF-TCNQ
salt. High-resolution infrared measurements of
the relative intensities of C-H and C-D molecu-
lar stretch modes in TTF(D,) and TCNQ(D, ) con-
firmed the percentage of deuteration in each
case, and high-resolution NMR measurements of
TCNQ(D, ) and TTF(D,) solutions were consistent
mith these results.

The proton spin-lattice relaxation times (T,)
were measured at 10 and 38 MHz using a 90'-
comb-7. -90 -pulse sequence to within an accura-
cy of +15%. The nuclear-spin magnetization re-


