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Charge-density waves and localization in electron-irradiated 1T-Tas,
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The relations between electronic transport, the periodic lattice distortion (PLD) associated with charge-density
waves (CD%), and disorder are studied experimentally in 1T-TaS,. Disorder is introduced by means of electron
irradiation which is able to displace lattice atoms. The efFects stable around room temperature are due to
displacements in the tantalum sublattice. The irradiation-induced defects act strongly on the CD%'; they pin its
phase and are thus able to suppress the phase transitions where the PLD orders to form a commensurate
superstructure. The localized electronic ground state of the pure material can be destroyed by slight disorder to
obtain metallic transport properties. Further irradiation-induced disorder leads to a new localization. This sequence
is interpreted as a change from Mott to Anderson localization.

I. INTRODUCTION

A. Background

1T-TaS, is made up of covalently bound, octa-
hedrally coordinated S-Ta-S layers which are
held together by van der Waals-type forces. '
These layers form a trigonal structure with one
layer per unit cell (1T). This structural two-
dimensionality and the strong electron-phonon
coupling are the driving forces of the charge-den-
sity-wave periodic lattice distortion' ' (CDW
PLD) As in other layered transition-metal di-
chalcogenides, transport anomalies are associated
with the CDW PLD, but only in 17-TaS, a transi-
tion from a metal to a low-temperature insulator
is observed.

The electrical properties of 1&-TaS, have been
a puzzle ever since Thompson, Gamble, and
Revelli4 first found this metal-insulator transition.
Later on the connection between the structural
distortions and the electrical properties was un-
derstood in terms of the CDW PLD.' ' But it still
remained a mystery why 1T-TaS, shows a metal-
insulator transition and not 1T-TaSe„although it
has a quite analogous structure. In both of these
materials the low-temperature commensurate
CDW creates a new two-dimensional unit cell with

13 electrons. So one does not expect to find a
filled band which could give semiconducting pro-
perties (odd number of electrons), and conse-
quently, in the case of 1T-TaS„somekind of
localization has to be considered.

The amount of recent experimental studies on

the electrical transport in 1T-TaS, is consider-
able' "but the origin of the localization is not
yet clear. Fazekas and Tosatti16-19 have suggested
the Mott localization due to electron-electron
correlation. Several authors' "'"'"argue for
the Anderson localization, mainly using support
from the low-temperature-resistivity measure-
ments. The importance of correlation, even in
the Andersen localized state was pointed out by
Fukuyama and Yosida, "who considered the large
negative magnetoresistance. " The problem seems
to converge to the relative weights of charge-den-
sity waves, disorder, and correlations in deter-
mining the transport properties.

These considerations call. for a study where the
quantity of disorder is varied in a controlled way.
This is done in the present work by introducing
random defects by electron irradiation. Their ef-
fects on the electronic transport as well as on the
charge-density waves are observed. The defects
produced by irradiation are able to break the local-
ization observed in the pure material and induce
at higher concentration a new localized state.
Comparison with substitutional disorder suggests
that the irradiation drives the material from Mott
to Anderson localization through a disordered
metallic state.

B. Properties of 1T-TaS2

In 1T-TaS, the CDW PLD drives two first-order
phase transitions at 352 K and around 200 K. In
these transitions the incommensurate CDW trans-
forms to a commensurate superstructure. ' '
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PIG. 2. The Hall coefficient obtained in a magnetic
field of 6.4 kG is negative and small above 200 K, At
the transition to the commensurate phase it changes sign
and order or magnitude (note different scales for nega-
tive and positive values),
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show variations of 15%."
As was mentioned above, the low-temperature

superstructure alone cannot account for the di-
vergence of the x'esistivity at low temperature
(Fig. 1) and it is necessary to assume localization.
Disorder can modify considerably the properties

FIG. 1. The resistivity of 1T-TaS2 as a function of
temperature showers discontinuous jumps which indicate
the CDW phase transitions. At low temperature a
thermally activated behavior is observed.

The effects of the ordering of the CDW are clear-
ly visible on the electronic transport. In Fig. 1,
which gives the resistivity as a function of tem-
perature, the discontinuous jumps indicate the
strengthening of the CDW gapping in the electronic
structure. ' The CDW phase transition at 200 K is
also observed in the Hall effect as shown in Fig. 2.

The three distinct CDW phases correspond to
different structural distortions which are visible on
the eleetx'on diffraction patterns of Fig. 3. Above
352 K [ Fig. 3(a)] the CDW is incommensurate;
the wave vector is determined by the Fermi sur-
face nesting. ' Its length depends on the filling of
the conduction band as has been verified in doping"
and intercalation" experiments. In the inter-
mediate phase [ Fig. 3(b)] between 200 and 352 K,
the distoxtion is nearly commensurate with a very
close-to-commensurate local order" "and, as
has been proposed, with a kind of domain struc-
ture. "" The lock-in transition at about 200 K
has a considerable hysteresis, here the CDW PLD
forms a superlattice with a lattice spacing of v13
times the original [Fig. 3(c)].'' Below 352 K
the atomic displacement associated with the PLD
are quite considerable, the interatomic distances
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PIG. 3. Electron diffraction patterns near the basal
plane (c*) of the reciprocal lattice show the periodic
lattice distortion associated to the charge-density
wave. Above 352 K the distortion is incommensurate
(a), around 300 K the so-called nearly commensurate
one (b), and below 200. K a commensurate superstxuc-
ture (c).



of 1T-TaS,. About 10 at. '%%u~ substitution of Ta by
other transition metals causes a complete dis-
appearance of the ordered CDW phases. "'" Dis-
order can. enhance the existing localization" '4 or
to break it and then rel.ocalizeso the conduction
electrons.

In a preliminary study" it was found that the
CDW can be also easily perturbed by.fast-neutron-
irradiation-induced defects. Later, lattice pa-
rameter measurements on electron-irradiated
1T-TaS, showed a contraction in the direction per-
pendicular to the layers. " This observation sup-
ports the idea that at least part of the displaced
tantalum atoms go between the layers of the
structure locally increasing the transverse bond-
ing and making the material more isotropic, and
it explains the strong effect of irradiation defects
on the CDW.

In this paper we present results concerning the
effect of electron irradiation on 1T-TaS,. We
have studied the defect production and we found
that only the defects associated to displacement
of tantalum atoms are stable at temperature above
10 K. New results on the Hall effect in disordered
17—TaS, are reported. Electron diffraction shows
that the incommensurate periodic lattice distor-
tion is not. destroyed nor does its wave vector
change even at the highest defect concentxation
studied corresponding 'to 3%% of dlspiacements ln
the Ta sublattice.

The 1&-TaS, crystals fox this study were grown

by the iodine transport method at 1100 K and

quenched subsequently to room temperature to
retain the 1+ structure. The dc resistivity paral-
lel to the layers was measured by the four-points
technique. The Hall effect, which is linear with

the magnetic field up to 20 kG, ' was measured by
the classical four-contact method with a magnetic
field of 6.4 kG perpendicular to the layers. This
was done using alternative current (33 Hz) and

lock-in detection.
The el,ectron irradiations were carried out using

Van de Graaff accelerators. The resistivity
curves at 21 K were obtained during irradiation in
liquid H, at a perfectly constant temperature. The
electron diffraction patterns were obtained in a
Philips EM 300 electron microscope operating at
100 kV. The samples prepared by cleavage were
mounted on cooling or heating holders in order to
allow observations of the diffraction patterns for
temperature ranging from about 100 to 400 K.

III. EXPERIMENTAL RESULTS

A. Defect production

The fast electrons (-1 MeV) used for irradiation
lose their energy by electronic excitation and by
elastic collisions with lattice atoms. Qnly the lat-
ter mechanism is efficient in producing permanent
defects by displacing atoms. " When an atom is
displaced far enough from its original site, a
Frenkel defect is formed if the temperature is
low enough to prevent migration leading to recom-
bination or formation of compl. ex defects.

The variation of the defect intxoduction rate with
the energy of the bombarding electrons in 1&-
TaS2 has been studied in some detail. It is des-
cribed elsewhexe"; here we present only the main
results. Because of the large mass difference of
the sulfur and tantalum atoms it is easy to dis-
place them selectively. The displacement of only
sulfur atoms produces qualitatively the same ef-
fects on the resistivity at 4 K as the displace-
ment of both sulfur and tantalum atoms. However,
the effects of atomic displacements in only the
sulfur sublattice recover completely at tempera-
tures around 10 K, while those obtained by dis-
placing also tantalum partly subsist even after an
anneal at 360 K.

From these observations it is concluded that the
defects present after an anneal are associated with
the displacements in the tantalum sublattice. Their
production rate corresponds to a mean threshold
energy of stable displacements of 13 +3 eV. Using
this value and theoretical considerations"' "the
number of displacements per atom (dpa) of tanta-
lum is estimated. It provides us with a measure
of disorder. High-resolution electron microscopy
observation of a sample irradiated to 3X10 ' dpa
of Ta did not show any clusters larger than 10 A,
and so the defects stable around- room temperature
can be very small clusters, if not point defects.

8. Effects of irradiation induced defects in 1T-TaS2

The variation of resistivity with temperature for
samples irradiated to different doses are shown
in Fig. 4. It is xeadily seen that with increasing
defect concentration the resistivity begins to de-
crease in the low-temperature region (curve 2
of Fig. 4) and the insulating phase is completely
suppressed for a dose of 2x10 ' dpa (curve 3 of
Fig. 4).

Qn the resistivity curves observed at 2x10 '
and at slightly less than 10 ' dpa we observe a
metallic behavior it low temperature: There is
clearly a finite residual resistivity with a positive
slope dpldT Indeed, the Ha.ll-effect results at
corresponding doses (Fig. 5) confirm this obser-
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FIG. 4. Resistivity-versus-temperature curves for
1T-Ta82 irradiated to various doses. The thermally
activated behavior of the pure and slightly disox dered
material is lost for a dose of 10 dpa and reappears at
about 10 2 dpa.

vation. The low-temperature Hall coefficient that
began to decrease in the beginning of the irradia-
tion (curve 3 of Fig. 5) finally falls down to a val-
ue less than 10 ' times that before ixradiation
(curves 3 and 1 of Fig. 5). The corresponding
single carrier concentration rises from 10"to
10" cm '. The resemblance of the Hall-coeffic-
ient curve of the disorder-induced metal (curve

10

3, Fig. 5) to that of IT-TaSe, measured by Inada,
Onuki, and Tanuma" is evident. Around room
temperature the variation of the Hall coefficient
is smaller and we always observe a negative val-
ue of the order of —5x10 ' cm'lC.

But what happens to the lattice distoxtion which
is at least partly responsible for the high value
of the low-temperature resistivity before irradia-
tion'P The electron diffraction pattern obtained at
100 K [Fig. 6(a)] shows that at a dose of Bx10 3

dpa the commensurate distortion has given place
to the nearly commensurate one normally ob-
served down to 200 K. Consequently, this
loss of commensurateness must be typical of the
metallic state at low temperature.

Increasing the irradiation dose makes the transi-
tion between the incommensurate and the nearly
commensurate phases less and less defined
(curves 3 and 4 of Fig. 4), and finally this transi-
tion is totally suppressed from the resistivity
curve (curve 5 of Fig. 4). The electron diffrac-
tion patterns obtained at the corresponding dose
(3x 10 ' dpa) show also only the incommensurate
distortion down to 100 K [Figs. 6(b) and 6(c)]. It is
also interesting to note that the length, of the dis-
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FIG. 5. Hall coefficient versus temperature for sam-
ples irradiated to various doses. Curves 1 and 2 were
obtained with two samples before and after irradiation.
Curve 3 is for the same sample as the resistivity curve
3 of Fig. 4.

FIG. 6. The periodic lattice distortions in the irradi-
ated samples show the suppression of the low-tempera-
ture long-range order. A sample irradiated to Sx 10 3

dpa has the nearly commensurate distortion [compare
with Fig. 3(b)j down to 100 K. At the maximum dose of
3x 10"2 dpa the PLD is incommensurate both at 300 K
(b) and, at 100 K (c). Nevertheless, the length of the
nesting wave vector is the same as before irradiation
[compare with Fig. 3(a)].
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We sha, ll discuss first the ability of the ir-
radiation induced defects to break the low-tem-
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FIG. 7. Resistivity versus irradiation dose measured
at 21 K during irradiation in liquid H2. The steep de-
scent at 10 3 dpa marks the loss of the commensurate
CD& I'LD. The resistance falls below the two-dimen-
sional maximum metallic value (Ref. 37) and begins to
increase almost exponentially with the dose.

tortion wave vector has not changed within the
limits of the accuracy of the measurement. This
means that the filling of the conduction band has
changed less than 5%, which is already observ-
able as shown in the alloying experiment. "

The low-temperature part of the resistivity
curve for the most irradiated sample is worth a
closer look (curve 5 of Fig. 4). The metallic
residual resistivity is no longer observed, but the
resistivity diverges when the temperature ap-
proaches zero. The Hall effect at this dose was
measured at 295 and 140 K and in both cases, a
small negative value of about 10 ' cm'/C was
found.

Using the curve of resistivity as a function of
dose (Fig. 7) we can conclude the experimental
results. Even the smallest increase of disorder
produced by irradiation induces a decrease of the
low-temperature resistivity. After about 10 '
dpa, corresponding to a decrease of resistivity
by a factor of 3, we observe a sudden descent of
1 order of magnitude when the long-range com-
mensurate order is lost. We find a minimum well
below the value given by the universal two-dimen-
sional maximum metallic resistance, "at a dose
corresponding to the metallic behavior in p(T)
Further irradiation increases the resistivity al-
most exponentially, and a continuous change to a
state with thermally activated conductivity is ob-
tained at a dose of about 10 ' dpa. In spite of
these strong variations of the resistivity at low
temperature, the room-temperature resistivity
shows only an increase by a factor of 2 at a dose
of 10 dpa, .

IV. DISCUSSION

A. Destruction of the coherence of the CDW

perature ordering of the CDW without destroying
the incommensurate distortion. The discussion
is based on the discommensuration model of the
CDW for the dichalcogenides, originally pro-
posed by McMillan"" and later applied in detail
to 1T-TaS, by Nakanishi, Shiba, Takatera, and

amada 26 28

According to these authors the incommensurate
CDW is locally very close to commensurate but full
of discommensurations that are line defects of the
CDW, where its phase jumps almost discontinu-
ously. The transition to the commensurate phase
is due to the disappearance of these defects of the
CDW. The incommensurate CDW can be illus-
trated as made up of small "molecules" of varying
form which locally reflect the symmetry of the
commensurate CDW distortion. At the transition
to the commensurate phase of 1T-TaS, all these
"molecules" take the perfect star shape of 13
unit cells and long-range order is established, as
described in the model of Fazekas and To-
satti "-"

The screening of the perturbation due to a
charged defect in a material that forms CDW's
is strongly anomalous. Let us recall that in a
normal metal the sharp Fermi surface creates
around a point defect a damped oscillation of
charge density with the period 2k~." With the
nesting Fermi surface and strong electron-pho-
non coupling this effect is enhanced, the defect
induces a giant Friedel oscillation' or a piece of
local CDW. This effect was discussed in the
layered dichalcogenides by McMillan" using the
Landau free-energy model and quite recently
by Tsuzuki and Sasaki"'" using a self-consistent
treatment in one dimension. A strong induced
distortion is expected near the defect. " In the
above presented local molecular picture it could
be described as a "defect molecule" which has a
random site in the crystal.

As a consequence, the phase of the CDW be-
comes pinned at the defect. Since the defects are
randomly distributed, it is not possible to match
the phase of the CDW between the defects; the
interference creates discommensurations which
stabilize the incommensurate phase toward lower
temperatures. Finally, they can suppress com-
pletely the ordering of the CDW as it was ob-
served.

This defect-induced decrease of the critical
temperature of the CDW ordering is evident in
Fig. 8. It gives the variation of this temperaturt:
for the incommensurate to nearly commensurate
transition (originally at 352 K) as a function of
disorder. The results obtained after fast neutron"
and electron irradiation are drawn on a single
scale by normalizing the resistivity-versus-dose
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FIG. .8. Disorder decreases the critical temperature

of the incommensurate to nearly commensurate transi-
tion originally at 352 K. The decrease follows the
square-root dependence (full line) obtained by McMillan
(Ref. 38) in the case of strongly pinning defects.

curves. The full line represents the square-root
dependence on the defect concentration obtained
by McMillan" in the free-energy model with
strongly pinning defects. He finds also" that
the defects interact by means of their CDW clouds
(or giant Friedel oscillations). They tend to
settle at an integer multiple of CDW wavelengths
from one another, which could explain why no
evidence of clustering due to the migration of the
displaced atoms or of vacancies is observed.

B. From Mott to Anderson localization via a metallic state

Our experiments have demonstrated that the
defects can change by several orders of magni-
tude the values of the resistivity and of the Hall
effect at low temperatures. Meanwhile, at tem-
peratures around 300 K, the Hall effect and the
unchanged nesting wave vector show that the me-
tallic state with the incommensurate CDW is con-
siderably less perturbed. The latter observation
is understood as follows: The thermally excited
discommensurations can compensate for the mis-
match between the giant Friedel oscillations due
to defects. The decrease of carrier mobility
due to the defect scattering explains the increase
of the resistivity.

The real problems lie at low temperature: how
and why the electronic states become localized
or extended. We must first remember that at all
concentrations of disorder there exists a periodic
lattice distortion. This creates gapping in the
electronic structure and the existence of localiza-
tion depends on the fate of the electrons in the
uppermost occupied band above the CDW con-
densate.

The irradiation induced disorder, even due to

the displacements in the sulfur sublattice, al-
ways has the tendency to decrease the low-tem-
perature resistivity in the pure material. Con-
sequently, we do not see how the Anderson lo-
calization could alone account for the diverging
low-temperature resistivity.

Instead, the Mott localization model promoted
by Fazekas and Tosatti" "provides a base for
a coherent explanation of the observed results at
low concentration of defects. Briefly, their model
is the following. The narrow half filled CDW in-
duced band which can be regarded as formed of
the highest (singly) occupied molecular orbital of
the 13-unit-cell star is split because of Coulomb
repulsion to two Mott-Hubbard subbands.

In the discommensurations created in the com-
mensurate CDW by irradiation-induced defects the
carrier concentration is locally larger and the
Mott transition is screen& ut. The electrons
thus liberated can be more easily activated to
extended states and so one observes an increase
of conductivity mainly due to the increased car-
rier concentration" bown by our Hall-effect
result (curve 2 of P., }. At the critical con-
centration of about 10 ' dpa there are more than
enough defects to stabilize the nearly commen-
surate CDW even at low temperatures. Electron
density is increased all over the crystal, there
is no more Mott localization, and the electronic
transport observed is metallic.

Nevertheless, it is evident that this metallic
state is quite distorted, the incommensurate CDW
and the giant Friedel oscillations of the defects
interfere in a most incoherent way. The scat-
tering potential of the conduction electrons is
far from periodic. These effects are enhanced
by further irradiation, and the diverging low-
temperature resistivity reappears. What we
observe is the onset of the Anderson localization
when the randomness of the potential exceeds
the bandwidth. 4' Locally seen, the material now
consists mainly of the "defect molecules. " Their
varying shape and size induce strong modulations
of electronic levels from the vicinity of one defect
to the surroundings of another, and the interaction
between these levels is not strong enough to
create extended states.

The existence of the CDW makes the random
potential as well as the conduction-electron den-
sity temperature dependent. It thus complicates
the mechanism of the localization as was already
noted by Di Salvo, Wilson, and Waszczak" in
the case of the localization induced by doping
with group-VIIIB metals. Thus it is not sur-
prising that we have not been able to fit the sim-
ple laws of the singly activated or the hopping
conductivity4' to our results, nor does the em-
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pirical power law in 1" found in the case of group-
VIIIB doping" apply.

It is thus impossible, at least at the temperature
range of our observations, to decide whether we
are dealing with an activated conductivity by the
extended states above the mobility edge or with a
phonon-assisted hopping. 4' The almost exponen-
tial increase of the resistivity at 21 K with in-
creasing disorder suggests the former behavior
with a mobility edge crossing the Fermi level.

We can now compare our results to those ob-
tained in doping experiments. The disorder in-
duced in the tantalum sublattice by group IV B or
VB substitution" is considerably weaker than

that due to irradiation. The effects on the CDW

are similar but less pronounced as noted before. "
After the loss of the commensurate phase, the
low-temperature resistivity can be explained
reasonably by band effects ': A maximum with

clearly thermally activated behavior is observed
only when the uppermost CDW induced band be-
comes empty. With isoelectronic doping which
does not decrease the occupation in the con-
duction band (and is in this respect comparable
to irradiation-induced defects} a strongly lo-
calized state is never observed.

The group-VIIIB doping' ' ' induces stronger
disorder, which is comparable to irradiation
defects. At low concentration the resistivity de-
creases, '4 and at higher concentrations the me-
tallic state is lost by Anderson localization. " A

rapid decrease of the population of the conduction
band is observed by the measurement of the
length of the nesting wave vector. " Its effects
probably add to those of disorder in inducing
localization effects which happen at nearly the
same concentration as in the case of irradiation;
the effects on the CDW are anyway somewhat
weaker.

The case of substitutional disorder in the sulfur
sublattice" "is different. Its effects on the
CDW PLD that is governed by the metal atom
layers are subtle, and it never manages to really
pin the CDW." The disorder effects it induces
concern the edges of the Mott-Hubbard gap as
described by Thouless44 and discussed by Fazekas
and Tosatti. "'" The selenium substitution might
well have a direct effect on the Coulomb correla-
tion. It is well known that in these materials the
bonding of selenium with tantalum is less ionic
than with sulfur. ~' This increase of polarizability
should then explain why 11'-TaSe, does not have an
insulating ground state. "

In this discussion we have used the concepts
of the "classical" localization theories such as
the mobility edge and the two-dimensional maxi-
mum metallic resistivity. We agree with Fazekas
and Tosatti'"" in that they remain relevant ln
the case of 11'-TaS„atleast from an experi-
mental point of view. These concepts have been
put in doubt by the more recent scaling theories
of localization, "which also give new resistivity
characteristics near the critical point. It is in-
teresting to note that in the metallic state, we
observe in a large interval a resistivity that de-
creases with increasing temperature. This is
related by Imry" to incipient localization effects.
However, in 1T-TaS, it could as well be related
to the CDW effect on the free-carrier concentra-
tion.

V. CONCLUSION

The electron irradiation-induced defects are
able to break the localized electronic ground
state of 1T-TaS,. At higher concentration they
drive the material to a new, disorder-induced
localization. We propose a qualitative inter-
pretation where the effects of the defects are
closely related to their strength in pinning the
CDW and thus inducing local granularity in the
material. The results are compared to those
obtained with substitutional disorder. The ir-
radiation-induced defects act stronger on the
CDW than any substitution, as has been observed
also in the organic synthetic metals. " Con-
cerning the organic metals the ideas of disorder-
induced granularity have been advanced by Zup-
piroli et al. ' Having in mind the molecular
model of the commensurate CDW proposed for
1T-TaS, (Refs. 16-19}and the fact that the local
order is close to commensurate in the nearly
commensurate phase, ""we agree with the ideas
of Fazekas and Tosattii6-i9 of the Mott insulator
as the ground state in the pure material. The
correlation should also play a role in the Ander-
son localized state obtained by strong disorder.
New information on these problems should be
gained with the study of magnetic properties of
the disordered 1T-TaS, which we have begun re-
cently.
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