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Dechanneling Anomalies of High-Energy Ions at the Charge-Density-Wave Transition
in 1T-TaS2
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Backscattering yields of 1.00-MeV He" ions on 17'-TaS& are reported from room tem-
perature to 120 K. The temperature dependence of the backscattering yield exhibits the
softening of an acoustic mode and an optical mode. An anomalously large peak in the
backscattering yield with large hysteresis was observed around the nearly commensurate
to commensurate transition temperature, indicating existence of a disordered state. A

small peak around 280 K was observed on heating, indicating existence of a new transi-
tion in this material.

PACS numbers: 64.70.Kb, 61.80.Mk, 63.20.Dj

For the past several years, charge density
waves (CDW) accompanied by periodic lattice
distortions in transition-metal dichalcogenides
have been extensively investigated. ' Among the
group-VB transition-metal dichalcogenides, 1T-
TaS, exhibits complex structural phase transi-
tions due to the existence of a nearly commen-
surate CDW (NCDW) state which is unique to
this material. ' The NCDW becomes the commen-
surate CDW (CCDW) near 200 K and the details
of this transition are still not fully understood.
In this paper we report experimental results on
the backscattering yield of high-energy He' ions
for 1T-TaS„with particular interest in the
NCDW-C CDW transition.

The 1T-TaS, single crystals used in the pres-
ent experiment were grown by an iodine-vapor
transport method Typica. l dimensions of the
specimens were 3 x3 x 0.1 mm'. A standard
Rutherford backscattering (RBS) arrangement
with an annular backscattering detector was used
in this experiment. The specimen was mounted
on a three-axis goniometer in the scattering
chamber and the positions were controlled digital-
ly. He' ions were accelerated to 1.00 MeV by a
Van de Graaff accelerator and the beam energy
was stabilized by using feedback from slits in the
beam line. The diameter and the divergence of
the He'beam were 1.0 mm and 0.03, respec-
tively.

The specimen was positioned so that the c axis
was precisely aligned parallel to the beam direc-
tion at room temperature. The specimen was
slowly cooled down to 120 K (below the NCDW-

CCDW transition temperature) and the tempera-
ture dependence of the backscattering yield was
measured. The cooling rate was maintained
within 1 K/min in the vicinity of the transition
and the temperature was stabilized within +0.05
K. After the temperature reached 120 K, the
specimen was heated slowly toward room tem-
perature in order to check the existence of hys-
teresis in the yield.

Typical RBS spectra of 1T-TaS, in the NCDW
state are shown in Fig. 1. In order to minimize
the radiation damage of the specimen, we have
adopted the large energy window designated in
the figure. Along the c axis, the He' ions will
traverse through the axial channel of rhombic
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FEG. 1. Typical He' RBS spectra in 17-TaS& at room
temperature.
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shape with pairs of Ta and 8 atoms at the corners.
The temperature dependence of g . is shown

in Fig. 2, where g - is the backscattering yield
along the c axis normalized by the yield among
the random directions. The figure shows the fol-
lowing features: (1) y increases as tempera-
ture approaches the transition temperature in
cooling and heating processes; these regions
are designated by A and B in the figure. (2) In
the vicinity of the transition temperature, this
rise in y . changes discontinuously to a large
dechanneling peak both in cooling and heating
processes. The temperature difference between
the two peaks is about 45 K, which corresponds
to the hysteresis in the transition temperature
observed previously in other properties. ' (3)
Just before the large peak in the cooling process,
a small dip is observed. However, this dip is
strongly sample dependent. In fact we failed to
observe this dip for some specimens, while they
exhibited all the other features. (4) The small
peak around 280 K is observed only in the heating
process starting from the CCDW state.

In general, the absolute magnitude of y - de-
pended on the specimen quality and on the history
of thermal cycles. It has already been pointed
out by x-ray analysis that the transformation
from the NCDW state to the CCDW state intro-
duced some irreversible damage. The differ-
ence between y . at room temperature in the
cooling process and that in the heating (Fig. 2)
is due to this irreversible damage. Therefore
the absolute magnitude of g is of no quantita-
tive meaning.

Let us examine the experimental results quali-

tativelyy.

(A) The strain associated with the phase transi-
tion seems to be the probable origin of the ob-
served anomalies. We have measured the angu-
lar dependence of the backscattering yields (chan-
neling dip curves) at a few points in the regions A

and B in order to check the above possibility.
However, they did not exhibit the spread of angu-
lar half-width and fluctuations of the yields due

to a formation of macroscopic domains in these
regions. ~ A mosaic spread and the tilting of the
c axis may play a dominant role in the first-order
lock-in transition mhich mill be discussed in sec-
tion B. In the following, we will consider anoth-
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FIG. 2. The normalized backscattering yield as a
function of temperature in 17 -TaS2.

er possible mechanism for the anomalies in re-
gions A. and B.

reflects the softening of particular phonon
modes in the following way: g for a simple
monoatomic lattice is expressed as '

with C =3.0vNd, where N is the density of atoms,
(( I

u"„I'))'~' is the root mean square displacement
of lattice vibrations of mave-vector q in the plane
normal to the channeling axis, and d is the dis-
tance between atoms in an atomic string. Equa-
tion (1) indicates that y . is proportional to the
Debye-Wailer factor of the specimen.

Let us consider a simplified example of the
softening of some particular phonon modes which
start to soften at T= T, and become unstable at
T = T, *; their frequencies change from uP(q)
=~,'(q') to ~'(q) =D,(T —T, *) +D, Iq —q'I' for
I q —q'I &q„where q' is the wave vector of the
soft mode, eo (q') and q, are temperature-inde-
pendent constants, D, =&a,'(q')/(T, —T, *), and D,
= e,'(q')(T, —T)/(T, —T, *)q,'. g in this case
is given by the sum of the term ~-. * due to the
sof t phonons and the term A * due to the other
phonons mhich are independent of temperature;
X

. =X - *+A*, where X *is expressed as

I x t $ 1
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FIG. 3. The temperature dependence of y,.„ in the
regions A and g in Fig. 2. The solid lines indicate the
estimates from Eq. {2). A in the figure is y,.„which
consists of temperature-independent terms including
the contribution from the lattice defects.

Here, we put x = (T —T,*)/(To —T,*).
The actual expression of g for IT —TaS, is

more complex because of the finite contribution
of the S atomic potential to g~ ~ besides that of
the Ta atomic potential. However, this modifi-
cation does not alter the essential feature of

for the response of soft phonons.
In Fig. 3, the comparison of Zq. (2) with the

experimental results is shown, which suggests a
reasonable agreement between the theory and the
experiment, The increase in g - with decreas-
ing temperature in region A. may be due to the
softening of certain longitudinal acoustic modes.
It is conjectured that these modes are the oscil-
lation modes of the domain walls. ' The increase
in y - with increasing temperature in region 8
is considered to be related to the softening of two

A, modes' (c-axis modes). However, it is more
likely that this increase is largely due to the
softening of some shear mode (E, mode) since
the atomic displacements of this mode are in the
plane normal to the channeling axis. At present,
however, there is no other experiment supporting
the softening of the E mode.

(~A*) at room temperature is equal to 0.1,
which is an order of magnitude larger than the
theoretical value for the ideal, nondistorted state
in IT-TaS2. This discrepancy is explained by the
effects of periodic distortions in the NCDW state
and of lattice defects inherent in this quenched
material.

(B) The magnitude of )I at the first-order
lock-in transition has reached the value 0.5,

which indicates the existence of a strongly dis-
ordered lattice state in the relatively narrow re-
gion around the transition. The widths of the
peak scatter from 2 to 14 K among the speci-
mens. One of the crude speculations for the
above result is as follows: The large increase
in y . may be due to the spontaneous formation
of macroscopic domains with random buckling
of the c axis of these domains caused by the
strong strains resulting from the transition. '
The metastable nature of these distorted states
indicates that in the vicinity of the lock-in transi-
tion the relaxation time is very long because of
the complexity of the lattice transformab. on,
where the periodicity of the c axis changes from
3C to 13C (C is the lattice constant of the c axis)
and the lattice spacing of the c axis expands by
4c/c -1x 10 '.9 Random impurities and defects
may be responsible for the unstable distorted
states causing temporary pinning of the distor-
tions.

There is another experiment closely related to
our experiment. Jericho, Simpson, and Frindt"
have observed a large peak in the sound attenua-
tion of the order of 30 dB/cm and steplike stiffen-
ing (softening) of sound velocity at the NCDW-
CCDW transition in the cooling (heating) process.
The sound attenuation and behavior of X~ in
Fig. 2 have many similar features but the follow-
ing difference is present: The width of the sound
attenuation peak in the cooling process is wider
than that in the heating process, whereas in our
experiment the width of the peak in the cooling
process is narrower than that in the heating.

Another mechanism might apply in the pres-
ence of a strongly disordered lattice. Recently,
Coppersmith et l. "have shown that incommen-
surate phases are unstable with respect to the
spontaneous creation of dislocations in the two-
dimensional lattice under certain conditions.
However, the CDW state in IT-TaS2 is three di-
mensional rather than two dimensional even if
the interlayer interaction is weak and the CCDW
have a large number of different domains. Also,
the present NCDW-CCD% transition is first or-
der. Thus we have no definite proof of the appli-
cability of the above theory in the present case.

(C) The small dip observed in the vicinity of
the transition is closely related to the small con-
traction of the c axis at this temperature, ' but
the details of the physical origin of the contrac-
tion still remain unclear.

(D) The small increase in y . with increasing
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temperature around 280 K reveals the possible
existence of a new transition in this material. '
The new transition might be due to a transforma-
tion analogous to that in 20-TaSe„where the
stripe discommensuration structure changes to
the honeycomb structure. "

The discussions of this report are largely quali-
tative, but they do suggest that a new lattice in-
stability exists in 1T-TaS„which has not been
observed yet by x-ray or electron diffractions.
Detailed theoretical studies of this problem are
urgently desired.
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