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Effect of the charge-density-wave gap on the Raman spectra in orthorhombic Tas3
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Lattice vibrations in orthorhombic TaS3 have been investigated by polarized Raman scattering
above and below the charge-density-wave (CDW) phase-transition temperature of 218 K. Below T„
satellite peaks become clear on the lower-energy slopes of the dominant peaks and increase the in-

tensity with decreasing temperature. The main peaks at room temperature decrease the intensity

and shift to the higher-energy side below T, . This one-dimensional material consists of 24 trigonal

prismatic chains in the unit cell. Each chain which has different tendency for the CDW formation
is assumed to give one of the satellite peaks. In the chains with large CDW amplitude, the decrease
in the number of free carriers due to the formation of the CDW gap at the Fermi level leads to a de-

crease in the scattering intensity from the intraband process as well as ap increase in the phonon en-

ergy. The temperature dependence of the scattering intensity is compared with the calculated intra-

band scattering intensity, which is proportional to the bare electronic susceptibility of the electron

gas in the conduction band with the CDW gap.

I. INTRODUCTION

Transition-metal trichalcogenides which consist of a
parallel arrangement of trigonal prismatic chains are
known as a group of typical one-dimensional materials.
The variety of the arrangements of chains in the unit cell
makes different types of crystal structure and physical
property. ' Three compounds, TaS3, TaSe3, and NbSe3,
are metallic at high temperatures, while other sulfides and
selenides of Ti, Zr, Hf, and Nb are semiconducting. Two
metallic compounds, TaS3 and NbSe3, exhibit charge-
density-wave (CDW) phase transition at low tempera-
tures, ' which is characteristic phase transition in low-
dimensional materials. A superconducting phase transi-
tion is known in TaSe3 and NbSe3 at low temperatures and
with pressure. '

The CDW phase transition in TaS3 was first reported

by Sambongi et al. Electron and x-ray diffraction exper-

iments have been done to observe the crystal struc-

ture, ' ' but the atomic positions in orthorhombic TaS3
are not known yet. The lattice vibrations were investigat-
ed by Tsang et al. ' Transport experiments have also
been performed to investigate the electric proper-
ties. '" ' The non-Ohmic conductivity and the specific
noise of current, which are usually attributed to the collec-
tive sliding motion of the CDW, have been observed in

TaS3 (Ref. 18) as well as NbSe3. '

Recently, the existence of two different types of crystal
structure has been reported in the normal phase of TaS3.
One type is an orthorhombic structure and the other is a
monoclinic structure. ' Both types show CDW phase
transitions at different temperatures. Sometimes both
structures coexist in one crystal-growing ampoule.
Though the space group of the orthorhombic structure
had been reported to be C222~, a very recent experiment

by the convergent-beam electron-diffraction method re-
vealed the microdomain structure and observed the Pmn2~

(C2„) symmetry in the domain at room temperature.
The dimensions of the unit cell are a =36.804 A,

b = 15.177 A, and c =3.340 A (chain direction), including
24 chains. The orthorhombic TaS3 has one transition
temperature (T, ) at 218 K determined from the maximum
of the temperature derivative of the conductivity

~

dlntJ, /dT
~

. Even in the normal phase x-ray diffraction
shows diffuse scattering lines at Q, =0.25c' due to the
finite amplitude of the CDW along the c axis by the phase
fluctuation among the chains. Below T, satellite spots
are observed at 0.5a*+0.125b*+0.25c' (Ref. 9) due to
the formation of the superlattice of 2a&&8bX4c. The
electric conductivity measurement shows semiconducting
behavior below T, . The monoclinic TaS3 had been report-
ed to belong to the P2~/I (C2h) space group, ' but re-
cent convergent-beam electron-diffraction measurements
showed B2/m (Czh) symmetry. The unit-cell dimen-
sions are a =9.515, b =3.3412 (chain direction), and
c =14.912 A, and P=109.99'. The monoclinic TaS3 has
two transition points at 240 and 160 K. The lowest-
temperature phase is a semiconducting state.

The formation of the CDW is essentially accompanied
by the lattice displacement. Tsang et aI. ' reported the
lattice vibrations of TaS3 measured by Raman scattering,
with their emphasis on the anomaly of the Raman
linewidth of specific phonon peaks. The anomaly was ob-
served in the phonon peaks of 283, 405, and 496 cm ' at
200, 150, and 60 K, respectively. They analyzed the
anomaly by the electron-phonon interaction related to the
electronic excitation through the CD&-created gap, and
estimated the temperature dependence of the energy gap
in the CDW state. But our experimental results by high-
resolution polarized Raman scattering with the use of a
single crystal are different from their results.

This experiment revealed the splitting of the 284-cm
line below T„ instead of the increase of the linewidth.
The anomalies in the 405- and 496-cm ' lines were not
noticed at the temperatures at which Tsang et al. observed
anomalous behavior in the linewidth. At room tempera-
ture about ten lines with relatively large intensities are ob-
served in the energy range from 50 to 500 cm '. Some of
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them are broad and asymmetric due to the broad satellite
peaks close to the lower-energy side of the main peaks.
The satellite peaks become strong and clearly resolved
with decreasing temperature through T, . Thc Iclatlvc in-
tensities of the main peaks at high temperatures decrease
with cooling below T, .

The unit cell of orthorhombic TaS3 is assumed to con-
tain several types of triangular chains with slightly dif-
ferent cross sections, deducing from the case of monoclin-
ic TaS3 (Ref. 21) and other transition-metal trichal-
cogenides. ' ' Each chain contributes to give one of the
satellite peaks, if the interchain interaction is small.
Shima calculated the band structure of NbSei and showed
that each chain has the corresponding Fermi surfaces,
which have its own nesting condition that is related to the
different phase-transition temperature. ' A similar situ-
ation is expected to be satisfied in TaS&. Each chain has a
different amplitude of the CDW and the energy gap below
'r, because the nesting of the Fermi surfaces is sensitive to
the shape of the chain. In the chain with large CDW am-
plitude, the generated large CD& energy gap reduces the
number of free carriers and decreases the screening of the
atomic potential, so that the phonon energy increases. At
the same time the formation of the CDW gap reduces the
Raman cross section of the intraband term (diamagnetic
term), ' because this term contributes only in metal and
the cross section is proportional to the density of states at
the Fermi level. The temperature dependence of the
scattering intensity is compared with the calculatixl intra-
band scattering 1ntcnslty ln 8 one-dlIl1cnslonal condUctlon
band with the CDW gap.

Our experimental results are presented in Sec. II. The
mode assignment and the discussion about the Raman
scattering intensity in the CD% state are given in Sec. III.
The intraband Raman process in metal is presented in the
Appendix.

II. EXPERIMENTAL RESULTS

Single crystals of orthorhombic TaSi were grown by a
vapor-transport method. The typical sizes were 15@m (in
the a-axis direction))&40@m (along b))&5@m (along c).
One slnglc CI'ystal was sct 1n 8 varlRblc tcmpclatUIc clyo-
stat where cold helium gas flows on the sample surface.
Thc experiment was made ln 8 backscattcr1ng conflgula-
tion with a 70-m% argon-ion laser at 5145 A. The in-
cident beam is in the (011) plane with an incident angle of
about 30'. A cylindrical lens was used to illuminate the
sample, effectively preventing temperature rise. The weak
scattering probability required about 10 h for 500 cm
scannin. The details of the experimental system are
described elsewhere.

The observed Raman spectra of the a(b, b)a polariza-
tion configuration Rrc shown ln Flg. 1 ~ Thc Qotatlon
a(b, b)a means the propagation and polarization direc-
tions of the incident light, and the polarization and propa-
gation directions of the scattered light, from left to right
in order. In this polarization configuration the dement b

of the Raman tensor for the Ai mode participates in the
scattering. The normalized scattering intensity is ob-
tained fi'Gill dividing the observed iiiteiisity by tlie statisti-
cal factor (n +1) for the Stokes side, where n is the Bose
distribution function. The dominant peaks are 284, 336,
374, 404, and 498 cm ' at room temperature. %ith de-
creasing temperature, the broad asymmetric peaks of 284,
336, 404, and 498 cm ' separate into many lines due to
the narrowing and the increasing of the scattering intensi-

ty of the satellite peaks.
The normal modes of each chain are expected to be re-

sponsible for the main structure of the Raman spectra in
TaS3, because the interchain interaction is small as ob-
served in the large anisotropy of the conductivity,
cr, /orb-150. Two mechanisms are considered for the
origin of the satellite peaks. The first is that the small
difference in the normal-mode energy between the chains
with slightly different dimensions in the unit cell gives sa-
tellite peaks. The second is that the modulation of the
chains in the CDW phase gives the satellite peaks. At
room temperature many peaks have the traces of the satel-
lite peaks as asymmetric line shapes or shoulders. Above
T, there is no CDW in the mean-field approximation, but
the thermodynamic fluctuation gives the local CDW even
above the T, . Such fluctuation causes the split of the
phonon energy even in the normal phase. Above the T,
the energy splitting between the main peak and the satel-
11tc peak, which ls noticed to bc 8 shoulder, ls almost con-
stant in the 284- and 498-cm ' modes. If the satellite
peaks at room temperature come from the fluctuation,
large temperature dependence is expected differently from
the experimental results. We assign therefore the origin of
the main and the satellite peaks to the same normal modes
of the different chains with slightly different dimensions.
The satellite peaks which become clear at low tempera-
tures are grouped by the energy of the main peaks at room
temperature as indicated at the lower part of the 19-K
spectrum of Fig. 1. The detailed discussions are given in
Sec. IH.

The total scattering intensity increases suddenly below
T, in this polarization configuration as shown in Fig. 2.
The sudden increase below T, is also observed in the
a(b, c)a polarization configuration. The Raman spectra in
the a(c,c)a and the a(c,b)a configurations do not show a
sudden increase. This increase in the scattering intensity
is probably attributed to the change in the electronic band
structure responsible for the dipole transition parallel to
the b axis. The phase correlation between the chains
below T, may contribute to this sudden change. The large
temperature derivative of the electric resistivity at T, may
be related to this change of the electronic states.

Figure 3 shows the temperature dependence of the pho-
non energies. The temperature dependence is small except
for the 284-cm ' peak. Above 200 K the peak designated
as Q ln Flg. 1 approaches thc 284-cm ' peak. Thc de-
tails of these peak energies are shown in Fig. 4. The bars
indicate the full linewidths at half-maximum. The peak
positions and the linewidths are obtained from a computer
fitting by the superposition of Gaussian lines taking into
account the apparatus resolution determined by the spec-
trometer. The splitting of the line designated )& from the
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peak at 160 cm ' is narrow even at high temperatures and
the intensity decreases with cooling as opposed to the case
of the a(b, b)a configuration. The temperature depen-
dence of the relative integrated scattering intensity be-
tween the main peak and the satellite peaks of the 285-
cm group is shown in Fig. 7. The change in the relative
intensity of the main peak is more rapid and it occurs at a
higher temperature compared with the a(b, b)a configura-
tion.

Figure 12 shows the Raman spectra of the a (c,b)a po-
larization configuration. In this configuration the 82
modes are active. Almost the same spectra are obtained in
the a(b, c)a configuration. The scattering intensity in this
polarization is weak compared with the a(b, b)a and
a (c,c )a configurations.

FIG. 6. Temperature dependence of the relative integrated
scattering intensity of each group in the unit of the total scatter-
ing intensity of whole peaks in the a(b, b)a polarization configu-
ration.

III. DISCUSSION

A. Mode assignment

A large number of atoms, as many as 96, are included
in the unit cell and the atomic positions are not known
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even in the normal phase. Below T, the unit-cell volume
increases by 64 times than that of the normal phase. The
observed peaks are much less in number than the expected
peaks. This means that many modes have almost degen-

crate energy. If 24 chains in the unit cell have almost the
same dimensions to each other and the interchain interac-
tion is small, the normal mode in each chain has almost
the same energy. A bundle of the normal modes in the 24
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close to the energy of the S—S bond-stretching mode in
the materials with the interatomic distance of 2.05 A.
The symmetry of the unit cell of the isosceles-triangular
prismatic chain is orthorhombic Cz, with the twofold axis
perpendicular to the chain axis. The normal modes of lat-
tice vibrations in the chain are 4A&+A2+48i+3B2.
Each one of A i, Bl, and B2 modes is the acoustic mode.
Nine normal modes of optical phonons are shown in Fig.
13. The Raman tensors Ai(y), A2, B&(x), and B2(z) are,
respectively,

for the coordinate axes shown in Fig. 13. The b and c
axes of the orthorhombic TaS3 structure are in the x-y
plane of Fig. 13. The A& and B, modes are active in the
a(b, b)a polarization configuration, the Ai mode in the
a(c,c)a, and the A2 and B2 modes in the a(b, c)a The.
highest-energy peak of 498 cm ' in TaS3 is assigned to
the A& (v3) mode. The S-S interatomic distance of the S8
ring in orthorhombic sulfur is 2.048 A (Ref. 30), which is
very close to the shortest S-S distance of the isosceles-
triangular prism. The phonon energy of 498 cm ' is close
to the energy of the A& symmetric mode of the Ss ring,
470 cm ' in a crystal and 475 cm ' in liquid. The ener-

gy of the 284-cm ' mode is very close to the 286-cm
E2g mode in 2H-TaS2. ' In this mode the Ta atoms and S
atoms move to the counter direction in the x-y plane. The
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FIG. 13. Normal modes of the unit cell of the isosceles-

triangular prlsIDatlc chain %'hich ls the idealized constitutional
element of the orthorhombic TaS3. Note that the choice of the
coordinate axes is different from the normal denomination.

atomic movement of this mode is assigned to the A ~ (v~)
mode and the 8~ (vz) mode. The large change in the 284-
cm ' peak on temperature is related to the atomic motion
of Ta in this mode because the d-electron band of Ta
causes the CDW. Thc peak at 374 cm ' is tentatively as-
signed to the A& (v2) mode. The peaks of 110 and 336
cm ' are observed only in the a(b, b)a spectra. Therefore,
the 110-cm ' mode is assigned to the B~ (v&) mode and
the 336-cm ' mode to the 8& (v3) mode. The 285-cm
peak in the a(c,c)o configuration is assigned to the A&

(v~) mode. The 231-cm ' peak in the a(c,b)a polariza-
tion spectra has a satellite peak at low temperatures. This
mode is tentatively assigned to the 82 (v&) mode. The
modes realized by diagonalizing the secular equation of
atomic motion are a linear combination of the normal
modes with the same symmetry. The modes with satellite
peaks at low temperatures are expected to be related to the
Ta atomic motion.

In this commensurate CDW phase the dimensions of
the unit cell increases to 2a&sb X4c, and 64 times as
many as the modes in the normal phase are expected in
the Raman spectra due to the folding of the phonon

modes at the large-wave-vector points to the I point. The
peaks from the folding of the wave-vector points in the
u b-plane ls expected to locate ln the v1cllllty of the oxlgl-
nal I -point mode because the dispersion in the direction
perpendicular to the chain axis is expected to be small due
to the good one dimensionality. The new peaks folded
from the 0.25c*, 0.5c*, and 0.75c* appear probably in the
different energy regions from the original I -point modes
because the dispersion along the c direction is not small,
and also the Kohn-anomaly effect modifies the dispersion
strongly. Only one part of the modes folded from the
large-wave-vector points is related to the Kohn-anomaly
modes, and the others are folded from non-Kohn-anomaly
modes due to the formation of the superlattice. The
CDW modes r'elated to the Kohn anomaly are expected to
appear in the low-energy region similar to two-
dimensional transition-metal dichalcogenides if the
phase transition is close to the second order. But the
strong light elastically scattered from the sample surface
prevented the observation of low-energy soft CDW modes.

At low temperatures satellite peaks appear in the modes
at 284, 336, 374, and 498 cm ' in the a(b, b)a spectra,
and 285, 375, and 496 cm ' in the a(c,c)a spectra. One
satellite peak which diverges from the main peak below T,
is observed in the 284-cm ' group. Many satellite peaks
do not appear by the divergence from the original peak at
T~, but by thc 1ncrcasc 1Q the 1ntcnslty kccplng thc energy
constant. The temperature dependence of the intensity of
the satellite peaks has the same tendency in all groups.
The relative intensity of the lower-energy peak in each
group increases with decreasing temperature.

It is known that in the materials with the CDW phase
transition the interband Raman scattering intensity due to
the phonons related to the Kohn-anomaly modes is
strongly enhanced by the large generalized electronic sus-
ceptibility at the wave vector of 2k~, g X(2k+), below
T, . ' Here g is the electron —Kohn-anomaly-phonon in-
teraction parameter. It is assumed that. each chain in the
unit cell has a different tendency for the formation of the
CD%', and the modes in the chains which cause the CD%
transition have large Raman intensity. Such chains create
a large energy gap below T, . The decrease in the free car-
riers reduces the screening of the atomic potential so that
thc phoQOQ cncI'gy increases. Thc dccI'case in thc dcns1ty
of states at the Fermi energy decreases the Raman cross
section of the intraband process as written in the follow-
ing. With decreasing temperature below T„ the chains
which do not have enough nesting condition of the Fermi
surfaces continue still to increase the generalized suscepti-
bility and enhance the scattering intensity.

B. Intraband Raman process and the CD'W gap

For Raman scattering in metal the intraband process
contributes to the scattering probability * as well as the
1Qtcrband pI'occss, wh1ch 1s the only 1IIlportant IQccha-
nism in insulating materials. In the intraband process an
electron in the partially filled conduction band is excited
to the same band by the interaction with photons through
the A term, where A is the vector potential of the incident



and scattered photons. This process contributes to the
scattering by the totally symmetric phonons in the parallel
polarization configuration of the incident and scattered
lights. Thc details arc discussed in thc Appendix. Thc
scattering probability of this process is very sensitive to
the density of states at the Fermi level. The formation of
the CDW gap at the Fermi surface reduces the scattering
probability from this process. The differential cross sec-
tion from this process is proportional to the square of the
bare electronic susceptibility Xo(q, nlo) of the conduction
band, 25 where
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Here q is close to zero from the momentum conservation
vnth the incident and the scattered lights. The susceptibil-
ity at q=0 in the intraband process gives a different tem-
pcrRtulc dcpcndcncc f10m tllc susccptlbt11ty Rt q ~2k~,
which is the characteristic quantity for the CDW phase
transition and gives the strong two-phonon Raman peaks
in 2H compounds.

For the long coherence limit the energy gap 2h of the
CDW state is expressed by the same form with the super-
conducting gap

0.6- (b)

ck

are

b

I

41

-'l.2 '

0 300

ss tanh[(Ek+5 )' l(2kII T)]
X

0 (E2+ g2)1/2 dEk (2)

where p is the dcllslty of sta'tcs, g Is thc electron-phonon
interaction parameter, ohio is the phonon energy, and Q is
the volume of the system. McMillan showed that in the
case of two-dimensional material 2H-TRSC2, the long-
coherence model, is not applicable. In the short-coherence
limit the phonon entropy is very important and the fluc-
tuation of the order parameter is very large even above T, .
In this case the energy gap at 0 K is of the order of 7k+ T,
or greater, which is larger than the gap of 3.52k' T, in the
long-coherence limit. In Tas3 the energy gap estimated
from the activation energy of the electric resistivity is
about 1200 K," which is 1.56 times larger than the gap
energy 767 K obtained from Eq. (2).

Figures 14(a) and 14(b) show the bare susceptibility
Xo(q, coo) for the phonon energy coo ——284 (409 K) and 504
cm ' (725 K) as a function of temperature with the pa-
rameters of the kFq!m (=ck s —ck ) and the gap ener-

gy at 0 K. The gap energy in the CD%' state is assumed
to be the superconducting gap given by Eq. (2), curve A in
Fig. 14(c), and 1.56 times the superconducting gap, curve
8. Tllc clccflolllc susccpt1bI11ty Rs R fullctloll of 'tllc gRp
energy is sensitive to the relative magnitude of the kzqlm
Rnd Coo. Tllc susccPtlblllty Xo(q, Coo) ls always minus foI'

)500

Q
I

0

FIG. 14. Temperature dependence of the bare susceptibility
'(a) XO (ps~0=28~ Cm ) and (b) Jo (g,690=498 CID ) Of CleCtron

gas in the conduction band which has the COW gap below the
T~. Solid curves arc obtained by assuming thc CD% gap to bc
1.56 times the superconducting gap [curve 8 in (c)], and broken
curves the same with the superconducting gap [curve A in (c)].
Amount of k~q/m is 200 K for curves a and b, 800 K for
culvcs ((." and d, and 1500 K fol curve 8.
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kFq/m &top, but Xp(q, top) changes the sign at about the
temperature of E~=cop for kzq/m &cop. When kFq/m
approaches top, Xp(q, top) is enhanced. The wave vector of
the incident light spreads inside the metallic material due
to the large imaginary part of the refractive index. The
magnitude of the kFq/m is roughly estimated at 1000 K
for the wavelength of the light 5145 A and the lattice con-
stant c =3.34 A, assuming the refractive index 10, the ef-
fective electron mass one and the location of the Fermi
surface at the middle between the zone center and the
edge.

Figure 15 shows the temperature dependence of the in-
tegrated scattering intensity of the highest-energy peaks in
the 284- and 498-cm ' groups, which are dominant at
room temperature. Figures 15(a) and 15(c} show the
scattering intensity in the a(b, b)a configuration and Figs.
15(b) and 15(d) in the a(c,c)a configuration. The scatter-
ing intensity in the a(b, b}a configuration starts to in-
crease at lower temperature than in the a(c,c)a configura-
tion, and suddenly decreases at about 200 K. If the
kFq/m is smaller than the phonon energy, the sudden de-
crease in the scattering intensity due to the intraband pro-
cess is observed. The refractive index for the polarization

d 0
d~

=+
l ~intra+~inter l

(3)

where M;„„, is proportional to Xp(q, top) and depends on
temperature and M;„„, is tentatively assumed to be con-
stant with temperature. The three-dimensional character
deviated from the perfect one dimensionality gives the k„
and k~ dependence of the electron energy. The distribu-
tion of the gap energy due to the dispersion on the x-y
plane is assumed by the Gaussian type with the standard
deviation 10 K. The average of the energy gap is assumed
to be 1.4 times the superconducting gap. If we assume the
superconducting gap energy, the jump in the scattering in-
tensity in the a (b, b )a configuration appears at about

parallel to the b axis is supposed to be smaller than for the
polarization parallel to the c axis. The other possibility of
the sudden decrease in the scattering intensity in the
a(b, b)a configuration is due to the change in the refrac-
tive index for the light polarized parallel to the b axis,
caused by the interchain phase correlation below T, .

The solid curves in Fig. 15 are calculated from the in-
traband term M;„„,and the interband term M;„„„
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FIG. 15. Temperature dependence of the integrated scattering intensity of the highest-energy peaks in the 284 and 498-crn

groups in the a(b, b )a and a(c,c)a polarization configurations. Curves in (a)—(d) are the calculated scattering intensity from the in-

traband term, which is proportional to the bare susceptibility and the interband term. Parameters in the calculation are written in the

text.



150 K. The used parameters are k+qfm =200 K for the
a(b, b)a configuration and 1000 K for the a(c,c)a config-
uration, M;„„,= —0.2 and a=8600 for the 294-cm
peak in the a (b, b )a polarization configuration,
M;„„,=—0.2 and a=4400 for 294 cm ' in a(c,c)a,
M;„„,= —0.25 and a=6500 for 504 cm ' in a(b, b)a,
and M;„„„=—0.5 and a=230 for 504 cm ' in a(c,c)a,
where the magnitude of the parameters Mi„„„,M~„„„and
a are relative. The deviation of the calculated curve from
the experimental data is supposed to come from the tem-
pcrRtuic dependence of tllc llltcl'bRnd term Rild tllc coII1-
plicated three-dimensional character of the CDW gap.

In one-dimensional materials the thermodynamic fluc-
tuation has a large influence on the physical properties.
The diffuse line of 0.25c* is observed in x-ray diffraction
above T„and the effect of fluctuation is also observed in
tlM electric conducflv1ty Rs R dcviatloll froln tllc Ilictalllc
temperature dependence between the T, and room tem-
perature. ' The average energy gap is larger than the
gap in the mean-field approximation near r, due to the
fluctuation and the local energy gap remains finite even
above the T, . It brings the deviation in the scattering
intensity from the calculation in the mean-field approxi-
111Rtloll using tllc CDW gap glvcll by Eq. (2). At tllls stage
it is difficult to estimate the temperature dependence of
the fluctuation and the influence to the CDW gap from
the Raman scattering spectra because the estimations of
the kzq lm and the interband term are not unique.

The decrease in the scattering intensity due to the des-
truction of the Fermi surface in the one-dimensional
CDW phase transition is in contrast with the two-
dimensional case. In 2H-TRSC2 the intensity of the 240-
cm '

A&g phonon peak which is active in the normal
phase continues to increase toward 0 K beyond the T, .
The difference comes from the sign between the intraband
and the interband terms, and how much of the Fermi sur-
face is destroyed In one-.dimensional materials the Fermi
surfaces of the chains related to the phase transition are
supposed to be destroyed almost completely below the T„
while many parts of areas of the Fermi surfaces remain
until 0 K in two-dimensional materials.

Th1s polaxlzed h1gh-resolution Raman scatteAng expexl-
ment shows different results from Tsang et al. ' about the
phonon linewidth. They related the anomaly of their ob-
served linewidth to the electronic excitation through the
COW gap, but this experiment did not show such an
RI10Inaly. It Is kllowll tllRt lntcracflolls of R pl1011011 with
the electronic system cause the large phonon linewidth. A
decrease in the lifetime of an acoustic phonon with a large
k vector in superconducting Nb3Sn has been reported by
Axe and Shirane. An increase in the optical-phonon
linewidth in V3Si at low temperatures is also explained by
the electron-phonon interaction. Sooryakurner and
Klein observed an enhancement of the Raman scattering
efficiency of the soft CDW mode at the superconducting
gap energy in 2H-NbSe2. ' It was explained by the in-
teraction of the phonon with the electronic excitation
through the superconducting gap. In the case of TRSl our
observed increase of the phonon linewidths toward T, is
explained by the thermodynamic fluctuation near T', .

In conclusion, the decrease of the scattering intensities

of the higher-energy main peaks is attributed to the de-
crease of the Raman cross section of the intraband process
due to the formation of the CDW gap at the Fermi ener-

gy. The large change in the low-wave-vector susceptibility
X (q=O, coo) in TRS& below T, suggests the almost com-
plete destruction of the Fermi surface compared with lay-
ered transition-metal dichalcogenides.
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APPENDIX

Two mechanisms contribute to the Raman scattering
probability in metal. ' One is the intraband transition
process coming from the electron-radiation interaction of
tllc A tcl'IB Rs sllow11 111 Flg. 16(a). In thIs pl'occss Rll

electron-hole pair is created in the partially fiHed conduc-
tion band. Sometimes this process is called the diamag-
netic process. In this process only the totally symmetric
phonon mode is active so that the (k

~

V
~

k) is nonvan-
ishing, where

~
k ) is the wave function of the conduction

electron, V is the deviation of the electronic potential due
to the normal coordinate of the phonon. This term exists
only in metal. Another mechanism is the interband pro-
cess as shown in Fig. 16(b). This process is called the
paramagnetic process. An electron is excited to the con-
duction band from the valence band by the P.A term. In
insulating materials only this process contributes to the
Raman scattering probability. This mechanism was inves-
tigated by Loudon.

The intraband process is very strongly influenced by the
density of states of the conduction band at the Fermi ener-

gy. The differential cross section for the intraband term is
given by

zcr
=ra(e; e, )2(n+ I )[VXO(q, coo)]

Ilit l'8

FIG. 16. Raman scattering process of the (a) intraband and
the (b) interband terms.
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Pp=

tion f is the Fermi-Dirac distribution function. The
dielectric constant e(q, coo) is given by 1 —yXo(q„too),
where tp=4rre /q e is the Fourier transform of the
CollloIIlb 1nte1actloll. The susceptlb111ty Xo(q, coo) Is ap-
proximated at low temperatures for the gradual density of
states at the Fermi energy by

Here 8 and I are the electron charge and mass, respective-
ly. e; and e, are the polarization vectors for the incident
andI. scattered photons, n is the Bose-Einstein distribution
function for the phonon, 6 is the absolute value of the
reciprocal-lattice vector, " is the deformation potential,
and M, X, and coo are the ionic mass, the total number of
atoms, and the phonon frequency, respectively. The func-

Xo(q, coo) ~p(Ep),

for coo «ek —ek„e. In the case of the formation of the

energy gap Es at the Fermi energy, Xo(q, coo) is approxi-
mated as

Xo(q, coo) ~ q/Es

for small q and coo and kT «Es. The contribution to the
scattering intensity from the intraband pI'ocess decreases
with the formation of the CDW gap.
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