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Raman Spectroscopy of Soft Modes at the Charge-Density-Wave Phase Transition in 2H-NbSe,

J. C. Tsang, J. E. Smith, Jr., and M. W. Shafer
IBM Thomas J. Watson Researvch Center, Yorktown Heights, New York 10598
(Received 25 August 1976)

The Raman spectra of the layer-structure compounds 2H-NbSe, and 2H-TaSe, have been
measured between 2 and 300 K. A low-energy peak in the Raman spectrum is found to
soften at the charge-density-wave phase transition. This peak is attributed to the charge-
density-wave amplitude mode. The intensity and energy of this soft mode have been suc-
cessfully compared with mean-field treatments of the charge-density-wave phase transi-

tion.

Charge-density waves (CDW’s) occur in many
of the metallic layer-structure transition-metal
dichalcogenides.”™ In 2H-NbSe,, in the absence
of a CDW, all the Nb ions occupy symmetrically
equivalent sites. For T'<7.=33.5 K, an incom-
mensurate charge-density wave (ICDW) (i.e., a
periodic modulation of conduction electron density
whose wavelength is not a simple multiple of the
lattice constant) is present. The variation in con-
duction electron density at Nb ion sites for T« T
is estimated to be <9%.5 The conduction electron
ICDW is accompanied by a periodic lattice distor-
tion, also incommensurate with the undistorted
lattice., We have previously shown that this re-
duction in the long-range order of the crystal
structure and consequent reduction in the size of
the first Brillouin zone are accompanied by dra-
matic changes in the Raman spectra,.®

The transition between the undistorted state and
the ICDW state is a second-order displacive phase
transition* with a soft, Raman-active (for 7<T,)
phonon mode whose eigenvector describes the lat-
tice distortion at the phase transition. This mode
corresponds to a harmonic variation of the ampli-
tude of the ICDW lattice distortion and is common-
ly known as the amplitude mode.” The intensity
of the amplitude mode and its energy have a char-
acteristic dependence on the reduced temperature
t=(T,-T)/T, of the sample. Furthermore, it has
been shown that this energy is simply related to
the magnitude of the electron-photon coupling con-
stant and to the temperature-dependent order pa-
rameter associated with the phase transition.”
The small magnitude of the lattice distortion and
the absence of a first-order incommensurate-to-
commensurate CDW phase transition in 2H-NbSe,
suggests that existing theories of second-order
phase transition, based on power-series expan-
sions of the free energy, might adequately treat
the ICDW phase transition in this material. We
have identified low-energy, temperature-depen-
dent Raman scattering in 2H-NbSe, for T <T_ with

the ICDW amplitude mode and show below that
our results are consistent with mean-field theo-
ries. Steigmeir et al.® have observed Raman
scattering from an amplitude mode of the charge-
density wave in the linear-chain compound
K,Pt(CN),Br, ,- 3H,0 (KCP). In contrast to our
results and the predictions of mean-field theo-
ries, the energy of the amplitude mode in KCP
is only weakly temperature-dependent. This is
probably due to the fact that the ~100-K phase
transition is not a simple CDW phase transition
and to the inability of mean-field theories to de-
scribe quasi-one-dimensional systems in which
fluctuations are important at all temperatures.®

The samples studied were all freshly cleaved
single crystals, grown by iodine vapor transport
from pre-reacted powder. They were character-
ized by x-ray diffraction and transport measure-
ments. For measurement of the Raman spectra
the samples were mounted on copper disks which
were attached to a solid copper block. The tem-
perature of the copper block was measured with
a platinum resistance thermometer. Optical
measurements were made with the sample either
immersed in superfluid He or in cold gaseous He.
The Raman spectra were measured in a backscat-
tering geometry, using a variety of Ar and Kr ion
laser lines. Because of sample geometry, both
incident and scattered light polarizations were re-
stricted to the crystal basal plane for all meas-
urements. Sample heating was minimized by lim-
iting incident light power to 60 mW or less and by
focusing the laser beam to a line on the sample
using a cylindrical lens. Analysis of the tempera-
ture dependence of the resulting 2H-NbSe, spectra
near the 33.5-K phase transition suggests that
heating effects were < 2-3 K.

In Fig. 1, we show parallel-polarization (i.e.,
polarization of incident and scattered light paral-
el) Raman spectra of 2H-NbSe, at a number of
temperatures both above and below the 32.5-K
transition from the undistorted to the ICDW state.

1407



VoOLUME 37, NUMBER 21

PHYSICAL REVIEW LETTERS

22 NOVEMBER 1976

T T
300 K
50 K ]
?
E
z
pol
>
@
g Ma 33K —
E
©
o«
<
>
E
w
z
v L 25 K ]
z
z
<
=
-3
21K
4K
. 1
0 100 200 300

ENERGY SHIFT (CM™T)

FIG. 1. Raman spectra of 2H-NbSe, above and below
the 33.5-K undistorted-to~-ICDW phase transition. The
spectra were excited using 30 mW of power at 5145 A.

The room-temperature spectrum is similar to
that previously reported.® It is dominated by
sharp lines with Alg symmetry (observed only in
the parallel-polarization scattering configuration
in the basal plane) at 230 cm ™! and Ezg1 symmetry
(parallel and crossed polarizations) at 238 cm ™
and a broad maximum centered at =180 cm ™! with
full width at half-maximum =50 cm ™', As the
temperature of the sample is decreased, the 238-
cm ! line moves to higher energy and increases
in strength, relative to the 230-cm™! line. The
broad band changes its shape, shifts to lower en-
ergies, and first increases and then decreases in
relative intensity (again compared to the 230-
cm™! line). For T just above the ICDW transition
the broad peak is no longer observable. Below
the ICDW phase transition, a number of new lines
appear and the Eagl symmetry line, now at about
245 cm ™!, broadens significantly, with a width at
4 K almost double that of the A, line. Of the new
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FIG. 2. Temperature dependence of the energy of the
Ag soft mode in the ICDW phase.

structures, the most prominent are a weak, sharp
line at 186 cm ™ and a strong broad line (width
>20 cm ™) at low energies. The low-energy mode
is observed only in the parallel-polarization (Alg)
scattering geometry. Both the energy and inten-
sity of this broad, low-energy line decrease rap-
idly as the temperature approaches 7T, from be-
low.

In Fig. 2 we show the temperature dependence
of the energy of the broad, low-lying mode. The
identification of the ICDW to undistorted-state
phase transition as a second-order structural
phase transition and the softening of the Raman-
active mode at the transition temperature is by
itself evidence for the identification of this mode
as the amplitude mode. In addition, mean-field
theory supports this identification. Rice and co-
workers,” using a mean-field theory, have shown
that the energy of the amplitude mode of a charge-
density wave is given by

w(T)=1.4AY 20, 172, 1)

where A is the electron-phonon coupling constant,
t is the reduced temperature, and w, is the un-
screened, or high-temperature phonon frequency.
Our data are consistent with the temperature de-
pendence given by Eq. (1); and we take this to be
further evidence for the identification of the soft
mode as the ICDW amplitude mode. If we take T,
=33.5 Kand w,=85 cm™, we can derive from our
data a result A=0.17."° This relatively small val-
ue of A!' can be understood if we consider the
definition of the electron-phonon coupling con-
stant,

A=N(0)g%(0)/ w,, (2)
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where g(0) is the electron-phonon matrix element
for electronic states at the Fermi surface which
are connected by phonons of energy w, and N(0)
is the density of states of these electrons and
holes. Since the charge-density-wave transition
in 2H-NbSe, involves only a small portion of the
Fermi surface, N(0) in this case refers only to
this fraction of the density of states.

As noted above, the intensity of the amplitude -
mode Raman scattering is also strongly tempera-
ture-dependent, vanishing as T is approached
from below. Petzelt and Dvordk'2? have recently
given a group-theoretical treatment of the behav-
ior of soft-mode energies and intensities at struc-
tural phase transitions. They find that the inten-
sity of a soft mode which is not Raman-active in
the undistorted phase can in general be accounted
for by a Raman tensor o, related to the order pa-
rameter & by an expression of the form

a;; 8 3)

with q an integer and equal to 1 or 2 in all of the
cases surveyed in the review.

We can determine the exponent g in Eq. (3) by
analysis of the relationship of Raman intensity to
either temperature or soft-mode energy in the
ICDW phase., We have chosen the latter approach
in order to minimize the effects of temperature
uncertainty on the analysis. The Raman intensity
is related to the Raman tensor by

I=B| ;P n(w, T)+1]/w, (4)

where n(w, T) is the Bose-Einstein distribution
function evaluated at mode energy w and tempera-
ture 7, and B is a proportionality constant. The
form of the relationship between «;; and 6 given
in Eq. (3) is assumed to be valid and the energy
dependence of a;; is determined by observing that
Fig. 2 indicates that wo« §. With these assump-
tions, we have calculated I as a function of w for
several different integral values of the exponent
q. We find that the data are best fitted by ¢=2,
shown by the solid line in Fig. 3.

The soft phonon mode observed below the ICDW
transition is Raman-inactive above the transition
since it corresponds to the excitation of a non-
zone -center longitudinal acoustic (LA) phonon.
However, substantial changes in the Raman spec-
tra with temperatures are observed above T, As
we have noted above and shown in Fig. 1, with
lowering temperature (but remaining in the undis-
torted phase) the broad line shifts to lower ener-
gies; at T, its intensity vanishes. Moncton, Axe,
and Di Salvo® have observed a softening of the T -
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FIG. 3. Variation of the intensity of the soft mode
with mode energy in the ICDW phase. The solid line
corresponds to g =2 in Eq. (3).

branch phonon dispersion curves of 2H-NbSe, as
T, is approached from above. The temperature
dependence of the broad-line Raman scattering
we find above 7, compared with the results of
Moncton, Axe, and Di Salvo leads us to associate
this broad line with scattering by two LA phonons
on the ¥ branch from opposite sides of the zone.

We have also studied the temperature depen-
dence of Raman scattering from 2H-TaSe,. This
material is isostructural to 2H-NbSe, and has a
transition to an ICDW at 122 K, followed by a sec-
ond transition to a commensurate CDW at 90 K.
This second transition makes 2H-TaSe, less ame-
nable to detailed comparisons with existing theo-
ries, However the results are in qualitative
agreement with our observations on 2H-NbSe,
and therefore support the analysis given above.
The ICDW~to-commensurate-CDW transition at
90 K makes it impossible to determine w(0) and
therefore impossible to use Eq. (1) to calculate
A for 2H-TaSe,.

In conclusion, we have used Raman spectrosco-
py to study the transitions from the normal undis-
torted states to the ICDW states of both 2H-NbSe,
and 2H-TaSe,. We have observed substantial tem-
perature-dependent effects both above and below
T.. We have identified a soft mode of the low-
temperature phase which corresponds to an am-
plitude excitation of the CDW. In 2H-NbSe,, which
we have studied more thoroughly, we have been
able to obtain an estimate of the magnitude of the
electron-phonon coupling.

We wish to acknowledge the very capable tech-
nical assistance of J. A. Bradley and R. A, Figat
and helpful technical discussions with L. J. Sham
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and E. Pytte. Samples of 2H-TaSe, were provid-
ed by S. F. Meyer. It is a pleasure to thank these
people.
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Pronounced Isotope Effect in the Superconductivity of HfV,
Containing Hydrogen (Deuterium)*

P. Duffer, D. M. Gualtieri, and V. U. S. Rao
Department of Chemistry, University of Pittsbuvgh, Pittsbuvgh, Pennsylvania 15260
(Received 4 August 1976)

Superconducting transition temperatures of HfV,H, and HfV,D, have been measured in
the composition ranges x = 0~1.5 and x=0~-1.0, respectively. Hydrogen or deuterium ab-
sorption is found to decrease T, of HfV,. Pronounced isotope effects have been observed.
At x =1, hydrogen absorption reduces T, by 4.8 K while deuterium absorption reduces T

by 6.9 K with respect to HfV,.

Superconductivity in metal-hydrogen systems
has recently been a subject of considerable inter-
est due to the possibility of finding high 7' in
these materials via an attractive pairing interac-
tion arising from the high-frequency vibrational
modes of the proton lattice. Detailed studies
have so far been carried out on the hydrides and
deuterides of thorium' and palladium.?"®

It is interesting to note that although Pd itself
is not superconducting, Pd-H and Pd-D exhibit
T, values as high as 9 and 11 K, respectively.®™®
Moreover, in Pd-Cu-H, Pd-Ag-H, and Pd-Au-H
systems, high T, values of 16.6, 15.6, and 13.6
K, respectively, could be attained.® Since, in
the absence of hydrogen, these alloys are non-
superconducting, it is evident that the appear-
ance of superconductivity in the hydrides of Pd
and Pd-noble-metal alloys is not just a result of
the quenching of spin fluctuations as was supposed
earlier.” It seems to have its origin®'® in the en-
hanced pairing interaction arising from the high-
frequency optic phonon modes'® associated with
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the proton (or deuteron) lattice.

Another interesting feature is the discovery that
Th,H(D),, exhibits no detectable isotope effect’
while Pd-H(D) exhibits a pronounced reverse iso-
tope effect® ® (T, for PdH~9 K and for PdD~11
K). The reverse isotope effect in PdH(D) has
been explained separately on two different mod-
els. The first model® involves the influence of
the optic modes on the electron-phonon coupling
in PdH and PdD. The second model* attributes
the effect to the difference in electronic struc-
ture due to the H atom spending more time in the
proximity of the Pd atom than the D atom.

In view of these interesting features, further
studies are needed to understand the nature of
superconductivity in metal-hydrogen systems.
The hydrides of the cubic Laves (C15) phase al-
loys Hf , Zr,_, V, are well suited for a detailed in-
vestigation because of their high 7, and H , val-
ues" ' [T,=8.6 to 10.1 K, H_,(4.2)=100 to 230
kOe| and ability to absorb large quantities of hy-
drogen at room temperature and moderate pres-



