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other advantages good energy resolution and sym-
metry dependence. This may enable us to obtain
information on the anisotropy of the gap from the
A- and E-mode splittings. With the aid of theory,
the electron-phonon coupling constant may be di-
rectly obtained. We may also be able to obtain
information on the density of states in the vortex
regime when II is large but not close to II„.
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If a superconductor has a Raman-active phonon mode of low frequency (larger but of the
order of magnitude of the superconducting energy gap M), we show that electron-phonon
coupling leads to a complex bound excitation, also Raman active, with a discrete frequency
lower than M and with intensity which can be appreciable. We propose that these are the
lines found by Sooryakumar and Klein at approximately the energy-gap frequency in super-
conducting 2H- NbSe~.

PACS numbers: 78.30.Er, 74.30.6n, 74.70.Lp

Recent experiments of Sooryakumar and Klein'
on superco~ducting 2H-NbSe, have detected, in
addition to the ordinary Raman lines' at 234 and
248 cm ', and the Raman lines' induced by charge-
density waves ' (CDW) below TcD~ —= 33 K at ap-
proximately 40 cm ', two additional peaks at

approximately 16 cm ' which are only present
below the superconducting transition temperature
Ts(- ——7.2 K. These values seem to agree well
with the superconducting energy gap, 2A =17.2
+0.4 cm ', as measured in a different sample by
infrared transmission. ' In addition, these new
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lines decrease in intensity and shift in frequency
when large magnetic fields (-40 kG) are applied,
which confirms the suspicion that they are close-
ly related to the superconductivity of the material.

The fact that the spectrum shows well-defined
sharp lines (as opposed to a less pronounced fea-
ture such as a shoulder or a broad band) clearly
points out that they cannot be directly related to
the excitation of superconducting quasiparticles.
Their sharpness points to bosonlike excitations,
such as aphonon, an exciton, or a magnon; the
value of their Raman shift and the pronounced
magnetic field dependence indicate that the super-
conductive properties of the sample must be di-
rectly involved.

We would like to suggest as a very likely ex-
planation that the observed lines are a direct con-
sequence of the interaction between q = 0 phonons
of low frequency (the lines at approximately 40
cm ', caused by the CDW) and the superconduct-
ing electrons. In other words, it is an ordinary
phonon self ener-gy effect in a superconductor
when the phonon itself is Raman active.

A simple model calculation supports our hypo-
thesis. We write a Hamiltonian

(see Fig. 1) yield the complete one-phonon spec-
tral function. For heo & 2b, the phonon intensity
is in general highly peaked about Sao, but with a
continuous distribution which extends over the ex-
cited pair energy range, S~&2b. There is, in
addition, a bound state of energy A. which splits
off from the quasiparticle continuum: A. &2A.
The value of A. is given by the solution of the
eigenvalue equation

16h&uob, g po, A.

~0 (4' g2)1/2 (4' 2)1j2 t (

where p0 is the density of normal electron states
per spin at the Fermi level. The phonon spec-
tral density (residue) at A. can be easily calcu-
lated. "'" In Fig. 2, we show several examples
of the complete phonon spectral density for var-
ious values of the energy gap 2A and for a coup-
ling strength g'po jhow, = 0.12.

In Fig. 3, we have attempted a more detailed
fitting of our calculation to the experiments of
Sooryakumar and Klein. ' In Fig. 3(a), we have
taken their measured A+ spectrum at S K (T& T,)
[their Fig. 1(b)], subtracted the constant back-

+BCS++ph+ +ht y

which describes a Bardeen-Cooper-Schrieffer
system' of interacting electrons, a single q= 0
phonon of frequency u0,

Xph
——Sco,b ~b,

and an interaction term

(2)

1.0

2h, = 0.25hcup

Xhg =gPyo egg pc~(b + ) ) (3)

where bt (b) creates (destroys) a, phonon and c„,t
(c~, ) is the creation (destruction) operator for an
electron of wave vector k and spin cr.

Standard canonical-tr ansformation methods"
and a perturbation calculation which hybridizes
the single-phonon state with an electron-hole pair

0.045

2h, = 0.3
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FIG. 1. The two processes leading to the formation
of a phonon-quasiparticle-pair bound state.

FIG. 2. The phonon spectral density for the coupled
modes. In these examples the coupling constant is

pp
= 0 12+Kp and the value of the supe rconducting ener-

gy gap is indicated. The spectral weights of the bound
state and the continuum are shown.
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FIG. 3. The spectrum for an inhomogeneously broad-
ened phonon. fitted to the experimental data of Ref. 1.
(a) The experimental A~& spectrum at T =9 K and the
fitted spectral curve (background subtracted). (b) The
theoretical spectrum at 2' = 0 for a coupling constant
g p0=0.08&mo, linear in the frequency. (c) The experi-
mental A~& spectrum at & =2 K {background subtracted).

ground, and fitted the curve. If that is consid-
ered the inhomogeneously broadened spectrum of
the original line, and we assume that the coupling
constant g'p0 is proportional to the frequency of
the phonon (g'pa=0. 085&so), the resulting spec-
trum from our calculation is shown in Fig. 3(b).
This is to be compared with the experimental da-
ta of Fig. 3(c) (where a similar constant back-
ground subtraction has been performed). Com-
parison between theory and experiment is satis-

factoryy.

In conclusion, several points obtained from our
calculations are worth remarking:

(I) A phonon-quasiparticle-pair bound state al-
ways exists in our model; its energy A. is smaller
than 2h,.

(2) For the most common values of phonon fre-
quency, energy gap, and coupling strength (Scu,
»26; g~po-0. 25&v,) the bound state appears at A

~26, with vanishing small spectral strength and

is thus unobservable.
(3) The spectral intensity of the bound state is

only appreciable when h~o is of the same order of
magnitude as 2&. This explains why the effect
has been observed in NbSe„a CD% superconduc-
tor, and not in other superconductors" (ordinary
Raman-active phonons, if they exist, have usual-
ly frequencies from ten to one hundred times the
energy-gap frequency). In particular an incom-
mensurate CDW renders some low-frequency pho-

non modes Raman active by "folding" the Bril-
louin zone; this makes the effect observable.

(4) If the low-frequency mode h~, a 2b. is strong-
ly coupled to the electrons, the bound-state en-
ergy may be considerably smaller than 2 For
strong enough coupling it may even become nega-
tive, i.e., the superconducting crystal becomes
unstable against spontaneous lattice distortions.

(5) For CDW superconductors we expect the
coupling parameter g'p, to be relatively small,
smaller than typical superconducting coupling
constants Th1s 1s due to hvo effects: The
phonons involved are low-frequency phonons, "
and the relevant coupling strength gets consider-
ably reduced by the CDW coherence factors. "

(6) For reasonable values of the parameters
(see Fig. 2) we have obtained bound states close
to 2h and with appreciable spectral intensity.

(7) These coupled phonon-quasiparticle modes
could also be responsible for the peculiarities of
the observed infrared absorption spectrum. '

(8) These modes are in principle also observ-
able in a non-CDW superconductor" with a soft
Raman-active mode, regardless of the origin of
that active mode.
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