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Raman-active phonon modes close to twice the superconducting-gap energy yield a hybrid state, also Ra-
man active, between the bare phonon and the superconducting-gap excitations. This result, which is ob-
tained for finite temperatures, holds true if screening is taken into account.

Raman scattering experiments!~® on superconductors in
the presence of low-frequency charge-density modes show
evidence for a peak in the Raman spectrum near twice the
gap energy. Only in the charge-density state phonon modes
corresponding to wavelengths of 10-50 c¢cm and a 2A of
104 to 10-3 eV exist. These important findings were ex-
plained by an interesting calculation by Balseiro and Falicov*
(also compare Schuster’ and Machida$), who considered the
phonon state as a hybrid between the bare phonon and
electron-hole pairs of superconducting-gap excitations. This
calculation used standard perturbation techniques’ for the
evaluation of the phonon propagator, but did not take into
account the Coulomb screening of the electron-phonon cou-
pling (see Fig. 1).

Littlewood and Varma®? and subsequently Browne and
Levin!® questioned these results because of nonscreening
and argued that the effect disappears if screening is taken
into account. A recent paper of Klein and Dierker!! con-
centrates on phonon dispersion for nonvanishing momenta
and, in the limit of ¢ — 0, seems to agree with Balseiro and
Falicov. Because of the criticism mentioned above, we reo-
pen the discussion to test Balseiro and Falicov’s calculation
by inclusion of charge screening. Furthermore, the lowest-
order contribution to the phonon polarization in the super-
conducting state is enumerated for finite temperatures. As
a result we find it still possible to see a resonance from the
hybrid mode when Coulomb shielding is taken into account.

We begin with the calculation of the phonon Green’s
function defined by Dyson’s equation’

DY w)= D5 (w) —{(w) , ¢y

which yields the dispersion relation for the hybrid state at
the frequency ) by setting D~1(Q2)=0. T{(w) is the ir-
reducible (proper) phonon polarization and contains the
electron-phonon coupling gy, which is screened by Coulomb
interaction. It can be developed in a diagrammatical expan-

m=w+-<13}:::

FIG. 1. Phonon propagator, as calculated by Balseiro and Falicov
(Ref. 4).
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sion (Fig. 2) and summed up to give
M{w)=g¢[1— VP ()]~ 1P(w) . )

In the lowest-order (random phase) approximation, P(w)
is the electron-hole loop of superconducting-gap excitations,
which was first calculated by Schuster® for zero temperature.
V is proportional to a photon propagator and is approximat-
ed by the Coulomb potential. Insertion of Dy(w)=2wg
X (w?—w§+i8)~1! yields the following implicit equation for
the frequency ) of the hybrid state:

Q= of— [(wf— Q) V—-28fwelP(Q) ,
3

- 2 (. _cothIBA cosh(x)]
P(Q)=—8N(0)A? - SoilBA cosh (0],

N (0) is the density of the electron states at the Fermi
surface, the gap A(T)=A(T =0)(1—T/T.)"? is assumed
to be independent of frequency and 8= (kzT)~!. Equation
(3) reduces to the result of Balseiro and Falicov if terms
containing the Coulomb potential ¥ are neglected.

At this point it is necessary to compare the relative
strength of the Coulomb potential ¥ and the electron-
phonon potential 2g¢/we. However, it is not possible to use
the form ¥ (gq) =4me¥ g, since it diverges for small g% On
the other hand, a dispersion relation cqg=wy as for an
acoustic phonon mode cannot be assumed. Nevertheless,
the Eliashberg theory’ provides a qualitative hint. It states
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FIG. 2. Phonon propagator with Coulomb screening.
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FIG. 3. Frequency of the hybrid state as a function of A for fixed
values of p for T=2 K in units of wg. Dashed lines indicate values
where A=u. Dotted lines indicate values of A and p from the
Eliashberg theory. (a) shows A =0.2wg and (b) shows A ==0.8uyq.
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that, for the material to be a superconductor, the average
Coulomb coupling strength between electrons has to be less
than the average phonon coupling strength. Therefore, the
parameters u= VN(0) and A==2g¢N(0)/wy can be intro-
duced as parameters in formal analogy to the Eliashberg
theory. However, these parameters must not be considered
identical with their averages, but as arbitrary coupling con-
stants. In Fig. 3 the frequency of the hybrid state is plotted
as a function of A for different values of u at T=2 K. For
w==0 the results of Balseiro and Falicov are regained. The
region below the dashed line is the Bardeen-Cooper-
Schrieffer pairing condition A —p > 0 for every momentum
and frequency rather than an average. The dotted line indi-
cates ) for allowed values of A and u obtained by
;McﬁMillan’s12 equation for 7,, taking 7,=7.2 K and
8p=210 K for, NbSe, from Refs. 1 and 13. Here, an Ein-
§t3i11 spectrum with the frequency wg had to be assumed,
‘which is a too ideal assumption for the materials considered.
- From the numerical work the following results are ob-
Jfained. ' L

¢ (i) For small A—u (up to values of 0.2), Q gets close to
24, if 2A = wy.

(i) If 2A > w9 and A —p is small as above, Q tends to
wq.
(iii) For larger values of A—u {(from 0.3-0.5), Q drops
to zero.

(iv) Inclusion of Coulomb screening improves conver-
gence of O towards 2A or wo.

In conclusion, the calculations show that although Little-
wood and Varma’s criticism of the explanation of Balseiro .
and Falicov is correct, the effect does not go away. The
standard electron-phonon coupling can be applied to gain
the observed peaks in Raman scattering experiments on su-
perconductors when charge-density modes are present.

The author would like to thank Professor Marvin
L. Cohen and Professor Leo M. Falicov for many helpful
discussions, as well as Professor M. V. Klein for conversa-
tion. He also gratefully acknowledges support from Profes-
sor Otto Hittmair and the Osterreichische Forschungs-
gemeinschaft during a stay at Berkeley.

IR, Sooryakumar and M. V. Klein, Phys. Rev. Lett. 45, 660 (1980).

2R. Hackl et al, in Proceedings of the Fourth Conference on Super-
conductivity in 4~ and fband Metals, edited by Buckel and

- W. Weber, Karlsruhe report, 1982 (unpublished), p. 559.

38. B. Dierker et al, Phys. Rev. Lett. 50, 853 (1983).

4C. A. Balseiro and L. M. Falicov, Phys. Rev. Lett. 45, 662 (1980).

5H. G. Schuster, Solid State Commun. 13, 1559 (1973).

6K. Machida, Prog. Theor. Phys. 66, 41 (1981).

73, R. Schrieffer, Theory of Superconductivity (Benjamin, New York,
1964).

8p. B. Littlewood and C. M. Varma, Phys. Rev. Lett. 47, 811
(1981).

9. B. Littlewood and C. M. Varma, Phys. Rev. B 26, 4883 (1982).

19D, A, Browne and K. Levin, Phys. Rev. B 28, 4029 (1983).

HM. V. Klein and S. B. Dierker, Phys. Rev. B 29, 4976 (1984).

12w, L. McMillan, Phys. Rev. 167, 331 (1968).

I3M. H. Van Maaren and H. B. Harland, Phys. Lett. 29A, 571
(1969).

468



