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Abstract. An electronic Raman scattering study at low frequency has been performed on
YBa;Cu3 Oy single crystals below and above the transition temperature T;. The intensity of the
electronic continuum at low frequency shows a drastic change with temperature variation, The
differential cross section calculation based on the Green’s function formalism in the random-
phase approximation has permitted us to isolate the low-energy electronic contribution from
the phonens and point out its behaviour as a function of temperature. A decrease of the
electronic contribution in the superconducting state compared with that in the normal state
then appears, which it is possible to assign to the pairing of the free carriers near the Fermi
energy. However, this low-energy electronic contribution persists well below T, suggesting the
existence of electronic states near the Fermi eénergy even.in the superconducting state,

1. Introduction

Since the discovery of YBa;Cu;0; high-T; superconductors, many Raman scattering studies
have been devoted to the analysis of the phonons and electronic properties of these
compounds in the normal and superconducting states. Early investigations [1—4] pointed
out evidence for a strong electron—phonon interaction characterized by Fano [5] asymmetric
lineshapes of the A; normal mode at 117 cm™! and the B normal mode at 336 em~!.
They have also shown the presence, below T, of two strong electronic contributions of A,
and By symmetry assigned to gap anisotropy with two quasi-particle pair breaking peaks at
@ =530 em™! and w = 336 em™, respectively. Recent Raman measurements [6,7] have
not found a transition temperature dependence for the electronic continunm peak centred at
530 cm™! which persists well above T.. This means that this electronic feature is not related
to the superconducting gap. However, a drastic change in the electronic Raman scattering
at low frequency, below the By, mode, has been observed on passing through the transition
temperatare.

In this paper, we do not attempt to determine the superconducting energy gap, which
remains an open question and raises many discussions. Even on the determination of
the superconducting gap by Raman spectroscopy, based upon the behaviour of the optical
phonon linewidth below and above the 2A gap energy, the opinions are divided. One
[8] reports the superconducting energy gap at 2A ~ 5 kg7, whereas another [9] finds
2A ™~ (6-7) kgT.. Moreover, the Raman gap energy estimates are in disagreement with
the infrared energy gap measurements [10], which give 2A =~ 8 kg7.. Our purpose is
thus to study the electronic Raman scattering behaviour at low frequency, below the B
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normal mode, in the normal and superconducting states. In order to analyse the low-
frequency electronic contribution behaviour with temperature variation, we have calculated
the differential scattering cross sections do (w)/dew dS2 of the spectrum below the Bz mode.
The Green’s function formalism [11-13] of first-order Raman scattering in the random-
phase approximation (RPA) was used and we have taken into account the interactions of the
two phonons at 117 em™ and 152 cm™ with the electronic continuum and their mutual
interaction via elecironic excitations.

2. Experimental arrangement

Raman spectroscopy investigations were performed on YBas;CuzO;_s single crystals with
§ ~ (. Crystals were grown in a gold crucible, from a melted phase containing an excess of
CuO and BaQ, by the flux technique [14]. Their typical sizes are 1.0x 0.5 x 0.1 mm®. These
samples characterized with x-ray diffraction techniques are orthorhombic {a # b # ¢) and
present twin free domains in the a—& plane. The crystals are superconductors with a critical
temperature T, = 92 K and a transition width of 1 or 2 K. Raman measurements were
carried out with a U-1000 Jobin Yvon double monochromator, using a 514.52 nm line of an
ionized Argon laser. A photomultiplier tube EMI 98638 was connected to a microcomputer
for data collection. Brewster's conditions were realized, to minimize Rayleigh scaitering,
and the scattered light was collected along the surface normat to the a—b plane. The incident
and scattered electric field directions are parallel, contained in the a—b plane and denoted by
x’. (x’ has not got a peculiar axis orientation since the crystal is twinned in the a—b plane.)
The samples were cooled in a liquid helium cryostat and the temperature was contrelled by
a SMC-TBT regulator. The intensity of the incident beam was maintained below roughly
10 W cm~2, in order to minimize possible thermal damage.

3. Results and discussion

Electronic Raman scattering at low frequency, below the By, normal mode, as a function
of temperature in (x'x’) polarization is illustrated in figure 1. The two A, normal modes at
117 cm™' and 152 ¢m™! are assigned [2] to the vibration along the ¢ axis of the barium
atomns and the Cu2 copper atoms, respectively. They both present an asymmetric lineshape,
characteristic of a strong electron—phonen interaction. The B; mode, assigned [2] to the
out-of-phase motion of the 02-03 oxygen atoms along the ¢ axis, is also strongly coupled to
the electronic excitations, and stiffens as the temperature increases [1,2, 8]. A drastic change
in the electronic continyum at low frequency is observed with temperature variation. The
electronic continuum intensity increases as the temperature increases in the superconducting
state and becomes stable near T.. As the Raman analysis is performed in the low-energy
range, only the initial and final states, just below and just above the Fermi energy level,
have been considered in the electronic Raman scattering process. Band structure calculations
[15~16] have pointed out that most of the bands crossing the Fermi energy level originate
from the CuQ chains and CuQ; planes. The low-energy excitations detected on the Raman
spectra are thus predominantly coming from the CuO chains and CuQO; planes bands. In
order to extract the low-energy electronic contribution and to analyse its variation as a
function of temperature, we have calculated the differential Raman scattering cross section
do{w)/dwdS2 of the spectrum below the B, mode, taking into account the interaction of
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Figure 1. Electronic Raman scattering at Jow frequency, below the By; normal mode, versus
temperature in (x'x’} polarization: a, T =22 K; b, T =54 K; ¢, T=70K;d, T =90 K, e,

T=I110K

each phonon (the two optical phonons at 117 em™ and 152 cm™}) with the electronic

continuum and their mutual interaction via the electronic continnum.

As it has already been used in the Raman theory of interference [11-13], the differential
cross section of first-order Raman scattering is related to the Fourier transform of the
correlation function which describes, in our case, the guantum interferences between the
two optical phonons and the electronic continuum. In the long-wavelength limit (g — 0),

the differential cross section

d%0/dQ dw o {[Api{w) + Bpa(w) + Moe(@))[Ap1(0) + Bpa(0) + hoe (O)}r

where p; and p, are the charge densities associated to the first and second phonon, p. is the
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Figure 2. Fits of the calculated differential cross section to the Raman specira in (x'x')
polarization between 50 and 250 ecm™!: 2, T = 22 K; b, T =54 K;c, T = 70 K; 4,
T=00Ke T=1]0K

electronic density fluctuation, A, B and A represent the intensity ratios of each contribution
and < ... > denotes the thermal average. Using the same method of calculation as in [13],
we have expressed the correlation function o{w) in terms of 2 composite Green’s function
D(w) such that

plw) = —Im{D(@)(n(w, T) + 1}]

with

D(w) = (A’Dy, (w) + B Dy(w) + AB(Di12(w) + D2y (w)) + 21 (A Da{w)
+ BDey(@}) + A2 Dee(w))

and where n{w, T} is the Bose factor.
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The Dyp, Dyey Ppge and D ({e, B} = {1,2)) propagators are derived, in the RPA,
from the infinite set of Feynman’s diagrams. Let us denote the electronic polarization
Green's function F by, the frequencies of the first and second pure phonons by w; and
wz, respectively, and the dimensionless e~ph coupling constants associated, to the first and
second phonons by g1 and g, respectively. Por the case under consideration, it is a good
approximation to neglect the momentum dependence of the coupling constant g, since
g — 0. The Dy g, Doe, Dpe and Dy, are then described by

Dep = 8up D + 8289 Do Dy F[} — F(g1D1 + g5 D2)] ™
Due = g Do FI1 = F(g{ Dy + g5D1)]""
De. = FI1 — F(giDy + g3 D2)]™"

where D, is the propagator of a single phonon defined by

Dy Jim wa (e = oo + i8)™! + (w + wg — 18)7"].

As the separation in energy of the two optical phonons is small compared with their sum
and the energy range of interest is near the phonon energies, we can consider the first
term of the phonon propagator. Moreover, as the optical phonon energies fall inside the
electron-hole continuum, the electronic polarization Green’s function F can be considered
purely as imaginary and can be expressed as F = if{w, T), where f(w,T) is a smooth
function of energy and temperature. The intensity of the Raman scattering corresponding
to the above correlation function, and normalized to the first phonon intensity f(, is then
described by

Haw, T) = (182 fHw, T)/AIAL + (820, + g381) f2(w, T))
x (A% = 204,404 + 22A2AD(n(w, T) + 1)

where
A:Ag|A2+Bng| A=1- A,:l—w/w; and A2=l—w/a)2

By fitting the calculated Raman scattering intensity to the experimental spectrum in the
25-250 em™! range at T == 22 K, we have fixed the parameters &, B, I}, w, and wz. These
parameters, listed in table 1, are assumed to be, to a first approximation, independent of
temperature. The e-ph coupling constants (g, g2} and the imaginary part of the Green’s
function f{w, T) have been chosen for the fitting of the Raman scattering intensity with
the temperature variation. These fits are displayed in figure 2 and we can notice that the
agreement between theory and experiment is good. The g¢ and g2 coupling constants related
to the first and second phonons are listed in table 2. The signs of the e—ph matrix elements
(g1, 82) could appear to be without meaning since they depend on the signs of the scattering
amplitudes (AB) which are assumed, arbitrarily, to be positive. However, the opposite
sign for their product {Ag), Bg») is significant and some more investigations in this domain
are needed, g, and g2 are almost constant as the temperature increases, meaning that the
effects of finite temperature on these coefficients is weak, whereas the electronic contribution
flw, T, illustrated in figure 3, displays a drastic change as the temperature passes through
T.. We can therefore clearly differentiate the electronic contribution behaviour in the
superconducting state (T = 22 K, T = 534 K, T = 70 K) from the behaviour in the
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Table 1. Fixed parameters

B8 F{] @ (em™h) an (em~1) A
0.7 2.5 119 151 2

Table 2. Electron—phonon coupling constants as a function of temperature,

T £l 82
22 =0.255 + 0.00i 0.184 % 0,001
54 —-0.244 & 0.001 0.189 £ 0.00!
0 —0.222 % .00 D.178 = 0.001
90 ~0.212 &= 0.001 0.175 £ 0.001
110 —0.208 & 0.001 0.177 £ 0.001

normal state (T = 110 K), or near the transition temperature (T = 90 K). A more intensive
electronic contribution f(ew, T') is then detected in the normal state (or near T,) than in the
superconducting state.

According to electronic Raman scattering theory {17] in conventional superconductors,
based on the Bardeen, Cooper, Schrieffer model, there is no scattering by free carriers in
the superconducting state, unless the energy transferred, oy — wy, exceeds 2A,. Moreover,
when the coherence length £ is small compared with the optical penetration depth 8, as in
the case of YBa,CusOy (¢ = 10 A, & =~ 1000 A for A = 514.52 nm), the light scattering
cross section is equal, for an isotope 2A gap energy, to 0 for 0 < @ < 2A and varies as
A? /[ (w? — 4A%)!2] for @ = 2A. This predicts no electronic Raman scattering below
2A and an electronic continuum peak for w = 2A, due to the direct Raman scattering
from quasi-particle pairs. In this new high-T. superconductor we observe a decrease of the
low-energy electronic excitations in the superconducting state compared with the normal
state, but no break delimiting a spectral region without Raman scattering, and no electronic
continuum peak due to the direct ‘Cooper pair breaking’ as has been detected in the A5
compounds, such as V38i or Nb3Sn [17, 18]. It is consequently very difficult to determine the
energy gap in YBasCuzO; compounds by observation of the electronic continuum variation
with temperature. However, recent investigations [19] on Bi;SryCaCusOg have shown
that it is possible to obtain a completely developed clean gap for By, polarization while,
for others, only a reduced density of states is compatibie with the data at low energies,
Unfortunately, this is not the case for YBa;CuyO, (see, for example, [3,4]). The decrease
of the electronic Raman scattering of YBa;CuyO5 at low frequency in the superconducting
state, in comparison with the normal state, suggests pairing of the electronic states near the
Fermi energy. However, the electronic Raman scattering below T, is not zero, as shown
in figure 3, and the barium normal mode presents an asymmetric lineshape characteristic
of the interaction between a single phonon and an electronic continuum. It then appears
that electronic states persist near the Fermi energy in the superconducting state and this
observation is confirmed by tunnelling measurements [20], which present for T & T; a
reproducibie finite zero-bias conductance. In fact, there exist two kinds of free carriers in
YBa,;Cuy 0O, those related to the CuO; planes and those related to the CuO chains. If we
assume, as already mentioned in {21], that it is essentially the carriers in the CuQ, planes
which are involved in the pairing process, the carriers in the chains could partially explain
the presence of the electronic excitations in the Raman spectra well below T,. However,
carrier contributions coming from the CuQ, planes are not excluded, because, as mentioned
in [19], the Raman spectra of the Bi;SrpCaCuy0y structure which have no CuO chains, but
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possess CuO; planes, also exhibit Jow-energy scattering excitations well below T, in a—&
plane polarization.
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Figure 3. Electronic Raman scattering behaviour as a function of temperature in the 50-
250 cm~! range, obtained from the Raman spectra in (xx’) polarization: a, T = 22 K; b,
T=53KecT=MNKdT=%0KeT=10K

4. Conclusion

An electronic Raman scattering study as a function of temperature, in a~b plane polarization,
shows that the electronic continuum below the B, normal mode presents a drastic change
as the temperature increases to T;. The differential cross section calculation, based on
the Green’s function formalism, has permitted us to separate the phononic structure from
the electronic continuum, and to present the electronic contribution f{w, T) at low energy
and its behaviour as a function of temperature, A decrease of the low-energy electronic
contribution then appears in the superconducting state compared with the normal state,
which can be attributed to the pairing of the free carriers near the Fermi energy. However,
this electronic contribution persists well below 7., suggesting the existence of electronic
states near the Fermi energy, even in the superconducting state.
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