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ABSTRACT

A briel summary of some of the properties of the copper oxide superconductors
is presented with emphaysis on the anomalous behaviour of the Ramaun scatter-
ing data. The temperature dependence of the Raman scattering cross section is
calculated from first principles assuining that the normal state of these systems is
a correlated metal and that superconductivity is described by the correlation bag
model. It was demonstrated that the correlated metallic state exhibits the marginal
Fermi liquid behaviour. A new mechanism of charge carrier-phonon interaction in-
volving the decay of the phonon into a quasiparticle pair. due to the breaking of
the local bonds in the normal state, is postulated and the plionon response of the
system is calculated. The temperature dependence of the phonon frequencies and
their widths arising due to their self energies are shown to be strongly influenced
by this new mechanism of interaction. The calculated Raman spectrum reproduces
the observed constant background intensity due to scattering by charge carriers.
It also predicts the softening of the phonon frequencies and broadening of their
peaks in the normal state, in qualitative agreement with the recent measurements.

1. Introduction

Since the discovery of high temperature superconductivity by Bednorz and Miiller
{1] in La;..Ba,CuOy (the so called 214 system with a transition temperature (T7) of
~ 35 K), sveral other families of copper oxides and other systems have been discov-
ered. and the transition temperature has been raised to a highest of 131 for the system
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HgBa,Ca,Cny0g4 (Hg-1223). To make a brief mention of these systems, among the
copper oxides, there are the 123 system YBa,Cu3O:_s with a T, of 90 K, the Bismuth
2212 and 2223 systems Bi,Sr2CaCu, Os, Bi,Sr2CazCu30yo with T¢'s of 80 and 110 K and
finally the families of thallium 2223 i.e. T1,Ca;Ba; Cu3Ojo with the T. of 125 K which
were discovered in quick succession. All the above mentioned cuprates are grouped as
the hole-doped systems as the charge carriers in these are holes. The discovery of these
cuprate supercondocturs broke the liquid nitrogen barrier. since they have T.’s above
the liquid nitrogen temperature. This development was followed by the discovery of yet
another system (Nd,-.Ce,),Cu0, with a T, of 30 K, which is an electron doped super-
conductor. For some time it was thought that the presence of copper in the system was a
prerequisite for producing a high T, superconductor, till superconductivity was found in
the svstem Ba,_;K.BiOy with a TELof ~30 K. Obviously this is a non-copper system and
its properties differ considerably from those of the cuprates. The latest addition to the
list of high temperature supercondyctors are the so called bucky ball superconductors
or the alkali doped fullerides with T.’s of 18 K for K3Ceo, 28 K for Rb3Cep and 33 K for
Cs2RbCyo. Again these systems have very different properties than the cuprates. Here
we shall be concerened only with the cuprates.

The basic properties of all the cuprates can be briefly summarized by going through
their phase diagrams. which depict the dilferent phases of the material as a function of
the dopant concentration (or equivaléntly the oxvgen content). Since all the cuprates
have similar phase diagrams. we discuss only the one for the 214 system which is depicted
in Fig. 1. In the figure the different transition temperatures are plotted as a function of
the dopant concentration £. The pure material La,CuOy (x = 0) undergoes a structural
change from the tetragonal to the orthorhombic phase at a rather high termperature.
On lowering the temperature it becomes an antiferromagnet below the Néel temperature
(Tw) of 350 K; and it is an insulator. At the outset it is even difficult to understand
why the piure material is an insulator. On matching the valence of the stoichiometric
compound it is clear that copper exists in the Cu®* state and has an atomic structure of
3d®. Since the d-shell can accomodate 10 el=ctrons. there is a partialy filled d level in the
system. and this will give rise to partially filled band when the solid is formed. Therefore.
band theory predicts this system to be a metal. Even if we trv to refine the picture by
taking into account the crystal field splitting of the d level and so on. one still ends up
with a half filled valence band. which should be a metal. The only way that the system
could become an insulator is by invoking stropg electron correlations which will produce
antiferromagnetism (AF) in the svstem. and thereby split the half-filled band into two
bands due to the doubling of the periodicit] This suggests that we have a strongly
correlated svstem ‘at hand. which was first decognized by Anderson {2]. On doping
the system. the Néel temperature decreases verv rapidly. and the long range AF order
vanishes. when the dopant concentration is of thy order of an atomic per cent. On further
doping there results a disordered magnetic statel <cmetimes denoted the spin-glass state.
and the system continues to be an insulator. Of churse doping creates holes which are the
‘ers in the insulator. simply because \ke divaient alkaline earth metal atom
(Ba or Sri replaces the trivalent La atom. When he dopant concentration increases to
about J at "7 the systemn undergoes a trazsition thim the insulatics to the metallic state
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and on lowering the temperature superconductivity appears in the system. The insulator-
metal transition is again believed to be a characteristic feature associated with strongly
+  correlated charge carriers in the system. The SC transition temperature at first increases
.. with z, reaches a saturation, then decreases. finallv vanishing for z = 0.3 as can be seen
o t. from Fig. 1. Beyond this dopant concentration, the system is known to be a good Fermi
. . liquid like metal. On the other hand the range of the dopant concentratin 0.05 < z < 0.3,
. where SC has been observed. the normal state corresponds to a bad metal. To distinguish
*-  ...3 between the good and the bad metallic states, the behaviour of the resistance as a
: +: function of the temperature in the three different regions marked 1. 2, 3 in the phase
.- diagram is shown schematically in the inset of fig. 1. In the good metallic region (3) the
Y i ;. resistance shows the expected linear temperature dependence at high temperatures due
* {i:-x ¢ to scattering by phonons. the temperature independent behaviour at low temperatures
" wa1 - corresponding to the residual resistance and T dependence in the intermediate region
~4er4 corresponding to the scattering by Coulomb interaction. In region (1) the temperature
11 "' dependence of the resistance is typically that of a semiconductor. In contrast in the
a3+"1 region of bad metal (2) the resistance shows a linear temperature dependence from
high down to the lowest temperatures. This linear temperature dependence happens
to be a chaacteristic feature of all the cuprate systems and is believed to be caused by
1 -» a mechanism of scattering intrinsic to these svstems. A proper understanding of this
7+ anomalous temperature dependence of the resistance in the metallic state is recognized
i~ oto be the key feature to a proper understanding of the mechanisin of superconductivity in
i a0 these systems. This foilows from a rather vniversal thumb rule that bad metals are good
1232 superconductors. In the conventional supesconductors the resistance in the metallic state
<031 is caused by phonons and so also is the mechanisin for superconductivity. So it is natural
#741 to believe that in the cuprates, whatever causes the resistance in the bad metallic state,
- should also be responsible for the nicchanism of pairing of charge carriers and hence
superconductivity. It is not only the resistance but there are many other properties
which show anomalous behaviour in the bad metallic state. 'One such property is the
* Raman scattering cross section, a close examination of which reveals the nature of the
bad metallic state.

; In section 2 we discuss the interesting feature of the Raman data and point out the
f} ) inferences that one can draw from it regarding the normal as well the superconducting
,-;j_ state. An interpretation of the data requires the calculation of the Raman scattering cross
¢’v - section. This in turn necessitates a rodel for the normal as well as the superconducting
l’ : states. Such a model has been develcped in (3], following the evolution of the system with
)~ dopant concentration as given by thd phase diagram. The essential features of the models

2. for the normal and the supercondutting states will be discussed in section 3. Since in
these systems the Raman spectruny arises due to scattering by charge cariers as well as
phonons: it will be important to kjow how the phonons couple to the charge carriers. It
was shwon earlier [3] that there argtwo (liZerent wavs in which the phonons interact with
the charge carriers in the system) Auain -he basic mechanisims {or the chavsze carrier-

phonon interactions and the natge of the shonons in these systems wiil e presented in
onon response and their spectral density
sanred inoa Raman experiment. Finally
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section 5 is devoted to a discussion of the results.

2. The Raman Data

Raman scattering [4] from the copper oxide superconductors has shown several

unusual features which provided much usful information about the normal as well as the
superconducting states. A summary of the essential features is given below:
(i) In the the normal state. a rather large but constant background intensity has been
observed at all frequencies up to the highest measured frequency as can be seen from Fig.
2, which depicts the spectrum for the Bismuth (2212) 5] system. This is a general feature
of al] the copper oxide superconductors. This background intensity has been attributed
to the scattering by the charge carriers in the system and it dictates a particular form for
the frequency and temperature dependence of the polarizability of the medium as can be
seen from the arguments given below: The Raman intensity is proportional to a thermal
factor times the imaginary part of the polarizability at zero wave vector II(q = 0,w) and
is given by B

I = (l —c""“)-l Imll(q =0,w). (1)

The high and low temperature behaviour of the thermal factor is

_eaayr ) L for w>» T 5
(1-e) '"{T/u..' for w< T (2)

Since the intensity is a constant independent of frequency and temperature it follows
from eqns. (1) and (2) that the imaginary part of the polarizability must have the

following form

So for w>T
So(w/T) for wkT

This particular frequency and temperature dependence of the polarizability is the basis of
the phenomenological marginal Fermi liquid theory for the cuprates proposed by Varma
et al. [6]. Recently more careful analysis of the scattering intensity by charge carriers
in the case of the (214) [7] and the (123) [3] systems has revealed that the intensity
background persists even in the insulating as well as the highly doped good metallic
states.

(ii) Usually at low frequencies the phonon peaks ride over the constant intensity
background of the Raman spectrum. The number of phonon peaks seen may differ form
one Cuprate to the other. In the (123) system [4] three prominent phonons having
frequencies of 116. 340 and 504 cm™! have been observed (see Fig. 3) and identified to
be associated with the out of phase vibrations of the Ba. in plane Oxygen and the apex
Oxvaen atoms. respectively. Some of these show -he Fano line shape indicating a strong
conpiinr *o rhe charge carriers in the system. )

(it On lowering the temperature helow “he superconducting transition tempera-
ture the 116 em~! phonon sharpens while the 5:) cm™! phonon shows anomalous soft-
) vidth increases. Al these features again indicate a strong coupling to
the charze coriers in the supecconducting state 0.

ImIl(q=0,w) = { (3)




(iv) In the superconducting state the constant background intensity is suppressed
at low frequencies while it develops a broad peak with its maximum areund 490 cm".
The suppression of the intensity in the low frequency region is interpreted as being due
to the appearance of the superconducting gap. However. the slow linear rise of the
intensity in this region also indicates the presence of a finite density of states inside the
superconducting’gap.

(v) The broad peaking of the background intensity in the SC state is a puzzling
feature. \Vhile some peaking is expected from the redistribution of the density of states
in the vicinity of the SC gap, the occurrence of the peak maximum at a rather high
frequency and its invariance with samples of varying T, point to the fact that it may be
a normal state feature.

(vi) Recently the shift in the phonon frequency and change in their width has been
studied more carefully as a function of the oxygen content of the sample [10]: which
shows the softening of the high frequency mode at a temperature much higher than T,
in a low T, sample with low oxygen content. This is indicative of the presence ol a gap
even in the normal state of the system. .\ theoretical analysis [11] of all these puzzling
features will throw light on the nature of the normal as well as the SC states of the
cuprates.

In a metal normally Raman scattering proceeds as follows: The incident photon
excites an electron-hole pair, which finallv recombines 1o emit the scattered photon,
Simultanconsly, the electron or hole can emit or absorh a plhionon because of the electron-
phonon interaction as depicted in Fig. ta (12]. However. only the zero momentum (q = 1)
phonons will take part in the process because of the conservation of momentum. The
q = 0 phionon can further acquire a self energy due to its coupling to the quasiparticles
of the ground state of the system as shown in Fig. 4b. Thus the phonon response
of the system is capable of providing informaton about the ground state. because of
which Raman scattering can be successtully used to probe hoth the normal as well as
the SC states as demonstrated in 1930 [13] for the first time. The Raman intensity
is proportional to the sum the imaginary parts of the polarizabilities and the phonon
spectral density functions. and is given by

I =~ (l —e“"’)—l Z Imy'(w) + z ImD'(0.w)| . (4

where Y'(w)'s are the different response functions of the system and the phonon spectral
density functions are the imaginary parts of the phonon Green's functions D'(0, ). Ob-
viously the evaluation of the response functions \'(=) as weil as the phonon self energy
in the normal and the SC state requires proper models for these states.

3. The Correlated Metallic State and Superconducrivity

The metallic state in the cuprates evoives e shat of “he AT nanlaotor oncinereas.
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of the pure svstem can be understood

taken into acconnt. Sice these are dith the acton

place in the CuO; planes a realistic model for the cupratg should involve the orbitals of
one Cu and two O-atoms which constitute the unit cell ifthis plane. The Cu d-orbitals
are expected to exhibit strong correlations. If one takes aly those orbitals which lie in
the CuO; plane it will lead to a three or a five band modq [14]. However, for simplcity
we consider only the one band Hubbard model. as the on| appropriate to take care of
strong correlations in the cuprates. The Hamiltonian for thh Hubbard model is 1]
H=Y tischcio + U Y mipniy,
1,0 i
where the symbols have their usual meaning. In the limit olthe intraatomic Coulomb
repulsion [’ — co. the Hubbard Hamiltonian transforms intothe Heisenberg antiferro-
magnetic exchange interaction (16}, given by

1
H= IZ (S.‘S,‘ - In;n,) S

(i5)

(6)

where the kinetic exchange integral J = 2t*/U". This Hamiltojan describes the AF-
insulating ground state of the pure system. On doping, the longlange AF order disap-
pears. giving way to a disordered magnetic state. which could be th\insulating resonating
valence bond (RVB) state described by the Hamiltonian [17]

Ho=—d Y hib,. (7)
(1)
where
! bt
b.’, = 7—; (c"'c;l - 4:.lc”) (S)

is the valence bond operator. This is a spin liquid like state consistingof nearest neigh-
bour spin pairs. In the mean ficld approximation the Hamiltonian okqn. (7) can be
diagonalized and be described by a non-vanishing value of the valencqbond order pa-
rameter \ = (b,',). At this stage because of the presence of a small ymber of holes
in the svstem there can be charge and spin seperation and the elemenary excitations
will be the holons and the spinons [18]. However, because of the disordd the states are
localized and there is no possibility for the charge transport in the systdy. On further
incroasing the dopant concentration the RVB metallic state results, whiq is described
by the mean field Hamiltonian

Ho=—t'Y clca = JAY (b + b))

1).0 (i)

(9)
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where it!,- is the fluctuatin
. by substituting eqn. (10)

art of the operator. The interaction Hamiltonian is obtained
to eqn. (7) and is given by

= —J Y (bhbi; +88;) - ' (11)
(1)

The quanta of the fluctiations over the mean field are just the collective modes of the
system describing the gcillations of the amplitude and the phase of the order parameter.
! Hence the operators cfrresponding to the fluctuations can be decomposed into bosonic
il anihilation and creatiq! operators while the original valence bond operators are expressed
3 in terms of the hole aghilation and creation opeators using eqn. (8). Then the interaction
Hamiltonian of eqn. [11) describes the interaction of quasiparticle pairs with the bosonic
degrees of freedom./This interaction given by eqn. (11) together with the mean field
t. Hamiltonian of eqn/(9) will describe the correlated metallic state as was first pointed out
" in [3). The other chfracteristics of the correlated metal are the following: (i) The presence

of valence bonds ijthe metallic state opens up a gap over regions of the Fermi surface.
- With increasing ¢pant concentration the gap region of the Fermi surface decreases.

(ii) The elementyy excitations of the system are regular Fermions carrving both spin
“and charge. (iii)fhe interaction of eqn. (11) will renormalize the quasiparticles of the
i system, which Wl acquire self energy due to the Huctuations. The propacator for the
. quanta of the figtaations is the pair susceptibility tunction. This latter quantity when

calculated usinythe mean ticld Hamiltonian (9) is given by [11]

-t -

_ Wk = ) tanh(FEy/2)
PR o) = :
X0, w) Z Eyx (Wi =dLg) .

ks
i where
K, 12 :
! Ex = [(;‘k—;t)z+.§h . . (13)
Ap = eing the gap parameter of the metallic state. In the region of (s..)/"lAn)z >1
: the frequety and temperature dependence of the imaginary part of \?~?(0,w) is given
S e by
P
6o - *N(0) [(w/22R)° = 12 [ (W/AT) for w < 4T ;
’ »~p _
i X w] = 4 (w/22R) 1 for w> 4T [,

’ .;f,?z where J0) is the density of states at the Fermi energy. In the limit of vanishing normal
. state gp (JAp — 0) eqn. (L4} reduces to

_ N[ 2 TV for o< AT
Im\?7"(0.2) = = ; ’ i 1130
N [ for — >\T
whicfis identical in formn 1o eana ) and G- the Varmaspoiarizabilivy. Theven el the
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is capable of explaining many of the anomalous properties of the normal state of the
cuprates. However, it should be pointed out that the marginal Fermi liquid like behaviour
is also generated in the nested Fermi liquid theory [19] as well as in theories with strong
electron-phonon coupling {20] and those with Fermi liquids involving two-dimensional
plasmon exchange [21].

The density response function (particle-hole polarizability) for the correlated metal-
lic state can also be calculated [3,11]. This will contribute to the phonon response as well
as to the scattering by the charge carriers. In the case of a normal Fermi liquid like metal,
the density response function is given by the Lindhard function. For the calculation of
the Raman intensity we have to evaluate the imaginary part of the Lindhard function at
q = 0: and this quantity simply goes to zero. Therefore, there is no scattering by charge
carriers in normal metals. However, in the model of the correlated metallic state, there
will be a finite contribution to the density response function at q = 0. because of the
presence of local pairs in the system. This contribution will be proprtional to the gap
(AR) in the normal state and is given by [3,11]

TR ok tanh(JEy/2)
X H0,w) = AR; E(o? _4Eﬁ) : (16)

The imacinary part of \?~*(0,x) will contribute to the light scattering by charge carriers.
The tempecature dependence of this quantity for different ranges of frequency are given
below. For (w/2Ap) > 1

I =40, ) = _n';V(O) 1 1 (w/4T) for w < AT (17)
T T R [/ 250 - for w>ar
and for (w/2AR)* < 1
- p—h 1V(0) 1
(0w) = =T Can”
| [1 = (w/2Ap)"2 = 1| [ (2AR/AT) for w < 4T 13
M= @Il for w> 4T (13)

Unlike the pair polarizability (eqn. (14)). the imaginary part of the density response
function vanishes in the limit of Ag — 0 as can be seen from eqn. (17). However, for finite
AR, there will be a contribution to the Raman intensity due to'charge carrier scattering
coming from the density response function. Besides eqn. (16) will also contribute to the
phonon response.

Within this model of the correlated metallic state superconducting pairing of the
quasiparticics is generated by an effective interaction mediates by the exchange of tze
todes of the system: as has been shown in detail in [3} Suca a modei %
vity is called the cocrelation bag madet which is essentially dictated by rl:e
homb euie snentioned in the introduction, The particie-hole 2nd the particle- m‘mic'e
{or paire seiarizabilities in the superconducting tate can alzs be calcuiated [3.11; -
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compute the Raman intensities.
4. The Charge Carrier-Phonon Interaction and the Phonon Response

It was mentioned in the introduction that the Raman intensities are determined
by scattering due to charge carriers as well as the phonons. The phonon contribution
is proportional to its spectral density function as given by eqn. (4), and its evaluation
requires the calculation of the phonon self eneray. The phonon response of the system
will therefore depend on the nature of the charge carrier-phonon interaction as well as
the ground state of the charge cariers in the system. Usually the displacements of the
ions (u;) from the equilibrium position modulates the hopping integral ¢,; in eqn. (3)
which gives rise to the normal electron-phonon interaction

HLL)V =g Z CI’JCI’(U' - u)” (lg)
()

where a phonon decays by creating an electron-hole pair as shown in Fig. 3a. The
phonon self encrgy duc to this process comes from the density response function given
by eqn. (16). On the other haud it was argued in {3] that the displacement of ious can
morulate the kincetic exchange integral J,, as well. which will give rise to the AF magnon-
phonon interaction in the undoped insulating system. However, on doping the svstem.
this interaction evolves with the increase in the dopant concentration as the ground state
-of the system changes. In the disordered maunetic state, since the ground state is an
RVD insulator, this tuteraction will correspand spinou-plionon interaction. On lurther
increasing the dopant concentration one ends up in the correlated metallic state. where
the charge carrier-phonon interaction due to the modulation of J will essentially arount
to the phonon creating or anihilating a pair as shown in Fig. 5b. and is given by

HY =AY [bf,(u. -u,) +hef. (20}
(.0 .

The contribution of M\’ ), to the phonon self energy, involves the pair correlation func-

tion as given by eqn. (12). In the correlated metallic state, both the mechanisms of
interactions of eqns. (19) and (20) will be in aperation, since the system is described by
the Hamiltonian of eqn. (9). Furthermore. it is worth pointing out that the interaction
of eqn, (20) vanishes if A = 0, i.e. if there are no local pairs present in the ground state:
therefore. this interaction is characteristic of the correlated metallic state alore.

It was pointed out in [3] that there are propagating as well as localized phonons
present in the system. The localized phonons again owe its origin to the evolution of the
correlated metallic state from the Néel ordered state. The presence of Néel ordereing will
double the periodicity of the system whicit will thereby produce new phonon bracnches
due to the halving of the Brillouin zone. On duping the syvstem. the long range order
vanishes and a disordered magnetic state results. which in turn is expected to localize
those plionon branches which originare: fue 1o the Noel order. This is schematicails
ced it the localized phonons il interae:

oof ean th winde e propaeating
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The Raman spectrum of the system will be dominated both by the propagating
and the localized phonons and requires the calculation of their propagators which are
given by

i i i i -1
D(ll"(u) = (u&’/w) [w"' -w‘(l)’ - )(q,w)] , (21)

where i = {. p denote the localized and the propagating modes. [11'(q,w) being their self
energies arising out of the interactions 'Hf,'.), with i = 2 and 1, respectively. From the
knowledge of the polarizabilities the spectral density functions for the different phonons
can be calculated, which are given by

SY(0,w) = —2AmDLLy(w + in')
=2 ( wﬂ + lmﬂl"(O )
7 (17 - o — RellO(0.2)f + [20r° + ImII9(0, )]
1 4

where ' are the intrinsic widths of the phonons with frequency w' and a temperature
dependent shift of the phonon frequency and a change in width arises from the real and
imaginary parts of the phonon self energies which are given by

IR L FOINP(0.w) for i=1 o
(0.w) = { W Gpws XWPM0.w) for t=p . (23)
where the dimensionless coupling constants are ; = (g’2A)2.N(0)/€a, §, = g2V(0)/wo;
D and wa betng the frequencies of the localized and propagating phonons and {(0.«) =
V(0.1 (=.N(0V/4). The pair and partile-hole polarizabilities are as given by eqns. (12)
and (16). The real part of these functions are obtained from a Kramers-Kronig analysis
of the imaginary parts [11].

5. Results and Discussion

The Raman intensity and its temperature dependence in the correlated metallic
state can be calculated now using eqns. (4), (22), (14) and (17) in the range of frequencies
(«/224/)F > 1. Since the ground state of the system is not the usual Fermi liquid
but a correlated state there will be contributions to the scattering by charge carriers
coming from both the particle-hole and the pair polarizabilities. This is possible simply
because an incident photon besides exciting an electron-hole pair can also break up a
local pair and the scattered photon comes from the recombination of the electron and
hole or the making of the local pair. In calculating the inteasity from eqn. (4) it is
further assumed that in the system under consideration there are only two phonons.
ore of the propagating and the other of localized nature. So :the total intensity arises
from “he sum of the imaginary part of the two poinrizabiiitie~ and the spectral density
t:mc:iorv~ o the two pi\onom Ther are several parameters wiich enter the calculation.
he twn ‘.1mer‘.510nv ess conpling constants for the phorons. § and §,, their intrinsic
and w7 oy, the matio of ke phonea frequence -9 the normal state gap
tio of the two ~honon .7 course the temperature
wre T oshows the variation of the Raman intensi-w ~with temperature for high

wencies wny O s
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temperatures w < 47T in the normal state, plotted as a function of the reduced frequency
w/wo for a given set of parameters. The characteristic features of this plot are: (i)
there is a temperature independent constant background intensity extending up to high
frequencies and, (ii) the softening and broadening of both the propagating‘and localized
phonon peaks with decreasing temperature, in the normal state. In fact, as pointed
out in the introduction, recent Raman measurements [10] does show the softening and
broadening of some phonons in the normal state. Figure 8 shows the same spectrum at
low temperatures w > 4T, for the case of varying normal state gaps. Of course in the low
temperature phase the spectrum is independent of temperature, and one can notice the
constant intensity background extending up to a much higher frequency. In addition one
can see a sharp jump in the spectrum corresponding to the value of the normal state gap.
There is a qualitative resemblence of the calculated spectrum with the measured Raman
spectrum for some cuprate superconductors. The spectrum in the superconducting state
can also be calculated. The details of this calculations are presented in [11].
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Figure 2: Raman spectrum for BiSr;CaCuaQy at 210 K, taken from Ref. {3].
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Figure 30 Ruman intensity as function of reduced frequency plotted in the low tempera-
ture region = > 4T for different values <3235, All the other parameters are the same
asin Fig. 7

Figure 7: Raman intensity as a function of the reduced frequency (w/wy) plotted for

different values of the parameter (wy/4T ) in the high temperature region w > 4T. The

values of the other paramneters entering the calculation are §' = 0.1, 7'/ = 0.1, 37 =
* 0.05. n?fwo = 0.01, wo/23p = 0.2 and wy Oy =035,





