
~.. ...r~- 8B$1- '..11'( j
",. 

~»~-> 

, 
IP/BBSR/93-41 

{ 
~ 

t. \11I\"lIiillili 
August l 93, o llbO D0316~6 9 

i 

RAMAN SCATTERING IN A CORRELATED
 

SUPERCONDUCTOR II
 

A FINITE TEMPERATURE STlTDyl
 19\ 
Debanan<l Sa2 anu S. N. nehcra 

rllstitllt~ of Ph~'sics, nhuhancswar·751005, r:"DL-\. 

~ ; 
~ , 

t· 
I A preliminary account of this work was presented at the ~International S)'mposium on Local Ord~r 

in Condensed Matter Physics" held I\t Jekyll bland, Georgia, USA. during J un" J-I-l;, Hl93 

'e-mail:debanand'§iopb.ernet.in 

Abstract 

The tempera.ture dependence of the Rama.n spectrum of copper oxide snper­

conductors is calculated assuming that the normal state of these systems is a 

correlated metal and that the superconductivity arises due to the correlation bag 

mechanism as proposed earlier [31 (here after referred to as I). The correlated 

metallic state is characterised by the presence of a strong interaction between the 

doped charge carriers and the quanta of fluctuations of the resonating \'alence 

bonds present in the norma.l state. It is shown that the presence of such an inter· 

acLion gin's rise to the marginal Fermi liquid beha\'iour, associated with the pair 

polarisalJiliL)' function. The model therefore, successfully explains the constant in· 

tensity hack\;rollllli ohsr~r\'ed in tlte Raman spectrnm due Lo thl! scattering hy tlte 

char~~ carriers. In order to understand the obser\'ed temperature dependent shift 

aud change in widLh of the phonons, their spectral density functions are calculated. 

Two different kinds of interaction between the charge carriers and phonons were 

deri\'ed in 1. Qne corresponding to the usual electron-phonon interaction where 

a phonon decays by exciting an electron·hole pair and the other where the decay 

process involves a quasi particle pair. It was postulated that the localised phonons 

couple to the charge carriers by the later process where as the propagating ones 

interact by the former. The temperature dependence of the phonon self energies 

due to the two processes is calculated and the spectral density functions are com­

puted. The calculated temperature dependent shift and change in width of the 

phollons show qualitati\'e agn'cl1Il'nt with the o"sl~r\'l'd result. 
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tivity, electron-phonon interaction, Raman scattering. Raman scattering in the cuprate superconductors [11 has shown several unusual fea.-: 

tures in the normal state as well as in the superconducting state. In the Donnal state, 

a rather large but constant background intensity has been observed at all frequencies 

up to the highest measured frequency which has been attributed to the scattering by 

the charg~ carriers [21 in the system. Three prominent phonon peaks having frequencies 

of 116cm-1 , :J.IOcm- 1 and .jO·lcm- 1 ride over the constant background intensity out of 

which some show' rano line shape indicating a strong coupling to the charge carricrs in 

the system. On lowering the temperature below the supcrconducling transition tern­

pt'ratlln~ rro:!. tlH~ constant hackgrollnd int(!nsity is sllppr<~ss(~d at low frcquencies which 

J may be taken as a. signature of the opening of a slIperconducting gap in the systcm. 

Furthermore, there appears a broad peaking of the intensity at a higher frequency, with 

the indications that this peak may also be a normal state fcature. MorcO\'er, some of 

the phonons show anomalolls softening while others harden on lowering the temperature 

below T" accompanied by a broadening or narrowing of their linewidths. A detailed 

summary of these results has already been presented in an earlicr paper [3] (here after 

referred as 1). However, more recently the results of some measurements have appeared 

in the literature which focus the attention (i) on the shift and width of phonons as a. 

function of the charge carrier concentration [~] and (ii) on the temperature and carrier 

concentration dependence of the Raman scattering constant intensity background [5, 6]. 

A more careful analysis of the Ri\l11an data indicated that the tempt!rature dependence 
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of some of the R:man active phonons in the cuprates are very much se\nsitive to the 

oxygen content as shown recently by Altendorf et al [4] from their measurement on 

Y Ba1Cu306. They studied the temperature dependence of the 340cm-1 and HOem-t, 

500cm-1 phonon in different crystals of Y Ba2Cu306 (6.7 :5 b :5 7.0). The samples 

which they used are denoted as A, B, C, D, E, F and G with the corresponding oxy­

gen concentrations i.O, 6.99,6.93, 6.90,6.86,6.81 and 6.68 and transition temperatures 

89.7,92.8,93.7,92.0,91.1,87.7, and 59.2 K respectively. A br:ef summary of the main 

features in their experiments are as follows: On reducing the temperature through T., tb~ 

3·IOcm- 1 phonon show softening in all the crystals, the largest being in the o:<ygcnetC'd 

sampll~ 1\ alld the degree of'sofu~ning reduces as the o:<y~t'n ':OIlCl'lItratioll dt'crea:;.:,. 

vallishing ill the n-)'stal (,' whill' its lin('width narrows ill C. D. E ,\lid F but broilllt'::'" 

in A and n. On the otherhand, the 440cm- 1 and 500cm- ' phonons harden in all the 

crystals except G below To:. The degree of hardening decreases as the oxygen concentra­

tion decreases being largest in the crystal A but the frequency of the -t·Wcm- 1 phonon 

softens marginall~; in the deoxygeneted sample G. l'.loreovcr. ti;e 500cm- 1 phonon sho..'· 

softening in the sample G, at a temperature of approximately ~O I\ which is well abo\'e 

the Tc of that sample. This may be a signature of the appearence of a gap in the normal 

state. Moreover, the linewidth broadens in the crystals A, B ar:d C and it becomes di­

minished in the samples D, E and F but narrows down in C beiow Te• In the case of the 

340cm- ' phonon, the phonon peaks become more symmetric on decreasing the oxygen 

concentration suggest.ing that there I11I\Y hr a fl'dudioll in the ~I r(,II~~1 h uf inl"melion 
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of the 340cm- 1 phonon with the cha.rge carriers in the deoxygeneted samples. In con. 

trast, in the case of 440cm-1 and 500cm-1 phonons, the peaks are symmetric in Crystall 

A, B, C, D, E and F while asymmetric in G which implies that the interaction of thE 

phonons to the charge carriers becomes strong in the deoxygeneted samples comparee 

to the oxygeneted ones. From the above data, it is obvious that these two different setl 

of phonons show quite opposite behaviour to each other and hence may be concludec 

that the ·1·lOc71l- ' and the .jOOcm- 1 phonons intera.ct with a different set of elect rom 

than docs the :J.\OCJH -I phonon. \Vhile the above measurcn\('lIls focus on lhe scatter. 

ing by phollons, tllf' t'xpcriment of \Iaksimo\' ct al [.5] and that of Sugai et al [6] dealt 

with I Ill' Hama" ~callt'rillg hy th,: char~t' cilrril·rs. :\t,;i\ill Ilw 1,\ln IlII~i\S\lr~llIl'nts Wcrl 

c;Jrri,'d 1)111 Oil diff"rl,,,t ~"llIp\\'S of )" [JCO with \'aryill~ oxygl~n cOIllt:nl lIsin~ polarise:l 

light. TIll' notl: wonhy featllrl's of tlll:se measurements arc (i) the obser\'ation of a gar 

anisotropy in the slipercondllcting state and (ii) the appearcnce of a constant intensil~ 

backgronnJ in the normal state e\"Cn in the insulating samples. It was inferred that th« 

later beh,wiour is differcnt from the intensity Jue to the charge carrier scattering in thl 

metallic state. This led to the conclusion that the Raman scattering in the metallil 

and insulating samples are caused by different charge carriers. Similar results on th, 

La2-rSrrCuO-t samples have been reported by Sligai et al [6]. 

It is worth while to analyse the new results in terms of the model for Raman scatteriDJ 

proposed by us in I. Besides, in I we confined our seh'es only to a zero temperatu r, 

calc"Llljoll of tilt' n.IlIIOIII illll'\I~ilit'S arjsil"~ fro II I till' Sc;\Ut'rillg by phunIJII:I Alone. II 
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this paper we generalise toe work (i) by including the scattering by the charge carrie'rs 

and (ii) by performing a finite temperature calculation. A brief summary of the model 

of the normal and the superconducting states proposed in I is given below: 

A model for the normal state as well as the superconducting stat~ was proposed 

by us in I to fecilitate the calculation of the phonon spectral density functions needed 

to explain the phonon anomalies observed in the Ilaman scattering experiments. Tl:e 

model evolves from the fact that the long range antiferromagnetic ordering of the bMic 

insulating material gets suppressed on doping the system, resulting in a disordered. 

magnetic, insulating ground state which is taken to he the inslliating m'B stilte, 0;'\ 

fnrther incr<~asing the doping concentration, it was ar';lI(',1 th.1t \)f'call;c' of t he presence 

of excess h()I,~s in the system (when the duping conccntr.ltion excI'I!ds a C:ilic:d ·...d, .. , SUC';I 

that one crossses the insulator-metal boundary) the IlVI3 metallic stale is formed. where 

. the elementary excitations are the regular fermions carrying hoth spin and charge. L" nlike 

the BZA [7] picture, we further assume that this metallic state is characterised by the 

opening of a finite gap o\'er the regions of the Fermi surface due to the presence of some 

singlet bonds in the system. Howe\'er, simultaneously the presence of a rclati\-e\v large 

number of holes will result in strong fluctuations in the singlet bonds and hence in the 

amplitude and the phase of the gap, the quanta of these fluctuations being the collecti\'e 

modes of the system, Due to the very nature of their origin these amplitude and the phase 

modes will interact rather strongly with the quasi particles of the R\'B metallic state. 

This interaction of the quasi particles with the collective modes is the most important 

.~~ 
'.:J~ 
.. ;: ..~~ 
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feature which characterises the normal state of the system, we call the correate<! metallic 

state. As a result of this interaction, the quasi particles acquire a self e:tergy whose '. 

imaginary part gives a life time in accordence with the requirements of the marginal 

Fermi liquid theory. Hence this model for the normal state is capable of explaining the 

observed linear temperature dependence of the resistivity in the cuprates o\'er a. wide 

temperature range. The phase diagram of the cuprates in general and La:_:SrzCuO~ 

in particular shows that the range of dopant concentrations where super:v::ducth'ity 

appears is also the range where the normal state is a bad metal. On iIi.:reasillg the 

dop.1nt conccntration beyond this range the material hecomes a good Fer.:'.i ~iqlli,l like 

1111'1.11, bnt <I'll'S nol. hccome a snlwrcondl\ctor on IOlVering til<' t"IIIIl<'rall::~ .~\·en UplO 

til<! low,". p",sibl,~ tl'nqwratl\r<~ .n·ail"I,,,," This is in ke,~ping wir h the £·-:-.... ;:\1 thllmb . 

rule that bad metals arc goo<l superconductors. Hence whatel'er is thl' m~~a:lism that 

causes I he high resistance in the norlllal state is also responsible ror supercor.ductivily• 

In the present model under consideration the resistance in the normal st~,e :s due to 

the scal kring of the quasi particll'S by the collective modes. Hence superco:tducti\'ity 

in these system must also be due to the pairing of the quasi particles br,)ught about 

by an altraeth'e interaction mediated by these collective modes. This is ihe so called 

correlation bag mechanism proposed by us in I in analogy with the spin bag model of 
:.-: 

Schrieffer et al IS]. While the later works in the weak correlation limit. the lor::ler arises .. ;.­
when the correlations are strong. 

As is well known, Raman scattering proceeds by polarising the medimn. hence in 
I" ., 
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the metallic state the incident ele'ctro-magnetic radiation creates an eleclron-hole pair 

which recombine to give the scattered radiation. However, since the present model of 

the correlated metal consists of singlet bonds as well as the charge carriers, there will be 

an additional contribution to the polarisation coming from the possibility of breaking 

the bonds, as well. This polarisability will essentially be given by the pair polarisability 

function. Besides, the electron or hole can emit or absorb a phonon giving rise to 

inelastic scattering of the radiation because of the electron-phonon interaction inherent 

in the medium. Therefore, in order to calculate the Raman scattering amplitude, it 

is necessary to evaluate the phonon response of the system which will depend on the 

coupling of I.hl~ phonons to the dement ary excitations in thl~ ground stall'. 1I0w('\"I'r. in 

llw correlakd metallic statl~ that w(~ proposed, there can ('xist two dilfcrclIt mechanisllls 

for the cOllpling of the phonons with th~~ chi1rgl~ carril~rs as di:;cussed in I. The first is the 

usual electron-phonon interaction mechanism arising from the modulation of the hopping 

integral (iij) due to the displacement of the ions from their equilibrium positions whereas 

the second could be due to th"e modulation of the exchange integral (Ji)) due to phonons. 

This later mechanism amounts to a coupling of the pho,~ons to the charge carrier pairs 

in the correlated metallic state. These two different interaction mechanisms will modify 

the phonon spectrum in different ways. Because of the interaction of phonons with the 

charge carrier pairs, the pair amplitude mode is expec~ed to show up in th~ Raman 

spectrum. Similarly due to the charged nature of the sllperconducting state. the density 

response function is expected to couple to the collective modes of the superconducting 

state, therefore Raman spectrum is expected to show the signatures of these modes all 

well. 

The rest of the paper is organised as follows: In section 2 we discuss the essentia. 

processes for the calculation of the Raman intensities. The polarisabilities in the norma 

and the superconducting state are calculated in section 3 and 4 respectively. In sectior 

5, the basic charge carrier-phonon interactions in the strongly correlated metallic state 

are presented and the correspondi~g phonon Green's functions and their spectral densit~ 

functions are obtained at finite temperatur~. The result:i and their comparision witl 

the experimental Raman data are presented in section 6. Finally, the main results 0 

tlh~ pap.. r arc sUllllllarizcd in tlw cOllcillding section i. 

2 Raman Intensity 

The scattering of light in normal metals [11] IHOCCf:ds as follows: The inciden 

photon l~xcites an electron-hole pair. either of which emits or absorbs a phonon due tl 

the electron-phonon interaction in the system. Finally, the electron and hole recombin 

gi,-ing rise to the scattered photons. Therefore, in such a process the scattered intensit: 

of the photon will be proportional to the sum of the imaginary part of the particle 

hole polarisabiIrty (density response function) and the spectral density function for th 

phol1olls. BlI t as discussed in the introduction. in the case oi the cuprate superconductor 

the normal state differs from that of the usual metals. Therefore, the light scatterin 

process has to be modified_ Due to the presence of the quasi particle pairs in the 
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normal state, the incident photon besides exciting the particle-hole pairs, ~an also break 

the local pairs which gives rise to the anomalous polarisability.. Moreover, this process 

will also couple to the localised phonons in the system as discussed in I. Thus in the 

correlated metallic state, the Raman intensity witl acquire an additional contribut:vn 

coming from the sum of the imaginary part of the pair polarisability function and :~e 

spectral density function for the localised phonons, The expression fvr the Rar::3Jl 

intensity I(w) therefore, is given as 

I(u,') =(1 +n(w))[-Im\P-P(O,...J) -Im\p-h-(O.w) + 'LS"(O...... )] ,:) 
i=l,p 

where 11( .... ) is thc Bust: factor. \p-plp-h)(lJ,...J) being the poIMis;d.ilili,·s ill th,· pMli,,:,-· 

particle (pMlicl~hole) chanllld, Si(O, .... ) is the phollon spectral density fUII<:t:on for ;:.t~ 

propagatin'g (p) and the localised (I) phollons. TIlt, polaris•• bilili,'s and the spec:~~l 

density functions for the phonons h.we to be calculated in buth th" 1I,'rlllai st.-Ilc as \·.-,:-:1 

as the superconducting state to compute the Raman intensity. 

3	 The Response Functions in the Correlated 

Metallic State 

The insulating RVB state resulting from the single band Hubbard model (9], :..s 

outlined in I) is described by the hamiltonian 
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HRV8 = -5t L (c!~Cj~ + h.c.) - J L b!jbjj (2) 
<1,)'><1 <i,i> 

where 't' and'J' are the nearest neighbour hopping and the superexchaQse integrals 
~.'. 

respcctil'e1y with J = 2t 2/U, 'U' being the Coulomb correlation and < ..... > denotes 

the nearest neighbonrs, The projection operators in the hopping integral are being 

approximated by the dopant cOllcentration 5. b!j = ~(c!lcJl - c!jcJr)' is the valence 

bond singld oprator and c;.~(cr~). is the usual fermion annihilation (creation) operator 

with spin 'a' at the site 'i'. 

Tht: orit;inaII3Z,\ Illean field (~IF) lheory [71 is ahllost idcnlic.1l to the BCS theory of 

SIIP"I'COlldllni I'ily in it:i lll"IIIl'III"t iral slrllrltlr" '~X""l't fur a k·d •.'p,~ndcncc of the OZ,\ 

IlW;lI\ lidd' urd"r p:tralllct('r. This is a n"tur,,1 conscCjuence of the fact tna: thc OZ,\ 

\IF grt)illld slate consists of a coll,:ction l)f nearest neighhour singl,:t pairs in real space. 

Therefore'. it h"s Iwell prcsllll1l.'d [7] 'hat <IS SOOIl as Olll: allows for the cohe~ent motion 

of the singlet pairs hy dopillg hob into the BZA \IF ground Slate, superconductivity 

will folio\\', Howel'cr, it was argued in I that since the R\'O state is a spin disorderd 

state which appears on suppressing the )ieel ordered state, it will tend to modify the 

nature of thc clectronic states of the system. Becallse of the disorder, the electronic 

states parlicularly at the band edges will tend to be localized. As a re,ult for small 

dopallt concentration upto the critical value 5•. the motion of the singlet pairs will not 

be fal'ollred and hence it can not gil'e rise to superconductil'ity. On furthe~ increasing 

thc tlop<llll concentration (5 > 5.) bccausc of th., chargc on holcs one S0e5 over to 

'l'~\ .. 
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w.........lLlcuncU metalliC state where the elementary excitations become reg~uOr fermions. 

As mentioned in the introduction besides these quasi particles" there would also be the 

fluctuations over the aZA MF state which can be visualised as the pair collective mod'es. 

The quanta of these modes are expected to have bosonic character. Therefore, in the 

correlated metallic state which is a model for the normal state of the high Tc materials, 

the interaction of the quasi particles with the high frcqucncy pair collectivc modes plays 

the most dominant role. Moreover its energy spectrum has a constant gap over parts 

of the Fermi surface, while in other regions it vanishes. Thc correlatcd metallic state 

as propos(~d here provides a microscopic basis for the local pair models PO], Therefore. 

tlw hamilt l)uiall fol' thl~ c:orrela.ll'd metallic sl ;th' call 1)(' wrilll'lI ill ll'rllls of tl\l~' :'\alllhll 

operators II !] ~·t = (ct l c-kd and the Pauli matrices 'a' as 

lIe ,\I:; = lI. + III (:1) 

where 

He = L ~'!Htk - Il)ao + ~R(k)a.JJ,,, (.1) 
k 

and 

1",~ At - • 
HI = N~~ ,(k, q)~'k+,J~,qa,l';'k (5) 

k.~ i=l 

I with f.k = -t8-,(k), ,0.:) = L;eik'i, ~H(k) = J~,(I.:), being the ElZA ~IF order pa-


I rameter, ~ =< bij > and J.l is the chemical polcntiill. ~iq = -(.1/2) L" < l,.~la'~~k+q >
 

t' 
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(i = 1,2), corresponds respectively to the amplitude and phase fluctuations or the aZA 

MF order parameter. However, the quantities which describe the magnitude of the cor­

responding deformations of the order parameter can be treated as dynamical variables. 

On quantising these bosonic variables, the interaction hamiltonian becomes 

1 2 • t • , 't 
HI = NL L J(k,q)ljJk+iirj'd~ + d'_q ) (6) 

k.q ,=1 

• " t -", t 
wherc J(k.q) = J-,(k.q), ~iq = J(d~ + d~q ) = JA~. d~(d~1) being ~he bosonic 

annihilation (creation) operators for the qlh quantum of the amplitude and the phase 

modI'S corn'sponding to i= 1.2 rcspcctivdy. Of course, the abo\'e hamilton:an describes 

till' illkl'''l'! illll of the hi~h fl'l'q\ll~llcy l)I)~l)Il::i with tlw ch(lI'1:~(' carril'rs of the ~:"Hcm, while 

the free bll:-iOn hallliituniilil is gi\'(~n Ly 

2 

Ih = '"' '"' Oi~ tid If''I (i)~~ q 
q i=1 

wh .. l'1~ nil is tl\l' fl'f'qllency of the hosons corresponding to the collective moc~. In order 

to make this theory for the normal state self consistcnt it is necessary to see how the 

interaction of cqn. (G) renormalises both the boson encrgies as well as the ql:a.si particle~ 

of the fiVB metallic state. This finally provides a proper description of tl:e correlated 

metallic sl<lIe. The calcalation of the self encrgies invoked in this process ";fill require CI 

knowledge of t he pair pl)larisability function defined as 

\p-P(q.q' ....:) = L « t~ltq(t)al,h(t); r~!,+11(0)al~~.lt1(0) »10/ (8) 
k.k ' 
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Furthermore, the calculation of the Raman intensities from the scattering by the charge 

carriers as well as the phonon self energies will also depend on the pair polarisability 

function in the limit of q=O as will be discussed in a later section. Since in this paper 

we are mainly concerned with the calculation of Raman intensities, it suffices to obtain 

x'-"(q,w) for q=O. The expression for this bas ben derived in I (see eqn. (36) of I), 

which is given by 

(fk - Jl)' {3Ek _1__ -1_]
v"-"(O w) = ~ 2 tanh 2 [ 2£ + 'l£ (9).\ , ~ E w- k W ~ k 

k k 

where 

Ek = [(fk - Jl)2+ ~llli/l (10) 

Equation (9) can be explicitly evaluated hy r~l'lacing the Sllllllll.-tli"l1 ,)\('1' k 1,\ .111 illt,·· 

gration over (fk - Jl) = ek so that 

N(O)~R 1" (x 2 
- 1)1/2 {3tiRx 1 I

X"-"(O, w) = -- dx tanh --[- ~ ----·-1 (II)
2 I x 2 w - 2~\nx ,., + 2j.n.r 

where the upper limit of the integration is given by 

x~ = [1 + (Wei ti n)2] (12) 

N(O) is the density of states at the Fermi level and We an arbitrary cut-off frequency. In 

writing eqn. (11) the following substitutions are made. 
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e= t:..R tan 9 (13) , ,.:"~; 

( 
and 

x = sec 0 (14) 

It is obvious that eqn. (II) will allow for two different regions of x namely %2 > land < 1. 

The real and imaginary parts of \:'-"(O,w) are obtained by making w complex so that 

equ. (II) splits into the following equations depending the value of x: 

Case I: x2 > I in which case (x Z 
- 1)1/2 is real and the upper limit of the integr~lioll 

takes the value +Xe so lhat 

-.r.-N(llP/I!.'· (.r 2 _1)1/2 /1j./II
1111\'-1'(0, ..')=-- .) .I.r 1.~nh-.)-[6("",-2t:..RI)-6( .... +2~R.r)1 

- 1 X ~ 

(IS) 

"II,l 

, : t·. 

'-'(0 ) = -N(0)j. n 1< d (x' - 1)1/' h f3 tlRx[__1pRex, w .) 

r 

:r tan 2 " _1-J 
~~ ~ I X W +ZURX to:-2~RZ 

. ;.:;;~~~~ 

(16) 1". 

Case II: x' < I in which case (x' - I )I/Z = i( I - X')I/' is imaginary and the upper limit'­

takes the \'alue -xc so that the expressions for the real and the imagin~· parts just 

get interchanged as compared to those of eqns. (15) and (16). The imaginary part of • .:'!: 

"'~~ ,. 
..... J 
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XP-P(O,w) in case I and the real part in case II involves delta functions in the integrands 

as in eqn. (15) so that the integrations can be easily carried out to give 

I~XP-P(O,w) = -1r ~'(O) lW/;.6.R) [(W/2.6.R)2 _ 1jl/2 tanh( ~w) (17) 

In case II the real part i.ej ReXP-P(O, w) will have the same expression with the square 

root term replaced by [1 - (W/2~Rrljl/1. On the other hand, the real part in cas~ I 

(eqn. (16» and the imaginary part in case II involves principal \'aluc integrals which are 

rather difficult to carry out. Therefore, instead of calculating these quantities directly 

from their expression like cqll. (16), we take recourse to dt'lcrmine them hy making 

lise of the l\rallwrs·l\ronig analysis and the corrcsp'Jlllling di~p,·r..;i\):: rt·hli.Jll::i [1"21. In 

doing so. the tanh(~l function in\'olving the temperature. hib !>I'l'n appro:';:lIliltL'd f<lr 

high and low temperaturcs as follows: 

8;..) {(~)[1 -Ij:l(~)2], J_' < 1 
tanh(-) ::::: ( IS) 

4 sgn(tJ.;)[1-2exp(-21 (~l Ill. 3_' > 1 

With this eqn. (17) becomes 

,.....: <~T1\" (0 I 1 { (j:'l.
ImXP-P(O,I.":) = -(;or-4-) (w/2~1l) J(W/2Q.R)'l - 1 (19) 

1, ...; > ~T 

Furthermore, the symmetry properties of the ImXP-P(O, w) and ReXP-P(O,w) for w -. -I 

in the high and low temperature regions has been utilised to rewrite the dispersio 

relations in the region of only positive w. This simplifies the evaluation of the integral 

(16) upto the leading order terms in (jJw). Thus the real part of the pair polarisabilit 

function for the case (W/2.6.R)2 > 1 is given by 

fle\p-P(O, w) = -( N(O) )[·2(.,,:/2~n) In:2
,1 

~- . {( ~). _. < ·ITJ((--'/:!~/ll2 - 1) - (....'/2~lll l II (11 
(20+/1(",/2-',,)' - I) In II /!lw/2-'n)' _ I) + (",/2-',,) ~. 

_' > -IT 

In olJtaining the result of eqn. (20) the integralions in in tlw dispersion relalions ar 

carricdollt in the region 1 to:x; so that thcc:ondition (....IJ.~1l)2 > 1 is satisficd. Similar!: 

for the G\:;t~ II corresponding to (".:/'2~n)2 < 1, the r(~al part of the pair polarisabilit 

function is gi\'cn by 

( ~) w < ~T
N(Ol _1_ 1 _ (w/'2::::'n}2 -IT ' 

Re\p-P(O, ....:) = -(;;--4-) (;..;/2:::'n) vi 1, w >.IT '(21 
{ 

The irnilginary part which is calculated from cqn, (21 l using the l\ramers-Kronig relatic 

becomes 
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_ N(O)
ImX" "(O,w) = (-)(1l'(w/2LlR)

4 

( ~) w < 4T
+J(I - (W/2~R)1) In I (J(I '- (W/2~R)1) - I) 11 { .r ' (22)

J(I - (W/26.R}1) + I . __1_ 
(.-fUR)' w > 4T 

As expected eqns. (21) differs from eqns. (19) only in re\'ersing the sign of the qnantity 

within the square root. But there is a marked difference in the expressions of eqns. 

(20) and (22) both of which arc obtained from a Kramers-Kronig analysis because in 

obtaining eqn, (22) the integrals arc evaluated within the limit 0 to 1 so as to satisfy the 

condition (w/2~n)2 < I. This completes the analysis of the pair polarisabilit:; function. 

It C1\n be easily secn that in tll<~ limit of (w/'2~1I)2 >> I which anlOlJIlts to \aui,hingly 

small gap in the normal state (i.e; L::,n -+ 0), eqn. (19) reduces to 

ImxP-P(O,w) IAR-O= _(;:N}~) J (if), l4' <IT (2:1)11, ...... > ·IT 

This is just the polarisability proposed by Varma and co-workers [:!l in the "Len(;meno­

logiCal marginal Fermi liquid theory. The same result also follo>ws fmlll th,~ measurt'd 

Raman intensities [6]. Thus the correlated metallic state has the essential features of 

the marginal Fermi liquid theory in the high frequency region. Howe\"er, there ",ill be 

some essential difference in the low frequency region as gi\"en by eqn" (22). 

In the correlated metallic state, the intensity of Raman scattering from the charge 

carriers will also pick up contributions from the particle-hole polarisability besides the 
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contributions coming from the particle-particle one. The particle-hole polarisability 
'.f·,,": 

which is given by the density response function will also contribute to the phonon self 

energy as discussed in section 2. This polarisability function which is defined as 

,<,,-h(q,W) = :L « ~!+q(l)a3J,k(I); ~!'_q(0)a3~dO) »... (24) 
k.k' 

can be evaluated in the correlated metallic state characterised by the pseudo-gap (~R) 

,'~. 

using the hamiltonian of eqn. (.1): Again for the c;t!clilation of the Raman intensities, 

one needs its value only at '1=0 and the contribution to Xp-h(O,..I) coming from the free 

electron part \·anis!tes. lIow.~\'cr. since the ground state of the system is the RVB metal, 

th,·w is.\ linik "'oulril,,ltiou proplJrtilJllid to ~/{, ",hid. cau b,~ deduced from eqn. (i5) 

of I and " gi\'(~n by 

~ ~2 I3Ek I __1_
xp-h(O "-') = :L 4 tanh ?[~ - + ')E 1 (25) 
. , k IE, - w - - k W --k 

Tlw real aud imaginary parts of cqn. (2.')) can be calculated by following the procedure 

exactly silllililr [0 that discussed for the calculation of the particle-particle polarisability. 

..I,~ain splitting the frequency region into two depending on whether (W/2UR)2 > lor <: 

L the results arc gil't!n below. 

For (..I/2~11)2 > I 

I(~) w<-IT;: .\'(0) I I ,r ' 
Im,P-h(O,o..·) = -(-4-)(w/2u n) J(w/:!~Il)2 - I I, (26) 

'", 
w>-lT 

./-~.. 
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&/ld 

ReX,-h(O, w) = _( N~O) 

.... <·11'I V(( ...·/2~n)2 - 1) - (r...:/2:::"n) {(2~n/-IT) . 
[ In I ( ) II (21) 
V(w/2:::"n)2 - 1) V((",'/2D.n)2 - I) + (",'/2:::"/l) _1_ .... > ·11' 

(Wf2~R) , 

Similarly, for (W/2.J.11)2 < I 

(:;7). .... < ~T;r.\'(O) I I 
(:2~)IlC\,·-"(O....·) = -(-1-) (...... /2.:::../l) Vl - (,,:j'l..J.n)2 

{ 
I. 

!w4.' > IT 

and 

:.... <-IT 
('1~) ) 

...... >-11' 

In the limit of (...... /2~n)2 » 1 i.e: for vanishing .6. n. the imaginary part of the particle· 

hole polarisabililY vanishes as C.ln be se(~n from the '''In. (2,,)), This i< in ,ontra,t to the 

particle-particle polarisability which gives the marginal Fermi liquid result (eqn. (23)) ill 

this limit. Vet anoth"r general feature of the result of the finite temerature calculation 

presented in eqns. (19) and (22) is that the cut-ofT frequenc)' does not enter explicitly 

20 

in any of these expressions. This is in contrast to the result of the zero temperatur 

calculation presented in I. The reason for this cut-off independence lies in the fact that i 

this case essentially the results are oblained purely by performing 5-function integration 

and parlly by doing a Kramers-Kronig analysis. 

4 The Response Functions in the Superconduetin~ 

St;1te 

The' ,';l!l'lI!;llion of the Balllan inlf:nsil.ies in the snpercondllcting stale requires th 

<:\';l! II <II ;Oll "I' all the rl'Spl)llS'~ flln([;ons in this stale. The lIwchanisllI l>y which super 

o:on""'" il;::: arises in lhe correlated metallic stale \l'as discussed in .Ietail in I. In wha 

follo\\'s. \1',' lirsl gil'<~ a brief slllJllllary of lhe essential fealnres of snperconductivity i 

this system before presenting the res nits for the response functions. 

;\s pr)inled Ollt in J. superconducli\'ity appears in the model due to the pairing ( 

(jllilsi p'lrticles arising alit of the correlation bag mechanism. Elimination of the bosoni 

<.kgrees of freedom from the interaction hamiltonian of eqn. (6) of the correlated meta 

result in an effecti\'e inleraction between the charge carriers which is attractive and wi 

gil'<' rise to pairing. The result for the gap equation and the transition temperature an 

th"ir d"IH'llcl"lll-e 011 the Ilormal state gap parameter as well as the doping concentratic 

was discll<scd ill I. This mechanism is expected to work in the region of rather laq 

clopililt con,('ntralion be)'olld a critical \'alue. As shown in I. in this region the transitic 
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'I 
(9) and (25) rspcctively. In calculating the real a.nd imaginary parts of these response ttemperature decrea.ses with increasing the dopant concentration. 

functions the snmmation over k is replaced by an integration over Ek and the density of 
The polarisabili ties in the superconducting state are required for the calculation of 1 

state is taken to be a constant as done in I. As a result the signature of the normal state 
I 

the Raman intensities at temperatures below Te • These are derived in connection with I
I 

gap (on) does not enter explicitly in the final expressions in the superconducting state,
the phonon response in the superconducting state and can be obtained from eqns. (83) 

except for those entering through the coherence factors. These quantities are calculated 
and (Sol) of I. Hence the particle-particle and the particle-hole polarisabilities in thc 

in thc low and high temperature limits following the same procedure as outlined in the 
superconducting sta.te (denoted with a subscript s) are gil"Cn by 

normal ~tal" cakulatioll. Thus Lhe imagina.ry i\nd thc rcal p.ut.s,of thc pa.ir polarisability 

fUllctioll ill c1irr.-n:ut regions of the frequency a.lld the temperature are a.s given below: 
'\ " 1 .:.}. 2 /:'1 ( \ 1 , ,\ 1)

P-P(O ) = "\'[_''-'_11_, .::l _ '-'II T '-',
\, .W L I + 

_6:
, • Ekp.. ek e. For (w/2::;",)2 > 1
 

1(k , S:ln:l,(I~l- .:.}.;/) 1I( tanh (.Jq/2)

" + (k + r. ,,1 ) (:lU)

E.k ':krk u." - '\t.k 

and N(O);;- 1 
lm\~-"(O".:) = -(-4-)(..... /2:l,)(::;",/::.n)2 

, 1 { (:if). w < ·IT 
:} - (;":/2~j)2) +2(6.,/6. n)2(( ....'/2::.,)2 - 1) - (w/2~,)\/(W/2:l,)2 _ 1 l. (33!-h '''\' 1 2.:.}.; .::'; [( ''''''/OU,)2 - 1 

.x~ \O."':)=~ilL[-(I+'-2)-,3~ w > otTk Ck ~II Ek~k 

c. S:l,(E~ - .:.}.:ll~ ](tanh(;3ck/:n . (:31) ;.IIld+£2+ 22)• 6nEkek W - ·Iek 

where 

N(O) 1 
Rq~-P(O.w) = -(-4-\:~,/~n)2 

2 
ek =lEI +6;1 1

/ (T2) 
+[( (~W~~~~~;~):) + 2(~,/ ::'R)2((w/2::..)2 - 1) - (w/26.)2) 

and ~. is the superconducting gap parameter. The expressions wit hin the sq lIare brackct 

1 V(( ....·/2:l,)2 - 1) - (....·/2~,) {(26'/4T), '.: <-IT 
(3-1)of eqns. (30) and (11) essentially comes from the cohercnce factors. It is easy to check J((;.:/2:l.)2 - 1) 1111 (J((42::.,)2- 1) + (w/2~.)) II --L­

"".> -IT(",/U'.I' 
that in the limit of 0, = 0, eqns. (30) and (31) reduce to the normal state result of eqns. 



For (w/26,}2 < 1 

N(O)1l" 1
 
ReX:-'(O,w) = -(-4-) (w/2~,)(t::..,/t::..R)2
 

v..' < 41'1 { (:f).
[( (w/26.)' - 3) +2(:'>./ 6.)'I(w/2:'>.)' - l) - (..,/2:,>.)'I _ (..,/B.I' I. (3,5)

1 - (w/2~,)2 J1 ....: > ·11' 

and 

.';,.• 

1\'(0) 1. 
!Itl\:-"(O,;..... ) = (-) \ /'\ )1[;;"( ..:/2~,)(2(~,/~Il)" - 1)

" (._.1, U/l 

(v.:/2j.,)Z -:J 2 2 ' 
+((1 _ (w/2~.)2) + 2(~,/6./d (( ..:j2S.) - 1) - (...,/:!~,).) 

v.: < H'1 I Jrl - (W/2~.)1) - {(2~,rIT)'1 
(:361J(l- (W/2~,)1) n I (vO - (w/2~,)l) + 1) II 1 

v.: >11"
("Il~.) ,:i' 

I;' 

f
 Similarly, the imaginary and the real parts of the particle· hole polari~abilily whifh fol·
 

lows {rom eqn. (31) are given in different regions as follows: 
'i 

For (W/2t::...)1 > 1 

;) 
1\'(01;;" 1 

Im;x:-It(O, w) == -( ~4-' ) (w/2~,)(D.,/ D.1l)1 

(if), ..... < -IT 
1 (37)[( (w/2~,)1 - 3) + 2(~,/ ~R)2 + 11 J(W/2~.)1- 1 { 

(w/26.,)2 - 1 ,d v.: >-IT 

and 

R "-"(0) (N(O)) 1ex. ,w = - -4- (~./t::..R)2 

(v.../26,)2 - 3
 
+[( ((w/2~,p _ 1) + 2(~./6.nrl + 1)
 

..... < 41'1 I ..;(( ...... /2~.)1- 1) - (w/2~.) {(2t::.../-IT), 
(38

J(( .....I!.~,)l - I) III (J((..J/'2~.)1- 1);' (w/2D..)) II _I_ 
"': > 41'• (.../2~,)' 

For (v..'!'2~,)1 < 1 

,\"(0);;") I
 
U( \~-It(I) ..... ) == -( 4 (w/2~,)( _, ._, {
 

1 (:if), w <otT 
3 - (~'f2:'>.)' ) +2(:'>./:'>.)' + II JI _(..,/2:'>.)' I, (3![( 1 - (....·/26.)1 

w>-tT 

and 

\ 
V(O) .
 

Im\:-h(O;v..') == (T)( ./tJ. )1

R 

3 - (w/2~.)2 oJ 2
[((l -'(w/2~,)1) + -(~,/ R) + 1) 

w<4T1 I I (1 - (w/2~,)1) - {(2~'/4T). 
(-II

1
 

V~ 1- (w/2~.)1) n ( (1 - (w/2~,)2) + 1) II
 _1_ 
w>-IT: (.../2~.)· 
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The real and imaginary parts of the polarisabilities in the normal and superconducting 

sta.tes contribute to the intensities of light scattered by the charge carriers and phonons in 

the system. In the superconducting state, the expressions for the imaginary parts of t ~e 

polarisabilities which contribute to the background intensity gets modified as dicta.<"d 

byeqn. (3:1). ~Ioreover, at low frequencies, the Raman intensity will get contributie-:ls 

from the imaginary parts of the polarisabilities as well as the phonon sp(~ctral den,:;y 

functiolls. Therefore, it is necessary to calculate the temperature dependence. of ::je 

phonon spectral density functions which will be carried Ollt in the next section. 

Electron-Phonon Interaction and the Phonon 

Spectral Density Function 

It was pointed out in section 2 that the Raman intensities arc dl>termined Ii:. ::..'" 

scattering due to charge carriers as well as the phonons. \\'hile the charge carrier 5('.:.;­

tering is proportional to the imaginary part of the polarisabilitics, the phonon ,(att('~:~ ~ 

is given by its spectral density function. The phonon response of the sy~tem reqllire~ ::'c 

evaluation of its self energy which essenti~lIy depends on the nature of the ground 5tG~e 

and of the interaction of phonons with !;he charge carriers in the system. t'nlike ::::'e 

usua.l metals it was pointed out in I that in the correlated metallic state, the~e exisL ,'.•0 

different interaction mechanisms between the phonons and the charge carriers. Ti:e=-~ 

interactions arise because the displacemenits of ions from their equilibrium positions cL,t 

26 

only modify the hopping Integrll18 tli giving ri§~ LiJ th~ uliual fll@droo-phtHiOfi itttetat.. 

tion but also modulate the kinetic exchange integral Jij giving rise to a different kind of 

charge carrier-phonon interaction. These interaction hamiltonians (Hc_,) ace de~. 

1 and ar~ gi ven by 

- flO) H(2)Hc-p - c-p + c-p (41 ) 

lf~~)p = 9 L ck+'1.I1 Cl:." A" (42) 
k,,,," 

1I~:)p = g'~ I:(ct+"rc~k1 +C-k+"ICkI ).4" (":1 ) 
k.q 

where :11 = (b1 + I)~,,) is the qlh componcnt of the phonon amplitude and the coupling 

constants 9 and g' are assumed to be constants independent of momenta. Note that 

the s('cond interaction lI~:)p depends explicitly on the IlVI3 ground state through the 

parameter ~, and the ~oupling constant 9' depends on the exchange integral J. It was 

pointed out in I that there are propagating as well as localised phonons in the system. 

The later arises due to the magnetic disorder created on doping the system. Because 

. of this the localised phonons are expected to interact with the charge carriers through 

eqn. (43) whill! the interaction of the propagating phonon is given by eqn. (42). The 

phonon response of the system is determined by both the types of phonons and require 

the calculation of their propagators, which are given by 
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where i=l,p denote the localized and the propagating modes, n(i)(q,w) being their self 

energies. From the knowledge of the polarisations the spectral density function which is 

related to the imaginary part of the phonon Green's function can be e\'alualed as 

Si(O,W) = -21mD;(",,· + i'/') 11 ='0 ( 1,·,) 

L,i('2.,,/i + fm[['(IJ,~')) 

., 2 "2 1 
::-([.....2_ .....,-_". -neIl·(O.....,)! +['2~',/'+fmll'(O'_')I) 

(16) 

In writing ('CJII. (If;) all appropriate width (,/') is gin'lI to til<' bare phollolls !)\ r('pIMill!; 

w -+ (w + it/') which is independent of lelllpcratllre, Iksidl's, tlw illtl'ro1Ct:OIl of tlw 

phonolls with til(' char,!;e carriers provides ternperatlln: d"p"'llkllt shift illl,l width whi.-h 

are given by the real and imaginary parts of the resp"cti\',. pol~r;,.Hi"Il-;. T:le~.: shift 

and width of the frerl'll,'lIey of the phonolls with q=O. an: the obserl'able quantities ill 

the Raman measurelTICnts, In I these self energies are evaluated at zero ternpe"lture for 

the normal and the superconducting state. As cau be seen from eqns. (-17) and (~S) 

the self energies of the localised and the propagating phonons are proportional to the 

particle-particle and the particle· hole polarisabilities and arc gi\'en by 

21rg,n;xp - p (O,w), i = I 
nF'lo,") ~ { (-t7) 

21rgpw;X p-
h(O,w), 1= P 
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where the dimensionless coupling constants g, = (9'~)1 N(O)/n.) andgp = (92N(O)/w, 

, no and ",'0 being the frequencies of the localised and the propagating phonons and 

,x(O,w) =X(O,w)/(N(O)./4) (41 

The pair anu particle-hole polarisabilities in the normal and the superconducting st. 

ha\'l' Iw':n explicitly evaluated at finite temperatures in section 3 and 4. lIence the 

togdl\l:r with eqns. (·17) and (IS) when substituted into eqn.(,16) gi\'e the phon 

speel,al density fnnction. 

6 Results and Discussion 

Th.. st.,'lgr: is no\\' set to c,,!cu!att'lhe temperature dependence of the Raman intcnsit 

usin!!; l:'1us. (I) and (46.. IS). It is evident from cqn. (1) that the intensities p 

up wlltribllLions cOllliug from (i) the scattering by the chiHge carriers gi\'cn by I 

imi\ginary parls of LI,e polarisabilities and (ii) the scattering by the phonons given 

the phonon spectral density functions. In contrast, in paper I only the later cntribut 

was calculated at zero temperature and a constant intensity background was ad, 

by hand. The number of phonons observed in the Raman spectrum varies from' 

cuprate to another, in particular in the case of the 121 systems there appears til 

phonons as mentioned in the introduction. Since our aim is not to make a quanti tal 

comparision with the observed spectrum but only to explain its qualitative features, 

confine ourseh'es to the calculation of only two spectral density functions one for eitl 
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category namely the propagating and the localised phonons as was don\e also in I. It 

can be seen from the eqns. (19-22), (26-29) and (33·-10) for the polarisabilities in the 

normal and superconducting states as well as the eqn. (46) for the phonon spect~al 

density functions that the finite temperature results unlike the zcro temperature ones 

are independent of any cut·ofT frequency. This is a remarkable impro\'emcllt over the 

zero temperature calculation of I. 

It was pointed out in I that the modd for tlte correlated metallic statc and that for 

superconductivity arc \'alid only in the region of large dopant concentrations. Howcver, 

in principlc the results for tlte polarisahilitics presented in eqns.(S) and ('2.1) of this 

paper are valid in the entire dopa lit concelltration f('gion st.lrtillg [rom that of the loll' 

correspondillg to thc inslilatilig 11\'1l state to tl\(~ high COllc(~ntr.ltioIiS II'hl'H' thl' gmlllld 

slate is the correlated metallic statc. The only W.1Y we distingllish hctll'een them is by 

noting that in thc insulating st.lte the RVn gap exists all ol'er the r:'ermi sllriace, where 

as in the conelated metallic state it vanishes over large regions of the Fermi surfa,'c, 

existing only in small portions. This has been incorporated into' our calculation by 

rewriting the k-sums in the polarisabilities as ha\,jng two differentcontribut ions in the 

normal state as 

(·\9)L-+ L + L 
k'~R;o!O kd/l=O 

which is similar to the approximation introduced by Ililbro .lIll1 :-'·Ic:-'lillan [/.)1 for the 

case of chargc density wal'C slipercolHluctors. E'ln. (-I!J) is equivalent to hr".,king lip the 
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density of states at the Fermi level into two parts such that 
'".", 

.. .~~. 

~ ::' 
J; 

:,'" 

N(O) = NI(O) +N1 (0) (50) .. 

Where N , (0) is the free electron density of states at the Fermi level associated with the 

region where the RVIl gap D.R #- 0 and N1(0) is that for the region where the RVB 

gap tends to zcro. So that the polarisahilities will pick lip contributions comin& from 

(<..'/'2:J.n)l < 1 with a weight factor (N,(O)/N(O)) and another contributions com inK from 

(...;j'2.J.n)l » 1 with a weight factor (N1(0)/N(0)). i'\ote that the second contribution 

is actually thc polarisability of Ihe margill.ll r:'ermi liqllid st.lte as given byeqn. (23) for 

" 

the pair poliu'isahilty fUliction. In this schellll~ if -",(0) » .\')(0) it will correspond to 

the low dUl'ant or thc R\'1l insulator rcginlf~ and if -"~(O) :> > .\',(0) it will correspond 

to the correlated metallic state. Since the constant intcnsity background in the Raman 

spectrum arises from the polarisabilities, in principl,~ tlH~ present model predicts the 

existan«~()f the background intensity starting fl'Onl' the insulating to the Fermi liquid like 

metallic state as has actually been observed both in the 21·\ [61 and the 123 [.i! systems. "-,i.>'

HOlVel'"r, in the present calculation our main concern is the behaviour of the Raman 

spectrum in the correlated metallic state, therefore in all the numerical calculations we 

take NI(O) > N1(0) ([:\'1(0)/.\"(0)] = 0.7 and [X1(0)/;\'(0)] = 0.3). Moreo\'er in the 

calculation of the polarisabilities several constraints (such as (;,.'/2:)"R)1 > land < 1 and 

also (wI-IT) > land < I) are introduced, which requires a more careful analysis (16), in 

keq>jng track of the regions of validity of these constraints. 

:i~~ 
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The phonon-Raman scattering measurements are mostly confined to the analysis of 

the temperature dependent shift and width of the phonons. These quantities are ex­

pected to show different behaviour depending on whether thc phonon lies above or below 

the superconducting gap. An analysis based on the strong coupling theory by Zcycer 

and Zwicknagl [171 predicts that the phonon with frequency higher than the supercon­

ducting gap will undergo softening and broadening on lowering the temperature helow 

thc supcrconducting transition temperature (Te ). On th~ otherhand. a phonon wi:h 

frequcucy less than the supercouducting gap will sh,upen on going helo\\' (T). Thi~ is 

so simply because below (Te ) the density of states within the gap \',wishes and he~(e 

the width arising from the electron.phonon interaction is expectcd to vanish. Simi12,::y 

01\ opening the superconclucting gap the density of states just abo\',? the gil? incri~a..~c 

which will result in the broadening of the phonon lying above the gap. In contrast :0 

the strong coupling theory, the weak coupling analysis always precJicts the hardeni::g 

of the phonon frequency. The predictions of these theories are based on the fact t r::,t 

the phonon interacts with the charge carriers through the normal electron-pnonon :::1­

teraction, so that the phonon self energies involve only the electron-hole poluisabili;y. 

In contrast, the present theory has two different charge carrier-phonon couplings wh;(h 

involve the electron-hole as well as the pair pola-tisabilities for the self energies. H('!:(e 

the temperature dependence of the phonons in this case are expeted to he quite diffe:-­

ent even within a weak coupling theory. Therefore, an analysis of the phonon shift a=d 

~idth jn the present model is going to be important from the point of view of testieg 
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thc model. 

In all the numerical results the Raman intensities in arbitrary .units are plotte 

against the reduced frequency (w/wo)' W obeing the frequency of the propagating phonor 

Furthermore, the calculation involves several dimensionless parameters such as the rati 

of the frcqucncies of thc propagating and the localised phonons (wo/fla), the ratio of th 

phonon frequcncy to the normal state gap parameter (wo /2D.n), the width of the bar 
, 

phonons (T//fl o) and (TlP/C,;.",o) as \yell as the coupling constants for the phonon charg 

carrier interaction 91 and gp, besides thc ratio of the phonon frcquencies to the ten: 

perature ('J.:~;'IT), On going o\'(~r to the superconductillg sti\.te onc must add two mol' 

parameters to thc list corresponding to the sllperconclucling gap parameter (U:a/2!:!!.~ 

and the rat io lwt\\'('('ll I.ht· supcrconducting to the normal state gap parameters (2:../D.n: 

In all the calculations ill t.he supcrcollcJucting state it is usually assumed that the super 

conducli\·il.y appears O\'er the normal state gap, so that ~~ « il n. However, in all th 

calculatiolls the values of the three of these paramGters namely, the bare phonon width 

(TldOo) iln-d (rlp/wo) as well as the ratio betwecll hoth the phonon frequencies is kef­

flxcJ. The later is so chosen that the frequency of the localised phonon is twice that ( 

the propagating phonon (i.e; (wo/flo) = 0.5). The results pertaining to the variation ( 

the rest of the parameters are presented in Figs. (1-14). 
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6.1	 Raman Intensity in the Correlated Metallic State 

The variation of the Raman intensity with the variation of different parameters such 

as temperature (wo /4T), the normal state gap parameter (wo/26. R ) and both the cou­

pling constants 9/ and 9p are plotted in figs. 1-7. In all these plots, the coupling constant. 

frequency and the width of the localised phonon arc assumed to be larger than those of 

the propagating phonon. ~[oreover, the frequencies of both the phonons are taken to be 

less than the normal state gap parameter, as noted in every figure. Since the intensitit's 

arc plotted as iI. function of the reduced frequency, the peaks corresponding to propa!!at­

ing nnd localiseu phonons are expected to appear around (lJ.'/......?) = lallJ2 rt'~pccti\·dy. 

As mentioned earlier, the intensities in the normal state are obU\ined by suhstitllti"g 

eqns. (1!)-22). (26-20) and (I G) in eqn. (1). [nlookillg at the temperature dependence of 

the spectra, the high and the low temperature behaviour are plotted separately. In ra...-; 

in the low temperature region, the entire spectrum becomes temperature in(1ependc:<t 

as can be seen from the above equations. 

Fig. 1 shows the temperature dependence of the Haman intensity. The decreasing of 

the parameter (wo/4T) from O...l to 0.3 is equivalent to increasing temperature. There­

fore, with decreasing temperature the intensities of both the phonons decrease while 

their frequencies soften by a small amount. ~[oreover, both the phonons broaden with 

decreasing temperature. this effect being more noticeable for the localised phonon. Be­

sides, an increase in the intensity as the frequency tends to zero as well as a constant 

intensity background at high frequencies are features associated with the scattering by 
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the charge carriers. 

Figs. 2 and 3 shows the variation of the Raman intensity with the normal state gap 

parameter (Wo /2b.R), at high (w > 4T) and low (w < 4T) temperatures respectively. As 

the parameter increases from 0.25 to 0.35 for w < 4T and from 0.25 to O.~.j for w > 4T, 

the normal state gap increases. This feature can also be correlated to the variation of 

the dopant concentration in the sense that a decrease in 6.n amounts to an increase 

in the dopant concentration. As.can be seen from fig. 2 for w < 4T with increasing 

C:.1l, the intensities of both the phonons decrcase. But the localised phonon softens 

while th(~r(' is no chang\' in the fr('(I11('n~y of the propagating one. Associated with these 

effects is ;1. little broadening of bot.h the pholloll:;. For I.J.,' > ·IT. as can be seen from fig. 

:3, the constant intensity background extends upto very high frequency and decrca:ws 

slightly with decreasing 6. n . [n this plot. a discont.inuity appears around (",:/wo ) = ·1 

for the (;.4:/2::::'R) = 0.2 which mO\'es to lower frequencies with decreasing ~R. This is 

a sjgllat1H~ of the normal state gap. The intensity of the propagating mode decreases 

with inr-reasing Cln and the p~ak hroadens, while its frequency softens. Similar effects 

can also be seen in th(~ case of the localised mode. 

Figs"!- i depicts the variation of the intensities on varying the strength of the charge 

carrier-phonon interaction. Only one of the coupling constant is varied at a time and 

, the results for high and low temperatures are depicted separately. One general feature 

of all the cun'CS is that with increasing coupling constant the width of the corresponding 

phonon increases and the intensity decreases to the extent that beyond a certain value of 
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the coupling constant the phonon vanishes. Furthermore, with increasing the strength 

of the interaction phonon softens at high temperatures (figs. 4 and 6 ) while it hardens 

at 101V temperatures (figs. 5 and 7). It should be mentioned that the Raman intensities 

of the phonons are very sensitive to the values of the coupling constants. In the case of 

localised phonon howe\'er there is a marked increase in the background intensity at low 

, ­ freqnencies with decreasing coupling constants.'. ' 

,.... 

6.2 Raman Intensities in the Superconducting State 

Fignres 8·1,1 depict the Raman intensities in the snpercondlletin!l statl' correspo::d­
.' 

ing to thc variation of the tcmperature, till' supl'rcondllcting g"p par,'llleter an,j : ~_e 

coupling constants for thl' localis,:,l and the propagating [>llOnons as in the ,-,artier G'-.-e 

of the norll1al state. The only difference being the variation of the supcrcond:.lcting g~,? 

(il.,) in the present case compilred to that of the normal state gap (~Il) in :he ear:>r 

discussion. Since Cl., is always sll1i1l1er than ~n, the characteristic temperat:.lre dem?:­

keting the high and low temperature beha\'iour is much smaller. Hence the di;continu::y 

corresponding to the superconducting gap ah¥ays appear in both the high a::ld the 10'.\' 

temperature plots. Besides, the choice of the parameters is such that the irequenc:",s 

of the propagating and the localised phonons are below and above the superconduc:­

ing gap. A general feature in all these plots is that in the superconducting state. ti:e 

" ' constant intensity background is much smaller than in the correlated metallic state. 

Figure 8 shows that with decreasing temperature th~e frequency of the 10cali:'N 

36 

-, 
.<' 
~!! . 

Y 
~' 

'!' 
, -,- _._....-~~ _.... - .­

phonon hardens while its width increases and intensity decreases. The later conelu­

sions regarding the width and intensity hold good for the propagating phonon as well. 

But the frequency of the propagating phonon softens with decreasing temperature. 

With decreasing the superconducting gap the intensity of the localised phonon in­

creases and its frequency softens while the width decreases for the high temperature case 

as can be seen from fig. 9. The same conclusions also hold good for the propagating 

phonon al a lI1uch smaller scale. [n the low temperature case as can be seen from fig. 10 

the 10c,,1 mode softens drastically with decreasing Cl.,. Its intensity increases and width 

decreas.~s sli,llhtly. for the propagating phonon there is just an increase in intensity witt 

decr<'asin~ ~ •. 

'1'1", \'M;"I illll Ill' lilt' "I"mllll i II Ic.'I1 si ty. fn,qllcllcy and wid' h with \'arying couplill~ 

constallts arc~ depicted in figs. II-I-I. \\'it h increasing coupling constant the intensit) 

of the 1()(illi~..d nlOde deneases while its frcqucncy and width increases in both higt 

alld low tell1p"rature limits as can be seen from figs. \1 and-12. The behaviour for thl 

propagat ing phonon as dcpieted in figs. 13·\,1 shows a softening with increasing couplin! 

constant. This beha\'iour is in contrast with that of the normal state where both the 

propagating and the localised phonons soften at high temperature while they harden il 

the low temper~ture limit with increasing coupling constants. 

The behin-iour of the calculated Raman spectra discussed above shows qualitativ, 

similarity with detailed measurements carried out recently. As pointed out in the in 

troduction. these measurements have focussed their attention on mainly two differen 
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aspects namely (i) the variation of the continuum intensity with varying dopant concen­

tration [5, 6, 18] and (ii) the dopant concentration and temperature dependence of the 

shift and width of various phonons [4]. One of the important results from the former 

measurements on the continuum scattering seen in both La2_zSrzCuO.. [6] as well as in 

Y Ba'lCU307-1/ [5, 18] is that a background intensity has been observed in thc rangf~s of 

the dopant concentrations corresponding to the melallic, superconducting allli even in 

the insulating state. This led to the conclusion that the continuum intensity in dle metal-

lie and the insulating statcs may br. arising frol11 the free and localised ((lairs) charge 

carriers respectively, In tlte present caklllation. it is shown how the continuum intensity 

arises microscopically within the model of the correlated metallic state. Df'sidcs. at low 

dopant concentration the mOllel I)f'ill~ that of illl R\'B insulator. it contains Illcal pairs. 

the scattering from which can gi\'c rise to a constant intensity background. Thus the 

prcJictions of the theory is in agreement with the experimelltal r~sl1lts. The \'ariation 

of the intensity on going from metallic to sllpcrconducting state is also in qualitati\'c 

agreement with the Raman data. 

The second aspect namely the detailed obsen·ation. of the temperature dependent 

shift and width of the phonons in the 123 compound having different oxygen contents 

[4] also provides much useful information regarding the metallic and the superconducting 

states of the system. A detailed discussion of the experimental situation is presented in 

the introduction. In particular, the observation of the softening of the .jOOcm- 1 phonon 

below - SO[( in the deoxygcneted sample with a Tc of 60 K is very significant. On 

compMing wi th the behaviour of the 340cm-1 phonon which softens on going below the 

superconducting transition temperature of 93 K in samples with the oxygen content of 

6.93 or morc; one can conclude that there is a gap in the normal state. This observation 

fits in very nicely with our model of the correlated metallic state, where there exists 

a gap (.::In). In fact, it is clearly shown in figs.1-7 that thcre is a shift i~ frequency 

and change in width of both the categories of phonons in the normal state. The shift 

cOllld cOrJ'cspond to a softening or. hardening under various conditions while t~e change 

in width always corresponds to a broadening. The shift and change in width of of the 

phonons persist in the supcrconJucling state as well. Ilowew~r, in dilTercnt regjon.~ of 

tCJTlr)f'ratl1n~ this mayor may not agree with the observed behaviour in the normaI5tat~. 

FlIrtlll'rlllor('. from t hcobscl'\'cd ilssymmdl'y of the line sha[>(~s of the diIT('rent phonolls 

one (an dr;l\~' inference::; about the variation of the strength of intcrction of the phonons 

with the chargc carriers ill the system. The experimental results show that the 3~Ocm-1 

phonon hecomes more symmetric on going from oxygcnetcd to the deoxygeneted samples 

indica.ting that its coupling with charge carriers decreases on dcoxygenetion. On the 

otherhancl, the 500cm- J phonon becomes more assymmetric on going to deoxygeneted 

samples. This indicates that the coupling of the 500cm-1 mode with the charge carriers 

increases in'the deoxygeneted samples, while therc~erse is true for the 340cm-J phonon. 

Cornparision of the theory with the experimental facts is possible if we assign the local 

phonon to be the 500cm- 1 mode and the propagating phonon to be the 340cm-1 mode. 

Thus the features of the experimental Raman spectrum can be qualitatively understood. 
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Conclusion7 

The Raman intensities are calculated from first principles for the model of the corre­

lated metallic state and the superconducting state arising due to the bag mechanism as 

proposed in I. These models for the normal and the superconducting states are expected 

to represent the features of the cuprate superconductors in the large dopant concen­

tration range. The calculation sucessfully explains the constant intensity background 

arisillg due to the scattering by the charge carriers in the system. This r:ontinuulIl 

5cattering is proportional to the imaginary part of the polarisabilitit's. III t!w lilllit of 

vanishing of the normal state gap, the imaginary part of the pair polarisabilit:; function 

reproduces the marginal Fermi liquid behaviour. The phonon f('Spt)nSI' fll!;':lions arc 

calculated using these polarisabilitie5. The calculillecl shift in frc'que!lcy and trIP. chang!' 

in linewidth of the phonons show qualitative agreement with t.he experimental resulls. 

There havc been other attempts to calculate the continuum scattering by charge car­

riers 1I9}. In these calculations only the contribution of the electron·hole polarisability 

is taken into account, since the normal state is assumed to be that of a Fermi liquid. 

Thc imaginary part of the electron-hole polarisability is calculated for finite but small 

momentum transfers, by providing a phenomenological width to the plasmon peak as 

dictated by the marginal Fermi liquid theory. As a result, the plasmon peak broadens 

to resemble the continuum scattering, howe\'er beyond a certain cut-off value it de­

creases and goes to zero. The cut-off in this procedure enters through the width of the 

phenomenological marginal Fermi liquid theory. The essential difference between this 
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calculation and that of ours lies in the fact that the norma.l state in our theory is DC 

a Fermi liquid like metal but a correlated metal which has a built in gap due to qua 

particle pairs. Therefore the Raman scattering picks up contributions due to the pa 

fluctuation effects which is represented by the imaginary part of the pair polarisabilit 

Thus the scattering cross section acquires a finite value even at zero momentum transfe
 

,which will be strictly zero in the other theory {19].
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FIGUHE CAPTIONS: 

Figure 1: Raman intensity in the normal state as a function of the reduced frequency due 

to the variation in wo/4T for the case where the frequency is less than the temperature 

(w < "Tl. 

Figure 2: Raman intensity in the normal state as a function of the reduced frequency due 

to the variation in wo /2t!>n for the case where the frequency is less than the temperature 

(w < 11'). 

fignre :l: Ita man intensity in the normal state as a function of the reduced frequency 

Jill' to I.h" ,·ar.iation in ....·o/2:1f/ for the case where the frequency is greater than the 

telll!,,'ral.1Jrt' (....: > H'). 

Figure .~: Raman intensity in the normal state as a function of the reduced frequency 

due to the variation in 9/ for the case where the frequency is less than the temperature 

(:..' < ·IT). 

Figurl' ,'j: Raman intensity in the normal state as a function of the reduced frequency d.ue 

to the variation in 91 for the case where the frequency is greater than the temperature 

(w> 41'). 

Figure 6: Raman intensity in the normal state as a function of the reduced frequenc) 

! 
due to tl.e qriation in []p for the case where the frequency is less than the temperatun 

(w < 4T). 
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Figure 7: Raman intensity in the normal state as a function of the reduced frequency due 

to the variation in 9p for the case where the frequency is greater than the temperature 

(w> 4T). 

Figure 8: Raman intensity in the superconuucting state as a function of the reduced 

frequcncy due to the variation in wo /4T for the case where the frequency is less than 

the tempcraturc (w < <IT). 

Figurc 9: Raman intcnsity in the superconuucting stilte as a function of the reduced 

frequency duc to the variation in ""'0/21:::., for the r:ase where the frequency is less thall 

the temperature (w < ·11'). 

Figure 10: Raman intensity in the supcrconducting state as a function of the reduced 

frcquency due to the variation in wo /2b., for the case where the frequency is greater 

than the temperature (w > <iT). 

Figure 11: Raman intensity in the superconducting state as a function of the reduced 

frequency due to the variation in g/ for the case where the frequency is less than the 

temperature (w < 4T). 

Figure 12: Raman intensity in the superconducting state as a function of the reduced 

frequency due to the variation in 9/ for the case wherc the frequency is greater than the 

temperature (u: > 4T). 
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figure U: Hal\lall intemity in the supercollducting state as a function of the reuuced 

[retln('ne!" 1{1l(' to t!lt' variation in gp for the case whef(~ the fr(,(pleney is lc-ss than the 

tl'l1lpl'riltU((' (~. <IT). 

figure 1-1: Haman intensity ill the slIperconducting state as il. function of the reduced 

frl'qur.!1cy due U} the variation in !Jp for the case where the frequency is greater than the 

temperatur~ (w > ·~T). 
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