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:\I1STR.\CT 

:\ brief summary of ~orne of the prop,~rties of tIll! COPIH'r ox.ide superconductors 
is presented with I!lI\phaysis 011 the (\1I01l1a101l5 h.~h;1\·iollr of the Ramall scalter· 
int; e1ata. The tl~mpl'ratllre dep'~lIdencc of lhe Ibm;ln scallNin~ ero",s section is 
calculated from first principles assllmin~ that the normal state of these systems is 
a corrr.lated metal and that supl'rconlluctivity is described by the correlation hat; 
model. It was <!elllomtrated that the correlatell metallic state exhibits the mar~inal 

fermi liquid behaviollr. :\ lIew rne(hani~;rn of chart;.! carrier· phonon inlN:lcti[)n in· 
volving the decay of the phOIlOIl into a. quasiparticle pair. due to the breakint; of 
the local bonds in the normal state. is postulated and the phonon responsl! of the 
system is calculated. The temperature dependence of the phonon frelll/endes and 
their widths arising due to their self energies are shown to be strongly inrIuenceJ 
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 frclluencies and broadening of their 
peaks in the normal state, in qualitative agreement with the recent measurements. 

1. Introduction 

Since the discO\,'ery of high temperaturc sup<'rconducti\'ity by B,~dnorz and \Iiiller 
[lJ in Lat_rBa%CuO.. (the so called ~I·l :iystem with a transition temperature (T,) 0i 
- 35 (\), s\'eral other families of copper oxides .1nd ot her systems have been disco,'
ered. and the transiti()n temperature has b,'en rai~ctl to a hi~he~t oj IlJ'for the system 
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HgBa2Cazl'1t308+r (lIg-122:J). To make a. brief mention of these systems, among the 
copper oxides, there are the 123 system YBa2Cu30i-o with a Tc of 90 K, the Bismuth 
2212 and 2223 systems Bi 2Sr,CaCu20s. Bi,Sr2Ca2Cu30lO with Tc's of SO and 110 K and 
finally the families of thallium 2223 Le. TI,Ca2Ba2 CU3010 with the Tc of 125 K which 
were disco\'ered in quick succession. All the above mentioned cuprates are grouped as 
the hole-doped systems as the charge carriers in these are holes. The discO\'ery of these .~' 
cupl'ate sllp~rcondocturs broke the liquid nitrogen barrier. since they have Tc's above 
the liquid nit.rogen temperature. This development was followed by the discovery of yet 
Clnother system (Ndl-rCeJ:hCuO~ with a Tc 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 Tc superconductor. till superconductivity was found in 
the system Bal_rKrBi03 with a Tc~f ",:30 1\. Obviously this is a non-copper system and 
its properties differ consider.1bly fr m those o(the cuprates. The latest addition to the 
list of high temperature supercond ctors are the so called bucky ball superconductors 
or the alkali doped fullerides with Tc's of IS K for K3C60, 28 K for Rb3C6o and 33 K for 
Cs1 RbC.;o. Again these systems haf,'e 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 diat;rams. which depict the dilferent phascs of the material as a function of 
the dopant (onc~lIt ration (or equi val~ntly thc. oxygen content), Since all the cuprates 
ha.\"(~ similar phase diagrams. we discuss only the one for the 2l-! system which is depicted 
in Fi~. I. In the ligure the differcnt trClnsition temperatures a.re plotted as a function of 
the dopallt concentration .x. The pure matl~rial LazCuO.. (.x = 0) undergoes a structural 
cha.n!,,;e from thc tetragonal to the orthorhombic phase at a rather high temperature. 
On lowcrine; the tcmperature it becomes an antiferromagnet below the N~e1 temperature 
(T"v) of :3.')0 1\; and it is an inslIlator. ,~t the outset it is even difficult to understand 
why t.he pllre material is an insulator. On matrhin)!; the valcncl~ of the stoichiometric 
compound it is clear that copper exist.s in the Cu~+ state and has an atomic structure of 
31P. Since the d-shell can accomodate 10 electrons. 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. E"en if we try to refine the picture by 
takins into account the crystal field splitting of the d le\'el and so on. one still ends up 
with a half filled \'alence" band. which should be a metal. The only way that the system 
could Iwcomc an insulator is by invoking stro' g dectron correlations which will produce 
antiferrorn;l~netism (AF) in the system. and hereby split the half-filled band into two 
bands due to tlte doubling of thc periodicit~ This suggests that we have a strongly 
correlated system "at hand. which was first cognized by Anderson [2]. On dopins; 
the system, the Neel temperature decreases v :: rapidly. and the long range AF order 
\·anishes. ·.... nen the dopar:t t concentration :s of th vrder of J.n atomic per cent. On further 
dopin~ 'ber(' ~esults a disordered ma~ne!:L statl' ~ometim(~s denot.ed the spin-glass state. 
and the ~ys"r(';n continues to Iwa.n iusula:,)r. Of l":lrsC' dopitl~ creates holes ·.... hich are the 
cb.r:;c •.':1.1':-:,':-5 in the insulator. simply :)"C.1.U~" ::(' cli'''.1it'nt alkaline earth metal atom 
(B.1. or Sri rt'?bces the tri';alcnt La ;Ho:::. \\'he:~ ':;e dOr':l!l! concentration increasl's to 

,1,i)o\!t "j a.t ': t!w system undergoes ,1. tr~,:;~ition :':- 1:1 the :lI::uhtil:~ ~o the metallic state 
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and on lowering the temperature supNconductil"ity appears in the system. The insulator

metal transition is again belie\'ed to he a characteristic feature associated with strongly 

'.'''''' correlated charge carriers in the s}'stem. The SC transition temperature at first increases 
ft'-:: .i.· . , with %, reaches a saturation. then decreases. finally vanishing for r ::::: 0.3 as can be seen 
'.->', . ~.- I" 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 ~ r ~ 0.3. 
:: . where SC has been observed. the normal state corresponds to a bad metal. To distinguish 
;}.; ' .. , " between the good and the bad metallic states. the behaviour of the resistance as a 

:(\:1 '.' ' 'i, function of the temperature in the three different regious marked I. 2. 3 in the phase 
';Ito.. . .. ' diagram is shown schematically in the in:;et of fig, I. In the good met,'lllic region (:l) the 
:".1:.~.. :.; i'" resistance shows the expected linear tempernture dependence at high temperatures due

'OK ;.,:.:!< (to scattering by phonons. the tc'mperature independent behaviour at low temperatures 
~ }I' !'\~l .: corresponding to the residual resistance and Tl dependence in the intermediate region
.;"l .'!<H' corresponding to the scattering by Coulomb interaction. In r~!lion (I) the temper<ltureI;;....	 t,·,i :} dependence of the resist'lncc is typicalry that of a semiconductor, In contrast in the 

~;."'; region of bnd metal (2) thl! resistance sholl'S a linear temperature depenrlence from 
high down to th~ lowest temp,~ratures. This lillear temperature dependence hnppens,"

'.
~. 

to be a chancteristic fenture of ,111 r.he cuprate s~'stems nlld is believed to h,~ causerl bv 

." ." a mechnnism of scattcrin~ illtrinsic to rhes~ S\'stl~ms. :\ prop"r underst.llldill~ llf this 
'~ 
1':. ,	 !.", ,,'anomalolls tl:mpefiltllre dl~pl~nlleu...~tl" th,~ rt'sistanCl~ in the metallic state is rt'(o.;nize,l 

1:, '\.", to be the ke~' feature to a propn 11I1l1.~rstall,iill~of the mech.lnism of superconduni\'ity in :: 
~\'" 
~,).' k f!.', these srstems. This follows frolll a ratlll'r l:ni\·,~rsal thumb rule that bad meLlls an: good	 .~ 

.. 'III
l"'l.:': superconductors. 1;\ the conl'p,ntion.ll sllfll~:'conductors the resistance in the meLlllic state 

1 .tl-1J.,', is caused by phonons and so also is the m,'Chanism for superconductivity, So it is natural 
~ 

::so 
""~;lr to belie\'\! that in the cupratl~s, what~\'f'r causes the resist.lnce in the bad metallic state. 
•. should also be responsible for the llIed,.~nism of pairinr; of charge cotrriers and hence 

~ 

tSII 
superconductivity. It is not olily the resistance hut there are many other properties 

~ ., which show anomalous behaviour in tl'.e bad mctnllic state. 'One such property is the 
Raman scattering cross section, a clost' examination of which ren~als the nature of the;J 

~.'" . bad metallic state. 
In section 2 we discuss the intereitin~ feature of the Raman data and point out the 

4,"

f 
inferences that one can draw from it cegiHrling the normal as well the superconduetingr··!._to(: . state. An interpretation of the data n'.quires the calculation of the Raman scattering cross
 

tt'·· section. This in turn necessitates a node! for the normal as well as the superconducting
'V 
~	 states. Such a model has been develr.(led in [31. following the evolution of the system with
 

dopant concentration as gi\'cn by thd ph~e dingrarn, The essential features of the models
;~;.:. 
C/, for the normal and the superconc!l .ting ,tates will be discussed in section 1. Since in 

~ the!esystems the Raman SflcctnH ari~e; Jue to iCalterin~ hy char~e Guiers as wpll as 
'j 
~l-;. phonons: it will he import.lllt to klon' ho',\' rhe pilunnns couple to the (har~e rarriers. It 

was shwon earlier [31 that there.an two d:::,'~ent ;':.1\', in II'hicil ti:e phunons illter.lct with 
the ch'lr~e l."arril!t's in (he sysr.t~11 .\~:,i:: -hI: h,l:si,' :il(~l'it;Hlislib for ,11t~ f·il.lr~(' l':lrrier

phl>llon inter.lctiolls .lIlIi 111t~ uaLI 'C Ill' :1;,· :',iiC,rhll:' in rh.':,· '\'.",':TIS wiii !)I' I'p·,erltcd in 
section .1. allln~ wirh thl' 1':llnd, i.1II Ill' -;:-.' :)i;<lIl<lIl :·(·,P',I:-,' ,ll:,j rheir ,n,'<:tr.ll oIl.'nsity 
(unctiolls. Ihe I.llcr h"in:; rl\l~ \I"nriti," :::":"\I,"li ;11 ,I ILr:::.iJ ,~xp(~,in:"ll:. Fillilll\' 

section .j is devoted to a discussion of the results. 

2. The Raman Data 

Raman scattering [41 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 all 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 Hnrnan intensity is proportional to a thermal 
factor times the imaginary part of the polarizability al zero wave vector n(q = O,w) and 
~~~n~ . " 

I )-1I::::: (1 - e-' 1M 1m rl(q =O,w).	 (1) 

The hi;h ano low temperature beh.wiour of the thermal factor is 

I _ ~_'JoJ)-1 =:: { I for"J ~> T
(	 (2) 

, T/,,-' for "-'« T 

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

, followil\'; form 

50 for w» T 
Imn(q=O,w)= { 50(""'/T) for w«T (3) 

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. 161. Recently more careful analysis of the scattering intensity by charge carriers 
in the C:l5C of the (214) [71 and the (123) [SI systems has revealed that the intensity 
background persists even in the insulating as well as the highly doped good metallic 
states, 

(ii) lTsually at low frequencies the phonl,>n peaks ride over the constant intensity 
background of the Raman spectrum. The number of phonon peaks seen may differ form 
one Cllpr.lte to the other. In the (123) system [4] three prominent phonons having 
freque!1c:t's ,)i LUi. :)40 and ,50·1 cm- 1 have hee!'! observed (see Fig, 1) and identified to 
be ,~s~o(i:lt(',: '.vith the out of phase \'ibrations oi :he Sa. in plane Oxygen and the apex 
OX::::;'!!l ;110,::5. ~espt~ctil·,'I~'. Soine of these shol'o' -he Fano line shape indicating a strong 

cOll?iin~ 'u : ht> (hl\r:;~ carrie:'s ill the system. 
(iii' 0:1 !o\\'eri:l; the tem!)·~~ature hdow '.:;t> 'iIIperconductin,,; transition tempera, 

lu;c' :he ~ 16 ':::1- 1 phonon :iha"wns while the :;;'.l (m- I phonon shows nno;na!ulIs soit, 
'~I1:::'~ ·.... hi:t.· ::;5 ',';idth in(rca.s(1~ ..\11 the~(' fcal~::'?s again !t1dic:ttc a stron; c.:oupiin~ to 
tb~ (~.1r~e '::=-:l.!~S in the sup"~con,juctin~state ~~l:. 
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(iv) In the 5upp.rconducting state the constant background intensity is supprp.ssed 
at low freqllencies while it dcvelops a broad pe.,k with its maximum around 490 cm-I. 
The suppression of the intensity in the 101Y frequency region is interpreted as being d·ue 
to' the appearance of the superconduct ing gap. HOlI'evp.r. the slow linear rise of the 
intensity in this region also indicates the presence of a finite density of states inside the 
9uperconducting'gap. 

(v) The broad peaking of the backgrollnd intensity in the SC state is a puzzling 
feature, While some peaking is expected from the redistriblltion 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 1',Hying T< point to the fact that it may be 
a normal state feature. 

(vi) Recently the shift in the phollon fr('(p1t~ncy and change in their wiclth h"s been 
stlldied more carefully as a function of the oxygen content of the samplc [101: which 
shows the softcning of the high fre(plency mode at a temperature milch higher than T, 
in a low T< s.,mple lI'ith low oxygen content. This is indicatil'e of the pr('sence of ., g.lp 
even in the normal stat/' of the system..\ theoretic.l1 .lnal~·sis [t1J of all the~e pllzzlin~ 

featllrcs will throw light on thc natllre of the normal as well as the SC stiltes of the 
cuprates. 

In iI met.,1 norm.ll1y HillIlan SCillt/'rillt; proc('I'ds as follows: Th,' incid"llt photon 
excit,~s illI .dectron·Ilt)I,~ pair. whidl lill.llb· l'l~cOlllhil"'s 10 "mit th,: sl'att"f':d philion. 
Sinlldt.lIlCollsly. the tdectron .ll' h'II,: c:an ':mit 'lr ;\hsorh .1 pholl'ln b':C,l11;/' of till: '.·I,:.·tron· 
phonon interactioll ;I.S depict,'d in Fi~. 1;\ (L!I. Ih,\\·,:\·,:r. 011'" rill: !ero nlOnH~ntllm (q =1)\ 

phonons will t"ke pMt in the PI'O(I:SS h,:callS': 'If tIll: c:olb,-·f\·"tion of momentum. The 
q =0 phonon c.ln fllrlh.:r .1C'(l'lire ,1 .,,:If "ncr!;)' rill': to its (o'lplint; tl) the 'l'l;l~il'"rti"'es 

of the gronnrl st.lte of till: sySklll as shown in Fig. ·11>. Thlls the phonon re,pome 
of the system is cap"l>le of prol'idillt; inforl11aton about the grollnd st.lte. bec.ll1se of 
which n"man scattering C,ln be Sllccessiully nscd to prOOf: both thc normal as w('11 ,1..5 

the SC states as demonstrated in 1%0 [1:11 for tlw first time. The Raman intensity 

,;	 is proportional to the sum the imagin.1fy parts of the pol.1fizabilities and the phonon 
spcctral dcnsity functions. and is given by 

I::::: (I - e-'J~rl [~ lin \'( ...,) +~ IITlD'(O...... )]	 (41
:- "tIl 

"., 
where \i(w)'S MC the dilTerent rl.'sponse functions of the system and the phonon sp~ctral 

density fnnctions are the imaginilry pilrt5 of the phe,non Green's functions V'IO . ..:). Oh· 
viously the el·.llll.1tion of the rl.'sponsc functions \ ,(_.) .15 11',-11.'\$ the phonl'tl st'lf "II'~~~Y 

in th~ 1I0rm,,1 .1nd the ~(' :H.lle r/"l'lirl's prop"r 11I"';"ls fnl' 01:.",· ,UI,·,. 

3. The Correlated :'.let,1Ilic State and 5I1percondllc!i\'ity 

Th.~ m,·' "IIi,' Sl illt' in III" ClIpl'''l''' ,"..,j, ,'- I':·",::: . :1,'1 ,'1' . :;" \ F· :::.-111.:"1 "r ";1 : 1l"~I'.',

in~ tll(' dOPilll( l'OI1I'('l1tr:HitHL It "'":lS p •• ;::;,-" 11:11 :: :111' 1:;1 .j'!I';;'':: :!:.~l ILl' "!4'1','r:::' ..

of lhl.1 pUrt' ~~.. ..:tt,\fll ,'~11 hI' lllllll'r:,rdlllj '~',i'" ·.\·i;t':: :111' .. fl' :;:.= "~,,,,::.,:: l·or:-"~ .. :j,·,:t::- .::-1· 

tal,ell intI.) J((uI1Ul. ~iI~(t..: tht.::t..: ~\I'l~ !l::.:.i~:: ... :I:::"';:::'\~:)J( :::,'~:~::~j '.':i::~ t!:t.: .~c::ut1 r'~~,::~~ 
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place in the eUOl planes a realistic model for the cuprat should involve the orbitals of 
one eu and two a-atoms which constitute the unit cell i this plane. The CU d-orbitals 
are exp/,cted to exhibit strong correlations. If one takes Iy those orbitals which lie in 
the CUOl plane it will lead to a three or a five band mod [141. Howel'er, for simplcity 
we consider only the onc band Hubbard model. as the on appropriate to take care of 
strong correlations in the cuprates. The Hamiltonian for t Hubbard model is [15J 

1t = L tijC!~Cj~ +U L nit nil ,	 (5) 
iij,11 

where the symbols havp. thcir usual meaning. In the limit o~he intraatomic Coulomb 
repulsion L' -- 00. thc Hubbard Hamiltonian transforms into\he Heisenberg antiferro
magnetic /,xch;\nl;e interaction [16], given by 

1t = J I: (SiSj - ~ninj) • \	 (6) 
(i)) 

where th,- kincti~ (,xchallge integral J = 'lt l /U. This Hamilto~an describes the AF· 
insulatin; grollnd state of the pure system. On eloping, the long ange AF ordcr disap
pl'ars. gil'ing way to a disordered magnetic state. which could be th insulating resonating 
I'alence bond (IlVDl <;t"te dl'<;~rilwd by thc H.lmiltonia/1 [171 . 

1{ = -.J I: "~Jb'J . (i) 
('J) 

wh"re 

b!J = ).} (C~,C;I - "~lc;l) \ (S) 

is the ';al"n(e bond opt'rator. This is a <;pin liqnid like state consistin 
bour 5pin pairs. In the mean field approximation the Hamiltonian 0 qn. (7) can be 
dia~onalb'cl an'd be described' by a non'\'anishing value of the valenc bond order pa
ram/'ter ~ = (b1j ). At this stage becallsc of the prcsence of a small mber of holes 
in thc sy~tcm thcre can be charge and spin seperation and the eleme ryexcitations 
will be t.1l!! holons and thc spinons [lSI. However. because of the disord the states are 
lor.1Ii~('d :llId there is no possibility for thc charge transport in the syst . On further 
il1':~"Jsill~ :he dop.lnt cOllcentration the R\'S metallic state results. whi is described 
by the rne1n field Hamiltonian 

1tl) =	 -I'I: c1.c:, - J:J. I: (bij + bL) . (9) 
'J.~ (i.) 

/' ... ,iI:' ." j;li,'d h'"'PII1~ ;l1t.';:r.,1 '1mp"l 1 :111101.1 til I h,' 01"1'11:1 "1111('1':11 \ion. Th/' 
r.)fl"":;':". :::0iJji., hoks ill : !IlS ,t.lte ."il ,elf ,:ol:;IH"ntly gt'r1t'~;u,~ stron:; tlu nat:ons Ot 

;!:., '·,1;.·::·· 11.1 hl''';'.I1''· ni' he !'o'sli)iiit:. of "int:,1I1y hrl'akill:! 1r,d making t bonds as 
~hl' ::\):e,..: :~ fhc!"("!ort' !hc ilt)II~S ,'U':- ·~xpel';I'''': ',) (ollpk .. rlo::!:': with the! :::.1tions 

\);,':- '::v .' ..1 ;;,·!d [he :[1:1 ~;l.l.lh·'I1~ ':l tht~ ;'\~ ... ·::lt· ht)lId 11()1':':-.·Urs ,:.:11: ')f! ":t:.'!l .1S 

I{ =~ _.;,' ..	 (10\ 
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where b!j is the f1uctuatingPart of the operator. The interaction Hamiltonian is obtaine<.l 
by substituting eqn. (10) ~to eqn. (i) an<.l is gi\'en by 

;, 

t • •t )'H, = -J L (bi)bij +b,)bij	 (11) 
(i)) 

Tbe quanta of the nt!~ ations ol'er the mean field are just the collectiYe modes of the 
system describing the illations of the amplitll<le and the phase of the order parameter. 

-.~ . Hence the operators c responding to the nuctuations can be decomposed into bosonic 
1" 
.' 
.;. ,.	 anihilation and creati operators while the original val.:nce hand operOltors i\re expressed 

in terms of the hole a lilation and creation opeators using eqn. (8). Then the interaction 
Hamiltonian of eqn. 1) describes the iutcraction of quasiparticlc pairs with the bosonic 
degrees of freedom. his interaction gi"en by eqn. (11) togcther with the mean field 

I:,	 Hamiltonian of eqn (!J) will describe the correll//ed me/lillie stOlte as was first pointcd out 

'. 

I,:" in [31. The other ch acteristics of the correlated metal arc the following: (i) The presence 
or valence bonds i the met.,lIic stOlte opens up a gOlp over regions of the fcrmi snrface. 
With increasing pant concentration the gOlp region of the fermi surface decreases. .'.'! 

(ii) The element• .' excitations of the system are regular fermions carrying botll. spin 
.~ 

'and	 charge. (iii) he interOlction of e'fn. (II) will renorm.,lize thc Cf"Olsip,lrticies of the 
system. wllich I I .lU1Uil"l! :;elf .:IIt:r!lY CIUI' ll) the nuct ual i.lIIs. Tlw propilt:,'tor fo)[ the !.& 
qlll\llta of the II ·taalioll:; i:; th.: pair su:;cepribility fUllcti"u. This 100tll:r 'l'l.lntill· when 

~r.·	 ~ 

"alculalcd IIsin the mcan li.!!d lIamiltoni;\Il (!J) is gi"en by [ltJ 
-~ 

Z 
,P-P(() . ..J) =L I(;;k ~ /d tOlnh(JEk/:!l	 

_:u 
(I:ll .. 

k. l:k (,..:~ - .IL~) . 
r.l 

.3where 
~~ .	 :.1 

~, 1'11
/2	 (13)Ek= [(£k-Jd +~R 

All = -J .:]being the gap pOlrametcr of the metOlllic state. III the region of (w/:?.::ln)l > 1, 

y and temperature dependence of the imaginilrY part of '('-P(O,w) is given... 
J, ';..'~ 

. ::~'i.~ '; ~ .. 
x'-'(O,w) = _ :r:V(O) [( ...·/:?~R)~ _1]11Z {(Wj-lT) for w <.IT (H)_l .I (....j:.~~R) 1 for w >-tT
 

)r~' ~
 r .{:?i where :~o) is the density of slates al the Fermi t!nergy. In the limit of vanishing normal
 

!.:'" 

t. state gp (~R - 0\ cqn. (1·1\ redllces to 

'" 
! [\ ior	 _. < IT , . 1m ,?-"(Il._'1 = _ ;:-.V((r, r '-'

I ~ J I-,-t- for , IT 

".
\\'hic(is itil,!:tical ill !'mlll h) ,·qll.dl .1;:,: :. :1:,' \·,mll;t-!,,·i.lri,::lhilil\·_ 1'1:,':-":' --':. ·h.· 
f1uctJuitJlls ,ll'~r th.: IllC.lll ridol [l'llllrIll:lii.:.' ,!:t'. ;::.,,,i:l:tn i,':l" -.) that t1:.: 1I1.1r~!Il .. ; ; "~~11 

b.:h.:l\"ivllf is ~f·nt!r:\I\:ti. 1],·C.itl;:t· u~· ';:i~ i:~~' :::t'VI": ->( ::iL: (utTl'!.ll~ti :::I..'~:ii;:'." :L~:,! 
~"j. 

F·"-. 
, 

is capable of explaining many of the anomalous properties of the normal state of tbe 
cuprates. However, it should be pointed out that tbe marginal Fermi liquid like beha.viour 
is also generated in the nested Fermi liquid theory [191 as well as in theories with strong 
electron-phonon coupling [20J and those with Fermi liquids involving two-dimensional 
plasmon exchange [211. 

The density response function (particle-hole polarizability) for the correlated metal
lic state can also be calculated [3.1 q. This will contribute to the phonon response as well 
as to the scattering by the charge carriers. In the case of a normal Ferm'i liquid like metal, 
the density response function is given by the Lindhard function. For the calculation of 
the ROlman intensity we have to evaluate the imaginary part of the Lindhard function at 
q = 0; Olnd 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 = O. because of the 
presence of local pairs in the system. This contribution will be proprtional to the gap 
(~R) in the normal state and is given by [:l.ll] 

xp-h(O,w) ~ uh L tanh(JEk/2) (16)
k Ek( ..... l - 4E~) 

The ill\;\l~in.1TI· pMt of \p-h(O.(,:) will contrihute to the light scalterinl; hy charge cOlrriers. 
TIl<' l"IIII"'ro1turc .kp'·!H!cnce nf this '1";llllit.y for c1iffcrent r;,\Il~"s of frequency nre given 
below. For i..:!,2..J./d! > 1 

"_"(1) . __ 1f :V(O) 1 I {(<<..... /-In for (0.' <IT ( 17)
(Ill \ -' ~) -- ., (,...:/:l.::ln) [("-;:!~I!F - ljlll I for .... > 41' 

and' for ('..:/~~n)l < 1 

,-h _ N(O) 1 .
 
Imx· (O.w) - 4 [1- (""/2uRlzjln
 

. 1[I-(W/2~R)IP/2-11{(2.::lR/4T) for w < 4T 
(13)

In [I":" (",-;2.1 R)ljl/2 +1 1 for w> 4T 

Cnlike the pair polarizability (eqn. (l-t)). the imagi'nary pMI of the density response 
function vanishes in the limit of ~R -- °as can be seen from eqn. (If). However, for finile 
un. there 'sill 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. 

Wi'hin this mod!'1 of t.he c.orrclated met.,llic stale slIperc'Jnductin2; pairin2; of t:e 
'1t1.1sif):ntir:cs is generatctl by an clfectiv!' interac,ion mediat.:'': by the e:·:change of ;:e 
coih'::"" ;::o.;ps of the syst.em: iIS haS been show:l in detaii ::1 [:31. Suc~ a modei :iJr 
<\I:"',COl1,::: .. :i·:it\· is calkd Ihe <:orrr:IOllion bOl~ :T:C,j,·! whic:l is .~"sentially <iiclated by t:e 
lb:ll~1:) 1'1::., ::~(':11 inned itt ,h!~ illtrodtH::~l.'!!. T!tl.' :':~:lil.~:l!.hult~ ;!.nu th(! particlc-r>anic:e 
('lr i'"ir' :,.,i.,r:~abiliti,'s ill :h._· sllp.~rrol:':lIrtill~ ".H~ CI:l ,!iic. he calc:;iated [:l.ll; :0 
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compute the Raman intensities. 

4. The Charge Carrier-Phonon Interaction and the Phonon Resp.onse ··1 
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 contrihution
 
is proportional to its spectral density function i\S gi\"f!n hy eqn, (-I), and its evaluation
 
rtquires' the calculCltion of the phonon sl~lf energy. The phonon respollse of the system
 
will therefore depend on the nattlre of tire ch4lrge carrier-phonon interaction as well as
 

the ground state of the charge cariers in the system. Usually the displacements of the
 
ions (Ui) from the equilibrium position modulates the hopping integral t ,) in eCln. 0)
 
which gives rise to the normal electron-phonon interaction
 

'H~~" =9 L c!acJ"(u, - u J ), ( 19) 
(i.J) 

where i\ phonon decilys by creating ill1 df~ctroll-hole pair as shown in Fig. .h. The 
phonon self energy due to this process COllles from the density respollse functioll gi\'en 
byeqn. (16). On the other halld it WitS ar~lll~J in PI that the displacement of iOlls can 1 

;'l:!morlnlate the kinetic excham;c integral.!,} as well. which will give rise to the :\F magnan
phonon intcr:lction in the 1I11l1()p,~d iIlSIII"tillt; systl~rn. lIo\\'ever. on oopill~ the system. HI 

this interilction evol\"~5 with the increase in tlte dopant concentration as the grollllli state ''1 

·of the system cham;cs. In tlw disordcl'f'd lIIa~netic stilte. since the ground stat(~ is an j 

RVD insulator, this illtcr;\ctioll will I'orrc'ipond spinoll-pllOllon interaction. On further 
incrcasil1l; the dop",nt COIlt.:clltratioll ulle I:nds lip in the corrclat'ed metallic state. where 
the chargf~ carrier-phonon illtf~r,1ctioll d\ll~ 10 ,III.' modulation of J will essenti.tlly amollnt 
to the phonon crcatin~ or allihilatillg a p,\ir ;\s shown in Fig. 51>. and i~ gi\,pn hy 

'H~:!" =g'J L [",r}(tJ. - u J ) + h.c.) . (:~O I 
(i.JI 

The contribution of 'H~:!" to the phonon self energy, involves the pair correlation func
tion as given by eqn. (12). In the cOff('lateJ meta.llic state, both the mechanisms of 
interactions of ~qns. (10) and (:!O) will bl' in operation, since the system is descrihed by 
the Hamiltonian of ~qn. (9). Furthermore. it is worth pointing out that the interaction 
of eqn. (20) vanishes if ~ =0, i.e. if there are no local pairs present in the ground state: 
therefore. thi$ interaction is characteristic of the correlated metallic state alorie. 

H was pointed out in [:31 that there MC prop.1gatin~ as w~1I as localized phonons 
present in tht! system. The localized phonoll:; t\~ain o\\'e its origin to the e\'olution of the 
correlated metallic state (rom tht! Nee!\JI'(:ered state. The presence of .:'<'eel orderein; will 
doublt! the periodicity of the system whit":: will thereby prodllce neW phonon br:1.cncr,e:; 
Jut! to the hah'ing of the I3rillouin ZOIlI', Oil dV!lillo.; rhl' s:·~lt~m. the long r:1n~,.> nrr:t:>r 
\·t\nishes .1noJ .\ disorrlcrC'd rna2nt.,tic sr;d,' :-e";IIIt~, ·.\-hich in IlIrn is e:-:pl'cteo to 1\)('~li:.:' 

rhose' plllllh.lI hranchl's \\'hich l)ri~illall": :11,':,> :!\t, \"~I'I \lrr"'r. Tbis is srh,'m.1ric:lil:: 
dt'r>icr"d ill ri~. Ii. It i:, dll'1'!·(\,rt' "~:;-' ·:,ti .;:: .. : :!.,~ !<),·:di.:,·d ph'H10llS .;;i:j iilkr::c 
with i,he (':;:,r~,' (-,1r:-:,'r:: t!:r()lI:.dl rllt' ::: '::.:::>::: .1! "q:~. I'~I/, ';;iliie lht~ '1:·\):1;:~~t1::..: 

phUlhHl"'i1;,.,:,, ";IITi"r illl"r:ldillil i~ ,j,,'::.: .. I,·,j;", "0111. ,1'1" 

The Raman spectrum of the system will be dominated both by the propagating ~7 
and the localized phonons and requires the calculation of their propagators which are 
given by 

1
V~I(W) = (""'~) /7r) [w2 

_ w~12 - n(il(q,w)r , (21) 

where i = I. Pdenote the localized and the propagating modes. fili)(q, w) being their self 
energies arising out of the interactions 'H~~" with i = 2 and I, respectively. From the 
knowled~e of the polarizabilities the spectral density functions for the different phonons 
can be calculated, which are given by 

S(I)(O.u:) = -2ImV~~o(w + ir/) 
-2....:t2;...:7]i + ImITli)(O....:) 

(22)
7r (lu...2 - Wi2 - Ren<il(O ....... )]·l + [2:":7]i + hnfIlil(O,w)]l)
 

• 
where T]' are the intrinsic widths oE the phollons with frequency wi 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 

?-;,_,I :.11.l,)(\2 \-p-"(O.:...1) (or i = I 
(23)n('l(o.w)= ')_;, .Z\~l'-h(O;..:) for i=p{ 

•-":JP-O 

where the dimensionless coupling constants are 9/ = (9'~)2 .\"(0)/0o, 9" = 92 N(O)/",,'o; 
n,l and ....0) l)t'in~ the frequencies of the localiL:ed and propa~ating phonons and \(0 ......·) = 
\(O._'\/(:7SI01n). The pair and partile-hole polarizabilities are as given by eqns. (12) 
and (lIi). TIll' real part of these functions arc obtained from a I\ramers- Kronig analysis 
of the illl;\I~in,lrY parts Ill). 

5. Results and Discussion 

The Rama,n intensity and its temperature dependence in the correlated metallic 
state can be calculated now using cqns. (4), (22), (H) and (I i) in the range offrequencies 
(...'1~JI?)2 > 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 "nd the scattered photon comes from the recombination of the electron and 
hole or the making of the local pair. In calculating the intensity from eqn. (4) it is 
further ;'\ssumed that in the system under consideration there are only two phonons. 
or.e or thl~ I)rOpa~atin; anJ the other oi localizeci nature. Su :he total intensity arises 
from . !H. :'1:::1 t)i the imaginar:: part of ~::e two poiari::abiiit:C5 and the spectral density 
tU:1C :011~ ·li : he t'so pllUllons, Thl'r are ,;e\'t>rai ;nrameters '.I';::ch enter the calculation. 
e.~ .. -::L' ,-:..,) ,!imensionlc:,s cOll:,iin:; (o~st:mts for ~he- phonal:::, ~/ and g", their intrinsic 
',·;jd::::: n: ~.\ :\llJ',:' _',). the :::!tio Ii: .::~ phOl~(,:1 iref!,:'~::C:: '0 the norrr..d sta.te gOlp 

_',,, ·2~.,: . ;::' ::'.t it) oj : ::l~ t\','o :<1011011 :':"~:':I'lll::\;,:; _',,/ ~o1 ;"::li .:' ':ourse the :e~pl~r;).ture 

_d' ~:-. r::,::" 7' <ho·.·.. < :!l .... ";-,:::lrion ,::' '::L' !bl"-::::l iIlt<.'::::;·:: '::',h temper<:'~'Jre for !li~h 

;n 



'i 

temperatures w < -IT in the normal state, plotted as a function of the reduced frequency 
w/""o for a gi\'en 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 propagatingiand localized 
phonon peaks with decreasing temperature. in the normal state. In fact. as pointed 
out in the introduction. recent Raman measurements [IOJ does show the softening and 
broadening of some phonons in the normal state. F.igure 8 shows the same spectrum at 
low temperatures w > -IT. 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. InadditioD 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 stale 
can also be calculated. The details of this calculations are presented in [11]. 
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Figure -I: The process by which Raman scattcring?rocccd5 in a metal: (a I 0::t:' p:)v::'::l 
proce55. (b) probing the ground state through the ?honon self enNgy. 
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electron-phonon interaction and its contribution ,0 phonon self energy in :he \c;,::-::::, 
order, (b) the phonon interaction involving a local pair and its contribution ~o phor:.':::l
self energy. 
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