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Raman scattering in high To cuprates [1] shows several unusual features in the normal 
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A new kind of electron-phonon intera~tion for the high 1~ oxides besiues the 

usual ohe is proposed. This work which is motivated by the recent Raman data 

for Y BCO, supports the local pair model of superconductivity. The Sp-,,,l,..1 

densi.ty}unction for both the phonons are calculated in the normal state as well 

;u in the superconducting state. Finally, the Raman intensity is compu ted a"d 

the temperature dependence of the phonon frequency shift and the uncwhlth is 

compared in a qualitative way with the experimental results. 
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state as well as in the superconduding state. In the normal state, a rather large but 

constant background intensity has been observed at all frequencies up to the highest 

measllred one, which has been attributed to tbe scattering of the charge carriers in the 

1SyslPlll [21. Three prominent phollol1 peaks having fre'l"ellcie, of 1 lG<:JIl- , :1-10"111- 1 

and 50·!cm -, ride over the constant background intensity out of which some'show Fano 

line shape indicating a strong electron-phonon interaction in the system. On lo,,:ering 

the temperature below the superconducting transition temperature (Te), the constant 

".~ckgrolllld intensity is suppressed at low frequencies which may h.: a signature of an 

appearence of a superconducting gap in the system. Moreover, some of the phonons show 

. anomalolls softening but other hardens. It seems that the temperature dependence of 

the Halll;\ll ;tcti"" Illod"s in the lay..rcd cllprates are very milch sensitive to the oXY~f'n 

concentration (oS). Recently Ahendorf et al p] have studied the temperature dependence 

of the 340cm- 1 and 440cm- 1 
, 500cm- 1 phonolls in dilfc'rent crystals of Y Bu2CuJ05 

(6.7 :S 5 :S 7.0). From the measurement of the IhIlli'll shift, the linewidth and the 

Fano asymmetry parameter, they obsen'ed that the above two sets of phonons show 

alhlost opposite beha.viour to each other which of course, strongly depend on the doping 

concentration and hence it is argued that the 440cm- 1 and 500cm- 1 phonons interact 

with a dilTerent set of electrons than docs the 340crn- 1 phonon. 

A theoretical model for the normal state as well as the superconducting state is 

needed for an explanation of the Raman data. Unfortunately, at present time we are far 
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away from the proper understanding of the mechanism of high Tc superconductivity e\'en 

though many theoretical models have been proposed [41. However, due to the anomalous 

normal state properties it is believed that the usual BeS formalism may not be a good 

candidate to explain these materials. The observation of small coherence length indicates 

that the pairing of the charge carriers must be reasonably localised in the coordinate 

space [5). Of course, the possibilities for the scenario of superconductivity in the lay~red 

cuprates based on the local pair rather than the Cooper pair has already been Jisclls,eJ 

[6-14J. The normal state of the local pair superconductors is characterised by an interac­

lion of the local bosons with the conduction electrons. Superconductivity aplw,us here 

due to the bose condensation of the local pairs which may also induce Cooper pairing. 

The remarkable feature of the local pail superconductors is that it yields the anomalous 

polarisability in the normal state [151, similar to that of the phenomenological margi.,al 

Fermi liquid hypothesised by Varma et al [2]. 

In order to calculate the Raman scattering amplitude, it is necessary to e\'aluate the 

phonon response in the system which will depend on the coupling of phonons to tbe 

charge carriers. Being motivated by ,the recent Raman data for Y BCO [31 which of 

course favours the'local pair model of superconductivity, a new kind of electron-phonon 

interaction besides the usual one is proposed. In the usual case, phonon couples to tbe 

charge carrier density whereas in the present one it interacts with the charge carrier pairs 

in the normal state. Thus it is exp,ccted to modify the phonon spectrum in different 

ways since the self energy in both the cases will differ remarkably. The Hamiltonian for 

2 

such a coupled electron-phonon system in an ad hoc basis is given as 

H = Ho +H} +Hi (1 ) 

where 

"\"' t "\"' I t I "\"' n 2 t .2ifo = ~ lIcCk.:7CIc,a + LWqaq a q + L Hqa q a q (2 1 

Ie,a q q 

HI = 91 L ct+•.ockAa~ + a~/) (3 I 

lc,q,t7 

Hi = 92 L (CL1.0C~k,_o +C-k-q.-oCk,o)( a; 1- ":.q I) (1 

lc,q,t7 

cL(c•.o ) is the creation(annihilation) operator for an e1ectro'l with IIIOI\lI'lItIlIllC,ulC.i 

spin fT, tk is thesingle particle energy; a~': l(a:·2) are the q'h creation (annihilation' 

operators for phonon 1,2 with the frequencies W q and fl q respectively. Phonon 1 is the' 

propa~ating one as in the usual metals, 91 being its coupling strength whereas phonon 

2, we call it as local since it couples to the charge carrier pairs and its coupling is 9:· 

The derivation of such a kind of interaction Hamiltonian for phonons with the charge 

carriers in a correlated metallic state and the modification of the phonon spectrum is 

disrussed in an earlier paper [16]. 

Due to the appearence .of a normal state different from that oCthe Fermi liquid like 

metals as well as the interaction af local phonon with the charge carrier pairs, the usual 

phonon-Raman scattering process needs to be modified. Usually, the scattering of light 

[17] in normal metals proceeds as follows: The incident photon excites an electron-hole 

pair, which either emits or absorbs a phonon due to the electron-phonon interaction in 

the system. Finally, the electron and hole recombine giving rise to the scattered photons. 
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Therefore, in such a process the scattered intensity of the photon will be proportional 

to the sum of the imaginary part of the particle-hole polarisability and the phonon
"I 

-..,- speclra!',ftwity function. But in the present case the scenario is different due to the 

appearcnce of a different normal state which is characterised by local pairs. Therefore 

it makes the situation a bit more complicated. The incident photon besides exciting 

thc pMtick~hole pairs, can also brt'ak the local (lairs which I,\\"<'s rise to an alHHllalolj' 

polaris!~hility in the pMticle- particlc channel. .\1 "n'ow'r , this proc('ss will also couple to 

phonons il.S seen from c'In.(.I). Thlls in such .~ n,mnal stit/e, the Raman inknsity \\l1I 

.~c'lnire ;I.n additional contribution coming from th" SIIIII of th,' imaginary part of the p.,ir 

po);uis.~bility and the spectral density function for the local phonons. Thc expression 
I"'!' 

for the Raman intensity I( w) therefore bccomcs 

I(w) --(I + n(w))[-lm\p-h(O,w) - Im\'-'(O,w) + SI(O,w) + 5 2 (0,,,,')\ (j) 

where n(w) is the Bose factor, \p-h·p-p(O,w) being the normal state polarisabilities in 

the particl~hole and the partidle-p~rticle channel respectively and 51.2(0, "") arc the 

corresponding spcctr,~1 den~ity flllll·l.i,ltlS for th,' propagatillg alld th.' "lCit! ph""",,,. 111 

••hl.r"l. LhA ~pl'ctr ..1 rlt'n~Hy runction is related to the imaginl\t)' pal't of th .. 1'11;""":1 

Green's function D(O,w) as 

:, , S(O,w) == -2JmD(O,w). (6) 

Both the phonon Green's functions which involve the calculation of the phonon self 

.t 

energies can be evaluated with the help of the diagonal part of the Hamiltonian and the 

spectral density function is calculated. With the knowledge of the polarisabilities and 

the phonon spectral density functions in the normal state as well as the superconducting 

state, Raman intensity is computed in the low and high temperature limits. 

The basic feature observed in the Raman intensity from Figs.I-2 is the appearence 

of a constant background intensity in the normal state as well as thc sllperconducting 

stat(', which can be attributed to lhc scattcring of charge carricrs in the system since it 

is itn outcome of the polaris.~hility in the particle-particle channel ['2, 191. I\loreover, the 

prol'agal ing as w..ll as the local phonons rid .. over the hack~rolll\d intensity. As it can 

he s<,<,n from Figs.l(a,h)wbich is the Raman intensity of the normal state for the case 

"'. < T that there arc changes in the frequency as well as in the linewidth of the local 

phOIlOIl 011 varying the temperature. There arc almost no changes for the case of the 

propagi,ting phollon ill the normal state (the small changes seen in Fig.1 may be due to 

the interference of the local phonon) since its self energy in the lowest order vanishes for 

q --+ 0_ Of course, for convenience a phenomenological width (711, '12) has been provided 

to both the phonons in the normal state as well as in the superconducting state besides 

II", lli".111 i,l ",II' II" b ieh eClm"~ ont frolll till' illlil)!,inary p;ut of t h,' phollon s.,J f cnergies. On 

I'f'dild!i~ th" tl'llIpl'tnl.nrr. in tile norrl".1 $tl1l.e, the intf\n.it¥ of the IOl!l\ll'holloll decr"".." 

and its frequency hardens with broadening in the linewidth for the frequency or the local 

phonon equals the twice of the propagating one (flo = 2",,·,j(Fig.l(a)) but in the case 

where the local phonon frequency is half of the propagating one (wo == 2H o )(Fig.l(b)) it 
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softens with broadening in the linewidth. The softening which is in accordance with the 

experimental,observed spectrum [31 cou,ld be associated with the local lattice distortion 

due to the presence of the local pairs in the normal state. Of course, an appearence of 
~, ,.1':;t"""iI''''·~I' ·tV"" 'j ,,~ .~". 

a normal state gap in the spectrum can also provide an acconnt for the softening above 

TeIISI. ~Ioreover, the broadening in the linewidth is expected dne to the pair breakin~ 

in the normal stil.te sin('(~ the telllpnal.nre her(' williit' hi~h"r th.11l th .. ,nlH'rc(l!1dn<:lill~ 

gap energy (T > 26). 

In.gl:neral, the temperature dependpncl' uf the frequenci ..s and til<' linewidth, l)f 

the Raman acti~e modes can he accomplished by determining tbe phonon self elll'rgy 

changes that occur below the critical temperature. The imaginary part of the self energy 

is proportional to the phonon linewidth (or inverse lifetime) which is measured as a 

function of temperature. If .the phonon energy is less than the stlperconducting gap 

energy (flo,wo < 2tl), it can not decay by pair breaking since there will he a decrease 

in the number of available decay channels and thus a decrease in the linewidth. On 

the otherhand, if the phunon enrlgy is gf<'itkr than the gap energy (11 0 , ""0 > 2.:.'0.). it 

will be having sufficient energy to dissociate an elec~ron/hole pair and the number of 

possible decay ch~nnds <:an be increased, resulting in an increase in the linewidth. In 

a similar way. the real part of the self energy is proportional to the phonon energy 

and the superconductivity induced changes are dclermined from a measurement of the 

phonon frequency as a function of the temperature below Te . Qualitatively for phonon 

energy below or near the gap (flo,wo < 2.:.'0.), the electron-phonon interaction pushes the 

frequencies to smaller values which causes softening. On the contrary, for flo, W o > 2.:l. 

the frequency is expected to increase and hence it hardens. 

In the present case, it is observed that on reducing the temperature in the superCOll' 

ducting state, the frequency of the local phonon softens for W o < flo < 2tl (Fig.2(a)), 

whereas for 0 0 > ""0 > 2.3 (Fig.2(b)), it hardens without any softening/hardening 

ill tilt, 1" Dl','getting I'hOIlDIl. />lDI'l'()v('r, the lillewidth of th,· local as well a~ the prop· 

;,gatillg phonon, in hoth the cases broadens which accounts in favour of the heavily 

doped sallll'lc, of }' []C() by Altendurf et al [:31. On the otherhilllll, in th.· case wbere 

"':0 < :?.:l < 0 0 IFig.2(c)). both the phonons soften with broadening in the linewidth but 

for no < 2.:.'0. < _., (F'ig.2(d)), the frequency of the local phonon softens and that of the 

propagating one hardens with linewidth broadening, resulting in qualitative agreement 

with the experimentally observed spectrum [31 . .In fact, the role of the lattice anhar­

monicities can not be ruled out completely for the explanation of the unusual features 

seen in the Haman spectrum in high Tc oxides. Moreover, it is ob~erved from Figs.l-2 

that the spectrulll shows asymmetry line shape for both the phonons which is indicali\'e 

of a strong electron-phonon interaction in the system. This is in favour of the interac-. 

tion of the lo(al phonon with the charge carrier pairs as observed in Figs.l and 2 whose 

coupling is stronger than that of the propagating one. 

H"n'nt llall1~n mC'<1surements on the frequency shift and the linewillth in the high 

]~ oxides have been compared with the result of the strong coupling theory of Zeyher 

and ZwicknagJ(ZZ) [20]. It is estimated that the superconducting gap which is relati\'ely 
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large. increases from about 2Ll. = 5,H B T, to 2~ = 7.0k R T, for decre"sing tllf' OXyg":l 

concentration from 7.0 to 6.9 [31. In contrast. the present work which is r"ther 'luzcli· 

tati"e not quantitative, therefore the estimation of the superconducting g"p here is not 

feasible. Moreover, it differs from that of ZZ on the f"ct that the norm,,1 sL1te hell' is 

not the u~ual Fermi liquid a~ well as the presence of the two different killds of "kctr<ln· 

phonon interactions modify the phonon spectrum dilferently. which 'lu"liLlt.i\c!y agl"f'; 

with the experiment;L1ly obser\'ed spectrnm. [Jut to quantify it, 011" h"s to inch,oI,' th,' 

doping concentration as an explicit par~ltlleler in the theory to (arr:' out til" ILlIII,111 In· 

ten~ity, since the temperature dependence of the fre'lllency shift alld lhe linewidth of tlIP 

3'\OC/l1-1,440cm- 1 and 500cm- 1 phonons is quite sensiti\'e to the doping concentrat.iun. 
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FIGVIU: CAPTIONS 

Fi).';\IP· 1: Hall1iln Intensity in lhe normal stale itS a [unction o[ the reduced [requene: 

(a) 11" ~ 2_,,, and (1)) w" = :Zll". 

figll[l' 2: Ilaman Intensity in the superconducting state as a function of the redu,,:: 

[re"uew)': (a) ~'., < flo < 26, (h) no > W o > 26, (c) ""0 < 26 < no and (d) W o > 26 > 

no' 
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