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Abstract 

The spectral densit~' function for the q = Q phonon he.ides Ihe u.ual '1 = 0 

Raman activr 1'10011011 i. falrulal ..,1 in a 11<,.1",1 ""'rllli li'!ui,1 lIo"or.v. It ha. 1..... 11 

shown that the phollon self· "" Ng)' in the later ca.e vanishes where as it gi\'l~s 

rise to a finite cOlltrihlllion ill th.. formN which i. 11,,"if,""'" ill thr I'articl.'-hole 

.'	 polarisability. The RalllO\n intensit)· is computed O\nd compared with the exp"ri­

mentally observed spectrlllll which slIccessfully explains the freqllenq softening of 

the 500cm- 1 phonon ill the deoxygenated sample of YIICO abO\'e the supercon­

ducting transition temperature. 

PACS numhcrs: 78.10.Erj 61.20.1<: i1A-S.L ..
 

Haman scallcring in high Tc oxides [II shows scveral unusual fcaturcs in the norma 

state as well as in the superconducling state. In the normal state, a. rather large bul 

constant background intcnsity which extends up to nearly I eV 121 has been observed 

This could bc attributed to the scallcring of the charge carriers in the systcm 131. More· 

O\'er, in the case of YBCO compound, some of the phonon peaks ride over the constant 

backgronnd intensity. These phonon peak~ show Fano line shapes indicating a. stron@ 

elcctron-phonon interaction in the system. Recently Altendorf et al 14J hav€.studied 

thc LCIIIJl,~ratlHe dcpcndcnce of ;J.IOCIII- 1 ami .!.10nll- l , 500clIl- 1 plJollons in different 

crystals of }.' O"-z{;1I30J (6.i ~ fJ ~ 7.0), which show unllSIl,11 hchavioul'. Below the su· 

1"'ITOII,hl<'l iug trallsition tClllpcrat mc (1~), thc :J IOclIl- 1 phouon sl,olVs so£Lcni ng where 

as I hc ,I'llJ,'II,-1 all" Lhe 500,./11-1 pllOlIons hardell ill oxygena Le,l s.1Il1plcs. Furt hermore, 

thc later phonons show softcning in lhe deoxygenated samples at temperaturcs which 

,ue w,,11 "hove thcir 1~'s, i.e., ill tl,,: 1I0... lIal state. Fmlll the IIl1'aSIlrCllwllt of the Haman 

shift. Lhc line width and the Fano asymmetry parameter in different samples of YBCO, 

t h"y ohs.... l'cd that the ahove two sd s of phollOns show ,1hnost opposite bchaviollr to 

c"d, other. This bchaviollr stl'OlIgly dCPl'II"S 011 thc t10pillg COllcclltration alld hcnce 

it is argllcd [-IJ-that the -1·lOcII,-1 and 500CII,-1 phOIlOIlS inLeract with a different set 01 

e1cctroll' than docs the ;]·10<:/11-1 pholloll. 

A thcoreLical model for the 1I0rmai sLate as well as the superconducling state is 

nceded for all explanation of thc Halllan data. IJllfortunately, .1t prescnttimc we are far 

away frolll the proper understanding of the high Tc superconductors even though many 
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theoretical models have becn proposed [51. Howcver, due to thc anomalouJ normal state 

properties, it is believed that the usual Fermi liquid may not be a good candidate to 

explain these materials. A spccific model which accounts for the anomalies of the normal 

state such as the flat behaviour in wand T of the Haman continuum [61, the resistivity 

[81 as well as the optical data [71 etc. assumes the electron-electron scattering in the 

" substantial region of the Fermi surface where it allows nestillg, i.e., the nested Fermi 

liquid (NFL) theory [SI. This is supported by the band theory calculations in the 123 

compound [91. The Hamiltonian which describes the ncsted Fermi liquid [81 is givcn by 

II. = L ~kCt..Ck .• +UL lIilll.1 (I) 
k•• 

where If > 0, dellotes til<: Oil site Coulomb repulsioll, CI..(Ck .• ) arc the creation (anni­

hilation) operators for an itinerant electron or hole withi"u a band ~k of width Wand 

~. = f. - JI. 

In thc case of (IUasi'llilltides Oil il Fenlli sUI·face tliat exiIJits lIestilig Le" (k ± (ktQ :::: 0, 

there exists an cxtended I'cgion of the phasc spacc which enhances the elcctron-electron 

cross section and also alters the COllstraints on the nlOmcntulIl integration, ultimately 

modifying the frequency and the temperature variation of quasi. particle life timc. This 

is obvious from the polarisahility in a nested' Fermi liquid which has the same form as 

that of the marginal Fcrmi liquid proposcd by Varma and his co-workers [3]. Deviations 

from perfectly parallel sections of the Fermi snrface will yiehl a cross over temperature 

T' below which ordinary Fermi liquid behaviour should sct in, tllll~ assuring a finite 
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quasi-particlc weight Zk at zero temperature. This may .1CCOUUt for thc cross over in 

resistivity from T to T1 seen in some of the high To compounds (10]. 

lu order to calculate tlie Haman scallering amplitude, it is necessary to evaluatelhe 
.:. ~·;·:i~,,~r:-:. 

pliOllOll response in the system which will depend on the coupling of phollons to the 

charge carriers. The Hamiltouiau for usual electron-phonon coupled systcm is given as 

"~-~-(2)'fl" = LWqUqtll q' 

If._ p =9 L cttq,.Ck .• (IIQ +a_/) (3) 
k.".o 

(L.t(<I.,) arc tlie ,/h creatioll (allllihilatioll) operators for phOllOll with the frequcncies 

W".'f I",ill~ it.' cOllplill!> to th,: ('har!>" ('arrier dClisity. 

I fsually, ill llonllalll ...tids th" s('aU"rillg of lil-\hl II tl pro... ',''', as f"lIows: '(II;~ tllci,l"llt 

photou ndles all electroll-hole pair, which cit her emits 01' ahsorhs a phonoll due ·t'O the 

clerlrou-ph"llOll illteraclioll ill th" syst"m. Filially, the de('troll and hole r<"coiiibill'c giv­

ing rise to the scallered phololls. III s1lch a pr'Kess the s(:altered illteusity of the photon 

will b,· I1roporlionallo the Slllll of the imaginary part of tile particle-hole polMisahility 

alld the pholloll spectral dl'lIsily fuuctiulI, both evaluated .,t If == 0 (Fig.l(a). Dllt in 

a nested Fl'I'mi liq.uid, o,'sidcs the q = 0 optic phonon there cxists an another one for 

q = Q which is Halllan active. The coupling of the later phonous to the charge carriers 

is "'IIIC "S thilt of tl ..: forllwr, I",t tl,e sdf,cller!>ies ill the two <;iIS':S (Ii/fcr rClnarkahly, 

This is ob\'iolJS due to the fact that thc momenta in e'ln.(:2·:J) takc an extra value Q 
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because of the Fermi slIl'fi\ce nestillg. lIelice the IIamiltonian for the coupled electron­

:< t· 
phonon system in a,.o,ested Fermi liquid is same as that of e1In.(2-3) when q is replaced

;,
 

J;·(t
 

by Q. Thus, in the present case, Raman intensity will acquire an a,lditional contribution 
.~ 

..~. 

cOlllin,; from the 511111 llf tl,,' illla/linilry part of the p.1rtirle·hllle polarisahility for q = Q 

1', 
and the spectral dellsity function for q = Q phonons (Fig,l(b)). 

, .(. 

~ ,.1,/. . For the evaluation of the phonon respollse of the system, one IIllist therefore consider 
"';1.'~'~~ .	 both types of phonons and calculate the self-ellergil:s they ac,(uire due to the interaction 

with the charge carriers pn:sent in the system, The phollon propagator is given as 

I 
D'I(w) = (w7/7r)l...} - w; - f1(q,wW	 (·1) 

whew II('I,w) is tl ... pholloll sdf "II''l'l\y ;,ri,,'s ,llIe 10 II", el,'dloll-pl""""1 iukractiolls. 

The phollon self-ell,'r/l}, is e,"alllillt'd with the 1",11' of the diilgllllall'art of the electrllllic 

Hamiltonian which yields 

fI(I/,"':) =~;;lw~ L < nktq > - < Ilk>	 (5) 
k.. W + (ktq - (k 

where < Ilk > is the Fermi-Dirac ,Iistl'ibntilln. This expression vanishes for q = 0 wliich 

implies tbat the partick~hole polarisahility \,P-~(q,w) for" = o also vanishes. On the 

other hand, for q =q plionolls, tlie self·energy exists. The imaginary part of the phonon 

self-energy in the later case is obtained by carrying ont the summation which yields 

.Jirg' N(D) w 
11lI1/(et,w) =-( )wbt.1nli(-:-;)	 (6)

wqll 

wh,'n: N(O) is the dellsity of Stilt"s ilt the Fel'lIIi level whi ..h is assllllled to he constant 

and ""Q being the freq\lelicy of the q = Q phonolls. This shows that the pi\rticle-hole 

polaris<~bility for q = Q case is similar to that of the marginal Fermi liquid which is 

gin'n as 

\ 
J 7rN(D) W 

Ifill \p- '((J,wl = -(~) tanh(,IT) (7) 

'1'1,,: w,,1 p"rt llf the phollOli sclf'I:lIcrgy is calculilted with the help of I\ralOers-l\ronig 

ClJltllysis. 

Ollr,' II", phOIlOIi sell' "~"'r~i,'s ill'" !;1I0WIl, th" <:r",:Il', fundiolls illldlll'lIre till: spec-

trill d':llsity fllndiulls Me ddclIl"lcd. The spedral density fUlictioli which is the imagi­

Il <II .I' 1';11\ "I' tl ... <:n"'II's I'IlLtiulI is !li\"II;1S 
I 

sloLI._.) = -U",O,,=tJIQI(w + il/tJ(Q))	 (8) 

:!-'t'I'n('.!-·I/O(QI + llIl\l(O(Q),w)) 
(9) 

.TI [_.~- ~'U(l}l~ ... '''.'II~- n, lI«lU)I ...Jlf I- 1:!~"/1I{11i I- l"dl(()((J),w)j') 

where '/lI(Q) arc the intrinsirl widths of the phllnons with frequencies Wo and WQ. Thus 

wil h tlll~ !;lIowlcdge of the p<llarisahililies andtlie phonon speelral density flillctions the 

ILllllan illknsit\· in a n,:s!.l) FeniJi li'l"id is cilknl<,lcd. The expressiolJ for the (Lllnan .	 I 
intensity I,..;) is gi\-cli by , 

1(_') - (I + lI(w))[-llfl\,·-I'(tI._·) -/III\)·-A(Q,.J) +S(O,w) +S'(Q,w)] (10) 
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where II(W) is the Bose f.1dor, \p-h(()((J),w) I>cillg the Jlolarisabilitics ill the particle-

hole challnel for if = 0 alld q = Q respectil'ely alld S(O(C)),w) are the corresponding 

spectral density fnnctions for Imtl. the phonolls, 

The dlilnge ill H,lIl1an illknsity .Inc to the I'ariation in pllOnon freljllency at different 

temperatures is depicted in Figs,~(a,b), The basic feature observed here is the appear­

ance of a constant backgrolllld intensity which can be attrihllted to the scattering of 

charge carriers in the system sillce it is all outcome of the particle-hole polarisahility 

due to nestillg of the Fermi surface. It should also I>e note,1 that both the phollolls 

ride over the hackground illtensity. As it can be seell frolll Figs.~(a,b) that there arc 

changes ill tlll~ fl't~CJuI!lIcy as well as ill the line width of the II = Q phollon on varying 

the klnlwratnl'<! I\'I,cl't~ as th,'l'<~ is no "hange for tile CaSl! of the 'I = II pllOnon. This 

is due to the fact that th" particie-hllie polarisal>ilil}' alill hellce the pholloll self·enqgy 

v'lIIisl ...s fllr '/ ;: 1I l"lt fllr,/ ;: (J it is linite. Of (,(lllr,,', an iutrinsic width ("uIGI) llils 

heeu prol'icl.~d to hoth tl ... pllOllllllS h"sid('s till' nalmal one whidl conll'S Ollt fl'OlTI the 
! 

imagillary part of the slM- t~nergies otherwise the II = 0 phon011 would have been ob­

served as a 6-fllllCtioli peak in the Raman spectra: On reducillg the temperature; the 

intensity of the q = Q phollon decreases and its freqnency hardens with broadening in , 

the lille width for (wq = :.!wu) (Fig.~(a)) hut ill the case where (wu = 2wQ)(Fig.2(b)) it 

sofl"lIs with i1gaill hroatl,'uing in tilt, lillt~ wi.llh. '~lle freqllency softening of the q = Q 
I 

i 
phonon is in aCflll'dilnCl' with the expcrilnClltally ohserl'l~,1 Spcctl'lIln (.1] which could be 

associated with the lIesting of the Fermi smface inthe high 1~ materials. 

In Il,is Idter, an atteillpt h<ls I"'''n made to explain the freqnency softening of the 

500CI/I- 1 phonon in the deoxygenated sample of YOCO, observed ill the normal state 

Haman slH'ctra (-11- It SCI~nIS that the nested Fermi liljnid theory sliccessflllly accounts for 

this oh"TI'iltion. This is .III<' 10 th"filcl that a hro,,,1 d"drollie (ontinllullI can,he derived 
'-'~""" 

in the frame work of the 1I10del. Also, many of the rare earth and tralisl[~:~'1l1s such 

as Dy, Er and Y which hal'e nested Fertni surface also show constant hackground jjltensity 

.-.. " 
-r', •. '.in tLe Hollllall spectra e.xperimelll,dly 11~1. 

Th.. Ill'sted Fertlli liquiciprop'>s,'d by Huvalds d al lSI, is valid ,It a telliperature which 

is hi~h<'l' I hiln twice of the SIl\\' JCIl\V gap. Therdor", since the validity criteria for the 

thcory as a fnnction of telllpcralnre and electron coupling snggest tllat the higher order 

rtll"ll'clitlll~ IUilY 1)(> pill'li"lIlarly iIlI!HH'(;t1ll ,i1t lo\\<' l('I1Jp(;r;llllrc Iwar t.lu~ plillSC lransitioll 

illslahilily. it requires further study in'view of the SDW jeo\V phases where 'one has 

consid"r"I,le Ferlll; surfM" Ul'Sliug, It is worth while to extend tllis analysis to more 

sophist;l',""o! cases Sill'll as the spin hag ('alnrlalious [1:11. lIolVev"r, the elcctroll-phonon 

fonplinl!; iii this C<lSC for q = (J lI'ili be .lilf"r"lIt frolllthe nSII,.lllne since it will he directly 

prll'"rlilln"llll lI((~SIlWIl '1)\\' gap II JI, Such l'ilknlal;ons ill" I'lJrl'l·lat.cd nlclallic state 

hal'" already heell carried ont in an earlier paper [liil. 

Adwmviedgelllellts: Thl' antl ... r \\'ollid like to tllilnk Prof. S. N, 1\,·IIl'ra for useful 

discussions. Part of this wOl'k was farrietl ont dllring author's participation in the 

~1;lIi'lI'orbltop on "Strl)ngly ('ol'l"lalo·,1 EII'l'tron SyslelUS V" (::!I .JUI((~· 0'1 Jnly '!J:I) at 

Inlpl'llatinn,t! Centre for Theoretical Physics, Trieste, Italy. 
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Figure 1: Feynman diagram for phonon-Raman scattering in a nested Fermi liquid. ;-1Wi 
;/ 

k+(q=o) 

Lowest order processes: (a) for q = 0 and (b) for q =Q. q:o q=o q=o 
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(d)Figure 2: Raman intensity in a nested Fermi liquid as a function of reduced frequency: 

(a) for WQ = 2wo and for Wo =2wQ: 
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