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RAMAN SCATTERING IN HIGH-To SUPERCONDUCTORS 

Manuel CARDONA 

Max-Pianck-lnsti tut  ffir Festk6rperforschung, Heisenbergstr. 1, 7000 Stut tgart  80, Federal Republic of Germany 

The use of Raman Spectroscopy for the investigation and characterization of high T~ superconductors is reviewed. A parallel 
is drawn with some of the effects observed for conventional heavily doped semiconductors. Recent advances are discussed. 

1. INTRODUCTION 

Raman spectroscopy gained a prominent role in the in- 

vestigation of high T¢ superconductors (high Tc SC's) shortly 

after their discovery. L2 The initial work focussed on phonon 

eigenvectors, a and frequencies and their use for characteriz- 

ing isotopic subst i tu t ion)  Investigation of phonon anomalies 

at Tc followed. 4'5 The symmetry properties of Big phonons 

of Y-123 at ,,,340 cm -1 were used to identify single do- 

main single crystals, s An electronic scattering background, 

in which a gap opens below To, was also early discovered, s-9 

This background was shown to interfere coherently with the 

phonons, giving rise to Fano-type asymmetric Raman line- 

shapes, s Scattering by two magnons was also early identified 

in the insulating modifications of high T~ SC's. I°JI 

Recently, absolute scattering efficiencies Is of Y- 123 have 

been measured and compared favorably with results of LMTO 

LDA "ab initio" calculations of the Raman tensor, le These 

results have yielded quanti tat ive information on electron- 

phonon coupling constants which can also be obtained from 

the changes in the reap 3 and imaginary 14 parts of phonon 

self-energies (SE) at T¢. For tile Raman (and also Jr) phonons 

the electron-phonon coupling constants A are, at most, one- 

half of those required to explain 7'~'s higher than 77 K. 

These measurements also yield plausible values of the gap 

(2A _~ 5kT¢) and suggest the presence of more than one gap 

or a distribution of gaps around the Fermi surface (Y-12,t, 

Ref. 15). This can also be inferred from the electronic scat- 

tering background. Is Raman scattering also shows rather 

normal A's for the apical oxygen vibrations, Is a fact which 

speaks against a dominani, role in the high-7~ rnecimnism. 

Anomalies in Is  at T¢ have also been observed in Y- 124 's and 

Y- 123 lz and attributed to resonant scatterin,~ across ! he su- 

perconducting gap. Recently a controversy has arisen about 

whether in Y-123 the Bt9 phonons (3.10 cm - I  } sharpen Is't9 

or broaden TM below T~. This controversy has been solved: 

sharpening below Tc only happens in samples with strong 

substitutional doping into the Cu sites. 2° 

Scattering by strong coupled phonon-f-elcctron excita- 

tions (of the Nd-ion) has been reported in Nd-123. 2t'22 The 

dependence on temperature of the doublet observed has been 

related to occupation statistics of the f-electron crystal field 

levels. Another recent development is the obserx~tion of Jr- 

active (Raman forbidden) LO modes in the Raman spectra 

of YBa2CuaOe under strongly resonant conditions. They are 

believed to be "quadrupole allowed" by the strong Fr6hlich 

interaction which accompanies LO phonons. 

Several reviews of Raman scattering in high-T¢ SC's have 

appeared.23-2s 

2. ELECTRONIC SCATTERING 
Raman scatterin¢~ by free carriers has been extensively 

studied in heavily doped semiconductors. 29 3~ Free electrons 

couple to the scattering l lamiltonian through t h e / ~ - f  term 

( t i  = ~it, + ~is, the sum of the incident and scattered vector 

potenlials) in second ord~,r perturbation theory and the A 2 

term in first order. Away from resonances, and using the /~-f  

expression for tile free carrier effective mass, the scattering 

Hamiltonian becomes 29 

- 1 X s  (1)  AL " ~ • 
7"rt 

where m is the mass tensor of the carriers. If all these carri- 

ers have the same m Eq. (1) behaves as a longitudinal per- 

turbation inducing a charge density wave which is screened 

by lhe carriers. This result in the Stokes efficiency for a 

carrier concentration N per unit solid angle and unit path 

ieng, th: z~- 
2 )2 

l s ( f L q )  --- r ~z. " ~  
(2) 

hq:  
• (1 + T,(Q))- ~ -  lm dft 

where r0 = £2{moc2 (Thomson radius), f~ = ,zL - ~-'s is the 

Stokes shift n(f~)lhe corresponding Bose-Einstein factor and 

~(f~) the dielectric function, including free and bound carrier 
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FIGURE I 
Raman scattering by intervalley density fluctuations in n- 
type silicon fitted with Eq. (3). 3o 
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FIGURE 2 
Electronic Raman scattering of high-Tc superconductors fit- 
ted with Eqs. (3-6). s,as 

contributions. Equation (2) yields a peak at the screened 

free carrier plasma frequency fly and a vanishing scattering 

et~ciency for f / ~  0, ,,, 10 -s  times smalter than the observed 

one at ,,, 100 cm - I .  

The smallness of the I~ of Eq. (2) for ~v --, 0 is due to 

screening of the low frequency charge density fluctuations by 

the free carriers which lowers the coupling to Eq. (1). This 

screening can be prevented if the density fluctuations have 

zero charge and nevertheless couple to Eq. (1). This hap- 

pens in multicomponent carrier systems, e.g., if the various 

components have different mass tensors. A typical case is 

that of heavily doped Si (six equivalent valleys along (100)) 

or Ge ( four equivalent valleys along (I 1 l).  30'31 In these cases 

there are intervalle9 density fluc;uati,)ns with zero charge 

(charge increase in one valley - decrease in another) which 

are not screened. They scatter the light strongly at low fre- 

quencies if the various mass tensors referred to the same set 

of axes are very different. Such is the case of n-type Si and 

Ge: for Si, e.g., the mass tensors are uniaxial (roll = 0.9 rn0, 

ma. = 0.2 rao) and oriented orthogonally to each other for 

the various valleys. Thus the contributions of these valleys 

to Eq. (1) do not cancel even if the charge fluctuations do. 

Scattering by unscreened low frequency density fluctuations 

results, as shown in Fig. 1.3° The corresponding Stokes spec-  

tra  are well represented by (Fig. 1): 30-33 

Bf~r - I  
Is = (1 + n ( n ) )  ~ 2  + r - 2  

(3)  
Bf~r-I  

= (1 -I- n(fl)) f~2r 2 + 1 

where r -1 is the intervalley scattering time and: 

(I <1//l') B - he--~4 dN eL" - "es , (4) 
~rc 4 dEF 

(...) being the average over all valleys and EF the Fermi 

energy. The parameter  B is thus determined by the "fluc- 

tuations" of 7n over the Fermi surface. Note that  these fluc- 

tuations are suppressed (and the low frequency scattering 

eliminated) if all carriers are transferred to a single valley 

by application of uniaxial stress. 31 

In high-To SC's low frequency scattering much stronger 

than that  given by Eq. (2) is observed (Fig. 2). s-s It is 

reasonable to a t tempt  an explanation based on neutral car- 

rier density fluctuations related to mass fluctuations around 

the Fermi surface. 32 There are, however, two features which 

resist the fit to Eq. (3): 

1. Is is nearly independent of ft over a wide frequency 

range (it increases by less than a factor of 2 from -~ 

0.01 to 1 eV). This is contrary to the strong decrease 

with increasing ~ required by Eq. (3). 

2. Is is nearly independent of temperature.  This is con- 

trary to the dependence required by the Bose-Einstein 

factor and observed for n-Si and n-Ge. 3o'zl 

One can try to modify Eq. (3) in a phenomenological way 

so as to reproduce these features. 34 A microscopic derivation 

of this modification, based on the existence of large nesting 

parts of the Fermi surface, has been given. 35 It leads to a 
replacement o f t  -~ in Eq. (3) hy the frequency and temper- 

ature dependent 7-: 

r -~ = ,~- A/as  [1~1 + ~ ' T ]  (5)  

wbere a ~ 0.5 and 6/' ~, 3.5 (T in ,n i t s  of frequency). This 

r - t  corresponds to an imaginary part of the self-energy (SE) 

for electron-electron scattering in a "nesting" situation. The 
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FIGURE 3 
Difference in the electronic scattering of YBa2Cu3Os above 
and below T, for two different polarization configuratlons. 22 
These data  suggest the presence of two energy gaps. 

corresponding real part leads to a renormalization of Q2 in 

the denominator of Eq. (3) which must be multiplied by a 

frequency and temperature dependent effective mass: 

2o' ~'c 
m'(w,T.....~)rOo _ 1 + Ten Ma.r(-=-, Inl),Z'7 (6) 

with w~ a cutoff ~ 1 eV. Figure 2 shows a fit with Eqs. (5,6) 

to data  of Staufer et al.s using a ,as a fitting parameter. 

The fit above 800 cm - I  is excellent. It is also good between 

200 - 800 cm - t  if one removes the phonon structures. Tim 

divergence of the theory below ~ 200 cm -~, not observed 

experimentally, may be an artifact of the calculation. It 

would be of interest to calculate B from the mass fluctuation 

around the Fermi surface for a realistic band structure, to 

estimate from it with Eqs. (3 - 6) the absolute Is, and to 

compare it with experiments. 

The flat electronic continuum of tile type of Fig. 2 opens 

a gap below Tc which, as shown in Fig. 3 for YBa2CuaOs, 

is not sharp. BCS theory for spherical Fermi surfaces re- 

quires a sharp gap 2A " 3.5kT~ with zero scattered inten- 

sity below 2A. It is hard to decide experimentally whether 

inelastic scattering is present all the way down to ~ = 0 or a 

sharp cutoff takes place. Fano interference of the vibrations 

which correspond to the 115 cm -I  phonon ef YBa2CuaO7 
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FIGURE 4 
Raman spectra of intrinsic and heavily doped p-type Ge 
showing a broadening and softening due to electron-phonon 
interaction. ~ 

below Tc has been reported in Ref. 36. It indicates that at 

this frequency some coherent continuum Is is still available, 

in agreement with Fig. 3. It is hard to decide, however, 

whether the universally observed, "soft gap" ("pseudogap ") 

is an intrinsic property of !he high Tc SC's or is ra'her re- 

lated to material defects or tile presence of the surface. The 

fact that it is observed by many workers and for different 

samples may favor tile intrinsic nature. Ill any case. Fig. 3 

gives different vahles 2A (2At and 2A2) for x:r and yy po- 

larizations, averaging roughly Io the BUS value of 3.5 kTc!. 
This suggests variations of 2.X over the Fermi surface with 

stable points at 2A2 and 2Ai.37 

3. PIIONON ANOMALIES 

Effects of the electron-phonon interaction can be directly 

observed in the Raman spectra of phonons by doping con- 

ventional semiconductors. Results obtained for p-type Ge zs 

are shown in Fig. 4. The width of the phonon of the in- 

trinsic material, produced by anharmonic decay into two or 

more phonons, increases upon doping with Ga while its fre- 

quency decreases. This is interpreted as due to the SE of the 

phonons interacting with the holes in the valence band. The 

real part of this SE is responsible for the phonon softening 

while its imaginary part produces the broadening. The tat- 

ter is only non-zero when real electron (or hole) transitions 

can take place at the phonon frequency while the former. 

a softening, implies that more virtual transitions can take 

place above the phonon frequency than below. 

Similar effects exist in metals but it is not ea~sv to dis- 
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FIGURE 5 
Linewidth of the Raman c-stretching mode of the Olv  (api- 
cal) oxygen of YBa2Cua1607 and I)yBa2CualSOr 
showing the self-energy effect for T < To. 1G 
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FIGURE 6 
Linewidths (normalized to the calculated coupling constant 
A) of several 123 SC's versus phonon frequency34 

entangle them from elastic backgrounds because of the im- 

possibility of changing the carrier density. In high-To SC's 

changes in the real and imaginary parts of phonon SE's can 

be observed through the SC transition. 2.3J4q9 The real part 

of the SE reflects itself in a softening or hardening below T~, 

depending on whether the phonon lies below or above the 

gap. In the former case a sharpening occurs as real elec- 

tronic excitations available for the decay of the phonon are 

removed b._elow To. in the latter,  the density of such excita- 

tions increases at w = ft and so do the phonon widths. 

Figure 5 shows the increase in the linewidth found below 

T~ for the apical oxygen phonon (vibrations of Olv along 

c) of two 123-materials. Above Tc tile s tandard anharmonic 

broadening, fitted with the statistical factor A(1 +2n(f l /2)) ,  

is shown. That  increase indicates that  a gap exists at or 

below those vibrational frequencies, i.e. £ 480 cm-L  

A detailed analysis of the temperature dependence of 

the line width is shown in Fig. 6 for the ph,,nons which 

correspond to vibrations along c of the oxygens in the CuO2 

planes of many 123-materials. Two such Raman active pho- 

nons exist, a fully symmetric one at ,,, 440 cm -~ and an- 

other at ,,, 340 cm -1 with Big tetragonal symmetry. The 

fit of these da ta  to theory 39 yields 2A/kT~ " 5.0 and for 

the electron phonon coupling constant A ~ 0.5 (provided 

all phonons couple with the same strength.In). The broad- 

enings below T~ in Fig. 6 have been contested in Refs. 

18,19. The reason seems to be that  the samples in lsa° con- 

tained substi tutional impurities (Au, Th) which strongly af- 

fect the anisotropy of the gaps and change broadenings of 

the 340 cm - l  mode into sharpenings (Fig. 7). 20 

Not only the SE's exhibit anomalous behavior at T~ but 
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I.IGURE 7 
Linewidth 2-/ and frequ~,ncy shifts with T of tile BI9 (te- 
tragonal notation) phonons of YBa2Cua_=Au~Or for several 
values of z. With increasing x the effect on 3' evolves from 
a broadening to a sharpPning below 7~:. 2° 
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FIGURE 8 
Resonance profiles of several Raman l.honons in absolute 
Raman efficiency units, compared with LMTO calculations 
(also absolute!). The dashed lines represent cMculation for 
unmixed ionic motion modes while the solid lines represent 
fits with mode admixture. Note that 435 mode derives i~  
strength from the mode admixture while the 115 (Ba-like) 
and 150 cm -'l (Cu-like) modes seem to be unmixed? 2 

also the Is's: a sharp increase is usually found below Tc 

(sometimes a decrease, depending on phonon and tvg)? r'22 

This has also been interpreted as due to a resonance of the 

phonon frequency with the gap. tr'22 

4. RESONANT RAMAN PHENOMENA 

Is  depends strongly on laser frequency (Fig. 8) 2L4° and 

exhibits structures characteristic of resonances of ca L and/or 

ws with strong interband transitions. The resonance pro- 

files of Fig. 8 were calculated from ab initio LMTO band 

sirucLures by evaluam~g tlle '" .,. , _._:_ c . . . . .  - .t..~ ~_a its" i d i e l e ~ l . l i ~  l U l l L t l o n  g ~ ]  ( t l t ~  

derivative with respect, to the phonon coordinate. The agree- 

ment obtained between calculated and measured Is in ab.~o- 

lute units is remarkable. "Ib the best of our knowledge this 

is the first material with a unit cell of more than 2 atoms 

for which such theoretical work has been performed. The 

results give a lot of confidence in electron-phonon coupling 

constants obtained from band structure calculations. From 

this work information about the phonon eigenvectors can 
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FIGURE 9 
Resonant Raman spectra of YBa2Cu3Os showing Raman 
forbidden, ir-actlve LO modes (wavy arrows). :2 

be obtained. It was shown 12 that best agreement with the 

measured Raman prolil, is found for nearly pure Ba-modes 

(solid llne in Fig. 8) while the profiles of the Atg vibration 

of the plane oxygen r,,qui r(,s admixture of apical oxygens. 

Another interestil~g te~otiance phenomenon is the ap- 

pearance of Raman forbidden, ir-aIlowed phonons near res- 

onance in the non-superconducting mod;.fication of the 123- 

materials (YBa2Cu306). These modes are shown by wavy 

arrows in Fig. 9. They are interpreted as quadrupole al- 

lowed, induced by the FrShlich electron-phonon interaction. 41 

The observed peaks haxe been assigned to the LO compo- 

nents of vibrations perpendicular to c (E~, symmetry), since 

their frequencies agree with ir-reflectivity data. a2 Of the six 

modes of this symmetry four are seen in Fig. 9. They cor- 

respond to vibrations of tile yttrium (206 cm-l) ,  OIl.lII 

(266 cm - i ,  O1V (,117 cm-; )  and e l i  (645 cm :). 

The re,xmn why no Jr-active modes polarized along c 

(A2u) are observed is attributed to the large effective aiasses 

of electronic bands along this direction (the Fr6hlich scat- 

~ering amplitude is proportional to the difference of the in- 

verse effective masses of participathlg valence and conduc- 

tion bands along the polarization direction of the phonon ~3). 
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FIGURE 1o 
Mixed cfe-phonon coupled modes in the Raman spectra of 
NdBa2Cu3Or (160 and 1so isotopes). 2L22 

5. MIXED PHONON CRYSTAL-FIELD EXCITATIONS 
The rare earth ions of high-To SC's have, with the excep- 

tion of La and Y, strongly localized 4 f  electrons whose ionic 

levels are split by Coulomb interaction into many-electron 

angular momentum states. These states split further un- 

der the action of the rather low symmetry crystal field (e.g. 

D2h for NdBa2Cu307, D4h for the 06 modification). They 
are at least doubly (Kramers) degenerate if the number of 

f-electrons is odd, such as for Nd 3+ (3f-electrons). Tran- 
sitions between the crystal field ground state and excited 

states (cfe) have been observed by neutron scatteringJ 4'4s 

They are usually too weak to be seen in Raman scattering 

owing to the localized nature of the f-electrons. In some 

special cases, however, f-electron excitations are nearly de- 

generate with phonons of the same symmetry. Such is the 

case of NdBa2Cu3Or-6. A Big (tetragonal notation) crystal 

field excitation is nearly degenerate with the Big phonon, 

whose frequency lies slightly above that of the cfe for O 16 
and slightly below OIS. 2L22 Electron-phonon coupling pro- 

duces in this case a strong mi.,dng of the BI~ electronic and 

vibronic excitations, a doublet results with nearly equal mix- 

ture of both components. Both members of the doublet can 

thus be seen in the Raman spectra (Fig. 10), with the higher 

frequency component slightly stronger than the lower one 

for O ia and slightly weaker for O Is, as expected. Both com- 

ponents shift by half of the change in the square root of 

the O-mass when 0 la is replaced by O 18, owing to the fact 

that each component is only partially an O-vibration. With 

increasing temperature, the occupation of the crystal field 

levels changes, most consequential being the decrease of the 

population of the crystal field ground state. This results in 

an effective decrease of the coupling between phonons and 
cf levels 21'41 which is also displayed in Fig. I0. 
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