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We describe the results of electronic Raman-scattering experiments in differently doped single crystals of
YBa,Cu;04, « and BLSr,(Ca Y, ,)Cu,Og. The data in antiferromagnetic insulating samples suggest that at
least the low-energy parts of the spectra of metallic samples originate predominantly from excitations of free
carriers. We therefore propose an analysis of the data in terms of a memory function approach which has been
introduced earlier for the current response. Dynamical scattering IFétes= 1/7(») and mass-enhancement
factors 1+ \ (w) =m* (w)/m of the carriers are obtained. It is found that a strong polarization dependence of
the carrier lifetime develops towards low doping.Bg, (xy) symmetry selecting predominantly electrons
with momenta along the diagonals of the Gu@anes the Raman data compare well with the results obtained
from dc and dynamical transport. By, (x?—y?) symmetry projecting out momenta along the Cu-O bonds
the dc scattering rates of underdoped materials become temperature independent and considerably larger than
in B,y symmetry. This increasing anisotropy is accompanied by a loss of spectral weighyf aymmetry in
the range between the superconducting transitidn and a characteristic temperatdre of the order of room
temperature which compares well with the pseudogap temperature found in other experiments. The energy
range affected by the pseudogap is doping and temperature independent. The integrated spectral loss is ap-
proximately 25% in underdoped samples and becomes much weaker towards higher carrier concentration. In
underdoped samples, superconductivity-related features in the spectra can be observedgndymmetry.

The peak frequencies scale with. We do not find a direct relation between the pseudogap and the super-
conducting gap.

I. INTRODUCTION try properties->*114-1%i) The pseudogap is a signature of
the electronic interactions aboe but is not directly related

Cuprate systems show a unique doping-temperature phase the SC pairing correlations. Then it can show independent
diagram, and the normal metalliplC) and superconducting scaling behavior and energy scafé<® This means that the
(SO phases evolve from an antiferromagnd#d-) insulat-  relationship between the pseudogap and the superconducting
ing one upon increasing carrier concentration. For a widegyap and its evolution with doping is of particular importance
doping range AF fluctuations are observed in the NC and S@r the understanding of the cuprates.
states- > Especially at low doping, the normal state does not The underdoped range of the phase diagram is remarkable
behave like a simple metal, and two if not three temperatur@ot only because of the pseudogap but also for the increasing
ranges with qualitatively different properties have been idenanisotropy of the carrier properties in the normal state. This
tified below some 500 K. is consistently observed ik-sensitive experiments such as

One of these ranges exists between the superconductiramgle-resolved photoemission spectrosébgpRPES and
transition T, and a temperatur@* and is characterized by electronic Raman scatteriffef> (ERS even if the details of
the opening of a pseudogap which is well pronounced in theéhe interpretation are not completely clear yet. In order to
underdoped part of the phase diagram and disappears imderstand the anisotropy momentum-dependent electronic
overdoped samples>®>~*® Although the phenomenon has interactions are being considered. AF fluctuations, for in-
been investigated with various methods, the critical dopingstance, could lead to the observed characteristics as they are
for its disappearance is not clear at the moment. Consideringtrong at low doping and tend to disappear somewhere in the
its origin several aspects have been discussed without, howgo-called overdoped range. In an oversimplified but intuitive
ever, leading to a generally accepted picture. There are twaway the momentum dependence emerges directly if one re-
main directionsii) The pseudogap* is a precursor of su- calls that nearest- and next-nearest-neighbor spins are or-
perconductivity. Its characteristic energy is then expected talered in an AF and ferromagnetic way, respectively, in an
scale with the magnitude of the superconducting §aand  AF lattice. This basic idea and physically more elaborate
its momentum dependence should exhibit the same symmeersions of it have been worked out in some detatP At
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the same time the microscopic foundations such as Hubbargre €,(k). As outlined abovey, is often approximated by
andt-J models have been studied intensivEly? The nest-  the second derivative of the conduction band contracted with
ing properties of the Fermi surface can also lead to the obthe polarization vectorgeffective-mass approximatipnin
served phenomenolog. any casey, can be decomposed into its symmetry compo-

In the present situation it is not only important to comparenents ®{(k) whereL denotes the order of expansion and
theoretical predictions and experimental results but also tahere the symmetry is indexed y=B,4, B,g, A4, and
relate results from different experiments to each other. StartA,,. As the symmetries correspond to certain light polariza-
ing from a microscopical model the respective responsdions a relation between momentum and configuration space
functions can be calculated directly. In the case of Ramais established which allows one to weigh out different parts
scattering a modified density response function is to be desf the Fermi surface or of the Brillouin zone with different
termined which has been done explicitly only for a few spe-polarization combination®-3 Using this k resolution of
cial case€>3%3'However, the calculations become increas-ERS the anisotropy of the superconducting gafk) has
ingly complicated along with the complexity of the been studied in the cuprat&s.
electronic interactions studied. On the other hand, a more or Normal-state anisotropies were already inferred from ERS
less quantitative comparison of the results of different ex+esults a while agi without, however, mapping them onko
periments is practically impossible in this way. Therefore, itspace. The static lifetime as obtained from the Raman spectra
seems worthwhile to derive more commonly used functionsvas compared to ordinary transpdttMore recently, we
from the spectra instead. Such a procedure is standard imve investigated normal-state anisotropies systematically
infrared (IR) or optical spectroscopy. There, apart from thefor different doping levels in Bi- and Y-based compoutls.
conductivity, particle lifetimes(w,T) or scattering rate§ For momenta along the principal axgsarallel to the Cu-O
=1/ and mass-enhancement factors +X(w,T) bonds in the plangsas opposed to those parallel to the di-
=m*(w,T)/m, with m,, the band mass are derived from the agonals the quasiparticle lifetimes in the static limib (
reflectivity®? following the relaxation or memory function =0) seem to become extremely short in underdoped, still
approach proposed by @&e and Wifle.>® We will demon-  metallic, and SC samples. In contrast, there is almost no
strate in detail below that the method can be adapted for thanisotropy in the overdoped range. Independent of doping
analysis of the ERS data. We will apply it to our results andthe ERS data aB,; symmetry compare well with ordinary
utilize it even beyond a simple comparison of results fromtransport®
various experiments. It is important to note, however, that One purpose of the present paper is to extend the study to
the different methods cannot be expected to return identicdlnite energies and to derive dynamical scattering rates from
results for the quantities under consideration as they measutee Raman data. The range* 0 must be analyzed with even
different correlation functions. The interaction between amore care than the dc limit since in a Raman experiment
system and a certain experimental probe is described by theoupling to almost all excitations in a solid is possible. For a
vertex which can well have a nontrivial dependence on enderivation of the carrier dynamics other contributions such as
ergy, for example, due to renormalizatishand influence phonons or magnons must therefore be identified and even-
the response considerably. IR and Raman scattering are twaially be subtracted. Fortunately, selection rules and reso-
particle excitations beingessentially described by current- nance studies using various energies for excitation allow a
like and densitylike response functions. In most of the caseeelatively safe distinction. Nevertheless, we do not think we
the vertices can be expressed to a good approximation iare already in a position to subtract contributions coming
terms of the one-electron energies in the conduction banffom other than carrier excitations. We rather realize that
e(k) asj,xde(k)/dk, and 7(k)0<z926(k)/(9ka(9k/3, respec- carrier excitations dominate at low energies and will there-
tively. ARPES and electron tunneling spectra reflect the refore confine ourselves to the range up to 1000 &niThe
sponse of single-particle excitations. Therefore, only a qualimethod for the determination of dynamical properties will be
tative comparison can be achieved. Nevertheless, a betteerived in detail. We show that the influence of energies
understanding of the interrelation of the different experimendarger than 1000 cm* leads only to logarithmically small
tal methods is very useful as they are complementary irtorrections. The data for the scattering rate and the mass
many senses. They couple, for instance, to different excitarenormalization will be compared to the IR results. In addi-
tions and have different energy and momentum resolutiongion, we will calculate reflectivities for a few examples. A
A similar step in the direction we want to pursue here forcareful study of the dynamical response as a function of tem-
Raman scattering has recently been accomplished for thgerature allows us also to better understand the pseudogap
ARPES data in that the electron self-energyk,w) has state. As a result, we can extrapolate the normal-state behav-
been derived® ior observed af>T* to the range betweeh* andT. and

In ERS the energy resolution is fairly good and there isobtain a better estimate of the full influence of the pseudogap
also a limited momentum resolution. In addition, the densi-on the spectra as a function of temperature and doping. This,
tylike coherence factors in the superconducting state allovfinally, leads to a comparison of superconducting and
one to clearly distinguish between the occurrence of a gapseudogap states. We find clear indications for two different
and of phase coherence among the pairs. This leads to quasinergy scales.
tatively new conclusions in the analysis of the SC gap and The paper is organized as follows: In Secs. Il and Il
the pseudogap. The momentum resolution has its origin inletails of the samples and of the experiment, respectively,
thek dependence of the Raman vertgxwhich depends on will be described. The experimental results are compiled in
the polarizations of the incoming and scattered phot®ns Sec. IV where we focus on raw data only. The analysis in
ande® and, in the most general case, on the full band structerms of the memory function will be summarized in Sec.
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V A and described in more detail in the Appendix. In Sec.used. It has been shown for several compounds Thate-

V B dynamical scattering rates and mass renormalization fageends in a unique way on the effective dopipgas T.
tors will be derived from the data presented in Sec. IV using=TI®{ 1—82.6(p— 0.16)*].*° This relation is used to deter-
the method described in Sec. VA. The discussiBac. V) mine the respectivgp’s from the transition temperatures.
is split into four subsections. In Sec. VI A the derived quan-Gijven the uncertainty iff, and T the typical error for the
tities will be analyzed with respect to their low-frequency goping is Ap=0.01. The doping levelp for our (SC)
limits and to their symmetry dependence. They will be com-samples are then 0.0 (=57 K), 0.15 [.=92 K), 0.16
pared to results from other methods, specifically opticakt —90 K), 0.19 (.=81.6 K), and 0.23 T.=58 K).
transport, in Sec. VIB. The pseudogap and its relation to thehe doping level of the AF sample is close to zero but has
superconducting gap will be discussed in detail in Secs. VI Gyt peen determined independently. Theof the sample we
and VID, respectively. We present data for two groups Ofca|| optimally doped is smaller than that of the slightly un-
compounds and at least four doping levels for each one. Thgergoped one due to a higher degree of disorder. The in-

implications will be summarized in Sec. VII. crease with time of the maximally obtainalile is a gener-
ally observed phenomenon which can be traced back to an
Il. SAMPLES improved crystallographic structure and higher purity. There-

fore the samples are sometimes classified in “generations.”

The YBaCu;Og,, (Y123) crystals were grown in In this nomenclature the optimally doped sample comes from
Bazr0, crucibles’®* BaZrO; has been shown to be com- the second generatiom =90 K) while the slightly un-
pletely inert and to facilitate the preparation of samples withgerdoped one is out of the third generatig{'®*=93 K).
a purity of better than 99.995%. All crystals were postan-  gj2212 is not stable at the stoichiometric composition and
nealed in pure oxygen and quenched. Temperatures and OXsere is always excess Bi in the crystégpically Bi, ; in-
gen partial pressures were adjusted according to the calibraieaq of Bj),*64” which is found predominantly in the Ca
ton of Lindemer etal® The resulting oxygen (y) position. In addition, a small amount of Sr may be re-
concentrations were approximately 6.1, 6.5, 6.93, and verjjaced by Ca or Y. In general, it cannot be expected for
close to 7.0 for the samples we call AF insulating, under-gi2212 that a crystal quality comparable to the one of Y123
doped, optimally doped, and overdoped, respectively, in thes gptainable. By partially substituting Bi with Pb the modu-
following. The determination of the doping level through the 5151 along the crystallographio axis can be changed or
annealing conditions proved to be extremely reliable in Y123,en suppressed completéfyin the sample we used, the
with stoichiometric cation composition. Using nondestruc-| 5e pattern still showed an indication of a twofold symme-
tive methods the oxygen concentration cannot be measurgg, py it is reasonable to assume that the distortion is smaller
as precisely. There exists a relationship between the oXyg&Ran in Pb-free samples. If the doping is changed by varying
doping and the position of the Raman-active vibration of thepe oxygen content, the ratio of the metal atoms plays a

apex oxygen along the axis: For the metallic samples we crcial role for the stability, and underdoped material may
obtained 6.53, 6.93, and 6.96. Given the uncertainty of thgacome unstable and disintegrate.

Raman-based determination of approximatel§.05 the re-
sults must be considered consistent, and they show indepen-
dently that the oxygen content in the surface layer studied is
close or identical to the nominal one. In the AF sample the The experiments were performed in pseudo backscatter-
phonon could not be observed for the polarizations studiedng geometry with an angle of incidence close to 65° and the
The magnetically determined respectilg values (mid-  sample surface perpendicular to the crystallograghixis.
pointy and transition width$10%—-90% of the supercon- Due to the large real part of the refractive index<(2), the
ducting samples were 53.5 KAT =3 K), 91.5 K (AT, light propagates almost parallel to tleeaxis inside of the
=0.3 K), and 87.0 KAT,=1.0 K). TheT, of the under- sample. For the analysis of the scattered light we used a
doped sample when being illuminated by the laser shifts uplouble monochromator with single-channel detection. For
by several degrees. For the power and the exposure timgnstant slit width the resolution depends on the wavelength
used the saturation limit applies, and the acijais close to  of the scattered light. The slits were set at 5a@n; hence
60 K. the spectral resolution is approximately 10, 6, and 3~ tm
The Bi-based samples f8r, (CaY;_,)Cw,0g (Bi2212)  in the violet, the green, and the red range of the spectrum,
were prepared in ZrO crucibles. In crystals close to optimatespectively. All spectra are given in units of photon counts
doping (without Y or, equivalentlyx=1 and appropriately per secondcps and are proportional to the cross section.
adjusted oxygen contenthe resistively measured, was  They are corrected for the sensitivity of the instrument but
generally above 90 K witiA\T,<2 K. According to trans- not for the frequency dependence of the optical constants.
port and Raman results the sample with=92 K is slightly =~ However,n andk do not change by more than a few percent
underdoped. If C& is replaced by ¥*, holes in the Cu@ in the region of interest® For excitation an Af laser was
planes are filled in and is reduced. The samples we used used, and for most of the experiments the line at 458 nm was
contained 38% Y and 100% Y, respectively. The superconselected. In a few cases the lines at 476 and 514 nm were
ducting samplg38% Y) was well in the underdoped range used. In order to keep the laser-induced heating low (5 K
of the phase diagram withB, of 57 K (AT,=5 K).Over- <AT<15 K typically) the power was set between 1 and
doping was achieved by annealing the crystals in oxygen a4 mW depending on the thermal conductivity of the sample.
the appropriate partial pressure resultingTigis of 81.6 K The actualAT and hence the spot temperature were deter-
(AT.=0.5 K) and 58 K AT.=5 K) for the samples we mined in any individual case via the ratio of the Stokes to the

IIl. EXPERIMENT
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anti-Stokes intensity. Energy gain and loss spectra fit very 40— 1 T
well. Therefore, in addition to a well-defined measuring tem- ]
perature, we have strong experimental support for the 3.0
fluctuation-dissipation theorem to apply. The beam was fo-
cused to a spot of approximately 8250 wm?. The polar- 2.0
izations of the incoming and outgoing photons were always
parallel to the planes. The coordinate system is locked to the
Cu-O bonds withx=[100], x"=[110], etc. All symmetries
refer to a tetragonal point grou,4 andB,, excitations can
be projected out separately wikly’ andxy polarizations,
respectively. Excitations transforming As, cannot be ac-
cessed independently. All configurations with the incoming
and the outgoing photon polarizations being parallel project
out theA,4 contribution with angle-dependeBtadmixtures
which have to be subtracted accordingly. Typically, one uses
xx—x"y" andx’x’ —xy. As described in detail in other pub-
lications there exists a relationship between electronic mo-
menta and light polarizations through the symmetry proper-
ties of the Raman vertex: AB;; and B,y symmetry [ m i
electrons with momenta along the principal axes and the di- 10 | _
agonals, respectively, are weighed out predominafitly. r :T_»:
one is interested in sorting out contributions which transform [ orrson P
like A, it is necessary to use circularly polarized light in | T,=87K B
addition to the linear polarization$:>! o) B
The samples are mounted on the cold finger of a He flow 0 100 200 300
cryostat with the temperature adjustable between 1.5 and Temperature T (K)
330 K. The vacuum the sample surface is exposed to is

pum_ped cryogenically and is bettgr than £ambar. For re- 800-1000 cm') for differently doped Y123 aB,, symmetry as
moving surface layers accumulating at low temperature thg fnstion of temperature. The size of the dots approximately rep-

sample is heated to 250 K once a week. Then the experimeRssents the statistical error. The shaded area is the variance of the
tal conditions are stable and the spectra are fully reproduca\,erage_

ible. As a general feature in the cuprates the scattering inten-

sity at iw>kgT becomes constant. In Fig. 1 we plot the y123(7.0) and some are left over in Y1280).

average intensity between 800 and 1000~ ¢rfcorrespond- There are several new features of the continuum which
ing to 1100-1400 K A variation within=7% of the mean have not yet been shown or discussed in previous publica-
value is found. Obviously, there is no systematic dependencgons. Particular attention should be paid to the AF insulating
on temperature. This is confirmed by linear regression analysampleFigs. 2a), 2(d), and Zg)] where all intensities of the
sis which produces the horizontal lines shown in the figures¢ontinuum are generally smaller than in the metallic crystals;
they are not the ordinary average of the data. The statisticahe B, intensity vanishes almost completely. At present it is
scatter of the data comes from several sources which canngbt clear whether or not the residual 0.5 photon counts per
be controlled sufficiently including the influence of adsorbedsecond and mW are intrinsic or due to surface degradation or
surface layers. Since there is no trend, it is safe to assumgntamination. A similar intensity is also found in the super-
that the overall sensitivity varies accordingly without exhib- conducting state at very low frequency at all doping levels
iting a spectral dependence. To correct for those small variasee Fig. 7 below The cross section a8y, symmetry is
tions all spectra shown below are adjusted to the mean valugigher by a factor of 3, but once again approximately the
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FIG. 1. Average intensities in the constant part of the spectra

by a multiplicative constant between 0.75 and 1.25. same residual intensity is found in superconducting samples
close to optimal dopingdsee Ref. 58 It seems, however,
V. RESULTS qualitatively clear that at least thi&, intensity is very close

to zero in undoped samples. This is plausible sinceBhe

Figure 2 shows a compilation of Raman results in Y123 atthannel apparently samples the carriers at all doping levels
three doping levels, close to 6.0, 6.5, and 7.0. The pure synstudied®®?® The intensities we found for the undoped
metry components are plotted in order to specifically clarifysample are also considerably smaller than those observed by
the role of theA;; symmetry. As a consistency check the Katsufuji et al>* for comparable La ,Sr,CuQ, (LSCO).
differencesxx—x'y’ and x’'x’ —xy can be compared. The The difference between Y1285 and Y1237.0) is, to
observed phonon lines are in complete agreement with theithin the experimental error, the same as already found ear-
published literaturé>%2 The high intensity ratio of the lier by Chen and co-workers.
phonons to the continuum independently proves the very To make things more quantitative we will focus on those
high crystal quality. The line at approximately 585 ¢hn parts of the spectra which are not subject to trivial changes
which is induced by disorder in the chals?is present in  due to the thermal Bose-Einstein function, i.e., on the energy
all samples, even in the undoped and the fully doped onesangeZ w>kgT. As demonstrated in the experimental sec-
This means that a few oxygen atoms are still missing intion (Fig. 1) the intensity between 800 and 1000 chdoes
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FIG. 2. Compilation of Raman results for Y123 at characteristic doping levels. Shown are the pure symmetries as indicated in the figure.

In order to demonstrate the reliability of the subtraction procedure which is required to obtaiipuree show bothxx—x'y’ and
x'x"—xy. Except for the overdoped samp{@ with the strongest orthorhombic distortion the discrepancies are of the order of the
experimental error. In the overdoped sample, although twinned, there is preferential orientation.

not depend on temperature below 300 K in a systematicalveen 800 and 1000 cmt (Fig. 3). The B, intensity de-
fashion. For the study of the doping dependences of the increases continuously upon the reduction of carriers while a
tensities at the three main polarizations we will thereforeying of kink is found for bothA,, andB,, symmetry. More-
compare the average scattering cross sections measured Bger theB,4 intensity is peaked at an oxygen content of 6.5

in Y123 [Fig. 3(@] and close to optimal doping in Bi2212

15 YB 'C o AL LA [Fig. 3b)]. In this context, it should be mentioned that the
BN on ﬂ“é @ optical constants for visible light depend only weakly on
10 - ——B, o doping?® and the internal cross section is expected to vary

by less than a factor of 2 when changing the oxygen content
from 6.0 to 7.0 in Y123. We did not correct the spectra for
the change of the optical constants. Nevertheless, trivial ef-
fects such as an increase of the intensity on doping can be
excluded as the variation of the cross section is monotonous
only in the B, symmetry but exhibits a maximum at 0.1
<p<0.15 for theB,4 channel. If theB,4 and theB,, inten-
sities are added the doping dependence of the sum is very
similar to that inA;, symmetry. This is noteworthy since at
lowest order the variation of the magnitude of #hg, vertex

Intensity at 800 cm™ (cps/mW)
o

[\

5 on the Fermi surface resembles closely that of the sum of the
B,y and B4 vertices. The results in Bi2212 are similar to

(1) EFEFEFIFL. S I IS A those described for Y123. The advantage here is that we

025 0 005 01 015 02 025 have also data for strong overdoping. The ratio ofBhg to

Doping level p (holes/CuG,) the B, intensity has been studied in great detail in LSCO by

FIG. 3. Average intensities in the frequency- and temperaturel\Iaeml etal”and is found to be in full agreement with the

independent part of the spectra (800—1000~ &for differenty ~ data presented here. o
doped Y123a) and Bi2212(b) as a function of symmetry. In Y123  For a clarification of the nature of the excitations it is
(@), A4 is apparently the direct sum &, + B,,. The Bi2212  instructive to study an extended energy rarigig, spectra of
samples come from different sources and “generations;” hencdlifferently doped Y123 are plotted in Fig. 4. As we have
there is more uncertainty in the data. The qualitative behavior suchlready seen in Fig. 2 the spectra are almost constant in the
as the maximum iB,, symmetry is reproducible. low-energy part. Between 1000 and 2000 Cnthe slope
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changes and the cross section starts to increase substantialtyprates the origin of all contributions must be clarified. It
The same trend is found for tH&;; symmetry where scat- seems, however, safe to attribute the low-energy part of the
tering from two-magnon excitations is superimposed on thdB,, continuum to scattering from carriers as already shown
linear continuum at all doping levels”*®In contrast, infA;,  earlief*® and to neglect an interaction with other contribu-
symmetry the intensity at high energy transfers decrease#ns such as spin excitations. In the following we will there-
continuously and extrapolates to zero between 10000 anfbre assume theB,y continuum for energies below
12000 cm?! as already observed a while ago in 1000 cm! to consist of a single component. Apparently,
Gd,CuO,.%° Spectra for Y128.0) at energy transfers be- the situation is more complicated Byy symmetry where no
tween 6000 and 15000 crm show similar trends and, in superconductivity-induced features can be found at low
addition, structures in the range between 1.5 and 1.8 e\doping®923:55:56
(12000 and 15000 cnt).®! The complete results we ob- We turn now to the temperature dependence of the spectra
tained at high energy transfers will be published elsewhereand focus on theB,, response in metallic samples in the
As already pointed out by Reznik and co-work&tthere  range 0.0%p<0.23. In this context we have to recall that
is a relatively strong contribution to the cross section whichaccording to the fluctuation-dissipation theorem the Raman
is almost independent of doping. Here we find a well-cross section and, consequently, the number of inelastically
resolvable gap for that excitation of some 1500_ém scattered photons registered per unit tirh-bm/(w,T)’ are
(200 meV for Y123(6.0) and Y1236.5) and one of the order proportional to the imaginary part of the Raman response
of 1000 cm! (150 meV for Y123(7.0). Superimposed on function x..(q=0,w,T),
this so far unidentified continuurtsee, however, Ref. 51 a4
there are contributions from scattering off carriers at energies N,.(0,T)=R
down to zero, from spin excitations between 1000 and I
4500 cm ! and, of course, from phonons in the range up towhere{1+ng(w,T)} is the Bose-Einstein function. The re-
800 cm!. The gapped continuum h#s, symmetry as it sponse functionxw(w)=x’w(w)+iX’;y(w) for inelastic
can be observed with comparable intensity at d8th and  scattering of light from electrons in metals is equivalent to a
B,y symmetries. This can be checked with circularly polar-correlation function of the effective denditand is strongly
ized light but will not be the subject of this publication. For polarization dependent through the vertexTo a very good
a thorough understanding of inelastic light scattering in theapproximation we can take the limit of zero momentum

,y'y{l_"nB(w,T)}X{;y(q:O,(D,T), (1)

57— — 7T — T
" YBa,Cu,0,5 (a) T YBa,Cu,O4e (b) T YBa,Cu,0, (c) 1
4 - underdoped T optimally doped T~ overdoped n
- T.=60K T T.=92K T T.=87K x2 ]
3
2

N
T T

Ry" (arb. units)
o

150 K] — 183K
112K 1 S 1|13K

0 500 0 500 0 500 1000
Raman shift o (cm™)

FIG. 5. B,4 spectra for Y123 at different doping levels as indicatedTorT. . The upper panelg)—(c) show spectra af>T*. In the
lower ones(d)—(f) spectra close td.<T* are compared to those @t=T*. For clarity the spectra of the optimally dopég,(e) and the
overdoped(c),(f) samples have been multiplied by a factor of 2. The shaded areas indicate the anomalous loss of spectral weight.
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0
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transfer,q=0. Frequency-independent factors such as thépectra is conventiongFigs. 5a)-5(c)] in the sense that no
density of states at the Fermi energy and units are included itntensity anomalies occur: Spectra with a larger slope

R

YY"

For simplicity we will drop the momentum dependence dx”(w)/dw in the limit w—0 lie above those with smaller

and the polarizatiofivertey indicesy and use a dimension- slope or, more physically, shorter lifetime For T<T*

less version of the response function in the following.
Figure 5 shows the spectral response of Y123 in the nor5(d)-5(f)]. At the same timedy”(w)/dw continues to in-

mal state after division by the Bose factor according to Eqcrease. Therefore, spectra at low temperatures cross those at

(1). For clarity two temperature ranges are plotted separatelyr>T* . |t seems that for the observability of the effect at

Above a characteristic temperatufé®! the variation of the

4 —————

- YBa,Cu,O,

3 |- underdoped |

0 —+————
L YBazcusoa.ss
)
3
g
&
?ée 1
o I
| YBa,Cu,0O,
overdoplgd

0 3

6

9

12

Normalized frequency Ao/KT,

spectral weight is lost in the range below 800 CnjFig.

higher doping levels the samples have to be very pure and
well ordered. The anomaly associated with the pseudogap
could actually not be identified unambiguously in samples
from earlier generatiorsin the present samples the anomaly
is still very weak beyond optimal doping but can be resolved
clearly in the data. Consequently, in the almost perfectly
ordered overdoped sample with an oxygen content close to
O, o the pseudogap can be seen better than in the optimally
doped one with oxygen vacancies and clustéta.the same
way two-magnon scattering is seen only in Y{238). Given

the influence of disorder in the various samples the results
obtained for Bi2212(Fig. 6) are in qualitative agreement
with those for Y123.

Spectra for the superconducting state are plotted in Figs. 7
and 8. Here the data are shown as a function of energy units
normalized to the respective transition temperatures in order
to demonstrate the scaling of the peak maxima With The
maxima are at approximately 6 and 7 in unitskafT. for
Y123 and Bi2212, respectively. The gain in intensity in the
range from ¥gT. to 1KgT. is generally higher in Y123
although there are differences depending on the doping. Ac-
cording to theoretical consideratidfishis is most likely re-
lated to the degree of disorder which certainly varies from
sample to sample and which is expected to be higher in
Bi2212 with various sources of imperfections. Somewhat un-
expectedly but reproducibRP;®® no pair-breaking peaks are
found at theA;; and B;; symmetries in the underdoped
samplegFigs. 9 and 10 Moreover, we hardly find any tem-
perature dependence of the continua at these symmetries in

FIG. 7. Byq spectra for superconducting Y123 at different dop- the entire range between 10 and 300 K. However, a couple of

ing levels as indicated.

phonons gain considerably in intensity upon coofiig®®
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FIG. 9. Raman spectra for underdoped Y123 Ter T, and T
<T, at all main polarizations.

M(w)=w\(w)+il'(w) is the complex memory function.
I'(w) and 1+\(w) are the(Raman relaxation rate and
mass-enhancement factor, respectively. The conditions for
the applicability are discussed in Ref. 33.

We will give a summary of the relevant expressions here
and then analyze the data presented above. A complete de-

FIG. 8. B,, spectra for superconducting Bi2212 at different Scription of the formalism can be found in the AppentfiR’
doping levels as indicated.

0 3 6 9 12 15
Normalized frequency 7o/KT,

V. ANALYSIS A. Model

The purpose of this section is to analyze the electronic With all vertex indicesy dropped the complex Raman

. . fesponse functiony(w) in terms of the memory function
Raman spectra of metallic samples at frequencies up to aR?I(w) is given b8

proximately 1000 cm? in a more complete way than done

previously. As discussed in the preceding section we have

good reasons to assume that the cross section in this energy - M(e) 5
range comes predominantly from carrier fluctuations. Hence (@)= w+M(w)’ 2
we can obtain information about the carrier dynamics. To

date only thew=0 limit has been considered. For the study hence the imaginary part describing the spelgee Eq(1)]
of the dynamical response we adopt a method which haseads
been introduced by Gpe and Wifle®® for the current-

current correlation function and which has been used subse- r
quently for the analysis of infrared data®? In this method X'(@)= wl'(w) .
the relaxation ratel'=1/r is replaced by—iM where {w[1+ X () }P+[[(w)]?
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FIG. 10. Raman spectra for underdoped Bi2212TerT. and
T<T, at all main polarizations.

We define the functiom(w,T) which is related to the mea-

sured Raman spectfé(w, T) by

N(w,T)

T o1 e T)

(4)

and obtain expressions for the Raman relaxation F¢ie)
and the mass-enhancement facter X w),

I(w)=R () (5)
[1(@)]?+[wK(w)]?’
K(w)
1+M(w)=R (6)

[1(@)]?+[0K(w)]?

wK(w,T) is the Kramers-Kroig (KK) transform ofl (w, T);
hence

2 @c |
e

0 §2_w2'

()

and the normalizing factadR is fixed by a sum rule,

M. OPEL et al.
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_2 @c
R—;fo dol(w). (8)

Since in our casé(w) approaches a constant in the dc limit
and decays approximately aswléat high frequencies, the
integral forK(w,T) [Eqg. (7)] converges fast as long as the
upper cutoff frequencw, is larger thanw (a factor of 3-5 is
satisfactory according to our test®R depends orw. only
logarithmically. For the study of carrier properties a typical
value forw, is the bandwidth, here 1 e¥hw,<2 eV.T
has the same unit as.

Several remarks seem appropriate.

(i) The choice ofw. can be cross-checked by looking at
the frequency dependence oftA(w). The mass enhance-
ment should asymptotically approach 1 at large energies; in
particular it cannot be smaller than unity in a system of non-
localized carriers. The strongest influence ohN(w) origi-
nates from the constaRwhich, in turn, is the only quantity
with a measurable dependence®p. So there exists a sec-
ond constraint foR.

(ii) If the spectral dependence Bbfw) and 1+ \(w) re-
sulting from the analysis cannot be described by sufficiently
smooth functions, the physical meaning of the analysis is
questionablé® There are no restrictions as to the high-
energy behavior of'(w) and 1+A(w). The only require-
ment is a sufficiently rapid convergence of the integ(as
and(8).

(iii ) Due to the vertices, the Raman memory function can
be quite different from the one for the conductivity as into-
duced by Gtze and Wifle.®® The respective corrections are
discussed in the literaturé.It should be noted that the ver-
tices themselves can well have different frequency depen-
dences.

(iv) The analogy between Raman and conductivity does
not exist any more below . since the superconducting co-
herence factof§ are densitylike and currentlike, respec-
tively. Nevertheless, the carrier lifetime can still be derived
from the optical conductivity and from the Raman
spectrd’®%in a two-fluid approximation. As compared to IR
the analysis is more complicated for Raman and has not been
attempted yet.

(v) The complex conductivityo(w)=0c'(w)+id"(w)
can be expressed in terms Mif( ),

o, 1
U(w)zlsowp'w+M(w)' 9)
with
, ne
wp|=80—m. (10)

Here e and m are the electronic charge and mass, respec-
tively. nis the density of carriers ang} is the permittivity of
vacuum. It is well known that a sum rule can be obtained for
the real part of the conductivitisee also the Appendix

2m (=

me~Jo

o' (w)dw=n. (11

The conductivity sum rule, Eq11), holds strictly, in par-
ticular, at the transition to the superconducting state where
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the number of Cooper pairs can be determined from the lossnhancement factors for differently doped metallic samples
of spectral weight at finite frequencies. At first glance, sumof Y123 which have been determined from the spectra using
rule (8) indicates the existence of a similar conservation lawEgs.(5) and(6). For the KK transformation to be performed
for the Raman response. HowevEBrin contrast to the num- the response below 15-30 cris linearly extrapolated to
ber of carriersn is not a conserved quantity, because thezero as inevitably required by the antisymmetrydf{ ).
Raman response function derives from the generalizedhe spectra beyond 1500 crhwere extrapolated by a con-
density-density correlation functi&hwhich, as opposed to stant since the observed increase does apparently not come
the usual density operator, does not commute with the inteffrom carrier excitationgsee Fig. 4 and Sec. Y/lthe cutoff
action part of the Hamiltonian. In the superconducting state &equency was set @ w.=10000 cm®. The influence of
completely new scattering channel opens up Bnchn in-  the extrapolation and of the cutoff on the magnituded of
crease considerably. In the normal state, too, there is no reand 1+ \ is of the order of 10%. The spectral shapéeiat

son forRto be, for instance, temperature independent. How=1000 cmi? is not resolvably affected forAw,
ever,R does not change significantly fai,.<T<330 K.In  =3000 cm?.

the limit w—0 the Drude expression for the dc resistivity  For clarity, the temperature ranges above and béléw

po(T) is recovered from Eq(9), are plotted separately.(w,T) has little structure and is es-
sentially increasing linearly with frequency. Fo>T* the
I'o(T) relaxation rates'(w,T) differ only by a constant offset,
po(T)=—, (12 which is approximately proportional to the temperature, and
£0@p| can be well represented by

wherel'o(T) is the scattering rate in the static limit.
INw,T)=aw+Ty(T), (13
B. Application to the Raman data

We calculate now dynamical scattering rates and masswsherea is a constant varying between 0.4 and 1.5 for the
enhancement factors using the procedure described in tteamples studiedl’o(T) is the static scattering rate, and at
previous section. First, however, the phonons have to be suloptimal doping one find81"o(T) = BkgT. B is of order 2, in
tracted out. This is a straightforward procedure in most of thesatisfactory agreement with ordinary transport and earlier
cases as they depend only weakly on temperature. Only tHeaman result§® For underdoped samples the static relax-
B,y phonon at 340 cmt in Y123 requires an individual ation rate does not extrapolate to zero for zero temperature
treatment, and additional noise resulted from that manipulaandI'o(T—0)>0. If the temperature is reduced beldw,
tion occasionally. IrB,, symmetry, which we are predomi- I'(w,T) starts to develop a kink at approximately 400 <m
nantly interested in, the contributions from vibrational modeswhich is more pronounced for the underdoped sambpig.
to the spectra are generally small and can be dealt with eag4(d)] but also clearly visible at higher doping. The relax-
ily. ation rate foro—0, I'g, continues to decrease in a similar

In Fig. 11 we plot dynamical relaxation rates and massway as aboveT*, i.e., linear in temperature. Fow
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>500 cnm! the temperature dependence becomes muchot be decided on the basis of the existing data. ket T
weaker. <T* a substantial increase ofHI\(w,T) is found in the
The mass enhancement-A (w,T) has little dependence low-energy range.
on temperature above€* and has structure only at low en-  The results for thd,y symmetry are shown in Fig. 12. In
ergies while approaching a value between 1 and 2 aboveontrast to theB,; symmetry not only the zero-frequency
500 cm * [Figs. 11g)—11(i)]. This demonstrates that the extrapolation value and its temperature dependence but also
approach and, in particular, the normalization through thehe frequency dependence changes. If we assumd {aat
sum rule, Eq(8), return qualitatively correct results in the still varies approximately linearly with frequency according
far IR range as interactions can only enhance the band mass, Eq. (13), the parametew changes from 1.4 in the under-
implying A (w)=0. The behavior forhw<20 cmi ! is not doped sample to 1 and 1.5 in the optimally doped and the
quite clear since the quality of the data is reduced close to theverdoped one, respectively. In addition to thdt) shows
laser line. It appears that there is a wekmgarithmig diver-  the tendency to saturate fdro>500 cm'! in the over-
gence atw=0. Sincew\ andI" are KK related, this is a doped sampléFig. 12c)] while still increasing linearly in
direct consequence of the linearity B{fw) down tow=0.  the underdoped and the optimally doped samfégs. 12a)
Indeed \ (w=0) is finite only ifI'(w—0) is “rounded off” and 12b)]. In the dc limit the relaxation rateBy(T) de-
or more precisely il (w—0)/dw=0. This, however, can- crease withT in the overdoped and in the optimally doped
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FIG. 14. Static(dc) relaxation ratesiI’o(T) for Y123 for B,y (@)—(c) and B,y (d)—(f) symmetry atT>T.. The error bars are
approximately 10%. Open symbols represent the data derived viél&g solid symbols show the zero-frequency extrapolation values of
the dynamical relaxation rates plotted in Fig. 11. The data are scaled to each other. Typical differences are of the order of 30% or less. The
dashed lines ind) and (e) are relaxation rates calculated from the resistivity of comparable samples through2ZEqRef. 71). The
(renormalizedl plasma frequencies are taken from Ref. 49.

samples. In the underdoped ohéw,T) generally increases whole frequency ranggFig. 12f)]. Neither forl'(w,T) nor

with decreasingl, and the overall magnitude is larger by for 1+\(w,T) characteristic changes can be found around
more than a factor of 2. In optimally doped Y123 in b&},  T*.

and B4 symmetries the relaxation rates at 112 K deviate The B, results for differently doped Bi2212 samples are
slightly from the general trenjdFigs. 11e) and 12b), respec- compiled in Fig. 13. They exhibit qualitatively similar fea-
tively] as doed’ later on[see Fig. 14e) below]. Most likely  tures as those in Y123. Generally, the structures related to
this is an artifact due to surface contamination. As an effecthe pseudogap are weaker and found at somewhat higher
of the phonon-subtraction procedure and of the influence ofénergies at approximately 600 ¢ On account of the
the laser line the results for the mass enhancement beconterger number of phonons in Bi2212 the data for 1
noisy, in particular at small energies. Above some+\(w,T) are less stable than in Y123ee Figs. 1@)—

200 cm ? they are qualitatively similar to those Bty sym-  13(i)], and the qualitative change in the pseudogap state is
metry at low and optimal dopingFigs. 12d) and 1Ze)]. In not seen as clearly as in underdoped Y128 Figs. 119)

the overdoped sample seems to be close to zero in the and 13g)]. We suspect that the presence of structures related
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Q - + By |1 B | L 4
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FIG. 15. Static relaxation ratéd’o(T) for Bi2212 forB,4 andB,, symmetry afl > T, using the same symbols as in the previous figure.
The error bars are approximatetyl0%. The dashed lines {@), (b), and(d) are relaxation rates calculated from the resistivity through Eq.
(12). In (@) and(b) the resistivitiesp(T) have been measured for the respective sampldsd),ip(T) is taken from Ref. 72 as are all plasma
frequencies.
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to the pseudogap can be suppressed by imperfections in the 1.0 — T T T T ]
sample, and it is very likely that Y doping of Bi2212 affects N (a) Ir?daé?dlgoesé:
the CuQ planes stronger than oxygen deficiencies in Y123. 0.9 _\‘“_v T, ~ 60 ,{’ 1
In the superconducting state we will observe consistently the ’ \\Q:r\\ ho.= 086V ]
pair-breaking structures to be less pronounced in Y-doped . N ? .

. ~ w""r,\ AA

Bi2212. 0.8 |- R g, ]
> f 258K -

VI. DISCUSSION g ontl R T

& * — Tt 1t T
The physical quantities which can be obtained on the ba- e (b) Z\?;ﬁ%uﬁ 1
sis of the proposed model allow additional insights into prop- 0.9 . T,= 87pK ]

. R,

erties of the cuprates. We will first focus on the stdtic)
limit and discuss the relationship to other experiments. Later

A E— D ]

on, we will try to arrive at a better understanding of the 0.8
pseudogap and the superconducting gap and their respective B, | —— 183K 1
evolution with doping and temperature. o7 b [T MK he,ml2eV ]

0 200 400 600 800 1000

A. Static limit Raman shift o (cm™)

Static relaxation rates have already been derived from the
Raman datd>3°*>"0|n order to obtain absolute numbers

model assumptions as to the spectral shape of the reSponf%? overdoped and underdoped Y123 at various temperatures as

were uzsed SUCQ as a relaxation rastg‘7(ow,T) indicated. The(renormalizedl plasma frequencies are taken from
=[aw]*+[To(T)]*> where I'y(T)=T'(0=0,T).*"° The Ref. 49.

frequency dependence was limited Fowhile A was set
identical zero(see, e.g., Refs. 39 and )7(his is a reason-
able guess as we find here-A (w) to be constant and close
to unity for a fairly large frequency rangsee Figs. 11 and
13). In addition, the influence of is very small in the limit
w=0 [see Eq(3)]. It is important to note, however, that this
form of I'(w, T) returns realistic results only in the limi
=0 while failing for ®#0. For finite  the correct fre-
guency dependence is rather described by(E8). which, in
turn, does not at all allow one to fit the data wkk=0. This
detail shows that the proper treatment leads to qualitativel
different results.

A reasonable estimate fdfy(T) independent of the de-

FIG. 16. Reflectivities as derived from tiy, dynamical scat-
tering ratesl’(w,T) and mass renormalization factors-A(w,T)

intensity: Whenever the response is collision limited, i.e.,
Ve-q<I" with vg the Fermi velocity andy the momentum
transfer, the slope of the low-energy part of the spectra scales
with the lifetime of the respective excitation.

The results for the static limit are consistent with those
obtained in the previous section. The temperature depen-
dence is reproduced almost identically. For the magnitude
discrepancies of 10% or 20% are typical. Figures 14 and 15
show the results forhI'y(T) as obtained for Y123 and
Bi2212, respectively, from both the extrapolation of the in-
tensity according to Eq(14) and the extrapolation of the
. , X . dynamical scattering raté(w,T) to =0 as shown in Figs.
;alls of the stpectia:_shapftgf(w) (i?n_be c_)bttaln(_—*f[d S{'}r:egtly 11 and 13. The magnitudes have been adjusted to facilitate
rom an ex rapoa_'on 0 ? scattenng intensity ¥ the comparison. The agreement with the old &itaof simi-
N(w—0,T), which is proportional toro(T)=[T'o(T)]"* in  |ar quality, and we have to conclude that the relaxational
the same way agx"(w,T)/dw (see Ref. 38 If I'(w)>w at  pehavior in the dc limit is a stable result. The most striking
large energiegsee Eq(13)], the missing constant of propor- fact is the difference between ti, and B,, symmetries
tionality is given by the extrapolation value @f(w—=),in  peing qualitatively similar in the two compounds: Towards
any other case, including constdn by the maximal value  |ow doping theB,, scattering rates increase, and their varia-
of x"(w). All these numbers are close to 1/2 at the approprition with temperature/I'y(T)/JT change sign from positive
ate frequencywy,,. Then, forfw,,>kgT, we have a rough  to negative.
estimate of the constant, according to EQ. R=2N(w1,2),
and the zero-frequency extrapolation value of the relaxation 3

— —
ratel’y is given b YBa,Cu,0, e o] ]
0 g y -§ overdoped L J
. 8 o ki T-=87K e 3
ZN(wllz) E’g Bzg i
Al y(T)=kgT——". (14 Ezx ]
N(w—0,T) e+ [ —— 248K ]
[ |
For the determination oR we always took the average in- 2 i M
tensity between 800 and 1000 ©f Nq90, Which was tem- = i | | | '
perature independent in all experimefgge Fig. 1L These 00 2000 4000 6000 8000

arguments rest on quite general principles such as the anti-
symmetry of the response function and illustrate that the
low-energy part of the Raman spectra follows rules which, FIG. 17. Mass renormalizationi\ () as calculated from the
even if qualitative, provide an idea of the trends and lead3,, Raman response of overdoped Y123 in an extended energy
already to useful conclusions independent of the origin of theange. Similar results are obtained for other doping levels.

Raman shift o (cm™)
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B. Other experiments lated to the more pronounced differences in the respective

The properties of the carriers have been investigated b ass renormalizations which are not understood at the mo-
several other methods such as ordinary, Hall, and heat tranggent' As already pointed out the present analysis neglects all

port, optical (IR) conductivity, electron tunneling, and etails of the interaction between photons and electfosis

ARPES. Most of these experiments are indicative ofastrontex corrections and one should probably start here for a

%etter understanding. Nevertheless the similarities of the
momentum dependence of the relaxation tirew, T) with- 9

h T ified i properties found by ordinary and optical transport &g
out, however, converging into a unified picture. Raman scattering prevail in the ranfj@ <1500 cn .

As demonstrated in Fig_s. 14 a_m(_d 15 the scatte_rin_g rates p; high energies 4w>1500 cnil) Raman scattering
found here aB,, symmetry in the limitw =0 show a similar a4 |R results cannot be compared anymore which is most
evolution with temperature and doping as ordinary transportstrikmmy demonstrated in a plot of the mass renormaliza-
For comparison we plotted dc scattering rates as obtainegyp 1+\(w) as derived from Raman scattering drops sig-
from the resistivities through the Drude formula, E§2), nificantly below unity forfw>2500 cni® after a plateau
represented as energigé$'y. For Y123 all resistivities and  extending over 500—1000 cm (Fig. 17). This is a clear
for the Bi2212 part of the resistivities are taken from theindication that the cross section cannot come from carriers
literaturé'"? as are the plasma frequencies in gen&&. only as already suspected earlisee Fig. 4 since negative
Throughout the paper renormalized plasma energies ane’s are unphysical in a metallic system. It should be empha-
used. For Y123a-axis data have been selected as Byg  sized that the magnitude of-+I\ is determined indepen-
Raman data are insensitive to chain contributions. The disdently by the sum rule, Eq@8), in the same way as the
crepancies between Raman and transport data are smalkelaxation ratel” which, in turn, is found to be consistent
than some 30%, and the qualitative change with doging with other experiments. Consequently, an absolutely non-
e.g., the zero-temperature extrapolation valligg,T— 0) trivial result is shown in Fig. 17. We arrive at the conclusion
and the slopesl'o(p,T)/dT, of the relaxation rates are well that there is a lot of evidence for Raman scatterindd at
reproduced. Independently, very good agreement was fourgymmetry to probe carrier excitations in a range up to
between ordinary and optical transp®ft’3Up to this point 1500 cmi!. Beyond this range additional channels contrib-
we apparently wind up with a consistent picture, andBhg  ute to the inelastic cross section which essentially do not
Raman response probes the relaxational behavior in the zergary with doping.
frequency limit as does IR and transport. We wish to point out again that IR spectroscopy and Ra-

At finite energies, th@,, Raman results and the IR data man scattering cannot be expected to return identical results
for I'(w) agree also rather well up to energies of approxi-even if the same type of excitation is probed. First, different
mately 1500 cm*.%"73 As in IR spectroscopy the magni- parts of the Fermi surface are projected out by the two meth-
tude of the scattering rates does not vary significantly withods. In a tetragonal system, for instance, the conductivity is
doping, implying that the variation of the dc resistivity with completely isotropic in the basal plane. Apparently, how-
doping is apparently not simply an effect of a change in theever, theB,; Raman response, at least at small frequencies,
lifetime. It is rather a combination in that the zero- and ordinary and optical conductivity emphasize similar
temperature offset is due to the lifetime while the increase oparts in momentum space, i.e., those along the diagonals.
the slope originates from the change of the plasma frequency

[see Eq.(12) and Ref. 49. The differences between the IR 4 — —
and Raman results are more pronounced foin{w,T). The - Ir?gé?d%;?e“ﬁ T=230K 1
qualitative change with temperature and the order of magni- 3 T.~60K 7
tude are still similar(see, e.g., Ref. 32however, the range -
in which the effective mass depends on energy is confined to 2 E——
sor%e 500 cm? in our experiment while being very wide in T A L
IR. s ~ Data o
ERS and IR data can be directly compared when the dy- r-; /(@) ~ Calculation | "%
namic reflectivity is calculated from the light-scattering re- = 0ttt
sults forI" and \ via the standard formula. In Fig. 16 we x T=70K

show the results for underdoped and slightly overdoped 3
Y123 using typicalrenormalized in-plane plasma frequen- I

cies wg, obtained from the reflectivity with light polarized e

along thea axis. As the contribution of the chains is sup- 1 L7

pressed the reflectivity is smaller than for random polariza- b — Data

tion but both the temperature and the frequency dependences ol Gy 5 bedalbn

are well reproduced, in particular for the overdoped sample. 0 200 400 600 800 1000

For the underdoped one the influence of the pseudogap be-
low T*=200 K manifesting itself as a kink in the IR reflec-
t|V|ty between 500 and 800 C_rﬁ cannot be resolved in the FIG. 18. Extrapo|ated “normal”’ spectra for the pseudogap
“Raman reflectivity” while being very pronounced in the far state, T<T*. As demonstrated iita) the extrapolation procedure
IR.”* This difference is remarkable as the relaxation ratesvorks quite well abova™ where the actually measured spectra can
obtained from Raman and IR scattering are quite similarbe reproduced satisfactorily. In the pseudogap dtat¢he devia-
Apparently, the discrepancies in the “reflectivities” are re- tion from the expected “normal” behavior is very pronounced.

Raman shift o (cm™)
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FIG. 19. The pseudogap as a function of temperature and doping  FiG. 20. The pseudogap as a function of temperature and doping
for Y123. Shown in the figure is the difference between the experifor Bj2212. Shown in the figure is the difference between the ex-
mental and the extrapolated response funcRdry”(w,T,p). perimental and the extrapolated response fund®ary”(w,T,p).

Second, the bare response functions are renormalized in very
different ways (vertex corrections which depend on the theory only electronic states lead to ARPES spectra like that,
probing energies. The exploration of the latter subject is jusand Raman scattering would then just reflect the same strong
at the beginning. in-plane anisotropy of carrier properties. It has been shown
It is obvious that thé8,4 data cannot be linked to ordinary recently that a strong interaction between electrons and spin
transport. If there exists a relationship to other transport refluctuations or scattering of electrons on extended impurities
sults at all the dc limits of the ERS data are reminiscent ofcan lead to such propertiéslt is not clear at the moment
the Hall resistivity p,(T,p) /> the transverse heat how the anisotropy found by Raman scattering can be related
transporf® (Righi-Leduc effect or c-axis transport’ It has  to the formation of stripes and the crossover from two-
indeed been argued that the characteristics of longitudinalimensional2D) to 1D behavior in the pseudogap phase as
and transversal transport are being determined by carriegroposed by Moshchalkoet al® If one applies the same
with momenta along the diagonals and the principal axesargument as for the chains in Y123, tBg, in contrast to the
respectively’®’’ Alternatively, spin-charge separation can B4 response would not be expected to be sensitive to prop-
lead to different relaxation timé8.Then theB,, rate would erties of stripes running along the Cu-O bonds. In this sce-
correspond to the spin degrees of freedom. IndeedBifye  nario the similarity betweeB,; Raman scattering, IR spec-
channel samples magnetic excitatinsecoming more and troscopy, and transport can only be explained if the overlap
more dominant at low doping. Consistently, in strongly over-between the stripes is substantial and not strictly perpendicu-
doped Bi2212 with essentially no magnetic correlationsar to the bond direction.
present the scattering rates are almost identical in the two We can summarize this section by stating that ordinary
channels(see Fig. 1pwhile thea-c anisotropy is still very —and optical transport anB,; Raman scattering at energies
large’® So there are probably two sources for the anisotropyoelow 1000 cm? can be described consistently in a simple
between theB,y and B,y channels in the Raman data, one Drude-like picture as long as we limit ourselves to tempera-
reflecting the in-plane anisotropy of electronic properties, théures above ™. At low temperatureT <T*, and low doping,
other one being related to tleec anisotropy. The in-plane p=<0.1, the scenario turns out to be oversimplifigQuali-
component can be compared to ARPES results. There, thatively new behavior is observed in tiBg, Raman spectra
scattering rates derived for momenta close4#9Q) increase but the related features are weaker than in IR spectroscopy.
strongly towards low carrier concentrati®fhin conventional (i) For both Y123 and Bi2212, as well as for LSE&*®no
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FIG. 21. Comparison of the characteristic temperat(resas 'E X (b)
obtained from different experiments as a function of the number of £ 1000 [ ]
carriers per Cu@plane. 2 - .
signature of the superconducting gap can be observBdgat § X T_, ]
symmetry in underdoped samples Wip<0.7 T'®. There g 500 [ T 7]
is no significant change in the spectra either at the pseudoga;g [ | By ]
temperaturé *. At present this observation cannot be linked ol L | | ]
to the ARPES results where the pseudogap is clearly seen fol S
momenta approximately parallel to the principal axes, 0 0.05 0.10 0.15 0.20 0.25
equivalent toB,4 in Raman scattering. Doping level p {holes/CuQ,)

FIG. 22. Peakfiwyeq and mergingfi o, frequencies forB,,
) ] symmetry in differently doped Bi2212 samples. The dashed line is
For underdoped Y123 and Bi221B,, results in the g parabolic fit to the peak frequencies resembling closely the doping
pseudogap state have already been described else%eredependence of . as described in Ref. 45.

Here, we will additionally focus on the doping and tempera-
ture dependence and propose a method for the data analysis.

The pseudogap state is characterized by a loss of spect e redgction of cross section, .for Y123 and Bi2212 are pIqt-
weight in the frequency range between zero and approxit-ed in Figs. 19 and 20, respectively. For underdoped material

mately 800 cm?. This decrease of the scattering cross secclose toT, the reduction of the response function asa result
tion is clearly seen ifB,, symmetry in underdoped but still Of the pseudogap has the same order of magnitude as the
superconducting material when the spectra takeff atT ~ ésponse itself. The change of the_ spectra in the new state
<T* are compared to those at higher temperature. HoweveP,ecomeS very small for higher doping levels but can still be
it would be more physical to relate “normal” and observed even if th&. of the sample is already reduced by
“pseudogap” spectra at the same temperature. Since the ne@ore than 10% on the overdoped si@ég. 20. In Y123 the
state belowT* cannot be suppressed, we try to constructeffect of the pseudogap does not decrease monotonously to-
spectra at the respective temperatures. From the temperatum@rds higher carrier concentration and is stronger in the
dependence &t>T* we have a fairly good idea of how the overdoped sample than in the optimally doped one. Since we
“normal” evolution of the spectra with temperature should know from magnetization measurements that the optimally
look: The mass enhancement does not change significanttjoped sample we used here is less ordered than the over-
and the scattering ratE(w,T) is essentially linear in fre- doped one due to oxygen clusteritigt is straightforward to
guency in the range of interest. With decreasing temperaturassume that the pseudogap state may escape detection in
a constant offset is subtracted which is approximately proeven slightly disordered material. One of the reasons is the
portional to temperaturé¢see Figs. 11(a)-11(c) and Eq. pronouncedk dependence of the pseudogap as observed by
(13)]. The constant offset is completely determined by theARPES since scattering from impurities leads always to a
static limit I'o(T). Therefore, we take tA(w,T) and mixing of different momenta, hence averaging out effects
I'(w,T) from aboveT*, leave\ unchanged, shiff' by an  confined to small parts of the Fermi surface. In a recent
appropriate constant in a way that it matches the experimerARPES experiment on Bi2212 the effect of disorder due to
tal value of static limit"o(T<T*) at the desired temperature irradiation with electrons has indeed been stutfietivith
T, and plug the guantities into the expression for the normalincreasing disorder first the gap in the superconducting state
state response, E). In this way we obtain an estimate of is filled in, then the electronic states abolg are smeared
how the normal respong®y”(w,T) should look at tempera- out. In addition, elastic scattering of carriers off defects leads
tures in the pseudogap state. The difference between the et¢ an independent contribution to the Raman cross section
trapolated and the measured sped®y”(w,T) is then a  which is not at all affected by the new state. This explains
more realistic approximation of the loss in intensity occur-consistently that the effect of the pseudodBgs weaker in
ring for T<T*. The extrapolation procedure can be checkedunderdoped Bi2212 with Ca partially replaced by (¥) is
at high temperatures and is found to be fairly reliafifeg.  reduced in optimally doped Y123 with oxygen clustering,
18). and, simply because of the continuous improvement of the
We can now systematically study the dependence of theample quality(iii) was not observed earlier in Raman scat-
pseudogap on doping and on temperature. The results, i.dgring. From these considerations, too, we have to conclude

C. Pseudogap
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that the Bi2212 sample witi ;=92 K is already on the 2 L T L p
underdoped side of the phase diagram. r Ir?:é?dlg;?éé 1
While the maximal amplitude of the spectral change P T.x60K |
RAx"(wps, T,p) is doping and temperature dependent both
the center of gravityh w,sand energy rangeé* within which
the spectra are subject to changes beldware apparently
not. We observe them at approximately 200 and at
800 cm !, respectivelyRA x”(T,p) disappears at a doping-
dependent temperaturE* (p). Due to noise and probably
also for small instabilities in the measuring conditiofs, is
not very well defined but seems to approdchat a not yet
clearly determined doping well beyond the optimal one.
The Raman data fit reasonably well to the results found
with other methods as long as the characteristic temperature 4L L |
is concernedFig. 21). However, it is not yet clear to which | — 13K |,
extent the results can really be compared. The energy scales - ® | — 3K 2
are different, and there exists no microscopic model yet 0 200 400 600 800 1000
which allows a consistent derivation of the various correla-
tion functions. The energg,=500 K (350 cm 1) found in
ARPES close to 4,0) apparently related to the normal-state  FIG. 23. Pseudogap and superconducting ga,gtsymmetry
gap as it is also observed aboVg. The difference between for two characteristic doping levels in Y123. The results for Bi2212
Ay and the characteristic enerdy* observed in ERS of show the same trend.
approximately a factor of 2E*=2A, can be understood
qualitatively if one recalls that ARPES and ERS are detence of a gap or of pairs without phase coherence on the one
scribed by single- and two-particle correlation functions, re-hand and of coherent pair formation on the other hand leads
spectively. However, in contrast to Raman scattering wheréo fundamentally different structures in the spectra. Hence,
E* is constantA,<T* is observed in ARPE® A similar Raman scattering can provide qualitatively new information
discrepancy is found in comparison to electron tunnelingdy clearly distinguishing between a normal state and a super-
experimen&‘"11 where the energy of the normal-state gapconducting gap in a way more similar to Andreev reflection
scales with that of the superconducting one. In addition texperiment®’ than to ARPES, IR, or electron tunneling.
that, the normal-state gap can even be observed at very high The variation withk and the symmetry of the SC gap in
doping levels and temperaturEsThis has partially inspired the cuprates have been discussed exhaustively, and a prevail-
an explanation in terms of a charging effect in the insulatingng d,2 2 contribution seems to be widely accepted not only
layers between the Cy(planes®® On the other hand, in all at optimal doping. The spectral dependence of the Raman
optical methods similar energy and temperature scales ar@sponse is in quantitative agreement with theave hy-
observe&® although some details are different. The kink in pothesis, at least close to optimal dopig®—3%°>939Com-
I'(w), for instance, is at 400—-600 cmin Raman scattering plications arise both in the overdoped and underdoped ranges
while it is at 800 cm* in IR spectroscopywhere we locate  of the phase diagram. At high doping levels the spectra seem
E*. to be supportive of a reduced anisotroBy®however, small
Recently, Naeini and co-workéfshave studied LSCO by admixtures of ars-wave component can at least qualitatively
Raman scattering at various doping levels. They found @xplain the shift of the peakS.More importantly, the low-
strong reduction of th®, 4 cross section at low doping, in- frequency power laws clearly show a dominalgi_,> com-
dependent of temperatu(see also Refs. 9, 54, and)5&nd ponent. For low doping the situation is more complicated as
interpreted it by Fermi surface destruction as proposed, fopair-breaking features cannot be found neitheAaf nor at
instance, by Engelbrechet al® or Furukawaet al®® Since  B;q symmetry in samples with a substantially reduced
no temperature dependence was found in this study, it iéFigs. 9 and 1p%923°5°097%%he pair-breaking peaks rather
apparent that different subjects are being discussed here afatle away closely below optimal dopifg.In contrast,
there which nevertheless can be related through a commasuperconductivity-induced features can be observed repro-
interaction such as spin fluctuations in a way suggested bgucibly in B,; symmetry at all doping levefS:>>°%%For
Schmalian and collaborato?$?! both compounds Y123 and Bi2212, as well as for LS€O,
they can be shown to scale with (Figs. 7 and & For better
, visualization normalized and absolute peak frequencies for
D. Superconducting gap and pseudogap Bi2212 are plotted in Fig. 22. The peaks are found at ap-
In the current discussion the relationship between thgroximately &gT.. In addition, the response increases lin-
pseudogap and the superconducting gap plays a promineearly over an energy decadie contrast to the convex shape
role (see, e.g., Refs. 13 and 20 and references therigince  in the normal statewith the slopedy”(w,T=0)/dw scaling
the Raman response is related to a density correlation funevith kgT, in the same way as the peak frequendigg. 8).
tion, even-parity coherence factBtare relevant. They give The energies w,, where normal and SC spectra merge, ex-
rise to the occurrence of pair-breaking features in thehibit the same scaling behavior A pea thus demonstrat-
spectr9thus clearly indicating the onset of phase coher-ing the spectral shape to be doping independent as well. We
ence in the superconducting state. Consequently, the exisonclude, therefore, the gap to Hevave-like at all doping

RAy" (arb. units)

Raman shift o (cm™)
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levels. Consequently, the energy scale relevant for the super- K,
conducting state is of the order ok8T . at all doping levels (@)
studied.

This is not at all a generally accepted conclusion as many
other experiments suggest to scale withT, at best in the
overdoped range and to continuously increase in the under-
doped part of the phase diagram whefe decreases
again!®192103Thjs raises the important question of what is
actually measured in the various experiméit®* If low
energiesE<<Ag, are considered such as in measurements of
the specific heat, or of the magnetic penetration depthy, ,
the gap seems to scale wiih, in the whole doping range
while typical high-energy probe€=A,, such as ARPES
find a decoupling off . and of what is usually identified with
Ay. In electron tunneling experiments both types of behavior
seem to be observable, in that close Ee=0 there is
scalind® while the position of the conductance peaks in-
creases continuously towards low dopiid®® It has been
argued that the Raman peak frequencie®gf symmetry
also continue to increase in the underdoped rang&esem-
bling the high values found by tunneling or ARPE® Al-
though most of the recent studies find the Raman peaks to
vanish rapidly below optimal dopirf;>*>°®%the frequency
positions and, in particular, the interpretation are still a mat-
ter of debate. Part of the problem is related to the strong
sample dependence which is almost completely absent in
B,y symmetry (cf. Figs. 7 and 8 At B,y symmetry we
found differences in the peak frequencies of occasionally
100 cnt* for samples with the sami€; and doping level FIG. 24. Variation of pseudogafplark gray and superconduct-
just as a result of different annealing routes or sample qualii-ng gab(light gray) on the Fermi surfacéheavy ling.
ties. For this reason we will not pursue the discussion of the
B,4 response here. ] ) ) )

At present, agreement between the different methods cafnot find a scaling behavior of the two gaps. is appar-
be achieved for small energies. Here, tunneling, penetratioRNtly an energy scale which is also observed in IR
depth, andB,, Raman scattering suggest the existence oﬁpectroscquPgre it seems to be as independent of doping
nodes being characterized by a gap varying &&5¢) as here. SmcE is approximately constant, it is tempting to
=Cé8¢ with ¢ the distance from the node on the diagonal.compare it with the magnetic exchange enerdy
In addition, the constar seems to scale witfi.. In An- =100 meV being of similar magnitude. There is no energy
dreev reflection experimentsC2is found to be close to scale which compares sufficently well with the magnitude of

6ksT.,% in satisfactory agreement with the data presented® SPIN gapl Agpi=160 .gml_for underdoped Y123Ref.
here. For the limited resolution there are no reliable ARPES3] to motivate an identification: w,s seems to be close in
data close to the node. Apparently, tBg, Raman data are ©€N€r9Y but exhibits a different doping dependence.
consistent with the low-energy probes not only in the normal
state but also below..

In B,y symmetry we can compare the energy scales of the
pseudogap and of the superconducting gap directly. In Fig. Electronic Raman spectra for the cuprate systems Y123
23 spectra for two doping levels are shown. In both caseand Bi2212 have been presented. We have studied the de-
pseudogap data far=T. have been replotted from Fig. 19. pendence on polarization, temperatdreand dopingp. T
For the superconducting state we show the differencearies between 10 and 330 K and<@<0.23 with p
Rl x"(®, T=0)—x"(w,T,—T=0)] of the data at low tem- =0.16 being the doping at the maximBl. For the analysis
perature and spectra extrapolated from those close. tm  of the normal-state data the memory function method is
T=0 using the same procedure as described for thadopted for the Raman case. This enables us to calculate
pseudogap(see preceding paragraphThe respective raw dynamical lifetimes7(w,T,p) and interaction parameters
data can be found in Fig. 7. In the underdoped sample th&(w,T,p) of the carriers.
difference RAx"” vanishes for energies larger thaiwg In the B,y channel, emphasizing electronic momenta
=500 cm !, well below E*=800 cm!. For Y1237.0, along the diagonals of the Cy@lanes, we find almost quan-
hwy andE* coincide. At the same time the superconductingtitative agreement with ordinary transport and IR results for
peak moves from 220 to 350 crh while the centers of the dc limit and at finite frequencies, respectively. All results
gravity of the pseudogap spectfaw,s remain almost un- are consistent. The relaxation ratés 7~ do not vary sig-
changed at 200-250 cm. This may demonstrate that we nificantly with p. At B,y symmetry a strong doping depen-

VIl. SUMMARY AND CONCLUSIONS
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dence ofl'(w,T,p) is observed which has not been detectedThey both decrease rapidly with doping and have a similar
previously. It is reminiscent of the strong in-plane anisotropydependence op. We speculate therefore thAt*=A,. In
found with ARPES or derived from transverse charge andR and Raman scattering a third almost-doping-independent
heat transport. However, it shows also elements-akis  energyE*=J is found which becomes effective far<T*.
properties since the anisotropy betwd andB,, symme-  Finally, there is a gap in the spin excitation spectrigy;,
tries is quite different in Y123 and Bi2212. =T* 238 The relationship between the various energies is
Below a characteristic temperatufé spectral weight is an important, so far open issue.
lost in the B,y spectra for energied w<E* where E*
=800 cm '=J with J the magnetic exchange energy. By ACKNOWLEDGMENTS
extrapolating the results of the dynamical responserT at . ) ) . ,
>T* spectra fof<T* can be synthesized and compared to We gratefully acknowledge enlightening d|scu55|on§ ywth,
those obtained experimentally. This enables us to estimaf@d continuous support by, B. Stadlober, F. Venturini, K.
the full effect of the pseudogap on the cross section and t§@mara, D. Einzel, A. Virosztek, L. Mihaly, V. V. Mosh-
determine its dependence on doping and temperafite. chalkov, and A. Zawadowski. We are indebted to chhar,.
and the center frequency of the pseudogap neither depend {10 cut some of the postannealed crystals with the micro-
p nor onT in the doping range in which the pseudogap cantome. This work was supported by the Hungarian National
be resolved. The gap abowk is clearly observed in the ReSearch Fund under Grant No. OTKA T019045. The ex-
range p<0.20. Its influence on the Raman spectra is Iesferlments haye been supported partially by the Bayerische
orschungsstiftung through the “Forschungsverbund

pronounced than on reflectivity measurements, a fact whic )
might be related to the different averaging in the Fermi suri1ochtemperatur-SupraleiterlFORSUPRA. We are grate-

face integrals and to different vertices in Raman and IR speﬁf-UI o the BMBF for fin'ancial support via the program B"
troscopy. aterale Wissenschaftlich-Technische Zusammenarbeit” un-
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indicative of a gap wittd,2_,2 symmetry. The characteristic APPENDIX
energy _Sﬁ?les with the trgnsitionhtempﬁrattmein agree- The imaginary part of the Raman spectral function
ment with low-ener robes such as the magnetic penetra-» ; : ; :
tion depth or the tl?r):ngling spectra close 10 gero bil?as an w(“”T? is obtained from the rate of inelastically scattered
similarly as derived from Andreev reflection, is found to be PNOtONSN,,(w,T) via Eq.(1) as
close to &gT,. :

According to these results it seems more likely that the X' (0,T)= N,y (@,T)
superconducting gap and the pseudogap we observe in Ra- LA R, A1+ ng(w,T)}
man scattering are completely decoupled and Hfatis al- . . _ -1
most doping independent and close to the exchange edergyAS n the main parnB(w,T)_—(exp(hw/kBT) .1) s the
in agreement with IR result&* is also the maximal energy BOSE.E'E.' nstein thermal function, the pollanzat((Raman ver
up to which normal and SC spectra differ at optimal dopingtex) indices y will be droppeq, anq a dimensionless version
or, more physically, up to which SC correlations are effec-Of th_e Raman spectral func'glcm W!" be us_,ed. .

Since y is a causal function with the imaginary part de-

tive at the highesT.. The variation of the “gaps” on the scribing absorption processesy”(w)=0 holds andy” ()

Fermi surface is sketched in Fig. 24 for two doping Ievels.decays at high energies. In the complplane we can there-
Close to optimal dopingFig. 24(b)] the pseudogap is con- fore define a holomorphic functiog(z) by the integral

fined to a small region ik space; the superconducting gap is
well defined all over the Fermi surface and of the same mag- Y'(&)
E—z

. N 1 o
nitude as the pseudogap. In underdoped material the x(2)= _f dé
77 — 0
%r all nonrealz. Without further consequences the Raman

pseudogap is extended over a large region in momentum
space. In addition to that, the Fermi surface does apparent

response functiory(z) may differ by an additive constant
om the Raman spectral function(w) defined as a corre-

not exist any morg¢indicated by dashed lines in Fig. @J].
As a consequence the superconducting gap is well defin

Ation function of the effective density. The spectral function
g\/”(w) is the analytical continuation ¢f(z) to the real axis,

(A1)

(A2)

only close to the nodes where the Fermi surface exists 3
well. Here, the magnitude of the gap scales with Prob-
ably it is not very meaningful to speak of a superconductin

gap for mqmenta along the principal axes. This energy could Y(0=id)=x"(0)£ix"(»), (A3)
rather be interpreted as the maximal binding energy of the
pairsA,.%° and the real and imaginary pang(w) and y"(w), repec-

Apparently, there are more than two energy scales in thévely, are related by the KK transformation
cuprates(subject to a highly fluctuating nomenclaturé@he
most prominent and probably best defined one is the SC gap . 2 (=  &X"(§)
which is sometimes also referred to as the coherencelgap X'(@0)= ;pfo d £— 2
and which exists only fof <T.. There is increasing support
for A;=4kgT.. The highest scale is set by an energ§®®  where ¢ denotes the principal value. We define now the
or A, , 228" 1%which is identified with the pseudogap or with Raman memory functioM(z) in an analogous way as was
the maximal binding energy of the electrons, respectivelyproposed for the conductivity by @& and Wifle,*®

: (A4)
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M (z)

z+M(2)° (AS)

x(2)=

Though the Raman memory functidm(z) is different from

the conductivity memory function, its analytical properties

are the sameM(z) is holomorphic for all nonreak and
obeys the symmetry relationd™* (z) =M (z*) and M(z) =

—M(—2). ThereforeM (z) can be represented by the spec-

tral functionM”(w) as

M"(£)
-z’

whereM”(w) is the analytical continuation d¥1(z) to the
real axis,

1 (=
M(z)= ;Lcdg (A6)

M(wxid)=M'(w)xiM"(w). (A7)
For real frequencies® the symmetry properties &fl (z) im-
ply thatM’(w) is an odd andM”(w) is an even function of
w; hence the KK relation reads

20 (» M"
M'(w)=7‘”sof Pt

Y (A8)

With the usual notatiotM (w) = w\ (@) +iI'(w) both \ (w)
andI'(w) are even functions ob. 1+ \(w)=m*/m, with
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Obviously, x'(0)=1-wx'(0), x"(®)=-wx"(v), and
K’(w)so. Therefore y'(w) can be expressed through
X"(w) as

2w

V(=2 [T X1

52_(02

(A10)

We use now the KK relation foy, Eq. (A4), but expresy”
by X”,

, 2 (=, &X'
X(w)=—;@fod 2o
2

1+

2 o _
2o [ ae X,

This is equal to T wy'(w); hence

52_(1)2

—2qm 207 (= X(8)
1-wy (w)——;fo déx (f)—TWfo d§§2_w2-
(A11)
With Eq. (A10) we obtain the sum rule
2 (= N —
-2 age@-1 (12

m, the band mass describes a frequency-dependent mass en- -

hancement that measures the strength of the interaction &henevery”(w) decays faster tham ! the convergence is
the electrons either among each other or with other excitaguaranteed. However, in any practical analysis a cutoff fre-
tions such as phonons. In a system of noninteracting or elagjuency w. has to be introduced which is typically of the

tically scattered electrons is identical zero. In the high-

order of the bandwidth. This is particularly important for

frequency limit\ (w) generally approaches zero in a systemRaman scattering since the cross section not only originates
of free carriersI'(w) can be interpreted as the inverse of afrom carriers which the analysis is tailored for. The depen-

frequency-dependent(Raman relaxation time, I'(w)
=[r(w)] L. Of course)\ (w) andI'(w) depend on tempera-
ture as well\(w) andI'(w) are also related by KK trans-
formations as can be seen immediately from E48).
Though formally similar the memory functiod should not
be confused with self-energy. While M is a two-particle
correlation function, is a single-particle property in a
many-body system.

At first glance the memory functioM (w) can be ob-
tained directly from the measured Raman resporige) by
calculating the real pary’(w) via the KK relation in Eq.
(A4). However, the experimental spectee, e.g., Fig.ydo

not decay but turn out to be constant or to even increase

slightly in the midinfrared rangéup to a typical bandwidth

dence of the integral om, is crucially related to the high-

energy variation of the response. It is Iogarithmica?l(w)
decays exactly a® ~* or, equivalently, ify”(w) approaches
a constant value.

The advantage of the new functionbecomes apparent
when we return to the original goal, i.e., when we derive
M (w) from the Raman spectra. We start by defining a new
function | (w,T)= —Rx"(w,T) which can be expressed in
terms of the measured Raman intenditfw, T) as

N(w,T)

(0, T)= w{1+ng(w, T}

(A13)

of the order of 1 eV. This requires the introduction of an The sum rule, Eq(A12), fixes the value of the scaling factor

upper cutoff frequencyw, in the KK integral, Eq.(A4),

Ry

which turns out to influence the results seriously. In order to

overcome this problem we define a new functﬂ”z),

1

;(Z) = m (A9)

Since x(2)=1-2x(2), x(2) and x(z) have the same ana-

lytical behavior. Folz| —«, x(z) decays as %/ and can be
continuated to the real axis g§w=id)=x'(w)*ix"(w).

2 (o
;fo do I(0)=R. (A14)

Additionally, we defineK (w)=Rx'(w)/w and express it
through the KK transform o’ () given in Eq.(A10),

2 e |
K(w)=— ;sof dg &) (AL5)

0 52_w2
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As long asw=0.2 o, the convergence is very fast gnd the O'(w)=i80w,2)|;(w), (A18)
dependence omw, correspondingly weak. By separating the

real and imaginary parts we can now determine both thavherewy, is the plasma frequency. If we plug that into Eq.
Raman relaxation ratE(w) and the mass-enhancement fac- (A12), we obtain the well-known sum rule for the real part of

tor 1+ A (w), the conductivity,
I'(w)=R (w) (A16) 2 o o () (A19)
W)= , — wo (w)=n,
[1(@)]*+[wK(w)]? me?Jo
K(o) with the definitions of the symbols used in Sec. V.
1+\(w)=R @ ) (A17) We can define a Raman conductivity,, by Eq. (A18)
(@) ]?+[oK(w)]? using the Raman memory function. However, due to the dif-

ferences of the vertices, the optical and Raman conductivities
should be considered as different quantities. Nevertheless,
they display similar physical properties. The Raman conduc-
tivity in terms of the Raman intensity( w,T) is given by

We emphasize thab, is the only adjustable parameter and
that not only the spectral shape but also the magnitudé of
and 1+ \ is obtained. Due to the specific choicelgi) in
Eq. (Al13), the spectral shapes b{ w) and 1+ \ (w) become

almost completely independent @f , and the scaling factor , (@ T +ioK, (0,T)

R depends only weakly, in our case logarithmically, on the a0, T)=gqwp, R . (A20)
cutoff. vy
The above formulas are general, and the conductivity,vhereRw: R,,(w¢,T) in the general caser,, depends on

o(w)=0'(w)+ic"(w) can be expressed in terms of the polarizations and reflects therefdralependent proper-
x(0), % ties.
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