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In order to access the overdoped regime of the X&80, phase diagram, 2% Ca is substituted for Y in
YBa,Cu;0, (y=7.00,6.93,6.88,6.76). Raman scattering studies have been carried out on these four single
crystals. Measurements of the superconductivity-induced renormalization in frequ&agyand linewidth
(A2y) of the 340-cm* B4 phonon demonstrate that the magnitude of the renormalization is directly related
to the hole concentratiop and not simply the oxygen content. The changed in with p imply that the
superconducting gapA(,.,) decreases monotonically with increasing hole concentration in the overdoped
regime, and\ w falls to zero in the underdoped regime. The linewidth renormalizalidny is negative in the
underdoped regime, crossing over at optimal doping to a positive value in the overdoped state.
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[. INTRODUCTION based on structural subtleti®Anomalies in frequency and
linewidth are not the only superconductivity-induced

Certain phonons in cuprate superconductors exhibichanges. The phonon may also undergo superconductivity-
anomalous changes in frequency and linewidth when thejnduced changes in intensity and these effects have been
are cooled through the superconducting transition temperdtudied by a number of group&*"-1923-27
ture. Such phonon anomalies were first discovered in high- Subsequent to the early experimérft#t was found"2®
temperature  superconductors by Macfarlae¢all in that the strength of the renormall.zat|on. is very sensitive to
YBa,Cu;O,_ 5 (Y123). Zeyher and Zwicknagf showed the presence of s.mall amounts of |mpur|t|§s, even in crystals
that the presence of such anomalies could be attributed 7 Which the critical temperature remained close to the

electron-phonon interactions and the changes in the densielga)(imum value of 93.5 K. For example the anomaly is very

: . veak in samples containing a small percentage of either
of electronic states that oceur on the opening of the supety ' 67" Gold?® where Th substitutes for Yitrium and
conducting gap. Frieddt al.” used this approach to obtain an

estimate for the superconducting gap in Y-123. Nicol, Jian Au for Cu(1). To explain this effect it was initially suggested

and Carbotte extended the theoretical approach of Zeyhe?that the presence of impurities led to the averaging of an

: . oo " '“lanisotropic gap’
and Zwicknagl to include the effect of a pairing interaction It was also know# that the strength of th&,, phonon
of d-wave symmetry on the phonon self-energy. Pho- 19

! : , anomaly is very weak in samples of Y-123 with a reduced
non frequency and linewidth anomalies have been,yqen” concentrationy6.90), and, in particuldt, the
investigated extensively, using Raman scattering, insyrength of the anomaly is very sensitive to oxygen content
several cuprates—YBE&U;O;5,°! YBay(Cuy ,M,)40s  near optimal doping. For example it is very weak in crystals
(Y-124) for M=Ni,Zn,** Bi,Sr,CaCyOs, 4(Bi2212,"***  \ith y=6.90 andT.=92 K, weak in crystals witty=6.95
NdBa,Cu;0;_5 (Nd123," HgBa,CaCusOg, s (H91223,"°  and T,=93.7 K, and yet very strong in overdoped crystals
HgB&,Ca;Cu,010: 5 (Hg1234,'" HgB&,CuQy, s (Hg1201,'®  with y=7.0 andT,=89.5 K. In view of the fact that small
and (Cu,C)BaCa;Cu,0,.'° In particular, many studies have changes in oxygen doping produced the same effects as
been carried out on the 340-cth B1g phonon in Y123 to  small changes in impurity concentrations it was suggésted
ascertain the nature of the phonon anomaly. At this timethat the strength of th@,, anomaly is determined by the
however, the reason for the sensitivity of tBg; phonon free carrier, or hole concentration, in the Gu@lanes. This
anomaly to extremely small changes in the oxygen contenguggestion was supported by the observafidhat the fre-
near optimal doping remains somewhat controvefSi&. quency of the pair-breaking peak in tlg, electronic Ra-
Additionally, the physical basis of the relationship betweenman continuum is very sensitive to the level of oxygen dop-
hole concentration and the degree of phonon renormalizatioimg and, furthermore, that its behavior could be correlated
is unclear, leading some to offer interesting interpretationsvith the strength of the phonon anomaly. That is, the varia-
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tion of the frequency of theBlg pair-breaking peak with TABLE I. Values of the initial oxygen concentratiolyds,) es-
doping, moved in complete step with the value of the gagimated from the crystal growth parameters. The refined oxygen
obtained from an analysis of the phonon anomaly. The deconcentrationy;.) calculated from the-axis lengthp is the hole
pendence on hole concentration has been questioned incgncentrations calculated from the expresspa0.175-0.21(7
recent examination of Ca-doped Y-1%3. —Yy) andp*=p+[Cal/2=p+0.01. CrystalsA,B,C, andD have
In an attempt to gain additional insight into the above[C&gzo.OZ, while crystalU is an undoped crystal used for com-

question, and into the origin of the physical processes thdtdSon PUrposes.

determine the sensitivity of thB,,; phonon anomaly to dop-
ing, we have carried out Raman scattering investigations 0?rysta| Yest

c*0.002(A) Yref Pret Pret  Tc (K)

Ca-doped Y-123Y; ,CaBaCuOy or Y(Ca-123]. Cal- A 6.98 11.688 7.00 0.175 0.185 89.5
cium, a divalent alkaline-earth ion, substitutes preferentiallyg 6.95 11.698 693 0.161 0.171 92.0
for trivalent Yttrium in the YBaCu;O, compound. Since the ¢ 6.90 11.707 6.88 0149 0159 92.7
ionic radius of the C&" ion is approximately equal to that of p 6.85 11.725 6.76 0125 0.135 895
the Y8* ion® one expects that the carrier or hole concentra 6.95 11.699 6.93 0.160 0160 93.2

tion could be varied in a controlled manner without introduc-
ing any significant distortion in the Y-123 latti¢.Also,
given that the Y-site is located midway between the superfraction peaks. The refinement program corrects for off-axis
conducting Cu@ planes, Ca substitution should be an effec-shifts and consequently tleaxis spacings reported in Table
tive means of increasing the carrier concentration on the are accurate to within-0.002 A2°

CuG, planes. On the basis of simple valence considerations In agreement with expectatiof$as mentioned above, it
one might thus expect that each substituted Ca ion woulgvas found that the-axis lattice parameter is not affected by
contribute 0.5 holes to each Cy@lane®* % Although this  small concentrations of Ca. Therefore, using the relation be-
recipe appears to break down in the case of more heavilgveen thec-axis length and the oxygen concentratfomore
doped samplé8 (x=0.1), the results presented here, whichaccurate values for the oxygen concentrations {ywere
were obtained using lightly dopedk£0.02), high-quality obtained(see Table)l. The samples of 2% Ca-doped Y-123
single crystals of YCa)-123, appear to be in accord with are therefore labeled according to their oxygen concentration
these expectations. Our results indicate that the effect of cajy=7.004), 6.93®B), 6.88(C), 6.76(D)], and an undoped
cium doping on theB,4 phonon anomaly is equivalent in sample[y=6.93(U)] is also used for comparison purposes.
every way to the changes induced by appropriate variation ofhe critical temperaturd@, was obtained from dc magneti-
the oxygen concentration. That is, the magnitude of thezation measurements as described elsewtere.
renormalization is directly related to the hole concentration, The relationship between the oxygen concentration and
in contrast to recent observatiotfsin addition, it is found  hole carrier concentratiop in the crystals was deduced us-
that the superconductivity induce@Cl) frequency renor- ing a modified form of a relation proposed by Tallon. He
malization is small fop<<0.15, increases rapidly just above proposed thap=0.187-0.21(7—y), wherep is the number
optimum doping, and then increases monotonically with in-of holes per Cu@layer andy is the oxygen concentration. In
creasing hole concentratiofior p>0.15). The SCI line- this work, however, we will use a slightly displaced value of
width renormalization changes from a narrowing below op-the p intercept to be consistent with an optimum hole con-
timal to a broadening above. These results are consistegentration of 0.16, which is obtained when=6.93 and
with the absence of a SCI electronic renormalization in ther, .. .=93.7 K. Accordingly,

underdoped state where a pseudogap opens ahave

p=0.175-0.27—y). (1)

Il. SAMPLE PREPARATION & CHARACTERIZATION The critical temperatures of the samples, as a function of

Good quality Y, ,CaBa,Cu0, (Y(Ca-123 crystals the hole conc_entratlon per (_:ng), follow the parabolic
were grown in yttrium—staugili%)%d zirconia  crucibles dependenceFig. ) reported in other papefs,
(ZrO,-Y) by a standard flux method.Based on stoichiom- . 2
etry considerations thgCa] was estimated to be 4%, but Te/Tema=1-82.8p=po)", )
Inductively-Coupled Mass Spectrometry analyigelded a  wherep,=0.16 is the optimum hole concentrationTaty ax-
lower value of 2.6:0.2 %. It can be seen from Fig. 1 that cryst@l is optimally

An estimate of the oxygen content.() was obtained doped,D is underdoped, and andB are overdoped. We can
using the crystal growth parameters of annealing pressureonclude that 2% Ca-doping of the Y-123 crystals does not
and temperatur& To determine the values gfmore accu- involve any noticeable oxygen depletion, which has been
rately, thec-axis lattice parameter was carefully measured byreported®2®414%to occur for Ca concentrations greater than
x-ray diffraction (XRD) studies. Using a Siemens D-5000 10%. Consequently, the substitution of Calciim?2) for
diffractometer with Cu-K, radiation, XRD patterns were ob- Yttrium (+3) effectively increases the hole concentration as
tained using scans with a step six@=0.02°, in the range p=p* +[Cal/2, wherep* would be the hole concentration
5°<26=<100°. In order to obtain reliable estimates of thein Ca-free material. As one can conclude from an inspection
c-axis lattice parameter only the (IQOpeaks with 2>30°  of Table I, only sampleA exhibits ys<Y,et, Which may
(I>5) were used in a nonlinear least-squares fit to the difsuggest that the sample is oxygen depleted. However,

064514-2



HOLE CONCENTRATION AND PHONON.. .. PHYSICAL REVIEW B59, 064514 (2004

T ® T L T ¥ T Y T

1.00 |- E

—
[Z]
=
c
] =]
< < .
= o095 E Q2
o [
L [} ©
A
(72}
c
= 2 (]
0.90 |- TIT, ex = 1-82.6(p-0.16) i ‘E
® Ca-free (Ref. 9)
@ Ca-free (this work)
< 2% Ca-doped (this work)
085 PR ST S S S ST T S TSN ST T S U SN SN SN N T SN ST U NS SN S NN NS S U
0.12 0.13 0.14 0.15 0.16 0.17 0.18 0.19

P, (holes per CuO))

" 1 M 1 " 1 " 1 " 1 "
150 200 250 300 350 400 450
FIG. 1. (Color online The superconducting transition tempera-

ture vs hole concentration for Ca-dop&¥6) and Ca-free crystals
of Y-123.

Raman shift (cm™)

FIG. 2. (Color online ano line shape fit(solid line) to the
(nomina) 340-cm ! phonon found in theB,, spectra(doty of
since sampl® is the only underdoped crystal, further inves- sample A at T=16.6 K, resulting in ®=336.3-0.1cm !, q
tigations are necessary to validate this conclusion. =-6.0+0.2 and HWHMy=9.6=0.1 cm 1.

shown in Fig. 2. Quantitative analysis of the linewidthy(2
ll. RAMAN SPECTRA =I") and frequency ¢,) of this mode was carried out by
fitting the line shapes to Fano profifésvith a linear back-

Raman spectra of the(€a)-123 crystals were collected rground bow+c),

using either the 514.5 nm or 488.0 nm lines of an argon-io

laser as the excitation source. To minimize local heating ef- (q+ €)?
fects, the incident power was kept below 3 mW, and fo- l(w)=1,——— +bw+tc, (3)
cussed on the sample with a spherical-cylindrical lens com- 1te

bination to yield incident power densities of the order of

10 Wi/cnt. With this incident power level the local sample where

heating is minimal. This is clear from the fact that the ob- _ 2
- lo=m70,Ts, (4)

served renormalizations occur very close to the measured €
critical temperatures. Spectra were obtained at various tem-
peratures in the range 15<KT <300 K, using a Displex re- = M (5)
frigerator. All the sample temperatures cited in this paper are Y
the measured ambient temperatures.

Within the D4y, point group, excitations dB;4, symmetry y=mE,V?, (6)
are selected by using, in Porto’s notation, #ig’'y’)z scat-
tering geometry, wherg’ denotes th€1,1,0 direction,y’ Tp
denotes thé—1,1,0 direction, andz is the direction parallel 4= TooVT. (7)

to thec axis. In this geometry thél,0,0 and(0,1,0 axes lie
along the Cu—0O bonds. The scattered light was analyzedHere we assume a constant density of electronic states over
with a triple-grating spectrometer, using gratings with athe energy range of interes¢{), V measures the interaction
bandpass of either 700 ¢ or 1400 cm®. The corre- between phonon and electronic continuum states;Tand’,
sponding resolution at the detector is 0.8 or 1.6 ¢mre-  are the matrix elements characterizing Raman-active transi-
spectively. The scattered light is detected by an ITT-tions to the electronic continuum and phonon states, respec-
Mepsicron imaging detector over a typical collection time oftively. y is the half width at half maximunf(HWHM) of the
1 h. The spectra were carefully calibrated against the lasdine shape andj is the asymmetry parameter which deter-
plasma lines. mines the form of the line shape, whibeandc are adjustable

B,y spectra were obtained at several different temperaeonstants. An example of the results of such a fit is shown in
tures for all samples. Spectra at 16.6 K from samples  Fig. 2.
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FIG. 3. The temperature dependence of the 340cphonon
frequency, for 2% Ca-dopedAD) and Ca-fregU) crystals with
varying oxygen concentrations.

FIG. 4. (Color onlineg The temperature dependence of the
340-cm? B4 phonon linewidth for 2% Ca-dopedi(-D) and Ca-
free (U) crystals with the indicated oxygen concentrations.

Friedl et al“" have suggested tha_t intensity anomalies are . the oxygen content and in crystals wigh=6.76 the
present because of a superconductivity-induced resonant Ra- L 2

o - . Softening is reduced to about 2—3 th
man effect arising from the similar energies of the gap) 2

4 : -~ The linewidth of the 340-cm?® peak (Fig. 4) decreases
and the phononf(fuo). Zhad" camed out similar measure- when cooled between room temperature and 10 K. To deter-
ments as a function of doping in YBauO, for y=6.93

. . . . mine the superconductivity induced changes one must sub-
agd y_rg\;%:;g (f:(())l;\g?st?:tt(:lelarr?aeticc?r??é?rr?érvg;ﬁaqﬁ;]ee atract anharmonic effects. To obtain a rough estimate of the
9ap, p P ) 98B harmonic changes that occur one can assume that the pho-

energy is much greater than the linewidth, such a resonant; " qocavs into two phonons with oopositerector. each
effect should not significantly affect the linewidth or fre- having af}r/equency)olzp. The temperatlfr?a jgpender;ce of the

guency of the Raman mode and therefore it is customary t ; . ; )
treat the intensity of the phonon profile as a parametgrif E:gxilédéheg:; g;eur;tti)(()eﬁgffgcnbed approximately by the anhar

Eq. (3).
~ The temperature dependence of the frequenay) (and TCan(wo,T)=c[1+2n(w,/2,T)]+d, 8
linewidth (2y=FWHM) of the 340-cm* B;; Raman mode
are summarized in Figs. 3 and 4, respectively. As can be seawheren is the Bose-Einstein factog andd are constants,
from these figures, thgnomina) 340-cm ! B;y mode andw, is the frequency of the mode. Since the Bose factor is
clearly shows significant changes in linewidth and frequencyapproximately constant for temperatures below 10@fd¢
as a function of temperature. In addition, we did not observev,>300 cm 1), anharmonic effects should be negligible for
significant differences in the frequency and linewidth behavthe 340 cm? phonon in the range 100KT>15 K. The
ior of the mode when the laser excitation wavelength wasonstantsc and d can thus be determined by fitting to the
switched from 514.5 nni2.41 e\j to 488.0 nm(2.54 e\j. linewidth changes that occur far>100 K, and the resulting
This means that resonance effects, which can alter the redigquation can be used to predict the anharmonic behavior that
tribution of the Raman continuufhare not important in our occurs below 100 K. The superconductivity induced changes
case. are then assumed to be the actual linewidth minus that pre-
As seen in Fig. 3, the magnitude of the phorfi@gyuency dicted by the anharmonic equation. These changes are
decreases substantially in crystals with lower oxygen constrongly dependent on the oxygen content. In the crystals
tent. The renormalization is largé%in the highly oxygen- with very high oxygenationy=6.98-7.00), there is a pro-
ated samples and almost vanishes in the sample with an oxyounced broadening<(5 cm ! for sampleA) of the peak.
gen conteny=6.76. There is also a substantial softening ofIn samples C & D) with the lowest oxygen concentration
the phonon below 100 K; by 11 cm in crystals with the (y=6.88 and 6.7§ a 2—3 cm® steplike narrowing is ob-
highest oxygenation. This softening approximately scaleserved below 80 K without any initial broadening. In the
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0 _§ : . : ' : ' : Second, the most pronounced broadening\2{
oL 5 ® 1 ~5 cm 1) and softening Aw=11 cm 1) of the 340 cm'?
< 4L é k mode occurs for the sampl@) with the highest hole con-
g ok 3 ® E centration, estimated to e=0.185(Table ). In fact, Fig. 5
~ &L & R demonstrates that the magnitude of the frequency renormal-
3" 10k ] ?zation monotonicglly increases as the hole concer_wtration is
< 12l e catres <}_- increased. According to theofy,as the superconducting gap
6-‘ & 2% Ca I } ' } ' } energy, or the pair-breaking peak in the electronic con-
4 [ Py é_‘ tinuum, approaches the 340 chphonon frequency from
< oL & ] above, the phonon damping and frequency renormalization
g : $ 1 should markedly increase, as is observed. Our results thus
= or ] imply that for optimal doping, & ., w,=340 cm %, and
& 2r § é 5 that the superconducting gap decreases with increasing dop-
< 4 8 oo ] ing in overdoped crystals. In fact Boek al,*® in thin films
0.10 ! 0"12 0_'14 ' 0.'16 0"18 with much higher Ca concentrations, carried out measure-

ments on samples with &,.,=w,. They found that
p (holes per CuO,) 2A max~ w, for a sample withp~0.20.

FIG. 5. Superconductivity induced renormalization in frequency
and linewidth of the 340-cm! B,y mode, as a function of hole
concentration in Y-123. Substituting Ca for Y in YBgCwO, (6.85<y<7) has

allowed us to access the overdoped regime of Y-123. The
crystal (B) possessing an intermediate oxygen content ( superconductivity induced renormalization of the 340-¢m
=6.93), after an initial broadening (1 crh) below 100 K, B, phonon has been studied as a function of oxygen con-
a narrowing takes place below 50 K (0.5 chy. centration both in pure and in Ca-doped crystals. In over-

In order to quantify the SCI changes in frequency anddoped compounds the strength of the phonon anomaly in-
linewidth and to facilitate comparison with the restilah- creases as the doping level is increased above optinpum (
tained from Ca-free crystals, the procedures used in Refs. 40.16). This is consistent with the known behavior of the
and 8 will be applied to the results shown in FigS. 3 and 4.Superconducting gap. In optima”y doped Compoundﬂ
That is, the magnitude of the frequency anomaly is estimateglair breaking peak is centered at550 cni® (2Aax
by finding the difference in the frequency of the phonon at<g 4 kT) and this decreases to 470¢tm (2A.y
two temperatures. Quantitatively, for a given doping level,~7 5 kT) for a crystal withp~0.18 (Fig. 1). Thus the gap
the magnitude of the phonon frequency anomalw] is  energy is approaching the phonon frequency from above and
determined by the difference in the phonon frequency at 3¢he increase in strength of the phonon anomaly is consistent
Kand 100 K, with the predictions of Nicol, Jiang, and Carbatt€he re-

sults presented here are consistent with the measurements of

Aw=w(30 K)—w(100 K). Bock et al*® carried out on high-quality thin films of Ca-

doped Y-123. They also found that the superconducting gap
Figure 4 shows that as the sample is cooled belgwthe s reduced with increased doping in the overdoped regime.
linewidth departs from the anharmonic decay curve. TheThis variation in the gap energy with hole concentration, in
phonon linewidth anomalyX2y) is measured at the tem- the overdoped regime, is very similar to that found in Bi2212
peratureT, (<T.) where the deviation reaches its maxi- (Ref. 50 and La214" It is clear that the behavior of the
mum. It's magnitude is defined as the difference between thguperconducting gap in high-quality crystals containing 2%
linewidth at T, and the value calculated from anharmonic Ca is identical to that observed in undoped samples with the

IV. DISCUSSION AND CONCLUSIONS

decay of the phonon at the same temperature, same hole concentration.
As noted above, the frequency shift associated with the
A2y=2y(Ty) =T an(To), phonon anomaly undergoes rather dramatic changes as the
doping level moves through optimum. From Fig. 5 one can
where y, is the anharmonic linewidth given by E(B). see that forp=0.185, a doping level slightly above opti-

When A2y and Aw are plotted as a function of hole mum, Aw~12 cm . Aw then decreases quite rapidly to
concentration(Fig. 5, a number of features are evident. ~4 cm ! at optimum @,=0.16). As the doping level is
First, the Ca-free and 2% Ca-doped crystals fall on the sameeduced below optimum w decreases more gradually, and
curve. If the[Ca] were ignored, the corresponding points in reaches a valuest2 cm 1) that is comparable to the experi-
Fig. 5 would be shiftedby 0.0 to lower hole concentra- mental uncertainty whep~0.14. On the other hand, the
tions, and consequently they would not fall on the sameSCl linewidth changeX2+y) is even more dramatic in that it
curve as the Ca-free crystals. This observation allows one tabruptly changes from a positive value to a negative value
conclude that it is the change in hole concentration that is th€Fig. 5 as the doping level is reduced through optimum.
determining factor—independent of whether it is determined=rom Fig. 5 it is clear that crystals with the same hole con-
by oxygen or Ca doping. centration yield the same phonon anomaly, irrespective of
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whether the crystal was doped with Ca or not. This concluquency and linewidth are identic@lvithin experimental er-
sion is in contrast to that presented in Ref. 32 and it is ofror) for all samples with the same doping levétig. 5.
interest to explore the origin of the discrepancy between th@hus, the renormalization is independent of any presumed
results obtained here and those of Ref. 32. In our opiniorisorder at the 2% Ca doping level. One may of course,
these differences primarily involve questions related to thentroduce disorder by doping Ca at much higher levels, and
samples used in each study. We have used lightly dopedeveral workers have done so, but then to extract the effect of
high-quality single crystals in our work and hence the actuatisorder and hole doping level would be problematic though
doping level is well known, and a clear and definitive polar-some theorist§ have analyzed this problem. For all these
ization analysis can be carried out. On the other hand theeasons we have chosen a low level of doping where we find
results of Ref. 32 were obtained on relatively heavily dopedhat disorder does not play a role.
polycrystalline samples. It is diffici#ft to obtain an accurate Through its effect on the hole concentration, the addition
determination of the doping level in such samples, and furof calcium could also modify the band structure, Fermi en-
thermore, such samples are more likely to be spatially inhoergy, and the Fermi surface shape and, in turn, give rise to
mogeneous. Finally the Raman spectra obtained from suakesonance effecfS. However, these changes are expected to
samples are a combination ofaxis and in-plane contribu- be negligible over the small doping ran¢&05 holes about
tions and contain input from all scattering geometries. Sepasptimal) used in this study, as demonstrated by Angle Re-
rating out the planaB 4 response in such samples, to enablesolved Photoemission spectroscd®\RPES measurements
a reliable comparison with our data, would be very difficult. on Bi,Sr,CaCyOg, ;>* and YBaCusO, (y=6.5-6.9)>
Some workerg suggest that the electric field produced On the other hand, there are large changes in the density of
across a Cu®plane by the surrounding asymmetric environ- stategDOS) at the Fermi surface that are associated with the
ment of Y¥* and B&" is correlated with the strength of the opening of the pseudogap. These DOS changes will have a
B,4 electron-phonon interaction and also the degree of buckiarge effect oriT; and the associated phonon renormalization.
ling in the CuQ plane. Furthermore Chmaisseshal®? ar-  Consequently, it is our contention that these changes provide
gued that changes ifi; are directly tied to changes in buck- the dominant doping influence on tBg line profile, and as
ling. It is thus of interest to ask to what degree such factora result, a consistent explanation for the observed phonon
influence the results presented in this work. For exampleself-energy behavior.
does light doping with Ca induce significant distortions or  The results shown in Figs. 3—5 suggest that the electron-
crystal field effects that would compete with effects due tophonon interaction decreases rapidly as the doping level is
changes in hole concentration? This question is answered bgduced through the optimum value. This can be attributed to
observing that the measured strength of the phonon anomady corresponding decrease in the carrier concentration, and
in Ca-doped and Ca-free samples, with equal hole concerthus the results are consistent with investigatibRSwhich
trations, is the samérig. 5), despite the presumed reduction show that the pseudogap opens abruptly, andthespectral
in both the crystal field and buckling due to the substitutionweight decreases dramatically, as the doping level in Y-123
of Y3* by C&"' (substituting C&" for Y3 reduces the is reduced belowp,. The absence of a phonon frequency
asymmetry of the environmerf It is clear from our results anomaly, and a narrowing of the linewidth, are thus com-
that for a given oxygen contenty), doping with Ca in- pletely consistent with this pictute®’>8of the pseudogap.
creases the strength of the phonon anomaly. Since dopinbhe results also suggest that Ca doping does not influence
with Ca reduces the charge asymmetry, and hence the elettie onset of the pseudogap, and again, in high-quality
tric field across the planes, our results would appear to beamples, the pseudogap opens at a particular hole concentra-
inconsistent with the mechanism proposed in Ref. 22. Moretion, irrespective of how it is generated. Finally, recent the-
over, Fischeet al3* carried out detailed structural measure- oretical work by Varlamovet al®® demonstrates that the
ments of Ca-doped Y-123. They found that there are ngseudogap suppresses the phonon anomaly, providing strong
changes in either the- or a-axis parameters for Ca concen- support for the conclusions reached in the present work.
trations in the range €x=<0.3, and furthermore, no changes It is also interesting to note that the SCI renormalization
in the b-axis parameter for €x=<0.1. These resufté are  of the B,y electronic continuum in Y-123 and La214
thus consistent with our observations, and strongly suggest@nishes! rather abruptly as the doping level is reduced be-
that light doping with Ca does not produce any significantow optimum, and its doping dependence has been fthind
structural distortions in Y-123. Therefore, if buckling, crystal be closely correlated with that of the phonon anomaly. This
field, and hole concentration are possible causes of this in contrast to results obtained in Bi22(Ref. 50 where it
change in the phonon anomaly, our results indicate that it iss found that a SCI renormalization of tt#,, electronic
the hole concentration that provides the dominant, if not solegontinuum is observed well intopé0.12) the underdoped
contribution. region. This result has been attributed to an inherent
The addition of calcium might be expected to increasenhomogeneity’®®®in Bi2212; that is, in the underdoped
disorder in the crystal and hence might influence the SChaterial, Bi2212 is composed of underdoped and optimally
renormalization. One woulda priori, predict that at the doped regions. One might speculate that a similar inhomo-
same hole concentration level, disorder should be greater fageneity, due for example to doping variation between grains,
the Ca-substituted as compared with the Ca-free samples, aflight be present in polycrystalline samples of
other things being equal. Our results show that they,_,CaBa,Cu;O, with x=0.10.
superconductivity-induced phonon renormalization in fre- In summary, Raman scattering measurements of the
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superconductivity-induced renormalization in frequency anddemonstrate that the magnitude of the renormalization is di-
linewidth of the 340-cm* B14 Phonon have been completed rectly related to the hole concentratipnand not simply the

on single crystals of Ca-doped Y-123. The change4 in

with p imply that the superconducting gap {.,) decreases
monotonically with increasing hole concentration in the
overdoped regime, anfw falls to zero in the underdoped

regime. The linewidth renormalization2y is negative in

oxygen content, or dopant concentration.
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