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Hole concentration and phonon renormalization of the340-cmÀ1 B1g mode in 2% Ca-doped
YBa2Cu3Oy „6.76ÏyÏ7.00…
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In order to access the overdoped regime of the YBa2Cu3Oy phase diagram, 2% Ca is substituted for Y in
YBa2Cu3Oy (y57.00,6.93,6.88,6.76). Raman scattering studies have been carried out on these four single
crystals. Measurements of the superconductivity-induced renormalization in frequency (Dv) and linewidth
(D2g) of the 340-cm21 B1g phonon demonstrate that the magnitude of the renormalization is directly related
to the hole concentrationp and not simply the oxygen content. The changes inDv with p imply that the
superconducting gap (Dmax) decreases monotonically with increasing hole concentration in the overdoped
regime, andDv falls to zero in the underdoped regime. The linewidth renormalizationD2g is negative in the
underdoped regime, crossing over at optimal doping to a positive value in the overdoped state.
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I. INTRODUCTION

Certain phonons in cuprate superconductors exh
anomalous changes in frequency and linewidth when t
are cooled through the superconducting transition temp
ture. Such phonon anomalies were first discovered in h
temperature superconductors by Macfarlaneet al.1 in
YBa2Cu3O72d ~Y123!. Zeyher and Zwicknagl2,3 showed
that the presence of such anomalies could be attribute
electron-phonon interactions and the changes in the den
of electronic states that occur on the opening of the su
conducting gap. Friedlet al.4 used this approach to obtain a
estimate for the superconducting gap in Y-123. Nicol, Jia
and Carbotte5 extended the theoretical approach of Zeyh
and Zwicknagl to include the effect of a pairing interacti
of d-wave symmetry on the phonon self-energy. Ph
non frequency and linewidth anomalies have be
investigated extensively, using Raman scattering,
several cuprates—YBa2Cu3O72d ,6–11 YBa2(Cu12xMx)4O8

~Y-124! for M5Ni,Zn,12 Bi2Sr2CaCu2O81d~Bi2212!,13,14

NdBa2Cu3O72d ~Nd123!,15 HgBa2Ca2Cu3O81d ~Hg1223!,16

HgBa2Ca3Cu4O101d ~Hg1234!,17 HgBa2CuO41d ~Hg1201!,18

and (Cu,C)Ba2Ca3Cu4Ox .19 In particular, many studies hav
been carried out on the 340-cm21 B1g phonon in Y123 to
ascertain the nature of the phonon anomaly. At this tim
however, the reason for the sensitivity of theB1g phonon
anomaly to extremely small changes in the oxygen con
near optimal doping remains somewhat controversial.20,21

Additionally, the physical basis of the relationship betwe
hole concentration and the degree of phonon renormaliza
is unclear, leading some to offer interesting interpretatio
0163-1829/2004/69~6!/064514~8!/$22.50 69 0645
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based on structural subtleties.22 Anomalies in frequency and
linewidth are not the only superconductivity-induce
changes. The phonon may also undergo superconducti
induced changes in intensity and these effects have b
studied by a number of groups.16,17,19,23–27

Subsequent to the early experiments1,4 it was found6,7,28

that the strength of the renormalization is very sensitive
the presence of small amounts of impurities, even in crys
for which the critical temperature remained close to t
maximum value of 93.5 K. For example the anomaly is ve
weak in samples containing a small percentage of eit
Thorium6,7 or Gold,28 where Th substitutes for Yttrium an
Au for Cu~1!. To explain this effect it was initially suggeste
that the presence of impurities led to the averaging of
anisotropic gap.29

It was also known30 that the strength of theB1g phonon
anomaly is very weak in samples of Y-123 with a reduc
oxygen concentration (y&6.90), and, in particular,9 the
strength of the anomaly is very sensitive to oxygen cont
near optimal doping. For example it is very weak in cryst
with y&6.90 andTc592 K, weak in crystals withy56.95
and Tc593.7 K, and yet very strong in overdoped crysta
with y57.0 andTc589.5 K. In view of the fact that smal
changes in oxygen doping produced the same effects
small changes in impurity concentrations it was suggeste7,9

that the strength of theB1g anomaly is determined by th
free carrier, or hole concentration, in the CuO2 planes. This
suggestion was supported by the observation31 that the fre-
quency of the pair-breaking peak in theB1g electronic Ra-
man continuum is very sensitive to the level of oxygen do
ing and, furthermore, that its behavior could be correla
with the strength of the phonon anomaly. That is, the va
©2004 The American Physical Society14-1
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tion of the frequency of theB1g pair-breaking peak with
doping, moved in complete step with the value of the g
obtained from an analysis of the phonon anomaly. The
pendence on hole concentration has been questioned
recent examination of Ca-doped Y-123.32

In an attempt to gain additional insight into the abo
question, and into the origin of the physical processes
determine the sensitivity of theB1g phonon anomaly to dop
ing, we have carried out Raman scattering investigation
Ca-doped Y-123@Y12xCaxBa2Cu3Oy or Y~Ca!-123#. Cal-
cium, a divalent alkaline-earth ion, substitutes preferentia
for trivalent Yttrium in the YBa2Cu3Oy compound. Since the
ionic radius of the Ca21 ion is approximately equal to that o
the Y31 ion33 one expects that the carrier or hole concent
tion could be varied in a controlled manner without introdu
ing any significant distortion in the Y-123 lattice.34 Also,
given that the Y-site is located midway between the sup
conducting CuO2 planes, Ca substitution should be an effe
tive means of increasing the carrier concentration on
CuO2 planes. On the basis of simple valence considerati
one might thus expect that each substituted Ca ion wo
contribute 0.5 holes to each CuO2 plane.34,35 Although this
recipe appears to break down in the case of more hea
doped samples36 (x*0.1), the results presented here, whi
were obtained using lightly doped (x50.02), high-quality
single crystals of Y~Ca!-123, appear to be in accord wit
these expectations. Our results indicate that the effect of
cium doping on theB1g phonon anomaly is equivalent i
every way to the changes induced by appropriate variatio
the oxygen concentration. That is, the magnitude of
renormalization is directly related to the hole concentrati
in contrast to recent observations.32 In addition, it is found
that the superconductivity induced~SCI! frequency renor-
malization is small forp,0.15, increases rapidly just abov
optimum doping, and then increases monotonically with
creasing hole concentration~for p.0.15). The SCI line-
width renormalization changes from a narrowing below o
timal to a broadening above. These results are consis
with the absence of a SCI electronic renormalization in
underdoped state where a pseudogap opens aboveTc .

II. SAMPLE PREPARATION & CHARACTERIZATION

Good quality Y12xCaxBa2Cu3Oy „Y~Ca!-123… crystals
were grown in yttrium-stabilized zirconia crucible
(ZrO2-Y) by a standard flux method.37 Based on stoichiom-
etry considerations the@Ca# was estimated to be 4%, bu
Inductively-Coupled Mass Spectrometry analysis38 yielded a
lower value of 2.060.2 %.

An estimate of the oxygen content (yest) was obtained
using the crystal growth parameters of annealing pres
and temperature.39 To determine the values ofy more accu-
rately, thec-axis lattice parameter was carefully measured
x-ray diffraction ~XRD! studies. Using a Siemens D-500
diffractometer with Cu-Ka radiation, XRD patterns were ob
tained using scans with a step sizeDu50.02°, in the range
5°<2u<100°. In order to obtain reliable estimates of t
c-axis lattice parameter only the (00l ) peaks with 2u.30°
( l .5) were used in a nonlinear least-squares fit to the
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fraction peaks. The refinement program corrects for off-a
shifts and consequently thec-axis spacings reported in Tabl
I are accurate to within60.002 Å.40

In agreement with expectations,34 as mentioned above, i
was found that thec-axis lattice parameter is not affected b
small concentrations of Ca. Therefore, using the relation
tween thec-axis length and the oxygen concentration,9 more
accurate values for the oxygen concentrations (yre f) were
obtained~see Table I!. The samples of 2% Ca-doped Y-12
are therefore labeled according to their oxygen concentra
@y57.00(A), 6.93(B), 6.88(C), 6.76(D)], and an undoped
sample@y56.93(U)# is also used for comparison purpose
The critical temperatureTc was obtained from dc magnet
zation measurements as described elsewhere.37

The relationship between the oxygen concentration
hole carrier concentrationp in the crystals was deduced u
ing a modified form of a relation proposed by Tallon. H
proposed thatp50.18720.21(72y), wherep is the number
of holes per CuO2 layer andy is the oxygen concentration. In
this work, however, we will use a slightly displaced value
the p intercept to be consistent with an optimum hole co
centration of 0.16, which is obtained wheny56.93 and
Tc,max593.7 K. Accordingly,

p50.17520.21~72y!. ~1!

The critical temperatures of the samples, as a function
the hole concentration per CuO2 (p), follow the parabolic
dependence~Fig. 1! reported in other papers,36

Tc /Tc,max51282.6~p2po!2, ~2!

wherepo50.16 is the optimum hole concentration atTc,max.
It can be seen from Fig. 1 that crystalC is optimally

doped,D is underdoped, andA andB are overdoped. We can
conclude that 2% Ca-doping of the Y-123 crystals does
involve any noticeable oxygen depletion, which has be
reported33,36,41,42to occur for Ca concentrations greater th
10%. Consequently, the substitution of Calcium~12! for
Yttrium ~13! effectively increases the hole concentration
p5p* 1@Ca#/2, wherep* would be the hole concentratio
in Ca-free material. As one can conclude from an inspect
of Table I, only sampleA exhibits yest,yre f , which may
suggest that the sample is oxygen depleted. Howe

TABLE I. Values of the initial oxygen concentration (yest) es-
timated from the crystal growth parameters. The refined oxy
concentration (yre f) calculated from thec-axis length.p is the hole
concentrations calculated from the expressionp50.17520.21(7
2y) and p* 5p1@Ca#/25p10.01. CrystalsA,B,C, and D have
@Ca#50.02, while crystalU is an undoped crystal used for com
parison purposes.

Crystal yest c60.002~Å! yre f pre f* pre f Tc ~K!

A 6.98 11.688 7.00 0.175 0.185 89.5
B 6.95 11.698 6.93 0.161 0.171 92.0
C 6.90 11.707 6.88 0.149 0.159 92.7
D 6.85 11.725 6.76 0.125 0.135 89.5
U 6.95 11.699 6.93 0.160 0.160 93.2
4-2
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HOLE CONCENTRATION AND PHONON . . . PHYSICAL REVIEW B69, 064514 ~2004!
since sampleD is the only underdoped crystal, further inve
tigations are necessary to validate this conclusion.

III. RAMAN SPECTRA

Raman spectra of the Y~Ca!-123 crystals were collecte
using either the 514.5 nm or 488.0 nm lines of an argon-
laser as the excitation source. To minimize local heating
fects, the incident power was kept below 3 mW, and
cussed on the sample with a spherical-cylindrical lens co
bination to yield incident power densities of the order
10 W/cm2. With this incident power level the local samp
heating is minimal. This is clear from the fact that the o
served renormalizations occur very close to the measu
critical temperatures. Spectra were obtained at various t
peratures in the range 15 K,T,300 K, using a Displex re-
frigerator. All the sample temperatures cited in this paper
the measured ambient temperatures.

Within the D4h point group, excitations ofB1g symmetry
are selected by using, in Porto’s notation, thez(x8y8)z scat-
tering geometry, wherex8 denotes the~1,1,0! direction, y8
denotes the~21,1,0! direction, andz is the direction parallel
to thec axis. In this geometry the~1,0,0! and~0,1,0! axes lie
along the CuuO bonds. The scattered light was analyz
with a triple-grating spectrometer, using gratings with
bandpass of either 700 cm21 or 1400 cm21. The corre-
sponding resolution at the detector is 0.8 or 1.6 cm21, re-
spectively. The scattered light is detected by an IT
Mepsicron imaging detector over a typical collection time
1 h. The spectra were carefully calibrated against the la
plasma lines.

B1g spectra were obtained at several different tempe
tures for all samples. Spectra at 16.6 K from sampleA is

FIG. 1. ~Color online! The superconducting transition temper
ture vs hole concentration for Ca-doped~2%! and Ca-free crystals
of Y-123.
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shown in Fig. 2. Quantitative analysis of the linewidth (2g
5G) and frequency (vo) of this mode was carried out b
fitting the line shapes to Fano profiles43 with a linear back-
ground (bv1c),

I ~v!5I o

~q1e!2

11e2
1bv1c, ~3!

where

I o5p%oTe
2 , ~4!

e5
~v2vo!

g
, ~5!

g5p%oV2, ~6!

q5
Tp

p%oVTe
. ~7!

Here we assume a constant density of electronic states
the energy range of interest (%o), V measures the interactio
between phonon and electronic continuum states, andTe , Tp
are the matrix elements characterizing Raman-active tra
tions to the electronic continuum and phonon states, res
tively. g is the half width at half maximum~HWHM! of the
line shape andq is the asymmetry parameter which dete
mines the form of the line shape, whileb andc are adjustable
constants. An example of the results of such a fit is shown
Fig. 2.

FIG. 2. ~Color online! ano line shape fit~solid line! to the
~nominal! 340-cm21 phonon found in theB1g spectra~dots! of
sample A at T516.6 K, resulting in v5336.360.1 cm21, q
526.060.2 and HWHMg59.660.1 cm21.
4-3
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Friedl et al.27 have suggested that intensity anomalies
present because of a superconductivity-induced resonan
man effect arising from the similar energies of the gap (2D)
and the phonon (\v0). Zhao44 carried out similar measure
ments as a function of doping in YBa2Cu3Oy for y56.93
and y57.0 and found that this mechanism, with ad-wave
gap, provided a consistent explanation for her data. If the
energy is much greater than the linewidth, such a reson
effect should not significantly affect the linewidth or fre
quency of the Raman mode and therefore it is customar
treat the intensity of the phonon profile as a parameter (I o) in
Eq. ~3!.

The temperature dependence of the frequency (vo) and
linewidth (2g5FWHM) of the 340-cm21 B1g Raman mode
are summarized in Figs. 3 and 4, respectively. As can be s
from these figures, the~nominal! 340-cm21 B1g mode
clearly shows significant changes in linewidth and freque
as a function of temperature. In addition, we did not obse
significant differences in the frequency and linewidth beh
ior of the mode when the laser excitation wavelength w
switched from 514.5 nm~2.41 eV! to 488.0 nm~2.54 eV!.
This means that resonance effects, which can alter the re
tribution of the Raman continuum45 are not important in our
case.

As seen in Fig. 3, the magnitude of the phononfrequency
decreases substantially in crystals with lower oxygen c
tent. The renormalization is largest46 in the highly oxygen-
ated samples and almost vanishes in the sample with an
gen contenty56.76. There is also a substantial softening
the phonon below 100 K; by 11 cm21 in crystals with the
highest oxygenation. This softening approximately sca

FIG. 3. The temperature dependence of the 340 cm21 phonon
frequency, for 2% Ca-doped (A–D) and Ca-free~U! crystals with
varying oxygen concentrations.
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with the oxygen content and in crystals withy56.76 the
softening is reduced to about 2 –3 cm21.

The linewidth of the 340-cm21 peak ~Fig. 4! decreases
when cooled between room temperature and 10 K. To de
mine the superconductivity induced changes one must s
tract anharmonic effects. To obtain a rough estimate of
anharmonic changes that occur one can assume that the
non decays into two phonons with oppositeq vector, each
having a frequencyvo/2. The temperature dependence of t
linewidth can then be described approximately by the anh
monic decay equation,4,47,48

GAH~vo ,T!5c@112n~vo/2,T!#1d, ~8!

wheren is the Bose-Einstein factor,c and d are constants,
andvo is the frequency of the mode. Since the Bose facto
approximately constant for temperatures below 100 K~for
vo.300 cm21), anharmonic effects should be negligible f
the 340 cm21 phonon in the range 100 K.T.15 K. The
constantsc and d can thus be determined by fitting to th
linewidth changes that occur forT.100 K, and the resulting
equation can be used to predict the anharmonic behavior
occurs below 100 K. The superconductivity induced chan
are then assumed to be the actual linewidth minus that
dicted by the anharmonic equation. These changes
strongly dependent on the oxygen content. In the crys
with very high oxygenation (y56.98–7.00), there is a pro
nounced broadening ('5 cm21 for sampleA) of the peak.
In samples (C & D) with the lowest oxygen concentratio
(y56.88 and 6.76!, a 2 –3 cm21 steplike narrowing is ob-
served below 80 K without any initial broadening. In th

FIG. 4. ~Color online! The temperature dependence of t
340-cm21 B1g phonon linewidth for 2% Ca-doped (A–D) and Ca-
free ~U! crystals with the indicated oxygen concentrations.
4-4
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HOLE CONCENTRATION AND PHONON . . . PHYSICAL REVIEW B69, 064514 ~2004!
crystal ~B! possessing an intermediate oxygen contenty
56.93), after an initial broadening (1 cm21) below 100 K,
a narrowing takes place below 50 K (0.5 cm21).

In order to quantify the SCI changes in frequency a
linewidth and to facilitate comparison with the results8 ob-
tained from Ca-free crystals, the procedures used in Re
and 8 will be applied to the results shown in Figs. 3 and
That is, the magnitude of the frequency anomaly is estima
by finding the difference in the frequency of the phonon
two temperatures. Quantitatively, for a given doping lev
the magnitude of the phonon frequency anomaly (Dv) is
determined by the difference in the phonon frequency at
K and 100 K,

Dv[v~30 K!2v~100 K!.

Figure 4 shows that as the sample is cooled belowTc the
linewidth departs from the anharmonic decay curve. T
phonon linewidth anomaly (D2g) is measured at the tem
peratureTo (,Tc) where the deviation reaches its max
mum. It’s magnitude is defined as the difference between
linewidth at To and the value calculated from anharmon
decay of the phonon at the same temperature,

D2g[2g~To!2GAH~To!,

wheregAH is the anharmonic linewidth given by Eq.~8!.
When D2g and Dv are plotted as a function of hol

concentration~Fig. 5!, a number of features are eviden
First, the Ca-free and 2% Ca-doped crystals fall on the sa
curve. If the@Ca# were ignored, the corresponding points
Fig. 5 would be shifted~by 0.01! to lower hole concentra
tions, and consequently they would not fall on the sa
curve as the Ca-free crystals. This observation allows on
conclude that it is the change in hole concentration that is
determining factor—independent of whether it is determin
by oxygen or Ca doping.

FIG. 5. Superconductivity induced renormalization in frequen
and linewidth of the 340-cm21 B1g mode, as a function of hole
concentration in Y-123.
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Second, the most pronounced broadening (D2g
'5 cm21) and softening (Dv511 cm21) of the 340 cm21

mode occurs for the sample~A! with the highest hole con-
centration, estimated to bep50.185~Table I!. In fact, Fig. 5
demonstrates that the magnitude of the frequency renorm
ization monotonically increases as the hole concentratio
increased. According to theory,2,3 as the superconducting ga
energy, or the pair-breaking peak in the electronic co
tinuum, approaches the 340 cm21 phonon frequency from
above, the phonon damping and frequency renormaliza
should markedly increase, as is observed. Our results
imply that for optimal doping, 2Dmax.vo5340 cm21, and
that the superconducting gap decreases with increasing
ing in overdoped crystals. In fact Bocket al.,49 in thin films
with much higher Ca concentrations, carried out measu
ments on samples with 2Dmax&vo . They found that
2Dmax'vo for a sample withp'0.20.

IV. DISCUSSION AND CONCLUSIONS

Substituting Ca for Y in YBa2Cu3Oy (6.85<y,7) has
allowed us to access the overdoped regime of Y-123. T
superconductivity induced renormalization of the 340-cm21

B1g phonon has been studied as a function of oxygen c
centration both in pure and in Ca-doped crystals. In ov
doped compounds the strength of the phonon anomaly
creases as the doping level is increased above optimump
50.16). This is consistent with the known behavior of t
superconducting gap. In optimally doped compounds theB1g
pair breaking peak is centered at'550 cm21 (2Dmax
'8.4 kT) and this decreases to 470 cm21 (2Dmax
'7.5 kT) for a crystal withp'0.18 ~Fig. 1!. Thus the gap
energy is approaching the phonon frequency from above
the increase in strength of the phonon anomaly is consis
with the predictions of Nicol, Jiang, and Carbotte.5 The re-
sults presented here are consistent with the measuremen
Bock et al.49 carried out on high-quality thin films of Ca
doped Y-123. They also found that the superconducting
is reduced with increased doping in the overdoped regi
This variation in the gap energy with hole concentration,
the overdoped regime, is very similar to that found in Bi22
~Ref. 50! and La214.51 It is clear that the behavior of the
superconducting gap in high-quality crystals containing 2
Ca is identical to that observed in undoped samples with
same hole concentration.

As noted above, the frequency shift associated with
phonon anomaly undergoes rather dramatic changes as
doping level moves through optimum. From Fig. 5 one c
see that forp50.185, a doping level slightly above opt
mum, Dv'12 cm21. Dv then decreases quite rapidly t
'4 cm21 at optimum (po50.16). As the doping level is
reduced below optimumDv decreases more gradually, an
reaches a value ('2 cm21) that is comparable to the exper
mental uncertainty whenp'0.14. On the other hand, th
SCI linewidth change (D2g) is even more dramatic in that i
abruptly changes from a positive value to a negative va
~Fig. 5! as the doping level is reduced through optimu
From Fig. 5 it is clear that crystals with the same hole co
centration yield the same phonon anomaly, irrespective

y

4-5
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whether the crystal was doped with Ca or not. This conc
sion is in contrast to that presented in Ref. 32 and it is
interest to explore the origin of the discrepancy between
results obtained here and those of Ref. 32. In our opin
these differences primarily involve questions related to
samples used in each study. We have used lightly do
high-quality single crystals in our work and hence the act
doping level is well known, and a clear and definitive pol
ization analysis can be carried out. On the other hand
results of Ref. 32 were obtained on relatively heavily dop
polycrystalline samples. It is difficult36 to obtain an accurate
determination of the doping level in such samples, and
thermore, such samples are more likely to be spatially in
mogeneous. Finally the Raman spectra obtained from s
samples are a combination ofc axis and in-plane contribu
tions and contain input from all scattering geometries. Se
rating out the planarB1g response in such samples, to ena
a reliable comparison with our data, would be very difficu

Some workers22 suggest that the electric field produce
across a CuO2 plane by the surrounding asymmetric enviro
ment of Y31 and Ba21 is correlated with the strength of th
B1g electron-phonon interaction and also the degree of bu
ling in the CuO2 plane. Furthermore Chmaissemet al.52 ar-
gued that changes inTc are directly tied to changes in buck
ling. It is thus of interest to ask to what degree such fact
influence the results presented in this work. For exam
does light doping with Ca induce significant distortions
crystal field effects that would compete with effects due
changes in hole concentration? This question is answere
observing that the measured strength of the phonon anom
in Ca-doped and Ca-free samples, with equal hole conc
trations, is the same~Fig. 5!, despite the presumed reductio
in both the crystal field and buckling due to the substitut
of Y31 by Ca21 ~substituting Ca21 for Y31 reduces the
asymmetry of the environment!.22 It is clear from our results
that for a given oxygen content (y), doping with Ca in-
creases the strength of the phonon anomaly. Since do
with Ca reduces the charge asymmetry, and hence the
tric field across the planes, our results would appear to
inconsistent with the mechanism proposed in Ref. 22. Mo
over, Fischeret al.34 carried out detailed structural measur
ments of Ca-doped Y-123. They found that there are
changes in either thec- or a-axis parameters for Ca conce
trations in the range 0<x<0.3, and furthermore, no change
in the b-axis parameter for 0<x<0.1. These results34 are
thus consistent with our observations, and strongly sug
that light doping with Ca does not produce any significa
structural distortions in Y-123. Therefore, if buckling, cryst
field, and hole concentration are possible causes of
change in the phonon anomaly, our results indicate that
the hole concentration that provides the dominant, if not s
contribution.

The addition of calcium might be expected to increa
disorder in the crystal and hence might influence the S
renormalization. One would,a priori, predict that at the
same hole concentration level, disorder should be greate
the Ca-substituted as compared with the Ca-free sample
other things being equal. Our results show that
superconductivity-induced phonon renormalization in f
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quency and linewidth are identical~within experimental er-
ror! for all samples with the same doping level~Fig. 5!.
Thus, the renormalization is independent of any presum
disorder at the 2% Ca doping level. One may of cour
introduce disorder by doping Ca at much higher levels, a
several workers have done so, but then to extract the effe
disorder and hole doping level would be problematic thou
some theorists53 have analyzed this problem. For all the
reasons we have chosen a low level of doping where we
that disorder does not play a role.

Through its effect on the hole concentration, the addit
of calcium could also modify the band structure, Fermi e
ergy, and the Fermi surface shape and, in turn, give rise
resonance effects.46 However, these changes are expected
be negligible over the small doping range~0.05 holes about
optimal! used in this study, as demonstrated by Angle R
solved Photoemission spectroscopy~ARPES! measurements
on Bi2Sr2CaCu2O81d

54 and YBa2Cu3Oy (y56.5–6.9).55,56

On the other hand, there are large changes in the densi
states~DOS! at the Fermi surface that are associated with
opening of the pseudogap. These DOS changes will ha
large effect onTc and the associated phonon renormalizatio
Consequently, it is our contention that these changes pro
the dominant doping influence on theB1g line profile, and as
a result, a consistent explanation for the observed pho
self-energy behavior.

The results shown in Figs. 3–5 suggest that the electr
phonon interaction decreases rapidly as the doping leve
reduced through the optimum value. This can be attribute
a corresponding decrease in the carrier concentration,
thus the results are consistent with investigations51,57 which
show that the pseudogap opens abruptly, and theB1g spectral
weight decreases dramatically, as the doping level in Y-1
is reduced belowpo . The absence of a phonon frequen
anomaly, and a narrowing of the linewidth, are thus co
pletely consistent with this picture51,57,58 of the pseudogap
The results also suggest that Ca doping does not influe
the onset of the pseudogap, and again, in high-qua
samples, the pseudogap opens at a particular hole conce
tion, irrespective of how it is generated. Finally, recent th
oretical work by Varlamovet al.59 demonstrates that th
pseudogap suppresses the phonon anomaly, providing st
support for the conclusions reached in the present work.

It is also interesting to note that the SCI renormalizati
of the B1g electronic continuum in Y-123 and La21
vanishes51 rather abruptly as the doping level is reduced b
low optimum, and its doping dependence has been found31 to
be closely correlated with that of the phonon anomaly. T
is in contrast to results obtained in Bi2212~Ref. 50! where it
is found that a SCI renormalization of theB1g electronic
continuum is observed well into (p'0.12) the underdoped
region. This result has been attributed to an inher
inhomogeneity50,60,61 in Bi2212; that is, in the underdope
material, Bi2212 is composed of underdoped and optima
doped regions. One might speculate that a similar inhom
geneity, due for example to doping variation between gra
might be present in polycrystalline samples
Y12xCaxBa2Cu3Oy with x*0.10.

In summary, Raman scattering measurements of
4-6
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superconductivity-induced renormalization in frequency a
linewidth of the 340-cm21 B1g phonon have been complete
on single crystals of Ca-doped Y-123. The changes inDv
with p imply that the superconducting gap (Dmax) decreases
monotonically with increasing hole concentration in t
overdoped regime, andDv falls to zero in the underdope
regime. The linewidth renormalizationD2g is negative in
the underdoped regime, crossing over at optimal doping
positive value in the overdoped state. The measurem
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