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A micro-Raman spectroscopic study has been carried out on fully oxygenated Y1−yCayBa2Cu3Ox sYBCOd
compounds withy=0.0–0.2 and oxygen concentration varying with Ca in the rangesx,6.960 and 6.995d. The
spectral profiles of the 4Ag and 1B1g

-like symmetry phonons show minor modifications with Ca, but two modes
that appear close in energy to the in-phase and the out-of-phase phonons gain intensity with the Ca substitution.
The changes in the intensity of these two satellite modes with the amount of Ca are correlated with modifi-
cations in the dimpling of the CuO2 planes, as detected by extended x-ray absorption fine structure, and can be
attributed to the formation of superstructures and to phase separation phenomena. The evolution of two bands
in the in-phase phonon, associated in pure YBCO with local structural distortions and the coexistence of
optimal and oxygen overdoped phases, remains completely independent of the Ca concentration. It appears that
the Ca atoms have the tendency to be surrounded by Y atoms forming an independent nanophase of the type
Y0.5Ca0.5Ba2Cu3Ox with the additional carriers from Ca not contributing to an excess doping of the system.
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I. INTRODUCTION

Structural and electronic inhomogeneities constitute in-
trinsic properties of cuprate superconductors. In the
YBa2Cu3Ox sYBCOd superconductor doping by oxygen in-
duces ordering of the chains with the ortho-II phase having a
transition temperature of 60 K, and the optimally doped
phase withTc=92 K. The overdoping of YBCO presents
preparational difficulties as oxygen cannot easily exceed the
nominal optimal concentrationx=7. The real optimal value
for oxygen doping of YBCO is forx=6.92. A systematic
study of YBCO in the oxygen overdoped region has revealed
a coexistence of phases and two transition temperatures,
which correspond to the optimal and overdoping phases. A
Raman study has revealed a phase transition related with
structural modifications in the CuO2 planes1 at the optimal to
overdoped oxygen concentrations. The Raman study has
shown that the phonon ofAg symmetry due to the in-phase
vibrations along thec axis of the oxygen atoms Os2,3d at the
CuO2 planes decreases in energy with the addition of carriers
and, beyond optimum oxygen doping, softens accompanied
with a reduction inTc.

2 A gap has been actually observed for
x.6.95 in the distribution of the energy of this phonon,
pointing out to the coexistence of phases in the overdoped
region sx.6.975d.1 A similar behavior has been detected at
low temperatures.3

The substitution of Ca for Ysyttriumd in YBCO has been
used to produce an expected equivalent electronic system
lying further into the overdoped region. This substitution was
originally considered to follow the generally accepted
scheme of the increase of carriers,4 which of course is related
with the amount of the oxygen concentration as well.5

In a systematic preparation and study of the
Y1−yCayBa2Cu3Ox compound with carefully controlled oxy-
gen content,6 magnetic measurements have shown the exis-
tence of two maxima in the curvature of the diamagnetic

signal.7 As in the case of overdoped YBCO, the higher tran-
sition temperature is only slightly reduced compared to the
maximumTc of the optimally doped phase, while, in contrast
to the overdoped YBCO case, the lower transition tempera-
ture is strongly reduced with increasing overdoping.7 X-ray
and neutron diffraction studies of the same samples8 revealed
that some bond lengths such as the Cus2d -Os2/3d dimpling
vary strongly with Ca doping.5 This dimpling shows the
strongest changes0.9%d observed and is in support of the
conclusion from neutron diffraction8 and extended x-ray ab-
sorption fine structuresEXAFSd measurements in YBCO
sRef. 9d and Y1−yCayBa2Cu3Ox that Tc follows the changes
of this bond.7 The above structural and electronic inhomoge-
neities support the existence of at least two phases. Further
investigations of the same samples by CasRef. 10d and Y
sRef. 11d EXAFS spectroscopy, which is a local structure
probe, allowed a comparison with the neutron diffraction
results8 saverage crystallographic structure probed. Very in-
teresting is the dependence of the Cus2d -Os2/3d dimpling
on the Ca content: A two-steplike reduction in the dimpling
is observed with EXAFS at approximatelyy=7% and 14%
consistent with the neutron diffraction data.8 This can be
explained by the existence of two phases in the solid solution
of Y1−yCayBa2Cu3Ox due to monodisperse dissolution of Ca
in the YBCO matrix:sad a matrix of undistorted YBa2Cu3Ox
cells andsbd distorted sY-CadBa2Cu3Ox crosslike clusters
where Ca is surrounded by four nearest neighbor Y cells.10 A
process treating the distorted clusters as percolation centers
may account for the observed dimpling discontinuities. The
recent work on fully oxygenated YBa2Cu3Ox indicates that
appreciable local disorder phenomena may be expected in
these compounds.7,9–11

In this work, samples from the same series of
Y1−yCayBa2Cu3Ox have been used. The oxygen content has
been measured with high accuracy6 and revealed an unusual
correlation between oxygen content and Ca concentration.5,7
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A Raman spectroscopic study of these samples has been car-
ried out aiming to delineate the effect of the Ca substitution
for Y in connection with the oxygen content behavior.5,7,12

II. EXPERIMENT

The samples used in this study were taken from the
batches used in the above mentioned investigations,5,7,8,10,11

where a series of fully oxygenated polycrystalline samples of
Y1−yCayBa2Cu3Ox sy=0.00, 0.02, 0.04, 0.05, 0.07, 0.09,
0.10, 0.12, 0.14, 0.15, 0.17, and 0.20d were prepared by solid
state reaction.8 Only the y=0.20 sample has shown small
amounts of Ba2CuO2+d s,0.5%d,8 a clear indication that the
solubility limit is close to 20%. The amount of oxygen of the
original batches8 was determined with an accuracy of
Dx= ±0.001 using a volumetric technique6 and found to os-
cillate between two oxygen content regionssphase A,
samplesy=4, 5, 7, 9, and 14 % corresponding tox>6.98
and phaseB, samplesy=2, 10, 12, 15, and 17 % correspond-
ing to x>6.96d, remaining always above the optimum dop-
ing s6.960øxø6.995d.5,7 For y=0.20 there is no measure-
ment of the oxygen content as there are indications for
saturation of the Ca solubility.

The Raman spectra were recorded at room temperature
and high hydrostatic pressures using a Jobin-Yvon T64000
triple spectrometer equipped with a liquid nitrogen cooled
charge coupled device and a microscope lens of magnifica-
tion 3100 s340 for the hydrostatic pressure measurementsd.
High pressures were obtained by use of a Merrill-Bassett
diamond anvil cell sDACd for backscattering geometry
manufactured by High Pressure Diamond OpticssHPDOd.
Although the samples were polycrystalline, individual micro-
crystallites were investigated. The 514.5 and 488.0 nm lines
of an Ar+ laser were used at a power less than 0.2 mWsor
0.4 mW for the high pressure measurementsd on the sample.
The local heating at the laser spot was estimated to be less
than 10 K. The laser beam was focused on a single microc-
rystallite at a spot of diameter 1–2mm s3100 lensd or
3–5 mm s340 lensd and the scattering geometries were
yszzdȳ and ysxxdȳ. In this notation, as usual,y and ȳ define
the direction of the incident and scattered light and the letters
in parentheses the corresponding polarizations. Typical accu-
mulation times were of the order of 1.5–3 hsroom tempera-
tured or 3–6 hshigh pressuresd and several microcrystallites
were examined for the ambient measurements on each Ca
concentration. Characteristic spectra for various Ca concen-
trations at ambient conditions are shown in Figs. 1 and 2 for
the scattering geometriesyszzdȳ andysxxdȳ, respectively.

III. RESULTS

The Ca substitution for the smaller Y ion is expected to
induce modifications in the Raman spectra related with the
size of the ion at the rare earthsRd site.13–15 Such changes
include the shift of theB1g-like and the apex modes and the
appearance of new modes in thexx-polarization close in en-
ergy with the B1g-like mode.13,14 These modes have been
attributed to a phase separation mechanism, which results in
the formation of phases rich in the two rare earth ions and an

intermediate mixed phase.13 In the case of the Ca substitution
additional effects arise from the charge difference between
the trivalent Y and the divalent Ca ion. Such effects include
the distribution of the additional carriers brought to the sys-
tem and the modified local electric field in the CuO2 planes
from the Y/Ca and the Ba sites,16 which can affect the pos-
sible phase separation of the compound.13,14In the following,

FIG. 1. Typical spectra from separate microcrystallites of
Y1−yCayBa2Cu3Ox compounds for selected Ca concentrations in the
yszzdȳ scattering geometry. A new mode appears at 402 cm−1.

FIG. 2. The corresponding spectra of the same microcrystallite
of each selected Ca concentration of Fig. 1 in theysxxdȳ scattering
geometry. A strong mode appears at 322 cm−1 with increasing in-
tensity with Ca.

LIAROKAPIS et al. PHYSICAL REVIEW B 71, 014303s2005d

014303-2



the Raman data from the Ca substituted compounds are com-
pared with those of pure YBa2Cu3Ox s6.4,x,7d and rare
earth substituted YBCO in order to extract information about
those effects. To compare the pure YBCO with the Ca doped
data, it is customary to use a common doping axissdoping
induced either by oxygen or by Cad where the scaling be-
tween the two doping routes is based on the experimental
result that the same transition temperature is obtained either
by overdoping by 20% Ca or by underdoping pure YBCO
down to an oxygen concentration of 6.6.

In the zz scattering geometrysFig. 1d the usual fourAg
symmetry phonons appear, which are due to the vibrations of
the Ba atoms, the Cu2 atoms, the in-phase vibrations of the
plane oxygen atomssO2,3d, and those of the apical oxygen,
all modes involving atomic motions along thec axis.17 The
spectra look very similar with the ones of pure YBCO, ex-
cept for the gradual shift of the apex phonon and the appear-
ance of a weak mode for high Ca concentrations at
,402 cm−1. In the xx geometry sFig. 2d the previous
phonons due to the Ba, Cu2, and the apical oxygen appear
again, besides the out-of-phase vibrations of the O2,3 oxy-
gen atoms with the characteristicB1g-like symmetry.17 The
spectral region close to theB1g-like phonon is considerably
modified with the Ca substitutionsFig. 2d and two additional
modes appear at,298 and,322 cm−1. In the cross polar-
izationsxzd two more modes appear at,312 and,212 cm−1

sFig. 3d. The evolution of all these modes with the Ca doping
is examined below.

A. B2g, B3g symmetry modes

The two modes at,212 and 312 cm−1 appear in the
ysxzdȳ polarization with theB2g or B3g symmetry. In pure

YBCO there is a phonon at,212 cm−1, which has the same
symmetry and shifts to lower energies upon isotopic substi-
tution of 16O by 18O sFig. 3d.18,19 In the Ca substituted
samples it appears also in the crossed polarization at the
same energy. It is therefore one of the modes that involve
vibrations of the oxygen atoms, which are Raman active.
Additional measurements we have carried out on site selec-
tive isotopic substitution for oxygen indicate that it involves
the apex or the chain oxygen atoms.20 Since in pure YBCO it
is not modified by the loss of oxygen from the chains, it
should involve the vibrations of the apex oxygen along the
ab plane.21 The 312 cm−1 phonon, which is seen in the Ca
compounds is covered by the surrounding modes and it is
very difficult to be isolated and studied. A mode of similar
symmetry, which does not shift with oxygen isotopic substi-
tution and can thus not be an oxygen mode, appears at
,283 cm−1 in pure YBCOsFig. 3d, and must be some cation
sBa, Cu, or Yd mode. Ba can be excluded as its large mass is
expected to shift related vibrational modes at lower energies.
This mode of pure YBCO must then be related with vibra-
tions of either of the Cu sites, or the Y atomfalthough the
Cus1d and Y modes are by symmetry only IR activeg. If this
is a Y mode, in the Y-Ca compounds the corresponding
mode would be shifted to higher energies as a result of the
different mass ratio of the two elements and in the case of the
Ca 17% sample to,312 cm−1. In any case, it does not sub-
stantially contribute to the spectra of the parallel polariza-
tionssdifferent scattering geometryd where a large part of our
discussion is based.

B. Ba, Cu(2) phonons

The spectral characteristicssenergy and widthd of the Ba
atom phonon do not show appreciable changessFig. 4d, ex-
cluding any substantial amount of Ca substitution at the Ba
site. The other mode ofAg symmetry, due to the vibrations of
the Cus2d atom of the CuO2 planes, shows with Ca substitu-
tion a slight but clear softening by,2 cm−1 while a harden-
ing by ,5 cm−1 has been observed with the oxygen doping
of pure YBCOsFig. 4d. The width of the Cus2d phonon re-
mains nearly constant within statistical error as in the pure
YBCO sFig. 4d. The relative intensity of the two modes for
both scattering geometries is presented in Fig. 5. In thexx
polarization for the pure YBCO the relative intensity of the
Cus2d phonon gradually decreases with increasing oxygen
concentrationsFig. 5d and the phonon is very weak in the
overdoped compoundssFig. 2 for y=0d. This must be due to
the increased screening as the carriers enter the CuO2 planes.
A linear fit of the data in Fig. 5 shows that the Ba mode
disappears completely in pure YBCO forx>6.3. This is
roughly the oxygen concentration where the carrier injection
to the CuO2 planes is initiated.22 In the Ca substituted
samples with the high oxygen concentrationsyù6.960d the
relative intensity remains constant or slightly increasessFig.
5d and the Cus2d phonon is more pronouncedsFig. 2d than in
pure YBCO, despite the expected additional doping from Ca.
This is an indication that the additional carriers do not be-
have in the same way as those from oxygen doping.

C. O2,3 in-phase phonon

In the zz polarization, the energy of the in-phase mode
does not change with Ca while its bandwidth increases

FIG. 3. Comparison of the spectra from YBa2Cu3 sRefs. 16 and
18d O6.89obtained in theysxzdȳ scattering polarization with those of
Y0.83Ca0.17Ba2Cu3O6.954 in the ysxzdȳ, ysxxdȳ, and zsxxdz̄
polarizations.
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gradually following the general trend of increase observed in
pure YBCO with increasing amount of dopingsFig. 6d. This
increase of the total width of the in-phase band is partially
due to the appearance of the weaker mode at lower energies
s,402 cm−1d. In pure YBCO the in-phase phonon width in-
creases almost linearly with doping in the orthorhombic
phasesFig. 6d. The study of the spectral profile of this pho-

non for all Ca concentrations proves that three Lorentzians
sat ,402, ,428, and,439 cm−1d are necessary for the ap-
propriate fit of all spectra. The two high energy modes are
characteristic of the two phases from the change in the buck-
ling in the overdoped pure YBCO compounds,1 while the
origin of the mode at 402 cm−1 is discussed below.

D. Apex phonon

The phonon energy of the apical oxygen decreases by
,4 cm−1 with increasing amount of Ca while its width is not
affected appreciablysFig. 7d. In some spectra with high
amounts of Ca concentration the apex phonon seems to in-
corporate modes at,486 and,493 cm−1. These correspond
to the additional modes that appear in pure YBCO com-
pounds with decreasing amount of oxygen.18 If the apex pho-
non energy of the Ca substituted samples is compared with
the results from underdoped YBa2Cu3Ox,

3 it is observed that
the shift in energy follows quite symmetrically the doping
concentrationsFig. 7d. The decrease in its energys,0.8%d
is correlated with the increase of the interatomic distance
Cus2d -Oapex s,1.1%d presented in the inset of Fig. 7. This
correlation should not be taken to imply that it is possible to
deduce the degree of doping in the planes from the apex
phonon energy. The behavior of the apex and the in-phase
modes in Figs. 6 and 7 can be compared with the changes
induced by other substitutions, when the distance of the api-
cal oxygen atom to the CuO2 planes is modified.13–15 The
substitution of 20% La or Prstwo ions of similar size to Cad
for Y induces an increase in energy of the apex phonon by
,5 cm−1.13–15 At the same time the distance Cus2d -Oapex

decreases, which is opposite to the present situation. In those
two rare earth or Ca substituted compounds with similar

FIG. 4. The dependence of the energy and widthsmeasured in
cm−1d of the Ba and the Cus2d phonons on the oxygen concentration
of YBa2Cu3Ox sleft sided, and on the Ca content of
Y1−yCayBa2Cu3Ox sright sided.

FIG. 5. The dependence of the relative intensity of the Cus2d
and Ba Ag-symmetry phonons on the oxygen concentration of
YBa2Cu3Ox sleft sided, and on the Ca content of Y1−xCaxBa2Cu3Oy

sright sided for the two scattering polarizations. In thexx polariza-
tion the Ba line disappears completely forx=6.3, i.e., at the
orthorhombic-to-tetragonal transition.

FIG. 6. The dependence of the in-phase phonon energy and
width smeasured in cm−1d on the oxygen content of YBa2Cu3Ox

sleft sided and the Ca doping of Y1−yCayBa2Cu3Ox sright sided.
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amount of oxygen, the decrease inTc and doping is different,
while the apex phonon energy either increasessLa, Prd or
decreasessCad. The observed decrease of the apex mode
energy by Ca substitution indicates that the reduced charge
of the Ca+2 ion as compared with the trivalent Y or the rare
earths, counterbalances the effect of the increased ion size on
the central cage, indirectly affecting the energy of the apex
phonon.

E. B1g-like phonon

The phonon of the out-of-phase vibrations of the Os2,3d
plane oxygen atoms of approximateB1g symmetrysin reality
an Ag phonon in orthorhombic symmetry labelingd, which
appears in theysxxdy scattering geometrysFig. 2d, contains
in addition to the well-known 340 cm−1 phonon, a mode at
,322 cm−1. This mode becomes very strong in high Ca con-
centrationssFig. 2d, while a weak mode at,296 cm−1 also
appearssFigs. 2 and 3d. Due to the presence of these addi-
tional modes, the spectral characteristics of theB1g-like pho-
non cannot be determined accurately enough to draw conclu-
sions. The total width of the phonon increases considerably,
and the increased asymmetry reflects partially a Fano cou-
pling with the excess carriers and partially originates from
the appearance of the additional modes.

F. Mode at 296 cm−1

The mode at,296 cm−1 is very weak and appears in the
parallel polarizations. One could assume that this mode cor-

responds to theB1g-like phonon of a hypothetical phase
CaBa2Cu3Ox. It is known that the energy of theB1g-like
mode is sensitive to the size of the rare earth, and mixed rare
earth compounds can be composed of two or three
phases.13–15 The phonon energy of the corresponding peaks
are associated with the pure compound of each rare earth and
with a mixed system, which appears at an intermediate en-
ergy. A similar situation could exist in Fig. 2 and the mode at
,296 cm−1 might correspond to the pure Ca123 phase. This
possibility is not supported by the rather large difference
between its energy and the one anticipated for the Ca123
phases,307 cm−1d based on the rare earth data.13–15 Since
we cannot assign this mode to any otherAg symmetry pho-
non at the center of the Brillouin zone, it should be related
with a phonon from the edges of the zone.

G. Mode at 322 cm−1

The intensity of the mode at 322 cm−1 increases consid-
erably with the Ca concentration while its energy remains
independent of the amount of CasFig. 2d. In pure fully oxy-
genated YBCO compounds a very weak mode of similar
energy has been observed under hydrostatic pressures and
only in a mixed scattering geometryzz+xx.23 This weak
mode was soft, not shifting but gaining intensity with the
application of hydrostatic pressure. As the chain oxygen at-
oms are removed the mode disappears and we have not ob-
served it in single crystals under pressure of YBa2Cu3O6.5. In
order to investigate any connection of the strong mode at
322 cm−1 observed in the present Ca substituted samples
with the soft one of pure YBCO, we have carried out com-
plete scattering selection rules. It turns out that the mode has
exactly theB1g-like symmetrysFig. 8d not agreeing with the
symmetry of the soft phonon of pure YBCO. Furthermore,

FIG. 7. The dependence of the apex phonon energy and width
smeasured in cm−1d on the oxygen content of YBa2Cu3Ox sleft
sided, and the Ca doping of Y1−xCaxBa2Cu3Oy sright sided. Inset:
dependence of the apex phonon energy on the Cus2d-Oapex inter-
atomic distance.

FIG. 8. Typical spectra of Y0.83Ca0.17Ba2Cu3O7−d at various
scattering geometries to prove theB1g-like symmetry character of
the 322 cm−1 mode.
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we have studied under hydrostatic pressure the compound
Y0.83Ca0.17Ba2Cu3O7−d. The results shown in Fig. 9 prove
that the mode at 322 cm−1 shifts with pressure contrary to the
behavior of the soft mode of similar energy.23 Another pos-
sibility is that the mode at 322 cm−1 be due to an IR active
phonon that becomes Raman active by the Ca for Y substi-
tution. If so, other rare earth substitutions for Y, which in-
duce the same disorder at the Y site should activate this
mode. But no indications for such mode at a fixed energy
have been observed up to now.13–15

In rare earth substitutions for Y an intermediate phase
appearssY1−yRyBa2Cu3O7−dd with increasing intensity and
modified energy that depends on the amount of rare
earth.13–15 This phase is created mainly by the difference in
the ion size and not by the mass difference between Y and
R.13–15In a mixed compound with homogeneous distribution
of the substituting ions, it is possible to observe either of the
so-called one- or two-mode behavior. In the former case, the
phonon related with the substituted ion shifts continuously
with the amount of substitution. Such behavior has not been
observed with the present mode. In the case of a two-mode
behavior, independent modes appear characteristic of the two
end compositions, which for Ca substitution could be the
CaBCO and YBCO phases. But the energy of the 322 cm−1

mode does not agree with the general trend of theB1g-like
phonon dependence on the ion size for the rare earths.13 Nev-
ertheless, some effect from the charge difference between Y
and Ca cannot be excluded.

Finally, one could have a separation into phases like
YBCO, CaBCO, and a mixed onesY-CadBCO, as observed
in the rare earth substitutions for Y.13–15 For low amounts of
R substitutions for Ysbelow ,20%d, it is common not to
observe the pure phase ofRBCO.15 The constant value of the

mode energy would then imply a constant ratio Y, Ca in this
mixed intermediate phase. Based on the ion size dependence
of the B1g-like phonon energy13–15 we calculate that the en-
ergy of the ,322 cm−1 mode corresponds to the mixed
Y0.5Ca0.5Ba2Cu3O7−d phase with approximately equal
amounts of Ca and Y atoms similar to the one suggested by
EXAFS measurements.10 No matter what is the exact relative
amount of Ca to Y in this mixed phase, the important result
is the independence of this mode energy from the Ca con-
centration. This implies that only the volume fraction of this
mixed phase is modified with the addition of Ca.

H. 402 cm−1 mode

Close to the in-phase vibrations of the Os2,3d oxygen at-
oms, an additional weakAg symmetry mode appears at an
energy of,402 cm−1 sFigs. 1 and 11d. As in the case of the
322 cm−1 mode, the intensity of this weak mode also in-
creases with the amount of CasFig. 10d and could corre-
spond to another phonon activated by the Ca substitution for
Y. It does not seem to correspond to any of the IR-active
phonons that have been observed or predicted by lattice dy-
namic calculations.21 The ,402 cm−1 mode has been ob-
served also in very low oxygen concentration YBa2Cu3Ox
sx,6.4d samples where other phases related to the formation
of superstructures are createdsFig. 11d. We therefore at-
tribute this mode to a phonon from the edge of the Brillouin
zone activated by the formation of a superstructure and gain-
ing intensity with the Ca substitution.

IV. DISCUSSION

One question to be addressed is the possible substitution
of Ca for Ba. As explained above, this substitution would be

FIG. 9. Typicalysxxdȳ spectra at RT and high pressures for the
Y0.83Ca0.17Ba2Cu3O7−d compound. It is clear that the 322 cm−1

mode tends to merge with theB1g-like phonon at high pressures.

FIG. 10. Dependence of the relative intensity of the 322 cm−1

mode with respect to theB1g-like band and the 402 cm−1 with re-
spect the in-phase phonon on the Ca concentration. The CuO2 plane
dimpling smeasured by EXAFSd is also shown for comparison.
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expected to reveal itself in the Raman spectra in either one of
the two following ways. In the one-mode behavior, the pho-
non corresponding to Ba should shift continuously with in-
creasing amount of Ca up to an energy of 123 cm−1 sfor
y=0.20 and assuming the total amount of available Ca enters
the Ba sited, in a manner analogous to the case of
SmBa2−ySryCu3O7−d.

24 A smaller amount of substitution
would induce of course a smaller shift. In the two-mode
behavior a new mode at,220 cm−1 would appear with in-
tensity increasing along withx. The fact issFig. 4d that nei-
ther the energy nor the width of the Ba phonon increases
continuously with increasing Ca contentsone-mode sce-
nariod. Furthermore, the intensity of the,212 cm−1 line does
not increase systematically with Ca concentration, its sym-
metry is different from that of the Ba atom and therefore this
mode cannot be attributed to Castwo-mode scenariod. There-
fore, the Raman results suggest that if it is assumed that
some Ca substitutes for Ba,25 the amount would be small.
This is in very good agreement with the neutron diffraction8

and EXAFSsRefs. 10 and 11d work, carried out in samples
from the same batches, which excludes substitution more
than 3%.

In pure YBCO the increase of doping with the oxygen
concentration induces a rapid increase in the intensity of the
Ba phononsin the xx scattering polarizationd. At the same
time the intensity of the Cus2d atom phonon decreases con-
siderably, so that the phonon can hardly be seensFig. 2,
y=0d in the overdoped region.18 This behavior has been at-
tributed to the redistribution of the carriers, which are intro-
duced by the chain oxygen doping to the CuO2 planes ac-
cording to the scheme of Ref. 22. With the additional doping
by Ca the Cus2d phonon intensity increases instead of further
decreasing, while the Ba phonon intensity remains unaf-
fected sFig. 2d. This is an indication that the carriers intro-
duced by Ca resideneither at the CuO2 nor at the BaO
planes. This can happen ifthe Ca atoms remain isolated
acting as pinning centers for the excess carriers.10

Turning now to the spectral modifications, differences are
observed between the effect of doping with oxygen and Ca.
In the case of the in-phase mode, its energy is rather insen-

sitive to the amount of Ca although in pure YBa2Cu3Ox the
energy decreases almost linearly untilx>6.92, where the
softening of the mode occurssFig. 6d.1 The width of this
mode, which in the orthorhombic phase increases with oxy-
gen doping, shows a similar increase with Ca doping. Since
the mode at,402 cm−1 appears with increasing amount of
Ca sFig. 10d, we believe that the increase of the in-phase
phonon width is mostly due to the development of this mode.

In the overdoped oxygen concentration region of
YBa2Cu3Ox it was found that the in-phase mode consists of
two peakss428 and 438 cm−1d, which originate from the
coexistence of two phases that differ in the amount of the
CuO2 dimpling.1 A similar structure of the in-phase mode
can be observed in the Ca compounds, which are fully oxi-
dized. The deconvolution of the in-phase phonon into two
bands with peak positions at 428 and 438 cm−1 sFig. 11d
proves that the relative intensity of the two phases is not
correlated with the Ca content but with the small changes in
the amount of oxygensFig. 12d. As seen in Fig. 6, for the
whole range of Ca doping the in-phase phonon remains prac-
tically constant in energy implying that the softening of the
in-phase phonon in the oxygen overdoped region cannot be
related with the total amount of the carriers in the compound.
Neither can it be related with the dimpling of the CuO2
planes, since the dimpling decreases with CasRefs. 8 and
10d sFig. 12d while the in-phase mode energy remains con-
stantsFig. 6d. It is clear from Fig. 12 that there is a decrease

FIG. 11. Comparison of the spectra from YBa2Cu3O6.220,
YBa2Cu3O6.438, and Y0.83Ca0.17Ba2Cu3O6.954obtained in theyszzdȳ
polarization. Inset: the relative intensity of the 402 cm−1 mode to
the apex phonon for YBa2Cu3Ox and Y1−yCayBa2Cu3Ox.

FIG. 12. Quantities versus Ca content. Top panel: CuO2 plane
dimpling as measured by neutron scatteringsRef. 8d and EXAFS
sRef. 10d. The straight line is the expected reduction of the dimpling
due to the reduced charge of Ca+2 substituting for Y+3 ssee textd.
Middle panel: Oxygen content—different symbols correspond to
different sets of measurements. Bottom panel: relative intensity of
the Raman 428 cm−1 line with respect to the total in-phase band.
Note the scaling with the oxygen content and not with Ca or the
amount of dimpling.
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of the dimpling with the Ca substitution, although the rela-
tive intensity of the two components of the in-phase mode
oscillates between two values that map closely the modifica-
tions in the oxygen content.

The dimpling measured by EXAFS shows an abnormal
dependence on CasFig. 10d. This behavior is not clearly seen
in the neutron scattering, though on the average the two sets
of measurements agree very wellsFig. 12d. A reduction in
the dimpling is expected from the modification of the charge
at the Y/Ca site.16 Assuming a linear dependence the dim-
pling d will follow the equation dsyd=dof3s1−yd+2yg /3
=dof1−y/3g sstraight line in Fig. 12d. No additional carriers
are supposed to reside in the CuO2 planes in this simple
approximation. Although this elementary model cannot pre-
dict the unexpected behavior of the dimpling measured by
EXAFS, the agreement between the average dimpling and
the charge reduction is quite good. This would imply that the
reduction of the dimpling can be attributed solely to the de-
crease of the local electric field from the substitution of Ca+2

for Y+3.26 At the same time, it would suggest that the Ca
substitution does not increase the amount of carriers in the
CuO2 planes and would explain the insensitivity of the in-
phase phonon energy on the amount of Ca dopingsFig. 6d, as
the excessive carriers would not be introduced in the CuO2
planes of the YBCO phase. Based on the behavior of this
mode onsoxygen or Cad doping, one can assume that the
in-phase energy is related with the amount of carriers in the
planes which, in connection with the strength of the local
electric field, induces the CuO2 dimpling.26 This assumption
agrees with the modifications of the spectral characteristics
of the in-phase mode observed in pure YBCO.27

Figure 13 shows the dependence of the relative intensity
of the in-phase to the apex mode for the pure YBCO and the
Ca doped samples. For the pure YBCO the relative intensity
increases with oxygen doping and then decreases with Ca.
Besides it shows deviations from linearity for at least two
characteristic oxygen concentrations, i.e., forx>6.4 and

6.95. Above the first concentration the system becomes
orthorhombic7 and the carriers start populating the CuO2
planes.22 The x>6.95 is the boundary to the overdoping
where a sudden increase of the dimpling has been measured
by EXAFS sRef. 1d and the relative intensity increases also
suddenly. For the Ca doping, the dimpling measured by
neutron8 or EXAFS sRef. 10d decreases again as depicted in
Fig. 12. As discussed, the dimpling of the CuO2 planes can
be related to the local electric field produced by the different
valence of the Y/Ca and the Ba ions and the amount of
carriers in the CuO2 planes.26 It is expected to decrease as a
result of either the decreasing charge difference between the
sites of Y and Ba, as the substitution of Ca+2 for Y+3 pro-
ceeds, or the reduction of the carriers in the planes. In pure
YBCO the sudden increase of the dimpling at the optimal to
overdoped region should therefore indicate a sudden increase
of the carriers in the planes. The relative intensity of the
in-phase mode seems to follow closely the changes of the
dimpling in both the pure YBCO and in the Ca substituted
compounds, actually probing the combined effect of the local
electric field and the amount of carriers in the CuO2 planes.

Focusing to the fine details uncovered by EXAFS one can
observe stepwise changes in the dimpling at,7% and
,14% sFig. 10d. Similar stepwise changes at approximately
the same Ca concentrations are observed in the relative in-
tensity of the mode at,402 cm−1 with respect to the in-
phase phononsFig. 10d. The phonon at,402 cm−1 appears
only at Ca concentrationsù6% and its relative intensity
reaches a saturation level at,17%. The same mode has been
detected also in the tetragonal phase of pure YBa2Cu3Ox
sFig. 11d, where the relative intensity decreases with doping
in a symmetrical way as it increases with the Ca concentra-
tion sinset of Fig. 11d. We could not assign this mode to a
specific phonon at the center of the Brillouin zone of the pure
compound. Since this mode appears also in the tetragonal
phase of pure YBCOsFig. 11d, an explanation could be the
association of the,402 cm−1 band with a phonon from an
edge of the Brillouin zone, which becomes Raman active as
a result of the formation of a superstructure. The presence of
weak bands at,493 and,486 cm−1 in the apex phonon of
the Ca compounds can be attributed also to the formation of
superstructure phases similar to the ones that appear in pure
YBCO.28 In YBa2Cu3Ox the band at,486 cm−1 dominates
the apex phonon spectrum forx,6.15,27 and its association
with the S point of the Brillouin zone28 would agree also
with the appearance of the,402 cm−1 mode in pure YBCO
for x,6.22 but not forx,6.438sFig. 11d. It is thus conceiv-
able that the,402 cm−1 line is related to the development of
a tetragonal phase different from the O-II phase in both ma-
terials. Furthermore, this assignment can explain the correla-
tion of the relative intensity of the,402 cm−1 mode sFig.
10d with the EXAFS measurements and the changes of the
dimpling, since these changes have been associated with the
formation of crosslike clusters.10 Besides, it supports the as-
signment of the weak mode at,296 cm−1 to a phonon from
the edge of the Brillouin zone.

The origin of the mode at,322 cm−1 has been discussed
above and the phonon can be attributed either to a two-mode
behavior of the mixed Y1−yCayBa2Cu3Ox compound or to a
separation into the phase of pure YBCO and another mixed

FIG. 13. The dependence of the relative intensity of the in-phase
to the apex phonons on the oxygen concentration of YBa2Cu3Ox

sleft sided, and on the Ca content of Y1−yCayBa2Cu3Ox sright sided.
Straight lines are best linear fits.
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of Y0.5Ca0.5Ba2Cu3O7−d with roughly equal amounts of Ca
and Y. The former case appears in mixed compounds
A1−xBxC when there is a large difference between the masses
of theA, B ions and the two modes correspond to theAB and
BC end compounds. In rare earth substitutions for Y, no sign
of a two-mode behavior has been detected when the mass
difference between Y and the rare earth is the largest
sY1−yLuyBa2Cu3Oxd, but the intermediate mode appears only
when the difference between the size of the two ions reach a
critical value.13 Besides, the energy of the mode at
,322 cm−1 does not fit with the ion size of Ca and the gen-
eral trend of theB1g-like phonon dependence on the rare
earth.13

The case of phase separation is typical for rare earth sub-
stitutions for Y and is driven mainly by the different ion size
of the rare earth and the Y atoms.13–15 It is likely that the
same happens by the larger Ca ion substituting for Y, which
can induce a separation into phases. Both the intermediate
phase marked by the peak at 322 cm−1 and the peak at
,340 cm−1 correspond to the approximateB1g-symmetry
phonon and remain fixed in energy, independently of the
amount of CasFig. 2d. The fit of the 250–400 cm−1 spectral
region by Fano shaped bands shows the dependence of the
relative intensity of the,322 cm−1 mode to theB1g-like
phonon of pure YBCOsFig. 10d. Although the fit introduces
an uncertainty in the determination of the relative intensity of
the mode, it is clear that the phase responsible for this mode
at ,322 cm−1 increases up to,14–15 % Ca and then re-
mains constant. This is roughly the concentration where
there is a marked change in the dimpling measured by EX-
AFS sFig. 10d and a sudden decrease of the Tc1 ssee Ref. 7d.
The saturation of the mode intensity and the corresponding
intermediate phase may originate from the Ca solubility limit
in the compounds,20%d.

Taking into consideration the results from EXAFS,10

which “see” no Ca ion as a first neighbor to another Ca, and
the Raman data supporting a mixed phase with equal
amounts of Y and Ca, one concludes that this intermediate
phase must be related with a checkerboard distribution of the
Ca and Y atoms. The fact that the mixed phase can be de-
tected by Raman spectroscopy indicates a size of at least
several unit cells, while the absence of any sign for such a
phase from neutron scattering measurements8 sets an upper
limit of an order of magnitude higher from that of Raman. In
such a scheme of phase separation, the spectroscopic modi-
fications discussed above show that the additional charges
brought on by Ca are not homogeneously distributed as the
corresponding carriers of a pure homogeneous, optimally
doped YBCO system.29 The formation of an intermediate
phase with the Ca ions staying apart fully agrees with the
results of EXAFS and the corresponding model, where the
additional charges introduced by Ca are somehow trapped
into the intermediate phase.10 This phase may have a differ-
ent Tc supporting the existence of two transition tempera-
tures of the compounds.7

La+3 and Ca+2 are two ions with almost the same size. In
both cases of ion substitution for Y, the Raman spectra show
a peak at a lower energy to that of theB1g-like phonon of
pure YBCO. In Y1−yLayBa2Cu3O7−d the peak position of this
mode corresponds to a hypothetical mixed Y-La123 phase,

which differs only little from the nominal amount of
substitution.15 For Y1−yCayBa2Cu3O7−d this peak has an en-
ergy, which corresponds to constant, roughly equal, amounts
of Y and Ca. If this mode derives from an intermediate
phase, it is clear that there is an additional factor that affects
the formation of this intermediate phase besides the ion size
svolumed effect. Figure 14 shows the dependence of the in-
teratomic distances on the amount of LasRef. 15d or Ca
sRef. 8d substitution. It is seen that all structural parameters
behave in a similar way except the Cus1d -Ochain distance
along the chains, where instead of an increase with La we
observe a decrease in the case of Ca. This decrease affects
also theb axis, which also decreases with Ca substitution.8

This might be related with a new ordering of the chains,
which affects the average Cus1d -Ochain distancessor the b
axisd. A random breaking of the chains is not supported by
our Raman measurements, since it would alter the inversion
symmetry around the Ochain atoms. The related phonon from
these atoms would become Raman active and it should have
been observed in thezz-symmetry spectra with energy
,600 cm−1 fFig. 1sadg. If the reduction of the Cus1d -Ochain

distance with the addition of Ca could be related with a
breaking of the chains, a regular orientation should have
been created like a zigzag form around the Ca sites in the
intermediate phase only.

Recently it was found that in Gd:Y1−yCayBa2Cu3O6 with
very small amounts of Gd and Ca substitution for Y
sy=0.008d, the carriers are not localized at the Ca sites30 as
first neighbors to the Gd. In this lightly doped antiferromag-
netic environment, at low temperatures, the easy magnetic

FIG. 14. Comparison of the dependence of several interatomic
distances on the amount of CasRef. 8d or La sRef. 15d substitution
for Y. It is seen that in the case of Ca substitution, only the distance
between the Cu to the oxygen of the chains is modified, affecting
also theb axis snot presentedd.
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axis is along thef110g direction changing gradually to the
usualf100g between 10 and 100 K and this has been inter-
preted as hole ordering.30 In our optimally doped com-
pounds, there is no magnetic ordering, but still there might
be a different ordering of the chains, at least around the Ca
sites. This could result from the internal strain and the
changes in the dimpling, in connection with the carrier dis-
tribution. It should be remarked that Gd atom is a medium
size ion between Y+3 and Ca+2. Therefore, a smallersvol-
umed strain is expected around Gd than around the Ca ion. It
is unclear how this could affect the localization of the carri-
ers around the Ca sites. In any case, the two sets of data do
not seem to be in conflict, but they show a tendency of the
compound for phase separation, which is related with charge
ordering.

V. CONCLUSIONS

The slight modifications in the Raman spectra and the
appearance of additional modes induced by the Ca substitu-
tion are correlated with characteristic changes in the local
structure, the distribution of the excess carriers introduced by
the Ca doping, and the formation of phases. The variation of

the spectral profile of the in-phase vibrations of the Os2,3d
oxygen atoms supports the coexistence of two phases in the
underdoped-overdoped region of pure YBCO. The one-to-
one correlation of the relative intensity of each phase with
the amount of oxygen indicates that the formation of these
two phases depends only on the amount of oxygen and not
on the total carriers and the Ca concentration. The amount of
dimpling seems to follow the reduction of the magnitude of
the electric field produced by the unequal charges at the Ba+2

and the Y+3/Ca+2 sites but must also be related with the
amount of carriers in the superconducting planes. Additional
modes, which appear at some critical Ca concentration, are
correlated with the modifications of the dimpling of the
CuO2 planes and the formation of superstructures, attributed
to the special way Ca is dissolved in the compound. It seems
that the influence on the physical properties induced by the
Ca-introduced excess doping is related with a phase separa-
tion and an inhomogeneous carrier distribution in the system,
which is also related with the dimpling of the CuO2 planes.
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