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Phase separation in fully oxygenated Y_,Ca Ba,Cu3;O, compounds
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A micro-Raman spectroscopic study has been carried out on fully oxygenate@aBa,Cu;0, (YBCO)
compounds witly=0.0—0.2 and oxygen concentration varying with Ca in the rdrge6.960 and 6.995 The
spectral profiles of theA and JBl -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 Cu{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
Y 0.sCa& sBaCus0, with the additional carriers from Ca not contributing to an excess doping of the system.
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[. INTRODUCTION signal’ As in the case of overdoped YBCO, the higher tran-
sition temperature is only slightly reduced compared to the
Structural and electronic inhomogeneities constitute inmaximumT, of the optimally doped phase, while, in contrast
trinsic properties of cuprate superconductors. In theto the overdoped YBCO case, the lower transition tempera-
YBa,Cw,0, (YBCO) superconductor doping by oxygen in- ture is strongly reduced with increasing overdoping.ray
duces ordering of the chains with the ortho-Il phase having @and neutron diffraction studies of the same saniplegealed
transition temperature of 60 K, and the optimally dopedthat some bond lengths such as thgZuO(2/3) dimpling
phase withT,=92 K. The overdoping of YBCO presents vary strongly with Ca doping.This dimpling shows the
preparational difficulties as oxygen cannot easily exceed thetrongest chang€).9% observed and is in support of the
nominal optimal concentratior=7. The real optimal value conclusion from neutron diffractidrand extended x-ray ab-
for oxygen doping of YBCO is forx=6.92. A systematic sorption fine structurdEXAFS) measurements in YBCO
study of YBCO in the oxygen overdoped region has revealedRef. 9 and Y;_,CaBa,Cu;0, that T, follows the changes
a coexistence of phases and two transition temperaturesf this bond’ The above structural and electronic inhomoge-
which correspond to the optimal and overdoping phases. Aeities support the existence of at least two phases. Further
Raman study has revealed a phase transition related withvestigations of the same samples by &ef. 10 and Y
structural modifications in the Cy@lanes at the optimalto  (Ref. 11 EXAFS spectroscopy, which is a local structure
overdoped oxygen concentrations. The Raman study hgsobe, allowed a comparison with the neutron diffraction
shown that the phonon @%; symmetry due to the in-phase result§ (average crystallographic structure prpbéery in-
vibrations along the axis of the oxygen atoms(@,3) at the  teresting is the dependence of the(BuO(2/3) dimpling
CuG, planes decreases in energy with the addition of carriersn the Ca content: A two-steplike reduction in the dimpling
and, beyond optimum oxygen doping, softens accompanieid observed with EXAFS at approximatejy=7% and 14%
with a reduction inT..? A gap has been actually observed for consistent with the neutron diffraction d&ahis can be
x>6.95 in the distribution of the energy of this phonon, explained by the existence of two phases in the solid solution
pointing out to the coexistence of phases in the overdopedf Y,_,CaBa,Cu;0, due to monodisperse dissolution of Ca
region (x>6.979.1 A similar behavior has been detected atin the YBCO matrix:(a) a matrix of undistorted YB#Zu,0,
low temperature$. cells and(b) distorted (Y -Ca)Ba,Cu;O, crosslike clusters
The substitution of Ca for Yyttrium) in YBCO has been where Ca is surrounded by four nearest neighbor Y éehs.
used to produce an expected equivalent electronic systeprocess treating the distorted clusters as percolation centers
lying further into the overdoped region. This substitution wasmay account for the observed dimpling discontinuities. The
originally considered to follow the generally acceptedrecent work on fully oxygenated YB@u;O, indicates that
scheme of the increase of carriénshich of course is related appreciable local disorder phenomena may be expected in
with the amount of the oxygen concentration as well. these compounds®11
In a systematic preparation and study of the In this work, samples from the same series of
Y1-,CaBa,Cus0, compound with carefully controlled oxy- Y ,_,CaBaCuO, have been used. The oxygen content has
gen contenf, magnetic measurements have shown the exisbeen measured with high accur@@and revealed an unusual
tence of two maxima in the curvature of the diamagneticcorrelation between oxygen content and Ca concentration.
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A Raman spectroscopic study of these samples has been car- Y CaBaCuO apex
ried out aiming to delineate the effect of the Ca substitution 22 polarization P
for Y in connection with the oxygen content behavidr-2 T=300K

Il. EXPERIMENT

The samples used in this study were taken from the
batches used in the above mentioned investigafig§g?1!
where a series of fully oxygenated polycrystalline samples of
Y1,CaBa,Cu0, (y=0.00, 0.02, 0.04, 0.05, 0.07, 0.09,
0.10,0.12, 0.14, 0.15, 0.17, and 0.2&re prepared by solid
state reactiofi. Only the y=0.20 sample has shown small
amounts of BsgCuO,., 5 (<0.5%),8 a clear indication that the
solubility limit is close to 20%. The amount of oxygen of the
original batche® was determined with an accuracy of
Ax=+0.001 using a volumetric technicfuand found to os-
cillate between two oxygen content regioriphase A,
samplesy=4, 5, 7, 9, and 14 % corresponding xe=6.98 v
and phas®, samplesy/=2, 10, 12, 15, and 17 % correspond- e AT e
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ing to x=6.96), remaining always above the optimum dop- 100 200 300 400 500 600

ing (6.960<x=6.995.57 For y=0.20 there is no measure- Raman shift cm™)

ment of the oxygen content as there are indications for

saturation of the Ca solubility. FIG. 1. Typical spectra from separate microcrystallites of

The Raman spectra were recorded at room temperatu%l—yga/BaZCLbOx compounds for selected Ca concentrations in the
and high hydrostatic pressures using a Jobin-Yvon T6400§(Z2Y scattering geometry. A new mode appears at 402'cm
triple spectrometer equipped with a liquid nitrogen cooled
charge coupled device and a microscope lens of magnificantermediate mixed phadéin the case of the Ca substitution
tion X100 (x40 for the hydrostatic pressure measurements additional effects arise from the charge difference between
High pressures were obtained by use of a Merrill-Bassetthe trivalent Y and the divalent Ca ion. Such effects include
diamond anvil cell (DAC) for backscattering geometry the distribution of the additional carriers brought to the sys-
manufactured by High Pressure Diamond Optie*DO). tem and the modified local electric field in the Cu@lanes
Although the samples were polycrystalline, individual micro- from the Y/Ca and the Ba sité8which can affect the pos-
crystallites were investigated. The 514.5 and 488.0 nm linesible phase separation of the compodiféin the following,
of an Ar* laser were used at a power less than 0.2 oWV
0.4 mW for the high pressure measuremgnts the sample.
The local heating at the laser spot was estimated to be less Cu2
than 10 K. The laser beam was focused on a single microc-
rystallite at a spot of diameter 1—2m (X100 leng or y=17%
3-5um (X40 lens and the scattering geometries were .
y(z2)y andy(xx)y. In this notation, as usuay, andy 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(tvom tempera-
ture) or 3—6 h(high pressurgsand 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

322cm” B, Y,,CaBa,Cu,0,
P xx polarization

|
/ y=7%

the scattering geometriggz2y andy(xx)y, respectively. y=4%
y=2%
IIl. RESULTS
The Ca substitution for the smaller Y ion is expected to L y=0%
induce modifications in the Raman spectra related with the e we  w prvem

Scattering Intensity (arb. units)

size of the ion at the rare eartR) site!3-°> Such changes
include the shift of theB,4-like and the apex modes and the
appearance of new modes in tkepolarization close in en- FIG. 2. The corresponding spectra of the same microcrystallite
ergy with the B;4-like mode!314 These modes have been of each selected Ca concentration of Fig. 1 inyhe)y scattering
attributed to a phase separation mechanism, which results geometry. A strong mode appears at 322 tmith increasing in-
the formation of phases rich in the two rare earth ions and arensity with Ca.

Raman shift (cm™)
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) | B, YBCO there is a phonon at212 cn?, which has the same
~200 Yoyt YBa.Cu. "0 symmetry and shifts to lower energies upon isotopic substi-
Ly tution of %0 by ®0 (Fig. 3.1819 |n the Ca substituted
VAN samples it appears also in the crossed polarization at the
".‘ same energy. It is therefore one of the modes that involve

y(xz)y

P

:. ~283 LY YBa.cu®o vibrations of the oxygen atoms, which are Raman active.

| by 3y Vs Additional measurements we have carried out on site selec-

i, Yozl ; : tive isotopic substitution for oxygen indicate that it involves

: ;o the apex or the chain oxygen atoAisSince in pure YBCO it

] ~21(2 ) ' is not modified by the loss of oxygen from the chains, it
BBy

should involve the vibrations of the apex oxygen along the
ab plane?! The 312 cm' 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-
Yoy tution and can thus not be an oxygen mode, appears at
399 ~283 cmit in pure YBCO(Fig. 3), and must be some cation
' (Ba, Cu, or Y) mode. Ba can be excluded as its large mass is
~312 expected to shift related vibrational modes at lower energies.
z(xx)z This mode of pure YBCO must then be related with vibra-
tions of either of the Cu sites, or the Y atdmlthough the
e 2o me | s a0 pu(l)Yand\((jmc_)detsh ar$ bé symmetry c()jnlyﬂlqR actjvé thisd.
DA is a Y mode, in the Y-Ca compounds the corresponding
Raman shift (om") mode would be shifted to higher energies as a result of the
FIG. 3. Comparison of the spectra from Yf&ax, (Refs. 16 and  different mass ratio of the two elements and in the case of the
18) O g9 Obtained in they(x2)y scattering polarization with those of Ca 17% sample to-312 cnT™. In any case, it does not sub-
Y051 BauCW0s0ss N the y(x2y, y(xy, and z(xxz Stantially contribute to the spectra of the parallel polariza-
polarizations. tions (different scattering geometryvhere a large part of our

discussion is based.
the Raman data from the Ca substituted compounds are com-

pared with those of pure YB&uO, (6.4<x<7) and rare B. Ba, Cu(2) phonons

earth substituted YBCO in order to extract information about The spectral characteristi¢ésnergy and widthof the Ba
those effects. To compare the pure YBCO with the Ca dopedtom phonon do not show appreciable changég. 4), ex-
data, it is customary to use a common doping dgisping  cluding any substantial amount of Ca substitution at the Ba
induced either by oxygen or by Cavhere the scaling be- site. The other mode &; symmetry, due to the vibrations of
tween the two doping routes is based on the experimentdhe Cu2) atom of the Cu@ planes, shows with Ca substitu-
result that the same transition temperature is obtained eithdion a slight but clear softening by 2 cni* while a harden-

by overdoping by 20% Ca or by underdoping pure YBCOing by ~5 cni! has been observed with the oxygen doping
down to an oxygen concentration of 6.6. of pure YBCO(Fig. 4). The width of the C(2) phonon re-

In the zz scattering geometryFig. 1) the usual fourA; ~ mains nearly constant within statistical error as in the pure
symmetry phonons appear, which are due to the vibrations ofBCO (Fig. 4). The relative intensity of the two modes for
the Ba atoms, the Cu2 atoms, the in-phase vibrations of thkoth scattering geometries is presented in Fig. 5. Inxthe
plane oxygen atom&2,3), and those of the apical oxygen, polarization for the pure YBCO the relative intensity of the
all modes involving atomic motions along tleeaxisl’ The  Cu(2) phonon gradually decreases with increasing oxygen
spectra look very similar with the ones of pure YBCO, ex-concentration(Fig. 5 and the phonon is very weak in the
cept for the gradual shift of the apex phonon and the appeanverdoped compound§ig. 2 fory=0). This must be due to
ance of a weak mode for high Ca concentrations athe increased screening as the carriers enter the, GlaDes.
~402 cm?. In the xx geometry (Fig. 2 the previous A linear fit of the data in Fig. 5 shows that the Ba mode
phonons due to the Ba, Cu2, and the apical oxygen appedisappears completely in pure YBCO fa=6.3. This is
again, besides the out-of-phase vibrations of the 02,3 oxyroughly the oxygen concentration where the carrier injection
gen atoms with the characteristi-like symmetry*’ The to the CuQ planes is initiated? In the Ca substituted
spectral region close to th#,4-like phonon is considerably samples with the high oxygen concentratigr=6.960 the
modified with the Ca substitutioffFig. 2) and two additional relative intensity remains constant or slightly increadgg.
modes appear at298 and~322 cnil. In the cross polar- 5) and the C(2) phonon is more pronouncégig. 2) than in
ization (x2) two more modes appear a312 and~212 cm!  pure YBCO, despite the expected additional doping from Ca.
(Fig. 3). The evolution of all these modes with the Ca dopingThis is an indication that the additional carriers do not be-

is examined below. have in the same way as those from oxygen doping.

y(xz)y

Y,.:Ca,,,82,Cu,0

0.83 376.954

Scattering Intensity (arb. units)

!
[N SR =
©
=31

A. By, By symmetry modes C. 02,3 in-phase phonon

The two modes at-212 and 312 crit appear in the In the zz polarization, the energy of the in-phase mode
y(x2)y polarization with theB,, or By, symmetry. In pure does not change with Ca while its bandwidth increases
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FIG. 6. The dependence of the in-phase phonon energy and

cmY) of the Ba and the Q@) phonons on the oxygen concentration width (measured in ci) on the oxygen content of YB&usOy
of YBa,Cu;Oy
Y 1-yCaBa,Cus0 (right side.

(left side),

and on the Ca content of (leftside and the Ca doping of ¥,CaBa,CusOy (right side.

non for all Ca concentrations proves that three Lorentzians

gradually following the general trend of increase observed ifat ~402, ~428, and~439 cnl) are necessary for the ap-

pure YBCO with increasing amount of dopirtgig. 6). This

propriate fit of all spectra. The two high energy modes are

increase of the total width of the in-phase band is partiallycharacteristic of the two phases from the change in the buck-
due to the appearance of the weaker mode at lower energigfig in the overdoped pure YBCO compounidsshile the
(~402 cm™). In pure YBCO the in-phase phonon width in- origin of the mode at 402 cfh is discussed below.

creases almost linearly with doping in the orthorhombic

phase(Fig. 6). The study of the spectral profile of this pho-

relative intensity Cu2/(Cu2+Ba)

FIG. 5. The dependence of the relative intensity of th€2Cu
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D. Apex phonon

The phonon energy of the apical oxygen decreases by
~4 cnit with increasing amount of Ca while its width is not
affected appreciablyFig. 7). In some spectra with high
amounts of Ca concentration the apex phonon seems to in-
corporate modes at486 and~493 cn1t. These correspond
to the additional modes that appear in pure YBCO com-
pounds with decreasing amount of oxydétt. the apex pho-
non energy of the Ca substituted samples is compared with
the results from underdoped YB2u;0,,2 it is observed that
the shift in energy follows quite symmetrically the doping
concentrationFig. 7). The decrease in its energy-0.8%)
is correlated with the increase of the interatomic distance
Cu(2)-Ogpex (~1.1%) 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 CuQplanes is modified®° The

and Ba Ag-symmetry phonons on the oxygen concentration ofsubstitution of 20% La or Pftwo ions of similar size to Ga

YBa,Cuz0, (left side), and on the Ca content of;Y,CaBa,Cu;0y
(right side for the two scattering polarizations. In the& polariza-
tion the Ba line disappears completely far6.3, i.e., at the

orthorhombic-to-tetragonal transition.

for Y induces an increase in energy of the apex phonon by
~5 cn L1315 At the same time the distance @U-Ogpex
decreases, which is opposite to the present situation. In those

two rare earth or Ca substituted compounds with similar
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FIG. 7. The dependence of the apex phonon energy and widt
(measured in cii) on the oxygen content of YB&u;O, (left
side), and the Ca doping of ¥,CaBaCu;0, (right side. Inset:
dependence of the apex phonon energy on th€2)20,ey inter-
atomic distance.

Pesponds to theB,q-like phonon of a hypothetical phase
CaBgCuO,. It is known that the energy of th&,glike
mode is sensitive to the size of the rare earth, and mixed rare
earth compounds can be composed of two or three
phases3-®The phonon energy of the corresponding peaks

o are associated with the pure compound of each rare earth and
amount of oxygen, the decreaseTinand doping is different,  \yith 4 mixed system, which appears at an intermediate en-

while the apex phonon energy either increafless, Py or gy A similar situation could exist in Fig. 2 and the mode at
decreasedCa). The observed decrease of the apex mode_2gg cny! might correspond to the pure Cal23 phase. This
energy by Ca substitution indicates that the reduced Char%ssibility is not supported by the rather large difference

of the Cd? ion as compared with the trivalent Y or the rare peyyeen its energy and the one anticipated for the Cal23
earths, counterbalances the effect of the increased ion size %ase(~307 cnl) based on the rare earth dafals Since

the central cage, indirectly affecting the energy of the ape

Xve cannot assign this mode to any ottégrsymmetry pho-
phonon. an y otidgrsy P

non at the center of the Brillouin zone, it should be related
E. Bylike phonon with a phonon from the edges of the zone.

The phonon of the out-of-phase vibrations of th€2Q) i
plane oxygen atoms of approximadg, symmetry(in reality G. Mode at 322 cm
an Ay phonon in orthorhombic symmetry labelingvhich The intensity of the mode at 322 chincreases consid-
appears in the/(xx)y scattering geometryFig. 2), contains erably with the Ca concentration while its energy remains
in addition to the well-known 340 cm phonon, a mode at independent of the amount of C&ig. 2). In pure fully oxy-
~322 cm?. This mode becomes very strong in high Ca con-genated YBCO compounds a very weak mode of similar
centrations(Fig. 2), while a weak mode at+296 cni! also  energy has been observed under hydrostatic pressures and
appeargFigs. 2 and R Due to the presence of these addi-only in a mixed scattering geometyz+xx.?3 This weak
tional modes, the spectral characteristics ofBhglike pho- ~ mode was soft, not shifting but gaining intensity with the
non cannot be determined accurately enough to draw concl@pplication of hydrostatic pressure. As the chain oxygen at-
sions. The total width of the phonon increases considerablyyms are removed the mode disappears and we have not ob-
and the increased asymmetry reflects partially a Fano couserved it in single crystals under pressure of ¥B&Og 5. In
pling with the excess carriers and partially originates fromorder to investigate any connection of the strong mode at
the appearance of the additional modes. 322 cn! observed in the present Ca substituted samples
with the soft one of pure YBCO, we have carried out com-

F. Mode at 296 cm* plete scattering selection rules. It turns out that the mode has

The mode at~296 cni! is very weak and appears in the exactly theB,4-like symmetry(Fig. 8) not agreeing with the

parallel polarizations. One could assume that this mode cosymmetry of the soft phonon of pure YBCO. Furthermore,
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FIG. 10. Dependence of the relative intensity of the 322%cm

FIG. 9. Typicaly(xX)y spectra at RT and high pressures for the mode with respect to thB,4-like band and the 402 cth with re-
Y 0.8 17BaCu0,_5 compound. It is clear that the 322 ¢in  spect the in-phase phonon on the Ca concentration. The la®e
mode tends to merge with tH4-like phonon at high pressures. ~ dimpling (measured by EXAFSis also shown for comparison.

\\’(VoeSgégoelgggfogf?hgy?égafg'ih%\?\;s?r:eég? E;: Oprpopvoeunr%pde energy wpuld then imply a constant ratiq Y, Ca in this
that the mode at 322 crhshifts with pressure contrary to the mixed mter_medlate phase. Ba_slesd on the ion size dependence
behavior of the soft mode of similar energfyAnother pos- of the %Qg'ke phonorllener%ﬂ?’ we calcu(ljate thar: the _en-d
sibility is that the mode at 322 cthbe due to an IR active ergy of the ~322 ¢cm” mode corresponds to the mixe
phonon that becomes Raman active by the Ca for Y substi\-{(’-E’Ca"-SB"j?cu?'oﬁ‘js phase \.N't.T apprr]oxmately equzl b
tution. If so, other rare earth substitutions for Y, which in- amounts of Ca an Yé\toms simiiar IOF € one suggestg y
duce the same disorder at the Y site should activate thiEXAFS measurements.No matter what is the_ exact relative
mode. But no indications for such mode at a fixed energ mount of Ca to Y in this m'xed phase, the important resuit
have been observed up to néiwLs Is the independence of this mode energy from the Ca con-

In rare earth substitutions for Y an intermediate phasecentratlon. This implies that only the volume fraction of this

appears(Y;_,R,Ba,Cl,O;_,) With increasing intensity and mixed phase is modified with the addition of Ca.

modified energy that depends on the amount of rare H. 402 cnit mode

earth!3-1>This phase is created mainly by the difference in , o

the ion size and not by the mass difference between Y and Cl0Se to the in-phase vibrations of th¢X3) oxygen at-

R13-15|n a mixed compound with homogeneous distribution®™S: an addltlonallwe_akg symmetry mode appears at an

of the substituting ions, it is possible to observe either of theenergy_?f~402 cn™ (Figs. 1 and 1L As in the case of the

so-called one- or two-mode behavior. In the former case, th§22 cM~ mode, the intensity of this weak mode also in-

phonon related with the substituted ion shifts continuouslyc"€@Se€S With the amount of G&ig. 10 and could corre-

with the amount of substitution. Such behavior has not beejPond to another phonon activated by the Ca substitution for

observed with the present mode. In the case of a two-mod& !t does not seem to correspond to any of the IR-active

behavior, independent modes appear characteristic of the tupjonons that h_avelbeen observed_lor predicted by lattice dy-

end compositions, which for Ca substitution could be the"@Mic calculations: The ~402 cni* mode has been ob-

CaBCO and YBCO phases. But the energy of the 322'cm served also in very low oxygen concentration %8850, _

mode does not agree with the general trend of Biglike (x<6.4) samples where other phases related to the formation

phonon dependence on the ion size for the rare e&ttiiey-  Of superstructures are creatéBig. 11. We therefore at--

ertheless, some effect from the charge difference between {ibute this mode to a phonon from the edge of the Brillouin

and Ca cannot be excluded. zone activated by the formation of a superstructure and gain-
Finally, one could have a separation into phases likdnd intensity with the Ca substitution.

YBCO, CaBCO, and a mixed or& -Ca)BCO, as observed V. DISCUSSION

in the rare earth substitutions for'¥:*>For low amounts of '

R substitutions for Y(below ~20%), it is common not to One question to be addressed is the possible substitution

observe the pure phase RBCO1° The constant value of the of Ca for Ba. As explained above, this substitution would be
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polarization. Inset: the relative intensity of the 402¢rmmode to = 0'6__
the apex phonon for YB&u;0, and Y;,Ca,Ba,Cug0,. § 05—
expected to reveal itself in the Raman spectra in either one of O e B N e o o LA e e e e e |
the two following ways. In the one-mode behavior, the pho- 0 5 10 15 20
non corresponding to Ba should shift continuously with in- Ca content y (%)

creasing amount of Ca up to an energy of 123 %rtior

_ : : FIG. 12. Quantities versus Ca content. Top panel: £plane
y=0.20 anpl assuming the total amount of available Ca enter&mpling as measured by neutron scatterigf. 8 and EXAFS
the Ba sitg, in a manner analogous to the case of

o . 10. i ine i i f the dimpli
SmB@_ySryCu3O7_5.24 A smaller amount of substitution (Ref. 10. The straight line is the expected reduction of the dimpling

id ind f I hift. In th d due to the reduced charge of €aubstituting for Y2 (see text
would induce of course a smaller shiit. In the two-mo €Middle panel: Oxygen content—different symbols correspond to

. 1 o
beha_1V|c_>r a new mode atv220 cm Wou,ld appear with IN- " different sets of measurements. Bottom panel: relative intensity of
tensity increasing along witk. The fact is(Fig. 4) that nei-  he Raman 428 crd line with respect to the total in-phase band.

ther the energy nor the width of the Ba phonon increaseqote the scaling with the oxygen content and not with Ca or the
continuously with increasing Ca contebne-mode sce- amount of dimpling.

nario). Furthermore, the intensity of the212 cnm! line does
not increase systematically with Ca concentration, its symsitive to the amount of Ca although in pure YRBarO, the
metry is different from that of the Ba atom and therefore thisenergy decreases almost linearly unti6.92, where the
mode cannot be attributed to @@o-mode scenarjoThere-  softening of the mode occur@ig. 6).' The width of this
fore, the Raman results suggest that if it is assumed thatode, which in the orthorhombic phase increases with oxy-
some Ca substitutes for Bathe amount would be small. gen doping, shows a similar increase with Ca doping. Since
This is in very good agreement with the neutron diffraction the mode at~402 cmi! appears with increasing amount of
and EXAFS(Refs. 10 and I1work, carried out in samples Ca (Fig. 10, we believe that the increase of the in-phase
from the same batches, which excludes substitution morphonon width is mostly due to the development of this mode.
than 3%. In the overdoped oxygen concentration region of
In pure YBCO the increase of doping with the oxygen YBa,Cu;O, it was found that the in-phase mode consists of
concentration induces a rapid increase in the intensity of thewo peaks(428 and 438 cit), which originate from the
Ba phonon(in the xx scattering polarization At the same coexistence of two phases that differ in the amount of the
time the intensity of the Q@) atom phonon decreases con- CuO, dimpling! A similar structure of the in-phase mode
siderably, so that the phonon can hardly be sé€g. 2, can be observed in the Ca compounds, which are fully oxi-
y=0) in the overdoped regiotf. This behavior has been at- dized. The deconvolution of the in-phase phonon into two
tributed to the redistribution of the carriers, which are intro-bands with peak positions at 428 and 438 tr(Fig. 11)
duced by the chain oxygen doping to the Gu@anes ac- proves that the relative intensity of the two phases is not
cording to the scheme of Ref. 22. With the additional dopingcorrelated with the Ca content but with the small changes in
by Ca the C(R) phonon intensity increases instead of furtherthe amount of oxygeriFig. 12. As seen in Fig. 6, for the
decreasing, while the Ba phonon intensity remains unafwhole range of Ca doping the in-phase phonon remains prac-
fected (Fig. 2). This is an indication that the carriers intro- tically constant in energy implying that the softening of the
duced by Ca resideeither at the Cu@ nor at the BaO in-phase phonon in the oxygen overdoped region cannot be
planes This can happen ithe Ca atoms remain isolated related with the total amount of the carriers in the compound.
acting as pinning centers for the excess carri€rs Neither can it be related with the dimpling of the CuO
Turning now to the spectral modifications, differences areplanes, since the dimpling decreases with (Bafs. 8 and
observed between the effect of doping with oxygen and Cal0) (Fig. 12 while the in-phase mode energy remains con-
In the case of the in-phase mode, its energy is rather inserstant(Fig. 6). It is clear from Fig. 12 that there is a decrease
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6.95. Above the first concentration the system becomes
orthorhombié and the carriers start populating the GuO
planes?? The x=6.95 is the boundary to the overdoping
where a sudden increase of the dimpling has been measured
by EXAFS (Ref. 1) and the relative intensity increases also
suddenly. For the Ca doping, the dimpling measured by
neutrorf or EXAFS (Ref. 10 decreases again as depicted in
Fig. 12. As discussed, the dimpling of the Cufanes 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 Cu@planes’® 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 ‘€dor Y*3 pro-

0.3 o
2z polarization

t

relative intensity in-phase/apex

|
|
|
|
|
|
|
|
YBayCu30y :Y1_yCayBaZCU3OX
l
|

ceeds, or the reduction of the carriers in the planes. In pure
B B B T T YBCO the sudden increase of the dimpling at the optimal to
64 66 68 70 20 overdoped region should therefore indicate a sudden increase

oxygen content x . . X . .
yo Ca content (%) of the carriers in the planes. The relative intensity of the

in-phase mode seems to follow closely the changes of the

FIG. 13. The dependence of the relative intensity of the in-phas@imp"ng in both the pure YBCO and in the Ca substituted
to the apex phonons on the oxygen concentration of XXBZO,  compounds, actually probing the combined effect of the local
(left sidg, and on the Ca content of;Y,CaBa,CuO, (right side.  glectric field and the amount of carriers in the Gu&anes.
Straight lines are best linear fits. Focusing to the fine details uncovered by EXAFS one can

observe stepwise changes in the dimpling~af% and

of the dimpling with the Ca substitution, although the rela-~14% (Fig. 10. Similar stepwise changes at approximately
tive intensity of the two components of the in-phase modehe same Ca concentrations are observed in the relative in-
oscillates between two values that map closely the modificatensity of the mode at-402 cnm* with respect to the in-
tions in the oxygen content. phase phonofiFig. 10. The phonon at-402 cn appears

The dimpling measured by EXAFS shows an abnormabnly at Ca concentrations=6% and its relative intensity
dependence on G&ig. 10. This behavior is not clearly seen reaches a saturation level-al7%. The same mode has been
in the neutron scattering, though on the average the two setietected also in the tetragonal phase of pure XBigO,
of measurements agree very wéflig. 12). A reduction in  (Fig. 11), where the relative intensity decreases with doping
the dimpling is expected from the modification of the chargein a symmetrical way as it increases with the Ca concentra-
at the Y/Ca sitd® Assuming a linear dependence the dim-tion (inset of Fig. 1). We could not assign this mode to a
pling d will follow the equation d(y)=d,[3(1-y)+2y]/3 specific phonon at the center of the Brillouin zone of the pure
=d,[1-y/3] (straight line in Fig. 12 No additional carriers compound. Since this mode appears also in the tetragonal
are supposed to reside in the Gu@lanes in this simple phase of pure YBCGFig. 11), an explanation could be the
approximation. Although this elementary model cannot pre-association of the-402 cni? band with a phonon from an
dict the unexpected behavior of the dimpling measured bydge of the Brillouin zone, which becomes Raman active as
EXAFS, the agreement between the average dimpling and result of the formation of a superstructure. The presence of
the charge reduction is quite good. This would imply that theweak bands at-493 and~486 cni? in the apex phonon of
reduction of the dimpling can be attributed solely to the dethe Ca compounds can be attributed also to the formation of
crease of the local electric field from the substitution ofa superstructure phases similar to the ones that appear in pure
for Y*3.26 At the same time, it would suggest that the CaYBCO.28 In YBa,Cu;0, the band at~486 cmi* dominates
substitution does not increase the amount of carriers in ththe apex phonon spectrum fer-6.1527 and its association
CuO, planes and would explain the insensitivity of the in- with the S point of the Brillouin zoné® would agree also
phase phonon energy on the amount of Ca dofffiig 6), as  with the appearance of the402 cnt! mode in pure YBCO
the excessive carriers would not be introduced in the LuOfor x~6.22 but not forx~ 6.438(Fig. 11). It is thus conceiv-
planes of the YBCO phase. Based on the behavior of thigble that the~402 cni? line is related to the development of
mode on(oxygen or Ca doping, one can assume that the a tetragonal phase different from the O-Il phase in both ma-
in-phase energy is related with the amount of carriers in théerials. Furthermore, this assignment can explain the correla-
planes which, in connection with the strength of the localtion of the relative intensity of the-402 cnt* mode (Fig.
electric field, induces the CuyQlimpling2® This assumption 10) with the EXAFS measurements and the changes of the
agrees with the modifications of the spectral characteristicdimpling, since these changes have been associated with the
of the in-phase mode observed in pure YBEO. formation of crosslike cluster$.Besides, it supports the as-

Figure 13 shows the dependence of the relative intensitgignment of the weak mode at296 cni! to a phonon from
of the in-phase to the apex mode for the pure YBCO and théhe edge of the Brillouin zone.
Ca doped samples. For the pure YBCO the relative intensity The origin of the mode at-322 cmi! has been discussed
increases with oxygen doping and then decreases with Cabove and the phonon can be attributed either to a two-mode
Besides it shows deviations from linearity for at least twobehavior of the mixed Y.,CaBaCu;O, compound or to a
characteristic oxygen concentrations, i.e., fo=6.4 and separation into the phase of pure YBCO and another mixed
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of Yy :Ca sBa,Cu;0,_5 with roughly equal amounts of Ca 42 o o o —_—

and Y. The former case appears in mixed compounds 40 Cut-Cu2 2"’"

A,_,B,C when there is a large difference between the masses 48 22 4

of the A, B ions and the two modes correspond to Ateand

BC end compounds. In rare earth substitutions for Y, no sign 28 cuzcu2 5,20 cuto

of a two-mode behavior has been detected when the mass 34 4 4 A . a4

difference between Y and the rare earth is the largest 32 T 8T T T

(Y 14Lu,Ba,Cus0,), but the intermediate mode appears only 200 — 52

when the difference between the size of the two ions reach a ' |

critical value!® Besides, the energy of the mode at : Cu2-03 80 Bl

~322 cm? does not fit with the ion size of Ca and the gen- 28

eral trend of theB, -like phonon dependence on the rare 195 26

earth.13 y Cu2-02 Y-03
The case of phase separation is typical for rare earth sub- 24

stitutions for Y and is driven mainly by the different ion size 1O T 2T

of the rare earth and the Y atorhs1® It is likely that the {165 -

same happens by the larger Ca ion substituting for Y, which 1 cut-0gnain 288 A 4 a4

can induce a separation into phases. Both the intermediate 4 | ¢ 284 Ba-Ochain

phase marked by the peak at 3227¢énand the peak at i o ©

~340 cm! correspond to the approximat®,-symmetry ros 43“0 280

phonon and remain fixed in energy, independently of the o "%, 2.76 Ba-Ogpex o

amount of CaFig. 2). The fit of the 250—400 cit spectral 108 72 ¢ ¢

: L IR L L L G I IR IR L B

region by Fano shaped bands shows the dependence of the i o8 o5 U5 B0 BB @6 BS 65 o wd
relative intensity of the~322 cm® mode to theB,4-like La or Ca concentration
phonon of pure YBCQFig. 10. 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 mod _ . L :

or Y. Itis seen that in the case of Ca substitution, only the distance

at ~322 cm? increases up to-14—-15% Ca and then re- o 7 .
mains constant. This is roughly the concentration Wheréaetween the Cu to the oxygen of the chains is modified, affecting

there is a marked change in the dimpling measured by EX"EIISO theb axis (not presentexd
AFS (Fig. 10 and a sudden decrease of thg Tsee Ref. . which differs only litle from the nominal amount of
The saturation of the mode intensity and the correspondingubstitutiont® For Y1-4C3Ba,Cu;0;_; this peak has an en-
intermediate phase may originate from the Ca solubility limitergy, which corresponds to constant, roughly equal, amounts
in the compound~209%). of Y and Ca. If this mode derives from an intermediate

Taking into consideration the results from EXAKES, phase, itis clear that there is an additional factor that affects
which “see” no Ca ion as a first neighbor to another Ca, andhe formation of this intermediate phase besides the ion size
the Raman data supporting a mixed phase with equdiolume effect. Figure 14 shows the dependence of the in-
amounts of Y and Ca, one concludes that this intermediatéeratomic distances on the amount of [Ref. 15 or Ca
phase must be related with a checkerboard distribution of théRef. 8 substitution. It is seen that all structural parameters
Ca and Y atoms. The fact that the mixed phase can be d&ehave in a similar way except the @ Ogpgy, distance
tected by Raman spectroscopy indicates a size of at leagiong the chains, where instead of an increase with La we
several unit cells, while the absence of any sign for such @bserve a decrease in the case of Ca. This decrease affects
phase from neutron scattering measurenfesgés an upper also theb axis, which also decreases with Ca substitufion.
limit of an order of magnitude higher from that of Raman. In This might be related with a new ordering of the chains,
such a scheme of phase separation, the spectroscopic mowihich affects the average Cb)-Ogp,, distances(or the b
fications discussed above show that the additional chargeaxis). A random breaking of the chains is not supported by
brought on by Ca are not homogeneously distributed as theur Raman measurements, since it would alter the inversion
corresponding carriers of a pure homogeneous, optimallgymmetry around the Q;, atoms. The related phonon from
doped YBCO systerf? The formation of an intermediate these atoms would become Raman active and it should have
phase with the Ca ions staying apart fully agrees with thédeen observed in thezsymmetry spectra with energy
results of EXAFS and the corresponding model, where the-600 cn* [Fig. 1(a)]. If the reduction of the CW)- Ohain
additional charges introduced by Ca are somehow trappedistance with the addition of Ca could be related with a
into the intermediate phas3@This phase may have a differ- breaking of the chains, a regular orientation should have
ent T, supporting the existence of two transition tempera-been created like a zigzag form around the Ca sites in the
tures of the compounds. intermediate phase only.

La*® and C4&2 are two ions with almost the same size. In  Recently it was found that in Gd Y,CaBa,Cu;Og with
both cases of ion substitution for Y, the Raman spectra showery small amounts of Gd and Ca substitution for Y
a peak at a lower energy to that of tBgy-like phonon of  (y=0.008, the carriers are not localized at the Ca Sftess
pure YBCO. In Y, yLa,Ba,Cu;0;_s the peak position of this  first neighbors to the Gd. In this lightly doped antiferromag-
mode corresponds to a hypothetical mixed Y-Lal23 phasajetic environment, at low temperatures, the easy magnetic

FIG. 14. Comparison of the dependence of several interatomic
istances on the amount of CAef. 8 or La (Ref. 19 substitution
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axis is along thg110] direction changing gradually to the the spectral profile of the in-phase vibrations of the2Q
usual[100] between 10 and 100 K and this has been interoxygen atoms supports the coexistence of two phases in the
preted as hole orderind. In our optimally doped com- underdoped-overdoped region of pure YBCO. The one-to-
pounds, there is no magnetic ordering, but still there mighbne correlation of the relative intensity of each phase with
be a different ordering of the chains, at least around the Cthe amount of oxygen indicates that the formation of these
sites. This could result from the internal strain and thetwo phases depends only on the amount of oxygen and not
changes in the dimpling, in connection with the carrier dis-on the total carriers and the Ca concentration. The amount of
tribution. It should be remarked that Gd atom is a mediumdimpling seems to follow the reduction of the magnitude of
size ion between ¥ and C42 Therefore, a smallefvol-  the electric field produced by the unequal charges at tHé Ba
ume strain is expected around Gd than around the Ca ion. land the Y?3/Ca? sites but must also be related with the
is unclear how this could affect the localization of the carri-amount of carriers in the superconducting planes. Additional
ers around the Ca sites. In any case, the two sets of data agwodes, which appear at some critical Ca concentration, are
not seem to be in conflict, but they show a tendency of theorrelated with the modifications of the dimpling of the
compound for phase separation, which is related with charg€uQ, planes and the formation of superstructures, attributed
ordering. 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-
V. CONCLUSIONS tion and an inhomogeneous carrier distribution in the system,

The slight modifications in the Raman spectra and thé"’hich is also related with the dimpling of the Cy@lanes.
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