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Hydrostatic-pressure-induced phase separation in the YBa,Cu,Og superconductor
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A micro-Raman study under high hydrostatic pressure (up to ~7.5 GPa) has been carried out on YBa,Cu,Og
superconducting single crystals at room and low temperatures down to 77 K. Seven strong modes of A,
symmetry, two of weak B,, and B3, symmetry, and another mode at ~431 cm™! have been investigated. With
increasing hydrostatic pressure the first nine phonons shift to higher energies while the latter is independent of
pressure. A splitting of the mode attributed to the in-phase vibrations of the plane O oxygen atoms has been
observed. Besides, anomalous nonlinear pressure behavior has been observed for the other A ¢ phonons, which
is correlated with the splitting of the in-phase mode and the pressure dependence of the superconducting
transition temperature of this compound. The results indicate a pressure-induced phase separation, which is
related with a lattice distortion from the tilting of the CuOg octahedra.
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INTRODUCTION

Hydrostatic pressure effects in the oxide superconductors
have been studied extensively."2 For these materials, the de-
pendence of the superconducting transition temperature (7,)
on pressure (dT,./dP) varies in a large range of values and it
provides indications that a material may reach higher 7T, val-
ues at ambient pressure by suitably modifying its structure
with atomic substitutions creating an internal chemical pres-
sure. Therefore, the high-pressure experiments are of pri-
mary interest.!?

The YBa,Cu,Oy (Y124) compound was first detected as a
lattice defect in YBa,Cu;0, (Y123) powders.? The structural
difference between Y123 and Y124 is the doubling of the
Cu;-O,, chains along the b axis and between the Ba-O,,
planes, which gives a stronger bond between the oxygen O,
and copper Cu,, atoms at the chain sites leading to the ab-
sence of the oxygen defects. This is in contrast to the Y123
case in which the Cu,,-O,, chains become easily oxygen
deficient.* Although the crystal structure and the values of
the critical temperature, T,, of both doped Y123 and Y124
compounds are very similar (7.~92 K and 80 K, respec-
tively), their behavior under pressure is different. In particu-
lar, while the pressure dependence of 7. in Y123 is relatively
low, with dT,./dP from ~1to ~2.5 K/ GPa,’ the pressure
dependence of 7, in Y124 shows a large positive derivative,
with dT./dP=5.5 K/GPa up to 4 GPa and exceeds 100 K
above 5 GPa.®!!

Detailed Raman studies of the Y123 compound at ambient
pressure have shown that the five strong phonons in the en-
ergy region below ~500 cm™! are of A, symmetry with
eigenvectors along the ¢ axis. These modes are attributed to
the vibrations of the Ba atom, the Cup,, the in-phase and
out-of-phase (B ,-like) vibrations of the O, oxygen atoms of
the CuO, planes, and the apical O,, oxygen. In the case of
Y124 the phonons involving vibrations of the Cu,, and O,
atoms are also Raman active.' It is known that the ion dis-
tances in the unit cell of Y124 do not change considerably
with respect to the Y123 system,'*!# and the energies of the

1098-0121/2005/72(1)/014539(9)/$23.00

014539-1

PACS number(s): 74.72.Bk, 61.50.Ks, 78.30.—j, 74.25.Kc

Cu,,; and O, (in-phase and out-of-phase vibrations) phonons
are similar to the corresponding ones of Y123 while those of
the Ba and O, atoms soften slightly.'? In previously reported
measurements four out of the six Raman-allowed modes of
the double Cu,,-O,, chains have been detected. The chain
modes of A, symmetry at ~250 and 600 cm™! were assigned
to the vibrations along the ¢ axis of the Cu,, and O, atoms,
respectively,'>!> while the peaks at ~210 and 315 cm™' to
the motion of the O, and Cu,,, atoms along the a (B,, sym-
metry) and b (B3, symmetry) axes, respectively.'> It should
be noticed that in the case of the Y124 compound, the inten-
sity of the B,,, B3, modes is high (even higher than the
intensity of some A, phonons).

While there are several hydrostatic pressure studies of the
transition temperature, the structure, and the electronic prop-
erties of the cuprate superconductors, the high-pressure Ra-
man investigations on these compounds are limited. The
main reason is the difficulty of studying the very weak
phonons of the superconducting materials inside the high-
pressure diamond anvil cell. According to previous
studies'®!” the energy of most of the Raman active phonons
of Y124 increases almost linearly with pressure. Nonlinear
pressure dependence has been observed for the energy shift
of the A, symmetry in-phase vibrations of the O, atoms. '
Additionally, an anomalous pressure dependence has been
detected for the energy of the A, mode of the Cu,, atoms at
~150 cm™!, which deviates from linearity at pressures ex-
ceeding ~6 GPa.'” Besides, Kakihana et al. have noticed
that the pressure dependencies of this mode energy and of
the critical temperature for the compound are similar.!”

Several studies have been reported up to now concerning
the appearance of local lattice distortions with doping in cu-
prates and their possible correlation with the superconduct-
ing critical temperature. In particular, for the YBa,Cu;0,
compound the room temperature Raman study has shown
that the energy of the in-phase O,; mode decreases with in-
creasing x and, then, softens strongly and two phases sepa-
rate around the optimal doping (x ~ 6.92).'8-20 This anoma-
lous softening has been associated with the increase of the
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dimpling in the CuO, planes, supporting the idea that local
coherent distortions of the CuO, planes and transition tem-
perature are related.”! Concerning the La,_,Sr,CuO, (LSCO)
superconductor, a correlation has been found between the
spectral characteristics at room temperature for some of the
phonons and the superconducting transition temperature, for
the 0 <x=0.45 doping range.?” This result seems to be con-
nected with the presence of local lattice distortions as those
detected in doped LSCO samples,” which activate symmetry
forbidden IR modes in the Raman spectra.?>*

Both in Y123 and the LSCO compounds the lattice dis-
tortions are induced by chemical doping, which usually in-
corporates lattice defects. An alternative and cleaner way to
modify the doping is by applying a hydrostatic pressure. For
the hole-doped superconductors, it has been claimed that
chemical doping and the application of hydrostatic pressure
affect the superconducting properties in a similar way."? In
the cases of the Y123 and Y124 compounds 7. measure-
ments as a function of doping or pressure confirm these
results.>"!! Besides, a direct correlation between T, and the
density of the hole concentration in the two CuO, planes has
been found.?*~?® Surprisingly, the spectral characteristics of
the apex and CuO, plane phonons, as a function of doping in
Y123, and as a function of pressure in Y124, presented in
this article, vary in a similar way. This result probably de-
notes that the redistribution of carriers induced by doping is
similar to that induced by the application of hydrostatic pres-
sure.

In this work, high-pressure Raman measurements of su-
perconducting single crystals of Y124 have been carried out
aiming to investigate the appearance of structural defects.
The results indicate that the application of a critical hydro-
static pressure (~2.5-3.0 GPa) on Y124 induces such lattice
distortions and furthermore a coexistence of phases.

EXPERIMENTAL

The preparation conditions of the Y124 samples used in
this work have been described elsewhere.?’

The Raman spectra were obtained at high hydrostatic
pressures with a T64000 Jobin-Yvon triple spectrometer
equipped with a liquid-nitrogen-cooled charge coupled de-
vice (CCD) and a microscope lens of magnification X100
(X40 for the hydrostatic pressure measurements), in the tem-
perature range 77-295 K. A Merrill-Bassett-type diamond
anvil cell (DAC) was used for the high-pressure measure-
ments (up to 7.5 GPa), which has allowed the Raman studies
to be carried out in a backscattering geometry. The pressure-
transmitting medium was a mixture of methanol-ethanol.
Silicon single crystals distributed around the sample were
used for calibration of the pressure and for monitoring the
hydrostatic conditions. The excitation was obtained with the
514.5 nm line of an Ar* laser, which produced the lowest
luminescence from the diamonds. Low temperature measure-
ments were carried out in a pseudo-hydrostatic environment
by incorporating the small DAC into an Oxford cryostat suit-
able to reach temperatures down to 5 K and appropriately
modified for the incorporation of the DAC and the applica-
tion of the selection rules. By including two more small sili-
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FIG. 1. Typical room temperature Raman spectra of the
YBa,Cu,Og compound for selected hydrostatic pressures. The al-
most complete absence of the Bj,-like mode of the O, atoms de-
notes the nearly pure zz scattering geometry (Ref. 12). The splitting
of the in-phase O,; mode is obvious at high pressures.

con crystals, one outside the DAC but inside the Oxford
cryostat and another in the open air, the effect of pressure
could be discriminated from that induced by the low tem-
perature and any miscalibration of the spectrometer during
the measurement. The laser beam was focused on the sample
at a spot of diameter 1-2 wm (X100 lens) or 3—5 um (X40
lens), while the power level was kept below 0.20 mW for the
ambient conditions measurements or 0.40 mW for the high-
pressure measurements, in order to avoid local heating ef-
fects. In the previous high pressure Raman studies'®!? the
selection rules could not be applied and the presented Raman
spectra were mainly acquired in mixed polarization geom-
etries. In this work, tiny pieces from the single crystals were
freshly cut before the measurements in the appropriate direc-
tion to allow the study of pure y(zz)y [or x(zz)X] and y(xx)y
[or x(yy)x] (the x and y axis could not be discriminated)
scattering geometries. Typical accumulation times were
1-2 h (room temperature) or 2—6 h (high pressure) depend-
ing on the scattering polarization, and all modes of A, sym-
metry and the Cu,;, B3, and O, B,, modes have been exam-
ined.

RESULTS

Figure 1 presents characteristic Raman spectra of the
Y124 compound in the zz scattering polarization for
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FIG. 2. Room temperature Raman spectra from the same crys-
tallite shown in Fig. 1, at ~6.56 GPa. When the splitting of the
in-phase mode takes place, the relative intensity of the two in-phase
components is modified by slightly rotating the sample orientation
for the approximate zz polarization.

selected hydrostatic pressures at room temperature. In all
pressures studied the spectra are of similar quality with those
obtained outside the DAC. The six strong modes of A, sym-
metry are clearly observed even at the highest pressure stud-
ied. These modes are assigned to the vibrations along the z
axis of the Ba atoms (100.7+1.0 cm™), the Cu[,l atoms
(148.4+1.0 cm™), the Cu,, atoms (245.5+1.6 cm™'), the in-
phase vibrations of the O, atoms of the CuO, planes
(434.9+1.4 cm™), the apex O,, atoms (498.3+1.0 cm™),
and the chain O, atoms (599.1+1.1 cm™!). At high pressures
(above ~2.5 GPa) the in-phase mode appears as a double
peak with energy difference ~20 cm™!. The relative intensity
of the two in-phase components is strongly modified by
slightly rotating by a few degrees the sample orientation, as
shown in Fig. 2 for the approximate zz polarization and P
=6.56 GPa. At ambient pressures this effect is absent and
appears only at high hydrostatic pressures (roughly above
2.5 GPa). We have observed that when the intensity of the
high-energy component of the in-phase mode increases, then
(a) the intensity of one of the B,, or B3, modes (attributed to
the vibrations of the O, atoms along the x axis or of the Cu,,
atoms along the y axis) simultaneously increases, (b) the
intensity of the other A, symmetry modes decreases, while
(c) the Cu,,; and the Ba modes become broader (Fig. 2).
For further examination of this effect high-pressure mea-
surements have been carried out at low temperatures. Figure
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FIG. 3. Typical low temperature Raman spectra from a crystal-
lite of the YBa,Cu,Og sample at ~6.2 GPa, where the splitting of
the two A, phonons of the CuO, plane is observed. No significant
changes in the Raman spectra occur below and above T., as
expected.

3 presents Raman spectra at ~6.2 GPa, from the same single
crystal spot as in Fig. 1. The expected superconducting criti-
cal temperature at this pressure is ~104 K (according to the
data of Refs. 6-11). As seen in Fig. 3, the energy splitting of
the in-phase phonon is not modified at low temperatures
while the relative intensity of the two components changes
by slightly rotating the polarization, just like at room tem-
perature (see Fig. 2). The spectra acquired above and below
T. are similar, denoting that no structural changes are taking
place in crossing from the normal to the superconducting
phase.

Any connection of the in-phase phonon splitting with a
loss of hydrostaticity (appearance of uniaxial or biaxial com-
ponents or an inhomogeneous distribution of strains) can be
excluded for various reasons. The in-phase phonon has A,
symmetry and is not a degenerate mode to split under a
uniaxial or biaxial strain. On the other hand, an inhomoge-
neous distribution of strains should induce a splitting in pro-
portion with the applied pressure, which apparently is not the
case. At low temperatures a larger deviation from hydrostatic
environment should be expected, but temperature does not
affect the splitting of the in-phase mode, which remains con-
stant at all temperatures and pressures (Figs. 1 and 3). The
splitting has not been observed in previous Raman studies
probably because of the mixed polarization spectra that have
been obtained at high pressures.!®!” Nevertheless, anoma-
lous pressure dependence for the energy of the in-phase pho-
non and a substantial increase in the width had been
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FIG. 4. Typical room temperature Raman spectra of the
YBa,Cu,Og compound for selected hydrostatic pressures. The al-
most complete absence of the in-phase A,-symmetry mode of the
O, atoms and the reduced intensity of the Cu,; atoms A, mode
denote the nearly pure xx/yy scattering configuration (Ref. 12).
However, the splitting of the latter can be clearly seen in the low
energy part of the spectra, as well as the appearance of an unknown
mode at ~431 cm™!, which does not seem to be affected by the
application of hydrostatic pressure.

observed,'® which can be attributed to the averaging of all
polarizations for the split mode. It is plausible to assume that
the splitting can only be observed on properly oriented
samples.

In the spectra from the other polarization (xx/yy) the
intensity of all A, phonons decreases (Fig. 4) as
expected.'??3! In this polarization the B,-like phonon
attributed to the out-of-phase vibrations of the O,; atoms
is well defined with energy 340.4+0.4 cm™' (at ambient
pressure). Another (weak) mode is observed at
~430.9+1.6 cm™!, which has been initially attributed to the
in-phase vibrations of the O, atoms.!” This assignment must
be incorrect, since, as can be seen from the zz spectra, the
in-phase mode appears at higher by ~4 cm™! energies and
also, as shown below, the energy of the ~430.9 cm™! mode
does not vary with increasing pressure. Above ~2.5 GPa a
splitting is observed in the A, Cu,, mode, which appears to
be related with the splitting of the in-phase mode in the zz
polarization spectra since the relative intensity of the two
Cu,,; components changes with a slight rotation of the polar-
ization, just like the two in-phase components. The splitting
of the Cu, phonon can be also observed in the low-
temperature spectra of Fig. 3 and this must be the reason for
the broadening of Cu, mode that has been observed in the
room temperature zz spectra of Fig. 1.
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Finally, in both zz and xx/yy polarization spectra two
more weak phonons have been observed at ambient pressure
with energies 209.3+1.0 and 313.8+1.0 cm™!. As mentioned
before, the symmetry of these phonons is B, and B3, and
they have been attributed to the motion of the O, and Cu,,
atoms along the x and y axis, respectively.!?

The energy variation of the A, phonons as a function of
pressure at RT is presented in Fig. 5(a) for the zz spectra
for all crystallites studied (from the same sample). The
modes have been fitted with one Lorentzian or an asymmet-
ric Fano shaped band, except in the case of the in-phase
mode, which was fitted by two Lorentzians when the split-
ting in two modes was obvious (i.e., above ~2.5 GPa). At
low (<2.5 GPa) and high (>6 GPa) pressures the mode en-
ergies increase with pressure as expected. For intermediate
pressures (~2.5—-6 GPa) two different values exist for the
same pressure depending on the crystal orientation of the
microcrystallite studied [Fig. 5(a)] as coexisting phases in a
first-order phase transition. Systematically at some pressure
=2.5 GPa the in-phase mode was observed to split and cer-
tain other phonons would show an abrupt upward shift or
increase in the width. In the cases and crystal orientations
where no splitting of the in-phase mode was observed, all
other phonons did not show any abnormal shift in energy
[Fig. 5(a)]. In previous works the only abnormal behavior
observed was the nonlinearity of the Cu, and the in-phase
0O,; modes.'®!7 Figure 5(b) presents the variation of the line-
width of the A, phonons as a function of pressure at room
temperature. The linewidth of all phonons shows similar ab-
normalities with the energies in the same pressure range,
which must reflect the coexistence of two phases with differ-
ent mode energies. Figure 6(a) presents the pressure depen-
dence of the energy of the By -like O,; mode, where only the
fitting results of the xx/yy polarization spectra have been
taken into account. Contrary to the zz polarization results, no
significant differences have been found between the different
crystallites. In particular, the energy of this mode increases
almost linearly with increasing pressure, as expected, with-
out showing any anomaly. The width of this mode does not
increase with pressure, although an accurate determination of
its behavior is very difficult because of the existence of the
B, Cu,, mode at the low-energy side of the band (see
Fig. 4).

In Fig. 6(b) the energy of the weak mode at ~431 cm™!
observed in the xx/yy spectra is shown, which remains con-
stant with pressure. Therefore, it is an independent mode
from the in-phase one, which increases with pressure [Fig.
5(a)]. The mode does not appear in the crossed polarizations
and must have A, symmetry. Its energy indicates that it
should involve oxygen atoms, though it is not possible to
determine which ones.

Normal behavior with pressure has also been observed for
the energy of the B3, mode of the Cu,, atoms, as seen in Fig.
6(c). On the other hand, the energy of the B,, mode of the
O, atoms as a function of pressure seems to deviate from
linearity and the increment rate decreases for pressures above
~2.5 GPa [Fig. 6(d)]. It should be noticed that the graphs of
Figs. 6(b)-6(d) include the fitting results of both zz and
xx/yy spectra, since these modes appear in the parallel po-
larization Raman spectra of Figs. 1 and 4 as escapes from the
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FIG. 5. (Color online) Hydrostatic pressure dependence of the
(a) energies and (b) widths for the A, Raman modes appearing in
the zz polarization spectra of the YBa,Cu,Og compound, at RT. The
open symbols represent the measurements and the crystal orienta-
tions where, due to the crystal orientation inside the DAC, no split-
ting of the in-phase mode has been observed, while the filled sym-
bols represent the measurements where the splitting of this phonon
was obvious. For the width of the in-phase mode, only the data
where no splitting was apparent were plotted.

crossed polarization configurations. The pressure derivatives
of the energies for the observed modes in this work are listed
in Table I. The results are in good agreement with previous
publications.'®!7 It should be noticed that, for the A, modes,
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FIG. 6. (Color online) Hydrostatic pressure dependence of the
energy for the Bj,-like Raman mode of the O, atoms appearing in
the xx polarization spectra (a), the mode at ~431 cm™! (b), the Bs,
mode of the Cu,;, atoms, appearing in the parallel polarization spec-
tra (c), and the B,, mode of the O, atoms (d).

Table I contains only the data where no splitting of the in-
phase mode has been observed due to the crystal orientation
[open symbols in Fig. 5(a)]. The whole pressure range data
have also been taken into account for the energy pressure
derivatives of the By,, B,,, and B3, modes, as well as for the
abnormal mode at ~431 cm™! (see Fig. 6).

DISCUSSION

The modes presented in Fig. 5 show an abnormal behav-
ior in the pressure range ~2.5—6 GPa, while at even higher
pressures the phonon mode energies appear to follow again
the trend at low pressures. It has been observed (Fig. 2) that
the orientation of the sample is very critical for enhancing
the second component of the in-phase phonon. In order to
delineate the origin of this effect, the doping and pressure
dependencies of the structural parameters and bond lengths
of Y124 and Y123 are compared.

In Y123 the length of the Cu,;-O,, bond is very sensitive
to the charge distribution between the planes and the
chains.?>33 Ambient pressure studies of YBa,Cu;0, over a
wide range of oxygen concentrations x have shown that the
0,, mode of Ag symmetry depends mainly on the Cu,-O,,
bond.?** With increasing x the length of the Cu,-O, bond
decreases almost linearly up to the optimal dopmg and, then,
in the overdoped region remains practically constant.’* In a
similar way, the apex mode energy increases almost linearly
with increasing x up to the optimally doped region and, then,
in the overdoped region remains constant.'®2° In the ho-
mologous system Y124 the energy of the apex phonon in-
creases linearly with pressure, with the exception of a sudden
change in the range ~2.5-5 GPa, which was always accom-
panied by the appearance of the second peak in the in-phase

phonon [Fig. 5(a)]. The Cu,-O,, bond length has shown a
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TABLE L. The measured pressure derivatives for the modes of the YBa,CuyOg compound. For the A,
modes only the data where no splitting of the in-phase mode has been observed are included [see open
symbols in Fig. 5(a)]. The results of Refs. 16 and 17 are also given for comparison.

Pressure derivatives dw/dp (cm™'/GPa)

Symmetry Assignment From Ref. 16 From Ref. 17 This work
A, Ba 1.57+0.08 2.0+1.0
A, Cu,, 22+0.2 3.12+0.29 24+1.0
By, O e 1.4+0.9
A, Cu,, 2.5+0.2 2.22+0.18 1.7+0.7
Bs, Cu,, 3.3x0.2 2.96+0.35 2.6+0.9
A, O, out-of-phase 3.5+0.3 3.24+0.14 3.5+09
? Abnormal mode 0.5+0.1
A, O, in-phase Nonlinear 2.3+0.7
A, Oy 4.5+0.2 3.83+0.16 5.0%1.0
A, O 5.0x0.2 4.87+0.37 5.8+1.0

similar dependence on pressure’ with the Raman results
[Fig. 5(a)].

According to lattice dynamical calculations, the in-phase
O,; phonon energy of the Y123 compound depends mainly
on the plane Cu,-O,, bonds.* This prediction is supported
from ambient pressure studies of YBa,Cu;0,, since with in-
creasing x the length of the Cu,;-O,; bonds increases almost
linearly up to the optimally doped region®* and the in-phase
mode energy decreases.'®? Indirectly the energy of this
mode is affected by the buckling of the CuO, planes, since
the softening of this mode and the phase separation in the
overdoped region!®20 is correlated with the increase of the
CuO, buckling and the relaxation of the Cu,;-O,; bonds.?! In
the case of the Y124 compound, the variation with pressure
of the Cu,;-O,, bonds is relatively small and it is very diffi-
cult to discriminate changes above ~3 GPa.*® According to
Ref. 35, the changes in the Cu,,-O,, lengths (as well as in the
intrachain Cu,,-O,, bonds) are determined almost entirely
by the cell dimensions. They have found that, while the a
axis decreases almost linearly with pressure, the rate of
change of the b axis clearly reduces above ~3 GPa.*> The
splitting of the in-phase mode and the apparent separation
into two phases if not correlated with changes in the
Cu,;-0O,,; bond length is most probably related with modifi-
cations in the buckling of the CuO, planes as was the case in
optimally to overdoped structural and in-phase O, phonon
changes in Y123.%!

The energy of the A, symmetry Cu,; mode depends on the
Cu,-O,, bond and the buckling of the Cu,-0,-Cu,
bonds.3? Therefore, this mode is expected to show similari-
ties with the pressure dependence of the apex, but also with
those of the in-phase mode (splitting in two peaks), which is
sensitive to the CuO, buckling, as it is really observed in
Fig. 3.

Concerning the energy of the A,-symmetry mode of O,
it is expected to depend strongly on the bonds with the
neighboring atoms Cu,, O, and the other chain oxygen
0/,.'> Nelmes et al. have found that the Cu.,-O,, and
Cu,,-0/, (and consequently the O,-0O/,) bonds decrease

with increasing pressure. Although these bonds vary linearly
with pressure, the changes in the intra chain Cu,,-O,, bond
lengths are determined almost entirely by the cell dimen-
sions, where there is a clear deviation from linearity for the b
axis above ~3 GPa. This can explain the abnormal behavior
of the O, phonon energy above ~2.5 GPa (Fig. 5). In a
similar way, the A, -symmetry phonon due to the Cu,, chain
atoms must be related with the coupling with the neighboring
atoms O, O, and the other copper Cu,, atom of the
chains.'? Therefore, the modifications observed above
~2.5 GPa for this mode can be also anticipated from the
structural changes.

The A, mode attributed to vibrations of the Ba atoms does
not depend on the bonds of the Ba atom with the copper and
oxygen atoms of the CuO, layers and chains, which are quite
far away but, instead, on the Ba—Oa,, bond, which is very
short. This bond also shows a clear deviation from linearity
for pressures above ~3 GPa,* which explains the behavior
of the Ba phonon energy (Fig. 5).

In YBa,Cu;0, the mode energy attributed to the out-of-
phase vibrations of the O, atoms of B, ,-like symmetry re-
mains practically constant with the variation of the oxygen
concentration and the induced changes in the Cu,-O,
bonds.'32% Instead, this mode is significantly affected by the
size of the rare earth element substituting for Y.3* At ambient
conditions the Y-0O,, bond length does not vary with x (Ref.
34) and the energy of the B -like phonon is also indepen-
dent of the Y-O,, bond lengths.*’ In the case of Y124, the
mean distance of the plane O,,; oxygen atoms from the Y site
initially increases linearly with pressure, but then for pres-
sures above ~3 GPa decreases.® This deviation from linear-
ity above ~3 GPa is not related with the energy of the
B, ,-like phonon [Fig. 6(a)] since this energy is independent
of the Y-O,; bond lengths.

As explained above the B,, and B;, symmetry modes
were observed as escapes in the parallel polarization Raman
spectra. The energy of the Bs,-symmetry vibrations of Cuy,
along the y axis appears to increase almost linearly with
pressure without showing any anomaly like that observed for
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the A -symmetry Cu,, mode [Fig. 5(a)]. Instead, the B,,
symmetry vibrations of O, along the x axis, which are just a
chain-bending mode, like in the Y123 case,!? slightly deviate
from linearity for pressures above ~3 GPa. Nevertheless, it
should be noticed that reliable results concerning the behav-
ior of these two phonons with pressure can only be obtained
by crossed polarization spectra that have not been studied
due to the very low scattering efficiency from inside the dia-
mond anvils.

The main question to be addressed is the origin of the
in-phase mode splitting for pressures ~2.5 GPa, which is
accompanied by spectroscopic changes of other zz polariza-
tion phonons and small structural modifications. As men-
tioned in the Introduction, the critical temperature of Y124
shows an almost linear increase with pressure up to ~3 GPa;
afterwards the rate of increase is gradually reduced and
above ~6 GPa there is another reduction in dT./dP.5"!
From the previous discussion one could induce a correlation
between the pressure dependence of 7, and spectral modifi-
cations of the phonons, obviously connected with the appear-
ance of local lattice distortions. It should be noticed that,
although the T, of the samples used in this work has not been
measured as a function of pressure, their characterization at
ambient pressure by structural, magnetization,” and Raman
(this work) measurements have shown high-quality Y124
single crystals. Therefore, their 7,.(P) dependence is ex-
pected to be similar to the common one reported in Refs.
6-11, where different types of samples and pressure trans-
mitting media have been used.

The most pronounced changes were observed for the in-
phase vibrations of the O, atoms, which split in two (Fig. 1).
Other phonons show a sudden increase in energy and width
at about the same characteristic pressure ~2.5 GPa (Fig. 5).
A sudden decrease in energy for the in-phase mode energy of
the Y123 compound has been detected at the optimal to over-
doped oxygen concentration'®2° and associated with
changes in the buckling of the CuO, planes at ambient
pressure.”! A coexistence of phases differing in the amount
of buckling was induced from the spectral modifications of
the in-phase mode.?! Interestingly, the situation in Y124
seems quite similar with the pronounced changes observed in
the in-phase mode again. The variation of the relative inten-
sity of the two components of the in-phase with the slight
rotation of the scattered light polarization indicates that there
are two structures, which must differ by the orientation of the
¢ axis or more accurately the tilting of the CuOg4 octahedra.
This tilting is expected to affect the in-phase and the Cu,,
A,-symmetry phonons.?'** The structural modifications can
induce a separation into different coexisting phases with ei-
ther normal or tilted octahedra. Alternatively a superlattice
phase of tilted and normal octahedra may appear in the same
crystallite. The fact that the splitting of the in-phase mode
does not change with pressure implies that in either case a
new lattice distorted phase has been created, which is not
modified by pressure. It seems that in Y123 the excess oxy-
gen doping drives the small lattice distortions and a phase
separation, while in Y124 this happens from the hydrostatic
pressure.

A well-investigated compound where lattice distortions of
the octahedra are present is La,_ . Sr,CuO, (LSCO). Even in
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optimally doped LSCO local lattice distortions were reported
and associated with lattice modulations.” In particular, the
E|/ab EXAFS data have shown the existence of two different
Cu-O (planar) distances, an anomalous long and a short one.
The appearance of the anomalous in-plane long distance was
assigned to the tilting of the CuO, square plane where two
oxygen atoms per CuQ, square plane get displaced along the
c axis. The instability of the Cu site was also indicated by the
E|c EXAFS data, which have shown the presence of two
Cu-O (apical) distances, an anomalous short and a long one.
The above results suggested that, apart from the normal (un-
distorted) octahedra CuOQg, there is also a percentage of dis-
torted octahedra CuQOg, which are associated with the anoma-
lous short Cu-O (apical) and long Cu-O (planar) bond
lengths. It is worth mentioning that analogous distortions
have been observed in oxygen doped La,CuOy, s (Ref. 38)
and in Bi2212 compounds.?’

In the Y124 compound the Raman study has shown char-
acteristic changes of the phonons correlated with modifica-
tions in the lattice parameters around ~2.5 GPa.*> We sug-
gest that the high-energy peak of the in-phase mode (and
probably the low-energy component of the Cu,,, phonon) cor-
responds to sites with distorted octahedra, while the low-
energy peak of the in-phase mode (and the high-energy com-
ponent of the Cu,, phonon) corresponds to the undistorted
ones. XRD measurements may have not detected these slight
lattice distortions since they probe average atomic distances.
Furthermore, the existence of two phases with different 7'
can explain the correlation between pressure-induced
changes in the phonon energies and dT,./dP.

In the cuprate superconductors there is a correlation be-
tween T, and the density of the charge (hole) carriers in the
two CuO, planes.?*® The displacement of the O, ion to-
wards the CuO, layers with pressure has been taken as a
signature of a charge transfer from the chains to the CuO,
planes.® This assumption is supported by neutron powder
diffraction studies,**4! Hall effect measurements,*?>* and
NMR and NQR studies.** It was proposed that the large
dT,./dP derivative originates from the large increase of the
charge concentration in the CuQO, planes through the charge
transfer from the pressure. The charge redistribution to the
CuO, planes is expected to affect the intensity of the Raman
phonons because of the increased screening with charge
transfer and the modifications in the electronic states.

Figure 7 presents the variation with pressure at room tem-
perature of the intensities of several phonons, which bring
some information on the charge distribution at the relative
sites (O, Cu,y, O, O, and Cu,,). It can be seen that the
relative intensity of the in-phase phonon of the O, increases
with pressure up to 2.5 GPa and then suddenly decreases
[Fig. 7(a)]. Above this pressure the relative intensity does not
change at least for pressures up to ~6 GPa. The relative
intensity of the Cu, mode shows a modification above
~5 GPa [Figs. 7(d) and 7(e)]. In certain cases the data are
separated in two groups, an effect which is more pronounced
for the relative intensity of the Cu,, mode [Figs. 7(d)-7(f)],
but it can be also seen for the O, Cu,, modes [Fig. 7(b)].
This effect occurs above ~2.5 GPa and therefore it must be
connected with the phase separation. It should be noted that,
for these results, the intensity of the in-phase mode has been
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FIG. 7. (Color online) The variation of the intensities of the
in-phase vibrations of the O,,; and Cu,; A, modes over the intensi-
ties of the O, Oy, and Cu,y, phonons as a function of hydrostatic
pressure at RT (a)—(e). (f) The relative intensity of the O, to Cu,,
modes. Total intensity of the bands has been taken into account.

calculated as a sum of the intensities of the two in-phase
components.

The above results are connected with the proposed charge
transfer from the Cu-O chains to the CuO, planes followed
by a charge redistribution between the two plane ions. In
particular, from the intensity variations shown in Fig. 7, one
can induce that there is a charge transfer to the Cu,, and O,
sites (reduction of their relative intensities), while carriers
seem to be removed from the O, and Cu,, ions [Figs.
7(c)-7(f)]. Besides, there is a clear separation in groups,
which involves several phonons and it is probably related
with the redistribution of the carriers and/or a chain reorder-
ing. Also, it should be noticed that a previous study of the
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application of an internal pressure by partial Sr substitution
for Ba has shown similar results (i.e., redistribution of the
charge carriers from O, to Cu,,; and from Cu,, to O,,), indi-
cating a similarity of the effect of external hydrostatic pres-
sure to the internal one.?’ However, although T, increases in
both cases, the amount is significant only in the first
case.®11:? This probably originates from the differences in
the variation of the structural parameters under pressure and
Sr doping.?>3> Therefore, a further high-pressure study of the
Y124 compounds with partial Sr substitution for Ba is nec-
essary in order to delineate this difference.

CONCLUSIONS

Systematic deviations of the characteristics of the
A,-symmetry phonons from their previously observed almost
linear dependence on hydrostatic pressure have been discov-
ered for the YBa,Cu,Og compound. In particular, modifica-
tions in the spectra are observed at pressures ~2.5 and
~6 GPa. In the first case, the in-phase vibrations of the O,
atoms and all other A, modes show a sudden change in en-
ergy and increase of width. For the in-phase mode a second
peak clearly appears with intensity varying with the slight
change of the polarization of the incoming and scattered
light, indicating that it originates from a phase with slightly
tilted CuOg4 octahedra. Similar modifications in the relative
intensity of various phonons support the hypothesis that the
spectral changes are related with a charge transfer from the
chains to planes, its redistribution between the Cu-O plane
ions, and the separation into phases. The changes in the Ra-
man spectra correlate with the hydrostatic pressure depen-
dence of the superconducting transition temperature, which
can be anticipated from the suspected carrier transfer towards
the CuO, planes and among the ions in the planes.
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