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We report on a Raman-scattering investigation of phonons in ceramic Y12xPrxBa2Cu4O8 ~Y 12xPrx124!
with x50–1, and~Y 12xPrx)2Ba4Cu7O152d ~Y 12xPrx247! with x50–0.6. It is found that theAg symmetry
phonons of the BaO layers and the CuO double-chain layers increase in frequency with Pr contentx, while
B2g andB3g symmetry phonons decrease in frequency. In the Y12xPrx247 samples we are able to identify two
symmetry allowed apical oxygenAg modes. TheB1g-like plane oxygen phonon softens by;12% fromx50
to x51, and exhibits a two-mode behavior at intermediatex in both Y12xPrx124 and Y12xPrx247. Polarized
micro-Raman spectra of Pr124 crystallites show that several phonons are asymmetric, exhibiting Fano line
shapes similar to what has been found in superconducting Y124. The variation in phonon frequencies
with Pr content is similar to what has been reported for the single-chain cuprate Y12xPrxBa2Cu3O72d

~Y 12xPrx123!, and the changes can be understood from the variation in structural parameters. We do not
observe any peculiarities that can explain the disappearance of superconductivity, or the different rates ofTc
suppression in the three different Y-Ba-Cu-O systems, upon Pr substitution.

I. INTRODUCTION

Among the various isomorphic substitutions possible in
the YBa2Cu4O7 high-Tc superconductor, the substitution
of Pr for Y has received the most attention~for a
review see Ref. 1!. The reason for this interest is that
Y 12xPrxBa2Cu3O7 ~Y 12xPrx123! becomes semiconduct-
ing atx'0.55, whileTc remains at;90 K when other rare-
earth elements are substituted forY. Despite the large num-
ber of experimental and theoretical reports on the
Y 12xPrx123 system the negative effect that Pr has on super-
conductivity is still not completely understood. The fact that
PrBa2Cu3O7 is semiconducting and that doping with
Ca21 yields superconducting Pr12yCayBa2Cu3O7 with Tc
as high as 47 K fory50.5 ~Ref. 2! indicates that the effec-
tive valence of Pr is higher than13, i.e., Pr fills or localizes
the mobile holes responsible for superconductivity. These ex-
perimental observations are well accounted for in a recent
model by Fehrenbacher and Rice.3 They argue that Pr123 is
the onlyR123 structure where it is energetically more favor-
able for a doped hole to reside in a localR IV state, com-
posed of a mixture ofR41 (4 f 1) andR311O-ligand hole
(4 f 2L) states, than in the CuO2-plane conduction band
dominated by hybridized Cu 3d and O 2p orbitals. In this

picture the only significant charge transfer that occurs
when Pr is substituted for Y takes place within the
CuO2-Pr/Y-CuO2 layers, while the CuO chains have a con-
stant hole concentration in accordance with optical
measurements.4 In this context it is notable that Pr has been
found to be much less effective in suppressing superconduc-
tivity in the Y12xPrxBa2Cu4O8 ~Y 12xPrx124) and
~Y 12xPrx)2Ba4Cu7O15 ~Y 12xPrx247) systems, which
contain CuO2-Pr/Y-CuO2 layers almost identical to
Y 12xPrx123. In Y12xPrx124 superconductivity persists up
to x>;0.8 and Pr124 has recently been found to be metallic
below room temperature.5–7 It is likely that an explanation of
the differences with respect to Y12xPrx123 will involve the
extra CuO units present in the 124 and 247 compounds. The
124 structure contains double CuO chains,8 while the 247
structure can be seen as a periodic intergrowth of 123 and
124 unit cells, i.e. the structure contains both single and
double chains in equal proportions. One possibility could be
that the double chains provide additional holes that counter-
act the hole-filling/localization effect of Pr doping, i.e. the
charge transfer associated with Pr substitution for Y would
also involve the CuO chain region. One way to detect such
charge-transfer effects is to investigate the change in the pho-
non spectrum as a function of doping.
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A number of Raman scattering studies on oxygen-
deficient and isomorphically substitutedR123 have shown
that the optical phonons are sensitive to changes in the inter-
nal charge distribution and bond distances.9 Radousky
et al.10 investigated the frequency changes of the symmetric
c axis (Ag symmetry! phonons in Y12xPrx123 with x and
made a comparison with data for various superconducting
R123.11 It was found that theAg phonon frequencies scaled
with the average size of theR ion in both Y12xPrx123 and
R123, if a Pr radius corresponding to a13 valence was
assumed. Ilievet al.12 found similar changes for phonons of
B2g andB3g symmetry, i.e., for vibrations along thea andb
axis, respectively. These results indicate that the change in
the Y12xPrx123 phonon spectrum withx is mainly due to
changes in the internal bond distances. Yang and
co-workers,13–15however, have argued that the hardening of
the apical oxygen and BaAg modes withx is a signature of
a hole transfer to the Ba site.

Considerable attention has been given to the temperature
dependence of the plane-oxygen out-of-phase bendingAg
mode, since this phonon displays pronounced renormaliza-
tion effects atTc in superconductingR123 ~Ref. 16! but
exhibit a normal temperature dependence in nonsupercon-
ducting Pr123~Ref. 17!. While the renormalization atTc
rapidly disappears with Pr substitution, it has been found that
the plane-oxygen bending mode is extremely broad for inter-
mediatex.18 If this broadening is indicative of a two-mode
behavior, i.e., a splitting into ‘‘Y-like’’ and ‘‘Pr-like’’ modes,
or phase segregation is a matter of debate.13,18,19There are
also several Raman-scattering reports on Y123/Pr123
superlattices.20–22 In general, it has been found that the pho-
non spectrum for such structures is very similar to a super-
position of the spectra for the isolated pure phases, indicating
a weak coupling along thec axis. In the case of
Y 12xPrx124 we are aware of only two preliminary Raman
scattering reports by Watanabe and co-workers,23,24covering
the rangex50–0.6.

Here we report on a Raman-scattering investigation of
phonons in ceramic Y12xPrxBa2Cu4O8 ~Y 12xPrx124) with
x50–1 and~Y 12xPrx)2Ba4Cu7O152d ~Y 12xPrx247) with
x50–0.6 at room temperature and atT520 K. The variation
in B2g , B3g , andAg symmetry phonon frequencies withx is
discussed in relation to changes in the structural parameters
and compared with previous reports on the single-chain ma-
terial. We investigate polarized micro-Raman spectra of
single-crystallites in Pr124 and compare the phonon line
shapes with what has been found in superconducting Y124.

II. SAMPLE PREPARATION AND CHARACTERIZATION

A series of polycrystalline samples with nominal
composition Y12xPrxBa2Cu4O8 (x50–0.8! and
~Y 12xPrx)2Ba4Cu7O152d (x50–0.6! were prepared by a
polymerized-complex method described in Refs. 25 and 26.
One polycrystalline PrBa2Cu4O8 sample was prepared by a
solid-state reaction procedure according to Ref. 6.

The purity of the samples was checked through the Ra-
man measurements as well as with the Guinier technique,
using CuKa1 radiation with Si as an internal standard.
Small amounts of crystalline impurities, in particular
BaCuO2 ~1–3 %, irrespective ofx) were found in the mixed

Y 12xPrx124 samples. The amount of BaCuO2 in the
Y 12xPrx247 samples increased withx up to ;5% for the
x50.6 sample. The Pr124 sample contained traces of
BaPrO3 and BaCuO2 (,1% in total!.

The variation of lattice parameters and interatomic dis-
tances with x were investigated by neutron and x-ray-
diffraction measurements on selected samples. Details of
these investigations for the Y12xPrx124 (x50, 0.2, 0.4, 0.6,
and 0.8! samples can be found in Ref. 27. The neutron-
diffraction results on the Y12xPrx247 (x50,0.2,0.4)
samples will be presented elsewhere~a preliminary report is
given in Ref. 28!.

Figure 1 shows the evolution of the lattice parameters
with increasing x for Y 12xPrx124 (x50–0.8, neutron-
diffraction results27!, Y 12xPrx247 (x50–0.4, neutron-
diffraction results28! and Pr124~x-ray-diffraction results!.
Thea andb axes were found to increase continuously withx
in both Y12xPrx124 and Y12xPrx247, as has been found in
Y 12xPrx123.

1 In the Y12xPrx124 series thec axis increases
slightly with x, similar to what has been observed in
Y12xPrx123,

1 while the Y12xPrx247 samples have a more or
less constantc axis, irrespective ofx.

The oxygen contents of the samples were checked by the
iodometric titration method as well as by refinements of the
chain-oxygen occupation factors from the neutron-diffraction
measurements. The oxygen deficiency of the Y12xPrx124
samples was found to be;0.05, irrespective ofx,while the
Y 12xPrx247 samples exhibited a slightly increasing oxygen
deficiency with x, from d'0.07 for x50 to d'0.2 for
x50.4.

The superconducting properties of the Y12xPrx247
samples were investigated by measuring the temperature de-
pendent magnetic response of the samples with the ac sus-
ceptibility technique. All samples were found to be supercon-
ducting; the width of the superconducting transitions was
found to increase somewhat withx. The Y12xPrx124
samples were investigated by the usual four-probe resistivity
technique. All samples up to and includingx50.8 were
found to be superconducting, with transition widths only
marginally larger than in the pure Y124 sample.27 In Fig. 2
we show Tc,onset for the Y12xPrx247 and Y12xPrx124
samples from the present work, together with data for

FIG. 1. ~a! a andb axis vsx in Y 12xPrx124 ~open circles! and
Y 12xPrx247 ~solid circles!. ~b! c axis/7 in Y12xPrx124 ~open
circles! andc axis/13 in Y12xPrx247 ~solid circles!.
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Y 12xPrx123 compiled by Radousky1 as a comparison.

III. EXPERIMENT

Raman-scattering measurements were performed in the
frequency range 70–800 cm21 using the 514.5-nm line of an
argon laser for excitation. The scattered light was dispersed
by a SPEX 1877 triple spectrometer and detected by a liquid-
N2-cooled CCD camera. The slits of the spectrometer were
set to give a resolution of;4 cm21. Unpolarized low-
temperature measurements were performed in a near-
backscattering geometry using;4 mW of incident radiation
focused to a;50-mm-diam spot, with the samples mounted
on the cold finger of a liquid-He cryostat. Room-temperature
measurements were made in backscattering geometry using a
1003, NA50.95, microscope objective for focusing and
collection. The laser-spot size was in this case;2 mm in
diameter. For the Pr124 sample we were able to obtain po-
larized spectra of individual large crystallites embedded in
the ceramic matrix. This was not possible for the samples
prepared by the polymerized-complex method, since the
crystallites were too small, typically,1 mm in diameter.

IV. RESULTS AND DISCUSSION

A. Polarized Raman spectra of Pr124

In Fig. 3 we show polarized and depolarized micro-
Raman spectra of Pr124 recorded at room temperature and
corrected for the Bose factor@11n(v,T)#. A phonon sym-
metry analysis of Pr124 yields the same number of Raman
active vibrations as for the isostructural Y124 superconduc-
tor ~see, e.g., Ref. 29!, namely, 6(Ag1B2g1B3g) modes.
Spectrum~a! in Fig. 3 was obtained from the edge of a
crystallite oriented with thec axis parallel to the incident and
scattered polarization vectors. Thisc-axis polarized measure-
ment selects theazz components of the polarizability tensors
for the Ag-symmetry modes. Following Heyenet al.,29 the
observed phonons are expected to be dominated by symmet-
ric c-axis vibrations of Ba at;107 cm21, Cu~2! at ;151

cm21, Cu~1! at ;251 cm21, O~2!1O~3! in phase at
;430 cm21, O~4! at ;506 cm21, and O~1! at ;614
cm21.

Spectrum~b! of Fig. 3 shows ac-axis depolarized mea-
surement of the crystallite investigated in spectrum~a!, i.e.,
the incident light is polarized along thec axis, while the
scattered light with polarization within theab plane is ana-
lyzed. In this case phonons ofB2g and B3g symmetry are
visible, in addition to theAg modes, which occur because of
‘‘polarization leakage.’’ From a comparison with the
single-crystal investigations of Y124,29 Y123,30 and
Y 12xPrx123,

12 we may assign the weak peaks marked by
asterisks in Fig. 3~b! to B2g andB3g modes of Pr124. The
;223-cm21 and;303-cm21 phonons can be followed as a
function ofx in Y 12xPrx124 ~see Sec. IV B below!. In Y124
they have been assigned to the O~1! B2g and the Cu~1! B3g
modes, respectively.29 The weak peaks at;190 and;540
cm21 occur at similar frequencies as Pr123 phonons as-
signed to O~4! B2g and O~2/3! B2g /B3g modes,
respectively.12 In Y124 we reproducibly observe an analo-
gous pair of modes at;210 cm21 and at;554 cm21,31 at
similar frequencies as the O~4! B2g and O~2/3! B2g /B3g
modes in Y123.30 We also observe a weak peak at;140
cm21 in Fig. 3~b!, which may be because of a superposition
of Cu~2! B2g andB3g motion. These modes have been re-
ported at;130–140 cm21 in Y 12xPrx123.

12,30

Spectra~c! and~d! of Fig. 3 areab-plane depolarized and
polarized measurements, respectively, of a crystallite ori-
ented with thec axis directed along the incident laser beam.
These spectra also selectAg-symmetry phonons, but now
combinations of theaxx andayy components of the polariz-
ability tensor are recorded. The intense peak at;298
cm21 in the ~c! spectrum can be assigned to the O~2!-O~3!
out-of-phaseAg phonon, since the approximateB1g symme-
try ~in tetragonal notation! of this mode29 yields a large de-
polarized intensity. In the following we refer to this mode as
the O~2/3! ‘‘ B1g’’ mode. In Table I we summarize the phonon

FIG. 2. Tc vs x in Y 12xPrx124 ~open circles! and
Y 12xPrx247 ~solid circles! together with fits to a third-order poly-
nomial as a guide to the eye. The long-dashed curve indicate the
trend in Tc vs x for Y 12xPrx123 taken from data compiled by
Radousky~Ref. 1!.

FIG. 3. Polarized and depolarized micro-Raman spectra of
Pr124 crystallites at room-temperature.Ag symmetry phonons are
marked with vertical lines and assignments according to Ref. 29.
Peaks assigned toB2g /B3g symmetry phonons are marked by stars
in thec-axis depolarized spectrum. The intensity scale of this spec-
trum have been multiplied by two. The base-lines for each spectrum
are marked by horizontal lines.
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frequencies of Pr124 at room temperature, obtained from the
spectra in Fig. 3, together with data for Y123, Pr123, and
Y124 as a comparison. The variation in phonon frequencies
between the different cuprates are discussed below.

In the ab-plane polarized spectrum@Fig. 3~d!# we find
that the Ba, O~4!,and O~1! phonons are clearly asymmetric,
indicating a substantial coupling between these
Ag-symmetry modes and the continuum scattering in this po-
larization geometry. The asymmetric phonon line shapes are
well described by the Fano function:16

I ~v!;@q1~v2vp!/G#2/@11~v2vp!
2/G2#,

wherevp andG are the frequency and half-width, respec-
tively, of the renormalized phonon, andq is inversely pro-
portional to the degree of line-shape asymmetry. The
asymmetry is most pronounced for the Ba and O~4! modes,
which can be fitted with (q;G)'(22; 7 cm21) and (23;
10 cm21), respectively, with frequenciesvp the same as
those obtained by fitting thec-axis polarized spectrum with
Lorentzian line shapes. The O~1! mode is found to be asym-
metric in both theab-plane polarized spectrum (q'24)
and in the c-axis polarized spectrum (q'12) with
(vp ;G)'(614 cm21; 14 cm21) in both scattering geom-
etries.

The microscopic origin of the Fano-type phonon asymme-
tries in the cuprates is not well understood. For the Y123
superconductor, the pronounced Fano shape of the O~2/3!
‘‘ B1g’’ phonon

16 has been interpreted as the result of a pho-
non modulation of electronic interband transitions that in-
volve the CuO2-plane conduction band.

32–34In this case, one
would expect that the phonon asymmetry~i.e., theq param-
eter! would be sensitive to a change in the electronic state of
the CuO2 planes. Indeed, the degree ofB1g phonon asym-
metry in Y123 decreases rapidly with increasing oxygen
deficiency,35,36an effect that may be linked with the decreas-
ing number of carriers in the CuO2 planes. In this respect it
is interesting to note that the O~2/3! B1g phonon is symmet-
ric in both Y124,29 which has a low carrier concentration
compared to Y123, and in nonsuperconducting Pr123,17

where the CuO2-plane carriers presumably are localized.
3 As

expected from a comparison with the latter compounds, we
find from Fig. 3~c! that the O~2/3! B1g phonon is symmetric
in Pr124.

The Fano shapes of the Ba, O~4!, and O~1! Ag phonons in
the ab-plane polarized spectrum of Pr124 are remarkably
similar to what has been reported for superconducting
Y124.37 If one assumes that the mechanism that gives rise to
the asymmetric shapes of these phonons is of the same type
as has been suggested for the O~2/3! B1g phonon in Y123,
this similarity suggests that the phonons in question couple
to parts of the Fermi surface that are only weakly affected by
the replacement of Pr for Y, and the loss of superconductiv-
ity. In this context it is interesting to note that optical reflec-
tivity spectra of untwinned Pr123 by Takenakaet al.4

showed that the effective carrier density in the CuO chains
was the same as in superconducting Y123, while the optical
response of the CuO2 layers was similar to oxygen-deficient
insulating Y123. While there are no polarized optical mea-
surements of Pr124 as yet, recent results on Y124 by Basov
et al.38 show that the double CuO chains are highly conduct-
ing, and even accommodate a significant portion of the su-
perconducting condensate. In view of these observations, it
is natural to suggest that the Ba, O~4!, and O~1! Ag phonons
mainly couple to interband transitions that involve the CuO
chain bands, and that these bands are very similar in Pr124
and Y124.

B. Raman active phonons in Pr substituted Y247 and Y124

Figures 4~a! and 4~b! show representative unpolarized Ra-
man spectra of the Y12xPrx124 and Y12xPrx247 series, re-
spectively, atT5300 K. The sevenAg symmetryc-axis vi-
brations described in the preceding paragraph also dominate
the Y12xPrx247 spectra; the major difference with respect to
Y 12xPrx124 spectra being the intensity of the Cu~1! and
O~1! modes, which is proportional to the density of the
double chains in the two structures. The presence of
BaCuO2 is revealed through its strongest peak at;630
cm21 @see spectrum included in Fig. 4~b!#.

We have also investigated the temperature dependence of
the phonon parameters for some of the Y12xPrx124 samples.
For low Pr content,x<0.2 we observe superconductivity-
related phonon frequency and line-width anomalies that are
similar to what has been reported for pure Y124.31,37 The
effects are found to decrease continuously withx and disap-
pear atx50.3–0.4. We do not find any evidence for a shift of
the superconducting gap with increasingx and decreasing

TABLE I. Phonon frequencies at room-temperature for Pr124 and Y124~this work! together with data for
Pr123 and Y123 from Radouskyet al. ~Ref. 10!.

cm21 vY124 vPr124 vY-vPr vY123 vPr123 vY-vPr

Ba Ag 101 107 16 119 129 19
Cu~2! Ag 149 151 12 151 149 22
Cu~1! Ag 248 251 13 Not active Not active Not active
O~2/3! B1g 339 298 241 340 298 242
O~213! Ag 433 430 23 ;440 ;430 210
O~4! Ag 496 506 110 503 516 113
O~1! Ag 600 614 114 Not active Not active Not active
O~1! B2g 239 223 216 Not active Not active Not active
Cu~1! B3g 313 303 210 Not active Not active Not active
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Tc , as has recently been claimed by Watanabeet al.24 These
results will be described in detail elsewhere.

1. Double CuO-chain modes

The double-chain vibrations in Y12xPrx124 and
Y12xPrx247 are particularly interesting, since chain modes
are Raman forbidden in Y12xPrx123 because of the inversion
symmetry of the single chains. Figure 5 shows the frequency
variation of the Cu~1! and O~1! modes as a function ofx in
Y 12xPrx124 and Y12xPrx247 at T520 K. The O~1! B2g
mode occurs at the same frequency in Y247 as in Y124. The
intensity of this mode is, however, lower in Y247, and we
could not identify it with certainty in the doped samples. We
also could not positively identify the Cu~1! B3g mode in the
unpolarized measurements of Pr124 atT520 K, as it occurs
at almost exactly the same frequency as the intense O~2/3!
B1g mode~see Table I!. If we assume that the temperature-
induced hardening of the Cu~1! B3g mode is the same as in
Y124 ~i.e., ;2 cm21), we expect it to occur at;305
cm21, in good agreement with the trend shown in Fig. 5.

As can be seen in Fig. 5, none of the chain vibrations
exhibit any anomalies in their composition dependence that
can be associated with the disappearance of superconductiv-
ity. In the 124, 247, and 123 systems the substitution of the
larger Pr ion@radiusr ~Pr31)'1.12 Å# for the smaller Y31

ion (r'0.9 Å! yields an expansion of thea andb axes. This
is expected to result in a weakening of the force constants in
the x andy directions, which would explain the decrease of
theB2g andB3g phonon frequencies withx. The large Pr ion
also gives rise to an increase of the CuO2 plane-plane dis-
tance. This expansion along thec axis is, however, almost
completely compensated for by a contraction of the plane–
CuO-chain distance and, in the case of the 124 and 247 sys-
tems, by a contraction of the chain-chain distance.27 It is
likely that the hardening of theAg c-axis vibrations of the
double-chain layers with increasingx is because of this
bond-length contraction.

It should be noted that the apical-oxygen O~4! B3g mode
in Y 12xPrx123 @v'303–310 cm21 for x50 ~Refs. 12 and
30!# exhibits roughly the same concentration dependence as
the chain-copper Cu~1! B3g mode in Y12xPrx124 ~see Table
I!. The assignment of the 313-cm21 line in Y124 and Y247
to a double CuO-chain vibration was based on the fact that
the intensity of this mode is higher in Y124 than in Y247,
which contains half as many double chains.29 An alternative
interpretation could be that the line around 310 cm21 is
caused by the O~4! B3g mode in all the Y-Ba-Cu-O struc-
tures, but that the polarizability is enhanced by the presence
of the double chains.

2. BaO-plane phonons

The compression of the region between the CuO2 planes
and the CuO chains along thec axis when Pr is substituted
for Y is reflected in a hardening of the O~4! and BaAg modes
in the 124 as well as in the 123 system. This hardening is,
however,;25% smaller in the 124 system than in 123 for

FIG. 4. ~a! Micro-Raman spectra of Y12xPrx124 and ~b!
Y 12xPrx247 and BaCuO2 recorded at room temperature.

FIG. 5. Frequencies of the Cu~1! and O~1! double-chain modes
in Y 12xPrx124 ~open symbols! and Y12xPrx247 ~closed symbols!
at T520 K.
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both the O~4! and the BaAg modes~see Table I!. In the 123
system the expansion of the CuO2 plane-plane distance
along thec axis induced by the large Pr ion causes an ‘‘in-
ternal pressure’’ on the BaO-plane region only, while in the
124 system it is distributed over both the double-chain region
and the BaO-plane region. This structural difference then
naturally explains why the BaO-planeAg phonons exhibit a
slower frequency increase in 124 than in 123 with Pr substi-
tution.

We should note that the very high values of the O~4!
Ag-mode frequency that have been found in some Raman
investigations of Pr123@up to vO(4)'525 cm21 ~Refs. 12,
13, 19, 20, 22, and 39!# seems to be caused by Pr substitution
on the Ba site.40 Renet al.40 measuredvO(4)'527 cm21 for
Pr1.25Ba1.75Cu3O7 but vO(4)'514 cm21 for fully oxygen-
ated Pr123, i.e., similar to the value reported by Radousky
et al.10

The Y12xPrx247 structure contains two crystallographi-
cally distinct apical oxygen sites, one of them, O(4)124,
close to the double CuO chains and the other, O(4)123, close
to the single CuO chains. Both of these sites haveCz

2v sym-
metry and should therefore contribute one Raman-activeAg
mode each.29 The T520 K spectra of Fig. 6~a! reveals that
the spectral region around 500 cm21 in Y 12xPrx247 indeed
contains two Lorentzian phonons. In Fig. 6~b! we have plot-
ted the frequency of these two modes as a function ofx
together with the O(4)124 frequency in Y12xPrx124 at
T520 K. We have also included O(4)123 frequency data for
Y 12xPrx123~atT5300 K! reported by Radouskyet al.10 By
comparing the position andx dependence of the two
Y 12xPrx247 modes with the O~4! modes in Y12xPrx124 and
Y 12xPrx123 it is evident that the low-frequency phonon in
Y 12xPrx247 is caused by the O(4)124 Ag mode, while the
high-frequency phonon can be assigned to the O(4)123 Ag
mode. Figure 6~a! also shows that the intensity of the
O(4)123mode relative to the O(4)124mode is increasing with
x. This could be caused by a change in the polarizability of
the Cu~1!—O~4!—Cu~2! bonds caused by, e.g., the slightly
increasing oxygen deficiency withx in Y 12xPrx247 or by a
small Pr31 substitution for Ba21 as discussed above; the
increasing amount of BaCuO2 ~see Sec. II! and the slower

increase in thec-axis length with x ~see Fig. 1! in
Y 12xPrx247 compared to Y12xPrx124 may point in the lat-
ter direction.

The Y12xPrx247 structure also contains two distinct Ba
sites, which should contribute oneAg mode each. We are,
however, not able to reliably decompose the frequency re-
gion around the Ba mode~s! into two peaks, even atT520
K. If the Y 12xPrx247 spectra are fitted with one line, we find
that the frequency and linewidth~HWHM! increase from
(vp ,G)'(109 cm21, 4 cm21) at x50 to ~114 cm21, 6
cm21) at x50.6 ~at T520 K!. Both the absolute frequency
and the compositional dependence are thus intermediate be-
tween Y12xPrx124 and Y12xPrx123 ~see Table I!. In
Y 12xPrx124 we find that the linewidth of the Ba phonon is
more or less independent ofx and that the frequency changes
smoothly between the endpoint values. It is thus possible that
the increasing linewidth of the ‘‘Ba mode’’ in Y12xPrx247 is
a result of a superposition of two modes with slightly differ-
ent x dependencies, as was the case for the apixal oxygen
modes discussed above.

3. CuO2 plane phonons

Table I shows that the frequency shifts of the
CuO2-planeAg modes when Pr is exchanged for Y are very
similar in the 124 and the 123 structures. This is not surpris-
ing, since the main structural difference between the two
systems is caused by the CuO chains, which are far from the
CuO2 planes. The large softening of the O~2/3! B1g phonon
by more than 10% can be understood as the result of the
large increase in the available volume27 around the plane-
oxygen ions. The Cu~2! line should also soften because of
the expansion of the CuO2-plane region, but this effect
seems to be completely compensated by the contraction of
the Cu~2!-O~4! bond length. The only phonon that we find
puzzling given the structural changes described above is the
Ag phonon at;430 cm21. The very small softening of this
phonon compared to the O~2/3! B1g mode indicates that the
;430-cm21 phonon may not be a pure O~2!1O~3! in-phase
Ag mode. One possibility is that it contains some O~4! c-axis
motion, as such a mixing would tend to reduce the effect of

FIG. 6. ~a! Apical oxygen O~4! Ag modes in
Y 12xPrx247 and Y124 atT520 K, together with
fits to Lorentzian line shapes.~b! Frequencies of
the O~4! modes in Y12xPrx124 ~open squares!
and Y12xPrx247 ~filled squares! at T520
K together with data for the O~4! mode in
Y 12xPrx123 at T5300 K ~circles! reported by
Radouskyet al. ~Ref. 10!.
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the volume increase around the O~2/3! ions with Pr substitu-
tion. Amixing with the apical oxygen ion is also indicated by
the similar polarization dependence and resonance profiles of
the;430-cm21 and;500-cm21 phonons in Y123.41,42

Previous studies on mixed Y12xPrx123 compounds have
shown conflicting results regarding the variation in the
O~2/3! B1g phonon frequency and line shape withx; both
one-mode10,12,18and two-mode13 behavior has been reported.
A recent study by Bogachevet al.19 onR0.5Pr0.5123 appears
to give convincing evidence for two-mode behavior in
samples where the difference in ion radiusDr5rPr2rRewas
large, e.g., forR5Y, where the frequency splitting between
the ‘‘Y-like’’ and ‘‘Pr-like’’ modes was found to be;15
cm21.

Figure 7~a! shows the change in the spectral region
around the O~2/3! B1g phonon with increasingx in
Y 12xPrx124. For intermediatex we find that this frequency
region contains three overlapping but well-defined modes in
both Y12xPrx124 and Y12xPrx247. The narrowest
(GHWHM'324 cm21) peak is caused by the Cu~1! B3g
mode ~see Sec. III B 1!, while the two broad peaks can be
assigned to the O~2/3! B1g mode, which is split into one
Y-like and one Pr-like mode.

For 0.2.x,0.8 we found that Gaussian line shapes re-
sulted in significantly better curve fits of the O~2/3! B1g
modes than Lorentzian line shapes. This is not surprising,
since the random~Gaussian! variation in local Pr concentra-
tion should be large in this substitutional range. In the low-
and high-substitution regions (x<0.2, x>0.8) we find that
the majority mode~i.e., the Y-like mode forx<0.2, etc.! is
clearly Lorentzian, as expected. However, the minority mode
can be quite well approximated by either line shape, within
the experimental accuracy. A fit to a Lorentzian results in a
significantly smaller linewidth and integrated intensity,
which seems to be physically more reasonable than the
Gaussian shape. The position of the minority mode is, how-
ever, more or less independent on the choice of line shape.
Figures 7~b! and 7~c! summarize the change in frequency
and linewidth of the two O~2/3! B1g modes withx. The
line widths of both modes, see Fig. 7~c!, exhibits a broad
maximum for intermediatex as expected. The frequency
variation withx is, however, not trivial; both modes exhibit a
more or less identical decrease in frequency withx, which
results in an almost constant splittingvY(x)2v Pr(x)'15
cm21, i.e., the same splitting as was found in Y0.5Pr0.5123
by Bogachevet al.19

We tentatively interpret the behavior of the O~2/3! B1g
modes as the combined effect of~1! a short-range interaction
between the O~2/3! and ions close to either Pr or Y and~2! a
long-range interaction between the O~2/3! and the average
lattice. In this interpretation the splitting between the two
modes at a certainx is caused by the difference between the
Y-O~2/3! and Pr-O~2/3! force constants, while the frequency
decrease withx is caused by the expansion of the average
lattice. We note that the frequency dependence in Fig. 7~b!
excludes the possibility of the two-mode behavior being the
result of long-range phase segregation. If that would have
been the case, the Y-like and Pr-like modes would have been
centered close to 340 cm21 and 300 cm21, irrespective of
x.

V. SUMMARY AND CONCLUSIONS

We have investigated the phonon Raman spectrum of ce-
ramic Y12xPrxBa2Cu4O8 ~Y 12xPrx124) within the full
compositional range, as well as~Y 12xPrx)2Ba4Cu7O152d
~Y 12xPrx247) with x50–0.6. Data recorded at room tem-
perature and atT520 K are presented. Micro-Raman spectra
of crystallites in the nonsuperconducting Pr124 sample show
that several phonons display asymmetric Fano line shapes,
which are very similar to what has been found in supercon-
ducting Y124. TheB2g , B3g , andAg symmetry phonon fre-
quencies vary smoothly with Pr content over the whole com-
positional range, although the plane-oxygen out-of-phase
mode exhibits a two-mode behavior for intermediate doping
levels atT520 K. For increasingx, the phonon frequency
changes can be understood as the result of an expansion of
the ab plane, and the volume around the Y/Pr site, along
with a contraction of BaO-layer and CuO double-chain re-
gions along thec axis. There is no evidence for any charge-
transfer effects that can be linked to the different rates of
Tc suppression with Pr substitution in the three Y-Ba-Cu-O
systems.
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FIG. 7. ~a! The frequency region around the
plane-oxygen O~2–3! B1g and double-chain
Cu~1! B3g phonons for Y12xPrx124 atT520 K.
~b! The frequency of the Y-like~open symbols!
and Pr-like~filled symbols! O~2–3! B1g modes in
Y 12xPrx124 ~circles! and Y12xPrx247 ~squares!
at T520 K. ~c! Linewidth ~HWHM! of the
O~2–3! B1g modes atT520 K. Symbols are the
same as in~b!.
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