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Effect of praseodymium on the lattice dynamics and electronic structure of the Cu„1…-O„4… chain
in Y12xPrxBa2Cu3O72d
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A. Vértes
Department of Nuclear Chemistry, Eo¨tvös Loránd University, P.O. Box 32, H-1518 Budapest, Hungary

and Laboratory of Nuclear Techniques in Structural Chemistry, Hungarian Academy of Sciences, P.O. Box 32,
H-1518 Budapest, Hungary

A. Nath
Department of Chemistry, Drexel University, Philadelphia, Pennsylvania 19104

~Received 12 October 1998!

Y12xPrxBa2Cu3O72d with x50.30 and 0.45 has been studied by emission Mo¨ssbauer spectroscopy using
57Co dopant. Cobalt substitutes for copper predominantly at the Cu~1! site, and one can extract information on
the local electronic and vibrational state of the Cu~1!-O~4! chain from the Mo¨ssbauer spectra. The major
coordination environments observed for the57Co dopant in YBa2Cu3O72d are fourfold square planar~species
A!, fivefold trigonal bipyramidal~speciesB!, and fivefold square pyramidal~speciesC!. We have found that the
reversible interconversion between speciesB and C, which was found earlier in YBa2Cu3O72d and
Y0.9Pr0.1Ba2Cu3O72d , is still observed in Y0.7Pr0.3Ba2Cu3O72d with lower intensity, and it further diminishes in
Y0.55Pr0.45Ba2Cu3O72d . This tendency shows that the out of the chain vibration of the O~4! oxygens is
gradually damped as one approaches the critical Pr content where superconductivity is destroyed. This supports
a phonon-assisted mechanism for high-Tc superconductivity in 1-2-3 compounds with significant contribution
from the chains. We attribute the damping of the chain oxygen vibrations to the increase of the Cu~1!-Cu~1!
distance along the chain with increasing Pr content. We have also concluded from Mo¨ssbauer isomer shifts that
up to the critical Pr content where superconductivity disappears, the electronic density at the Cu~1! site seems
to remain constant. This indicates that, in this region, any hybridization which takes place between Pr and sheet
oxygens has no substantial influence on the chains.@S0163-1829~99!00417-8#
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I. INTRODUCTION

The search for the mechanism of high-temperature su
conductivity in 1-2-3 compounds initiated the investigati
of the ‘‘anomalously’’ nonsuperconducting materi
PRB 590163-1829/99/59~17!/11596~9!/$15.00
r-

PrBa2Cu3O72d and other, Pr-doped members of the 1-2
family. There is hope that once we find out why Pr kil
superconductivity, it may shed light on the real mechani
of this phenomenon.

As PrBa2Cu3O72d is perfectly isomorphous with the
11 596 ©1999 The American Physical Society
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PRB 59 11 597EFFECT OF PRASEODYMIUM ON THE LATTICE . . .
‘‘classic’’ 90 K superconductor YBa2Cu3O72d, it is particu-
larly interesting to study the mixed compoun
Y12xPrxBa2Cu3O72d . The topic attracted the attention o
many research groups and the works have been reviewe1–3

It is observed that when Y is gradually substituted by Pr
YBa2Cu3O72d superconductivity vanishes at about 55% su
stitution level. The pure PrBa2Cu3O72d is not even metallic
unlike other members of the 1-2-3 compounds.

For the mechanism of how Pr kills superconductivi
there have been proposed a few models, and the differe
between them are not always well defined. The key prob
is the nature of the interaction between Pr and the Cu~2!-O
sheets where superconducting charge carriers are suppo
located. Pr is markedly different from most of its lanthani
relatives in its readiness to form alsoR41 ions in addition to
R31 states. If the compound is considered strongly ion
which is certainly not the case, Pr31 may simply donate elec
trons to the sheets and reduce the concentration of ch
carriers~holes! to a level where superconductivity dies o
~hole filling!. It is also plausible that due to high covalenc
Pr4f orbitals combine with Cu~2!-O electronic levels~hy-
bridization!, and this results in mobile hole depletion fro
the sheets by forcing the holes into localized states~hole
localization!. In the case of a much weaker interaction b
tween Pr and its environment, the magnetic coupling
tween the Pr31 ions and the sheets can still be responsible
the loss of superconducting charge carriers bymagnetic pair
breaking. Recent results seem to favor the hybridizati
mechanism for which also quantitative models have b
proposed. Fehrenbacher and Rice4 ~FR! suggested mixed va
lence PrIII /PrIV state. The mixed valence state of Pr is su
ported experimentally mostly by neutron-diffraction studie5

In the FR model, mixed valency occurs by hole deplet
from the superconducting Cu3dO2ps band to an Pr4f O2p
band. They assumed rather localized states. Liechten
and Mazin further developed this model6 by assuming highly
dispersive O2p states contributing to the above-mention
hole depleting band. An important feature of these model
that the Cu~1!-O chains are rather irrelevant from the point
view of Y to Pr substitution. One should also note that the
models are valid for low and moderate Pr substitution lev
Merz et al.7 performed near-edge X-ray-absorption fi
structure experiments on Y12xPrxBa2Cu3O72d up to x50.8
and could rule out hole filling and also charge transfer
tween the sheets and the chains. Their results are consi
with Pr4f O2pp hybridization.

In contrast, due to some still unanswered questions, th
is an increasing number of opinions considering the Cu~1!-O
chains in 1-2-3 compounds as active participants in
mechanism of superconductivity. Blacksteadet al. reported
that even PrBa2Cu3O72d can be superconducting on the m
croscopic scale,8,9 and a bulk superconductor can be fab
cated by a sophisticated synthesis~recently confirmed by
Zou et al.10!. Their model which explains this and sever
major experimental findings about high-Tc superconductors
assumes that superconductivity in 1-2-3 compounds is ro
in the Cu~1!-O chains and not in the sheets. They attribu
the nonsuperconducting behavior of conventionally prepa
PrBa2Cu3O72d to substitution of Pr for Ba.11 In this case,
magnetic Pr31 ions break superconducting pairs in th
chains, and any hybridization in the sheets is irrelevan12
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Other reports also claim that, for YBa2Cu3O72d , Cu~1!-O
chains may also contribute to superconductivity.13–15

Even if the role of the chains is not exclusive in th
respect, it probably is not as passive as suggested by
charge reservoir scenario. Anelastic relaxation measurem
made by Cannelliet al.16 indicated several processes takin
place inRBa2Cu3O72d at different temperatures~O jumps, O
ordering, phase transformations, etc.!, which were found to
be correlated with chain dynamics. From this point of vie
an important feature of the Cu~1!-O chains is their zig-zag
structure confirmed by neutron17,18and x-ray19-diffraction re-
sults. This was the starting point for a model to interpret o
earlier Mössbauer results on YBa2Cu3~

57Co!O72d where we
invoke a dynamic zig-zag chain.20,21 A similar displacement
of chain oxygens was observed in the structurally clos
related YBa2Cu4O8 by Egami et al.22 using the pulsed
neutron-scattering technique. The authors interpreted t
finding as a sign of charge inhomogenity in the planes du
charge-density waves~CDW’s!, polarons, and bipolarons be
ing possible driving forces for superconductivity.
scanning-tunneling microscopic study of the Cu~1!-O layers
in YBa2Cu3O72d by Edwardset al.23 gave real space evi
dence for some kind of collective phenomenon, maybe
CDW state, in which chain electrons participate. Other te
niques like penetration depth measurements24,25 and heat
conductivity measurements26 were also supportive to the
contribution of the chains to superconductivity.

In case of the significant role of the chains in the mec
nism of high-Tc superconductivity, the presence of Pr at t
rare-earth site should have some effect on the structure o
Cu~1!-O chains, and it may be observed by appropriate te
niques which can probe the chains.

The emission version of57Fe Mössbauer spectroscopy
suitable to probe the Cu~1!-O chain after doping the materia
with 57Co in an amount smaller than 50 ppm. The low do
ing level ensures minimal perturbation of the system, a
57Co prefers to substitute the Cu~1! sites. The57Co impurity,
as being chemically different from Cu, modifies its local e
vironment to some extent like having generally a higher o
gen coordination number than that for Cu~1!. Due to varying
number of coordinated oxygens, one may consider it as m
tiple probing, i.e., instead of one probeatom, one has a series
of probespecies@57ComOn# ~or @57FemOn# after the electron
capture decay of57Co). Here usuallym51 because cluster
ization is not likely at such a low doping level, andn
54, 5, or 6, as expected on the basis of chemical consi
ations. Species with different oxygen coordination numb
~differentn! give different information about the material. I
case of YBa2Cu3~

57Co!O72d , 4- and 5-coordinate specie
could be observed in the fully oxygenated material.20 The
four-coordinate one~species A, with isomer shift, d
50.02 mm/s and quadrupole splitting,D51.97 mm/s)
proved to be stable in the whole oxygen stoichiometry ran
from 7 to 6, and its isomer shift sensitively monitored t
decreasing oxygen content and the metal-to-insulator tra
tion at oxygen stoichiometry of about 6.4.27

The major five-coordinate species were not suitable
such a monitoring study as they ceased to exist in
samples via transforming into the four-coordinate one up
mild deoxygenation treatment. However, in the fully oxyge
ated material they provided a very useful tool to indicate
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11 598 PRB 59Z. HOMONNAY et al.
dynamic motion of the Cu~1!-O chains. Reversible intercon
version of two doublets in the Mo¨ssbauer spectra with varia
tion in temperature could be observed. According to
model proposed by us, the two doublets represented fi
coordinate species with trigonal-bipyramidal~speciesB, d
50.01 mm/s,D50.99 mm/s), and square-pyramidal~species
C, d520.12 mm/s,D51.49 mm/s) structures; the latter wa
more stable at higher temperatures. The interconversion
place in a relatively wide temperature range centered
about 280–290 K.21 The presence of five-coordinate spec
in YBa2(Cu12xMx)3O72d with M5Co and Fe up tox50.1
was observed also recently by Shiet al.28 and a significant
role in increasingTc was attributed to these species as be
responsible for creating specific local structures.

Considerable interconversion~we will refer to it asB to C
interconversion throughout this paper! was also found re-
cently in 57Co-doped Y0.9Pr0.1Ba2Cu3O72d ~Ref. 29! with
smaller transformation enthalpy. A large increase of the ro
mean-square displacement of the Mo¨ssbauer dopant atom a
the Cu~1! site was also observed in the same tempera
range where the interconversion occurred.

In an earlier study, theB to C interconversion was absen
in PrBa2Cu3~

57Co!O72d ,30,31 however, the Mo¨ssbauer pa-
rameters differed significantly from those of YBa2Cu3O72d
and Y0.9Pr0.1Ba2Cu3O72d , which complicated the interpreta
tion.

In the present study we have extended o
interest to the compositions Y0.7Pr0.3Ba2Cu3O72d and
Y0.55Pr0.45Ba2Cu3O72d in order to see the trend inB to C
interconversion, and whether the Mo¨ssbauer parameter
show any change in the still superconducting material, wh
would indicate change in the electron density at the Cu~1!-
O~4! chain with possible relevance to the deleterious eff
of Pr to superconductivity.

II. EXPERIMENT

The Y12xPrxBa2Cu3O72d samples were prepared by soli
state synthesis from stoichiometric amounts of starting m
terials Ba~NO3!2, Y~NO3!3•nH2O, Pr6O11, and Cu~OH!2 of
at least 99.99% purity. Nitrates were used to avoid the
mation of oxicarbonates during synthesis. Several cycle
thermal treatments in oxygen like 930 °C/24 h1600 °C/3 h
1450 °C/10 h were performed in order to obtain a sin
phase 1-2-3 compound. The quality of the material w
checked by x-ray measurements, and no impurity pha
could be detected.

The as-synthesized pellets were doped with;100 MBq of
carrier-free 57CoCl2. To save the material from chemica
degradation, the originally acidic~0.1 M HCl! solution was
allowed to evaporate completely and the radioactive resi
was transferred onto the pellets by using absolute etha
The diffusion of 57Co into the bulk was carried out by
treatment at 900 °C for 3–8 h in flowing oxygen followed b
further oxygenation in the 450–550 °C range for 4–24 h.

Y0.7Pr0.3Ba2Cu3O72d behaved somewhat differently from
Y0.9Pr0.1Ba2Cu3O72d from the point of view of the doping
process. When the sample was subjected to a diffusion t
mal treatment in the 900–950 °C temperature range in o
gen for a long time~6–8 h!, the resultant spectra were bad
resolved due to broadened lines and a substantially la
e
e-

ok
at

g

t-

re

r

h

t

-

r-
of

s
es

e
ol.

r-
y-

er

fraction of doubletD appeared. We attributed this behavi
to a possible association of the dopant atoms with lat
defects and/or migration of the dopant to another lattice
~out of the chain!. A possible exchange between Pr and
sites may also be taken into account. This ‘‘badly dope
stage is not advantageous for Mo¨ssbauer probing and coul
be eliminated by a longer~23 h! heating at 400 °C in oxygen
This behavior was even more pronounced
Y0.55Pr0.45Ba2Cu3O72d .

The onsets of superconducting transitions were monito
using the magnetically modulated microwave absorpt
technique. The experiments were carried out using a m
fied VarianE-12 EPR spectrometer with an associated C
Cryogenics closed-cycle refrigerator. The samples w
mounted at the end of a sapphire rod and positioned at
center of a rectangular TE102 resonant microwave~;9.3
GHz! cavity. The magnetically modulated absorption w
then studied as a function of temperature. The transition
marked by an appearance of the modulated microwave
sorption which is not present in the normal state.32 The onset
temperatures were found to be 65 and 42 K for thex50.30
andx50.45 samples, respectively. These values are 2–
higher then those measured by Penget al.33 by magnetic
susceptibility measurements.

The Mössbauer measurements were performed betw
80 and 430 K in a through-flow-type liquid-nitrogen cryost
~Leybold!. The Mössbauer spectrometer was used in co
stant acceleration mode, and a PFC (K4@Fe~CN!6#•3H2O)
standard absorber with 0.50 mg/cm2 57Fe was used. All iso-
mer shifts throughout this paper are given relative toa iron
at room temperature with the sign convention used in
transmission Mo¨ssbauer technique.

In the case of our earlier studies on Y0.9Pr0.1Ba2Cu3O72d ,
and especially on YBa2Cu3O72d , the pellets used for the
emission Mo¨ssbauer measurements showed texture, i.e.,
crystals of the materials had a preferred orientation of thec
axis perpendicular to the surface of the pellet, and it cau
asymmetry of the Mo¨ssbauer quadrupole doublets. So w
have performed some reference measurement first. M¨ss-
bauer runs were taken at the magic angle between the no
vector of the plane of the pellets and the direction of theg
rays, where the asymmetry of the doublets vanishes,34 and
the resultant spectra did not show any difference within s
tistical error as compared to the normal ones, in both co
pounds. Thus, all Mo¨ssbauer spectra were recorded at norm
geometry~pellet perpendicular to theg radiation, which is
preferable for a higher counting rate! and evaluated by using
symmetrical Lorentzian doublets.

III. RESULTS AND DISCUSSION

Some examples of the Mo¨ssbauer spectra o
Y0.7Pr0.3Ba2Cu3~

57Co!O72d as a function of temperature ca
be seen in Fig. 1. The spectral envelopes are reminiscen
those of Y0.9Pr0.1Ba2Cu3O72d and YBa2Cu3O72d, however,
the change of the envelopes from 80 to about 400 K is l
pronounced. Computer fits of the spectra revealed the
pected four doublets,A, B, C, andD. A, B, andC represent
distorted square planar~maybe closer to tetrahedral!, dis-
torted trigonal bipyramidal, and distorted square pyrami
oxygen coordinations of the57Co ~and inherently of the nu-



ie
v

fo

ot

he

W
a
t

e

pe-
m-
mer

he

0 °C

ions

in
ra-
e

it
ig

s.

s a

in

for
e
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cleogenic57Fe) dopant, respectively.
The analysis of the spectra revealedB to C interconver-

sion, however, a smaller fraction ofB converted toC as
compared to the case of Y0.9Pr0.1Ba2Cu3O72d ~Table I!. The
plot of the relative spectral contributions of the four spec
as a function of temperature is shown in Fig. 2. We ha
calculated the thermodynamical parameters of theB to C
equilibrium with the usual ln(@C#/@B#) vs 1/T plot,20,21 and
found DH57.3 kJ/mol andDS529 J/mol K for the forma-
tion of C. These values are smaller than those found
Y0.9Pr0.1Ba2Cu3O72d .

We have checked the temperature variation of the t
spectral area of Y0.7Pr0.3Ba2Cu3~

57Co!O72d , and a behavior
similar to that of Y0.9Pr0.1Ba2Cu3~

57Co!O72d was found. The
total area of the Mo¨ssbauer spectra is determined by t
mean amplitude of the vibration of the Mo¨ssbauer probe; the
larger the amplitude the smaller is the observed area.
observe an anomalous change in the decrease of the
around 200–220 °C~Fig. 3! which coincides with the onse

FIG. 1. Evaluated emission Mo¨ssbauer spectra of57Co-doped
Y0.7Pr0.3Ba2Cu3O72d at some selected temperatures. The veloc
scale refers toa-Fe at room temperature and corresponds to the s
convention used in transmission geometry.

TABLE I. The extent of theB to C interconversion in the 80–
400 K temperature range in Y12xPrxBa2Cu3~

57Co!O72d at various
Pr contents, and the calculated thermodynamical parameterA
5spectral area, DH5transformation enthalpy, DS
5transformation entropy.

Pr content~x! DA(B)/A(B1C) DH ~kJ/mol! DS ~J/mol K!

0 0.63 31~4! 111~18!

0.10 0.56 12~1! 50~8!

0.30 0.32 7.3~5! 29~6!

0.45 0.17 2.6~8! 6~3!
s
e

r

al

e
rea

of the B to C interconversion. A detailed comparison of th
plot with that of the Y0.9Pr0.1Ba2Cu3~

57Co!O72d compound29

is not possible because of the paucity of measurements.
As far as the Mo¨ssbauer parameters are concerned, s

cies A and C do not show any remarkable change as co
pared to the previous samples containing less Pr. The iso
shift of speciesB, however, seems to be changing~decreas-
ing!, and the same can be said about speciesD where this is
a tendency already from zero Pr content.

As was mentioned before, the Y0.55Pr0.45Ba2Cu3
~57Co!O72d sample proved to be more problematic from t
point of view of the optimal doping process~i.e., optimal
thermal history! as compared to Y0.7Pr0.3Ba2Cu3~

57Co!O72d .
Even after prolonged and repeated heat treatments at 90
and then at 400 °C, both in oxygen, the lines in the Mo¨ss-
bauer spectra were broadened, indicating some distribut
in the local environments of the Mo¨ssbauer dopant. Two
efforts were made to bring the two materials Y0.7Pr0.3Ba2Cu3
~57Co!O72d and Y0.55Pr0.45Ba2Cu3 ~57Co!O72d , to the same
state by treating them simultaneously for the same time
the same furnace. The first trial used a maximum tempe
ture of 600 °C, which allows the diffusion of oxygen in th

y
n

FIG. 2. Plot of the relative spectral area of the four species a
function of temperature in Y0.7Pr0.3Ba2Cu3O72d . TheB to C trans-
formation is weaker than that observed earlier
Y0.9Pr0.1Ba2Cu3O72d .

FIG. 3. Plot of the total spectral area vs temperature
57Co-doped Y0.7Pr0.3Ba2Cu3O72d . The dashed line is only a guid
to the eye.
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11 600 PRB 59Z. HOMONNAY et al.
lattice and did not have any significant effect. Only a 900
treatment, where the cobalt dopant can also migrate, alt
the Mössbauer spectrum of Y0.55Pr0.45Ba2Cu3~

57Co!O72d ap-
preciably, but it did not become identical with that
Y0.7Pr0.3Ba2Cu3~

57Co!O72d , indicating the effect of in-
creased Pr content.

Evaluation of the spectra~Fig. 4! revealed the well known
set of four species,A, B, C, andD with usual parameters fo
speciesA andC, and confirmed the effect of Pr on the isom
shift of B ~Table II!. SpeciesD did not change convincingly

B to C interconversion was considerably reduced and w
limited to only 17% of the spectral area of doubletsB1C
~Fig. 5!. The thermodynamical parameters of theB to C
equilibrium were found to beDH52.6 kJ/mol andDS
55.6 J/mol K for the formation ofC. No anomaly was found
on the total area vs temperature curve on the basis of
measurements in the 80 to 373 K range~Fig. 6!. Surpris-
ingly, the abundance of speciesD increased considerably.

As the most important conclusions may be drawn from
comparison of the present data with those obtained on o

FIG. 4. Evaluated emission Mo¨ssbauer spectra of57Co-doped
Y0.55Pr0.45Ba2Cu3O72d at some selected temperatures. The veloc
scale refers toa-Fe at room temperature and corresponds to the s
convention used in transmission geometry.
ed

s

ix

a
er

compositions~i.e., different Pr contents!, we have revisited
our earlier Mössbauer emission results on Y12xPrxBa2Cu3
~57Co!O12d with x50 ~Refs. 20, 21! andx50.1.29 There are
two aspects of the results which are worthy of discussion:
fate of theB to C interconversion and the change of th
Mössbauer parameters, as a function of the Pr content.

Table I compiles data relevant to theB to C interconver-
sion for the four different compositions. One can see t
with the increase of the Pr content, a clear tendency of
killing of B to C interconversion is revealed. The fraction
B ~or C! which participates in the interconversion is dimi
ished first, and it seems to fade away completely just aro
the Pr content critical to superconductivity (x50.55). The
same can be stated on the thermodynamical paramete
the interconversion. It appears that the energetical differe
between speciesB andC somehow decreases with increasi
Pr content, and this may reflect that their structures gradu
get closer to each other. The observed anomalies on the
spectral area vs temperature curves are also fading awa
the Pr content grows fromx50.10 to x50.30 to x50.45.
@For YBa2Cu3~

57Co!O72d, this effect was not searched for#
To rationalize these findings and their implications on t
possible mechanism of high-Tc superconductivity, let us take
a closer look at our model for the assignment of speciesA, B,
andC.

We have assigned speciesB to a distorted trigonal bipy-
ramidal arrangement of oxygens around57Co at the Cu~1!
site, including two O~4!, two O~1! and one O~5! atoms~see

y
n

FIG. 5. Plot of the relative spectral area of the four species a
function of temperature in Y0.55Pr0.45Ba2Cu3O72d . The B to C
transformation is weaker than that observed
Y0.7Pr0.3Ba2Cu3O72d .
or
TABLE II. Room-temperature Mo¨ssbauer isomer shiftsd ~given relative toa iron! and quadrupole
splittingsD of the doublets representing the four species found in Y12xPrxBa2Cu3(57Co)O72d . The typical
error of the listed values is;0.02 mm/s for speciesA, B, andC, and about 2 to 5 times as much for the min
speciesD.

Pr content
~x!

d(A)
mm/s

D(A)
mm/s

d(B)
mm/s

D(B)
mm/s

d(C)
mm/s

D(C)
mm/s

d(D)
mm/s

D(D)
mm/s

0 0.03 2.00 0.05 0.98 20.09 1.54 0.18 0.59
0.10 0.02 1.97 0.01 1.00 20.10 1.46 20.18 0.35
0.30 0.03 1.95 20.02 1.02 20.10 1.48 20.20 0.32
0.45 20.01 1.98 20.10 1.06 20.12 1.56 20.17 0.47
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PRB 59 11 601EFFECT OF PRASEODYMIUM ON THE LATTICE . . .
Fig. 7!. The formation ofB requires two adjacent O~4!’s to
be displaced on the same side of the zig-zag structured ch
which is a severe perturbation of the chain structure. Up
raising the temperature, one of the two O~4!’s jumps back to
the opposite side of the chain~formation of SpeciesC! and
thus the original zig-zag structure of the chain is restor
The smaller the displacement of the O~4! atoms in the chain,
the smaller the energy~and structural! difference between
speciesB andC. The disappearance of theB to C intercon-
version can be explained by either diminishing displacem

FIG. 6. Plot of the total spectral area vs temperature
57Co-doped Y0.55Pr0.45Ba2Cu3O72d . The dashed line is only a guid
to the eye.

FIG. 7. The killing of theB to C interconversion by the effect o
praseodymium in Y12xPrxBa2Cu3O72d as a result of increasing
Cu~1!-Cu~1! distance. From among the oxygens of the unit c
only those coordinating the57Co-substituted Cu~1! site are shown.
We assume that the straightening of the zig-zag Cu~1!-O~4! chain
takes place around the Pr concentration critical to superconduct
(xcrit50.55).
in,
n

.

nt

of the O~4! atoms, or a transformation of the dynamic zi
zag structure into a static one~i.e., when the chain become
more rigid!. The latter is unlikely because the temperature
the B to C interconversion did not change appreciably w
the Pr content. On the other hand, it is clearly shown
structural data provided by neutron-diffraction5 and x-ray
studies35,36 that the Cu~1!-Cu~1! distance along the chain
~i.e., lattice parameterb! increases with Pr substitution at th
Y site. In YBa2Cu3O72d , the exact position of the O~4! at-
oms are 0.015 nm off the chain, according to a hig
resolution neutron-diffraction study.17 One may assume tha
this displacement is basically caused by the insuffici
Cu~1!-Cu~1! distance, that is, the optimal Cu~1!-O~4! bond
length is larger than one half of the Cu~1!-Cu~1! distance,
thus the O~4! atoms are forced into the off-chain positio
One can estimate the optimal Cu~1!-O~4! bond length from
the diplacement~0.015 nm! and from the Cu~1!-Cu~1! dis-
tance. Using the data from Ref. 5,b50.3883 nm~at 10 K!;
an optimal bond length of 0.1947 nm is obtained. This me
that if the Cu~1!-Cu~1! distance was 230.194750.3894 nm,
the displacement of the O~4! atoms would not be necessa
and the Cu-O chains could acquire a straight configurat
In this case, the out of the chain O~4! vibrations must be
damped considerably. Furthermore, as a consequence fo
Mössbauer results, in a straight chain, there is much
driving force for the formation of speciesB. In
PrBa2Cu3O72d , b50.3918,5 which is higher than twice the
optimal Cu~1!-O~4! bond length, providing a ready explana
tion for the disappearance of theB to C interconversion due
to the absence of the zig-zag structure. This is consis
with our earlier finding that theB to C interconversion was
not observed in PrBa2Cu3~

57Co!O72d .31

One can now conclude that the disappearance of theB to
C interconversion is a sign of the straightening of the Cu~1!-
O~4! chain, and it indicates that the out of the chain vibrati
of the O~4! atoms can be important for the mechanism
high-Tc superconductivity in the 1-2-3 compounds. Our re
soning is illustrated in Fig. 7.

As shown in Table I the decrease of theB to C intercon-
version means a simultaneous decrease of the conver
fraction of B1C and of the thermodynamical paramete
From our model suggested above, however, one may ex
only the latter. The decrease in the convertible fraction c
perhaps be attributed to the nonhomogeneous effect of P
the lattice parameters. It is possible that the elongation of
chain is higher in the vicinity of a Pr atom, resulting in
complete extinction of theB to C interconversion, while in
farther regions, the interconversion is still on but wi
smaller transformation enthalpy and entropy.

Another question also arises as to why should specieB
be present at all in 1-2-3 compounds with large concentra
of Pr? It seems that Pr substitution introduces lattice defe
which can freeze the structure of the five-coordinate spec
A scenario suggested by Cannelliet al.16 is very likely,
namely, if a whole set of adjacent O~4! atoms can be situate
on the same side of the chain~and it would be enhanced b
Pr substitution!, it would cause freezing of speciesB. It may
be mentioned here that in PrBa2Cu3~

57Co!O72d , where one
expects a straight chain, and, because it is not a mixed c
pound with a lot of defects, only two major species we
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observed,30 only one of them being a five-coordinate on
most likely C.

Table II shows the room-temperature Mo¨ssbauer data o
the four species observed for the four different compositio

The isomer shifts ofA and C are almost constant up t
x50.45, only a very slight decrease can be seen. Their qu
rupole splittings are practically constant. These findings
perfectly consistent with our model, as the structure of th
species do not depend on the displacement of the O~4! atoms
in the chain. The situation for speciesB is completely differ-
ent, as the displacement of the O~4! atoms determines th
distortion of the trigonal bipyramid~see Fig. 7!. As the chain
straightens, the distortion grows~from the point of view of
an ideal trigonal bipyramidal structure! and finally reaches
the structure ofC. This implies that during this process, th
Mössbauer parameters ofB should be getting closer an
closer to those ofC, and that is exactly what happens to t
isomer shift~Table II!. The change of the quadrupole spl
ting of B is slower. Most probably, a rather sudden chan
can be anticipated when the symmetry of this spec
switches from distorted trigonal to a quasitetragonal, i
when the Co, the two O~4! and the two O~1! atoms become
fully coplanar.

Our model and the recently accumulated results per
some more discussion of the observed isomer shift values
speciesA, B, andC in connection with the electronic struc
ture of the chains. First, the substantially smaller isomer s
for C than that forB should deserve explanation. As th
coordination numbers for the two species are the same,
there is no special reason to believe that the valence sta
the central iron atom changes, and, furthermore, the ch
are metallic, the conduction electrons can be assumed
sponsible for the big difference. It is fairly reasonable in o
model, as speciesC appears to be an integral part of th
metallic chain. On the other hand, speciesB represents a
severe perturbation of the chain, and its electron system
probably rather isolated. It means more localizedd electrons
at the central Fe atom, and consequently a higher iso
shift for B. In this scenario, the isomer shift of speciesA is
rather surprising as being much higher than that of specieC,
despite the lower coordination number. One has to ass
that the four-coordinate speciesA has a structure very fa
from the square-planar oxygen arrangement, most probab
tetrahedral one. As a tetrahedral coordination is uncomm
in the chain, in harmony with the above reasoning, it w
result in a partial structural isolation, that is, more localized
electrons for iron. The localization of thed electrons over-
compensates the effect of the lower coordination number
results in a higher isomer shift than that for speciesC.37

On the basis of the variation of the Mo¨ssbauer isome
shifts of the major speciesA, B, andC with the Pr content,
we can conclude that only the isomer shift of speciesB var-
ies significantly, but it is an intrinsic property of the varyin
structure of this species. If hole filling by Pr were to occur
the Cu~2! sheets, and if a fraction of that charge were
transfer onto the Cu~1!-O chains, then thed-electron density
would increase in the chains resulting in an increase of
isomer shifts of speciesA and C. On the contrary, we ob
serve no appreciable change~Table II!.

These findings are consistent with those models wh
restrict the effect of Pr to the superconducting sheets, so
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FR model4 which assumes hybridization of the Pr4f orbitals
with 2p orbitals of the eight nearest-neighbor oxygens.
ther this model or its modified version by Liechtenstein a
Mazin6 consider the superconducting Cu-Opds band to be
isolated from the chains. It is worth noting here, howev
that both models apply to small or moderate Pr dop
levels.38 Above the critical Pr content, there are Mo¨ssbauer
data available on PrBa2Cu3~

57Co!O72d only,30 and the isomer
shifts are anomalously high, which may indicate increase
thed density at the chains. Clearly some more data on in
mediate Pr contents~between 45 and 100%! are needed to
settle this question.

The striking result of our study, however, is the disa
pearance of theB to C interconversion which lends mor
credence to models assuming an active role of the chain
the mechanism of high-Tc superconductivity. In this respec
hybridization between Pr and sheet oxygens may not
very relevant to the question of superconductivity suppr
sion by Pr, just as recently claimed by Blackstead a
Dow.12 Let us note here that the substantial advantage
the Liechtenstein-Mazin model against the original F
model, namely, that it explains the decreasingTc suppression
rate upon bond contraction caused by hostR substitution in
R12xPrxBa2Cu3O72d ,39 readily follows also from ourB to C
interconversion scenario. If the Cu~1!-Cu~1! distance be-
comes shorter, one has to introduce more Pr to ‘‘straigh
the chain’’ and that destroys superconductivity.

Recently, there have been published reports on super
ducting PrBa2Cu3O72d prepared by a special synthesis,
traveling-solvent floating-zone technique.10 This strange be-
havior of the compound has been assigned to local struct
inhomogenities and/or possible mutual substitution of Pr a
Ba. The substitution of Pr for the Ba site in 1-2-3 compoun
seems to be well established by now,40,41and its effect on the
chain structure is not known exactly, but it may be respo
sible for the badly resolved Mo¨ssbauer spectra observed b
us after some heat treatments in Y0.7Pr0.3Ba2Cu3~

57Co!O72d ,
but especially in Y0.55Pr0.4Ba2Cu3~

57Co!O72d . Pr at the Ba
site may destroyB to C interconversion and broaden Mo¨ss-
bauer lines. From the point of view of the chains, is t
remarkable observation of Shiet al. who found that a mac-
roscopic amount of Co and especially Fe impurity~up to
10–20 % Cu substitution! depresses theTc suppression rate
in YBa2Cu3O72d when the synthesis is carried out in a hig
pressure atmosphere of oxygen.28 They attributed it to excess
oxygen brought into the chains by the dopants resulting
the formation of dopant centered local structures.

At this point, it is very interesting to note that going from
Pr0.3 to Pr0.45 substitution, there is a dramatic increase in t
abundance of speciesD at the expense ofA. The amount of
B also increases. This observation also supports that for
Pr0.45 compound, a fair proportion of Pr is substituting the B
site. It is plausible that Pr31 substitution at the Ba21 site
helps accommodate O22 in the sixth position in the chain
@O~5! site# also. The small quadrupole splitting and the s
nificantly negative isomer shift of speciesD would be con-
sistent with a sixfold coordinated species.~In the previous
cases, i.e., at lower Pr content, the abundance ofD was so
small that its parameters were not reliable enough for a s
ous site assignment.!. The five- and six-coordinate specie
form at the expense of the four-coordinate speciesA in the
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oxygen-rich environment created by the nearby Pr31 substi-
tuted at the Ba21 site. From our Mo¨ssbauer data, we canno
make a quantitative estimate for the subdivision of Pr
tween the two sites because it is possible that the57Co dop-
ant shows a preference for oxygen-rich regions of
Cu~1!-O chain near Pr-substituted Ba sites.

For the present state of affairs, it is difficult to judge wh
is the cause and effect in the relation of chain properties
superconductivity, but the correlations between theB andC
interconversion,Tc , the oxygen content of the chains inte
related with substitution of Ba21 by Pr31, all seem to suppor
the importance of chain dynamics.

IV. SUMMARY

We have microprobed the electron density and
dynamics of the Cu~1!-O chain with increasing P
substitution using 57Co~57Fe! Mössbauer dopants in
Y12xPrxBa2Cu3O72d . The absence of change in the isom
shifts of some chain-related Co~Fe!-O species indicated tha
below the Pr concentration critical to superconductivity, h
filling in the Cu~2!-O sheets does not occur, assuming tha
would also effect the electron density at the chains. A
hybridization in the sheets involving Pr, also leaves
chains unaffected.
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The reversible interconversion between two fiv
coordinate species with different configurations, which
triggered by oscillation of O~4! between two potential wells
on either side of the chain, is gradually depressed by incre
ing Pr concentration, and becomes quite small for the P0.45
compound. A possible explanation of this phenomenon is
increase of lattice parameterb resulting in straightening of
the originally zig-zag structured Cu~1!-O~4! chains.

These results are consistent with models which invoke
active role of the anharmonic dynamics of the chains in
mechanism of high-Tc superconductivity in 1-2-3 com
pounds.
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