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Superconductivity and Raman scattering in Bi2Sr2Ca12xPrxCu2Oy
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Polycrystalline samples of Bi2Sr2Ca12xPrxCu2Oy (x5021) have been characterized by x-ray diffraction,
resistivity, and Raman scattering measurements. Superconducting samples (x,0.6) show aT-linear resistivity,
and dr/dT is consistent with the Drude model. Upon replacement of Ca by Pr, an increase of the excess
oxygen incorporated into Bi2O2 double layers causes an elongation of the Bi-O(2)Sr bond length, which is an
important factor, resulting in softening of the O(2)Sr Ag phonon. A downshift of the O(1)Cu B1g phonon with
increasingx in Pr-doped Bi2212 arises from an increase of the average Ca21/Pr31 radius. The origin of this
softening is the same as that in Y-doped Bi2212, Y123, and Y124 systems.@S0163-1829~98!01310-1#
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I. INTRODUCTION

As the only rare-earth 1:2:3 compound which is non
perconducting in the orthorhombic fully oxygenated for
the Pr-Ba-Cu-O system has caught much interest, and
properties of Y~Pr!BaCuO as a function ofx, in its normal
and superconducting states, have been widely studied,
as the anomalous high antiferromagnetic ordering temp
ture of 17 K for PrBa2Cu3O7 with a two-CuO2-layer 123-
type structure.1–3 Recently, it has been reported that sup
conductivity at;15K in Bi2Sr2PrCu2O81d oxides has been
observed.4,5 However, many reports6–8 have shown that Ca
replaced by rare-earth elements~Y, Nd, Pr, etc.! in the Bi-
2212 phase leads to a metal-insulator transition, and no
perconductivity is observed in the sample with substitutingR
completely for Ca. Up to now, Pr seems to be the only r
earth which absolutely substitutes for Ca in the Bi-22
phase and could show superconductivity.

It is well known9,10 that 123-type Y~Pr!BaCuO can be
recategorized as a Cu-1212 or 1212-type two-CuO2-layer
system, in analogy with Tl-1212, Tl(Ba,Sr)2PrCu2O7;
~Pb,Cu!-1212, (Pb,Cu)Sr2PrCu2O7; and Hg-1212,
HgSr2PrCu2O7 compounds. In the case of Bi2Sr2CaCu2O8,
the structure is just the same except for the double B
layers. Furthermore, the localization of Pr in Bi2Sr2PrCu2Oy
is the same as that in Y(Pr)Ba2Cu3O72d compounds, so tha
the local state of the Pr ion is just the same in the two s
tems. There is no reason to grant any difference for the
of Pr between the two series of systems. It has been repo
that a shift of theB1gO(1)Cu and A1gO(2)Ba(Sr) modes is
mainly ascribed to a change of the average ionic radius i
sites in YBa2Cu3O72d (Y123),11,12, YBa2Cu4O8 (Y124),13
570163-1829/98/57~9!/5082~4!/$15.00
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and Bi2Sr2Ca12xYxCu2O81d ~Y-doped Bi2212!,14 when
Y~Ca! is replaced by rare-earth metals (R). However, a
change of thec axis lattice parameter is consistent with th
of the average ion radius of theR sites in the Y123,11

Y124,13 and Y-doped Bi2212 systems;14 that is, thec-axis
lattice parameter increases with increasing ionic radius in
Y~Ca! sites. It is unusual that thec-axis lattice paramete
monotonously decreases with Pr doping
Bi2Sr2Ca12xPrxCu2O81d although the ion radius of Pr31 is
slightly larger than that of Ca21. In order to distinguish be-
tween influences of the average ion radius and the lat
parameter of thec axis on the above two Raman modes, he
we study the Raman spectra of Bi2Sr2Ca12xPrxCu2O81d sys-
tem.

II. EXPERIMENT

The samples of Bi2Sr2Ca12xPrxCu2Oy were prepared by
the conventional solid state reaction method. High-pur
powders of Bi2O3 , SrCO3, CaCO3, Pr6O11, and CuO
were ground and sintered in air at 850°C for 12 h, and th
reground and sintered at the same conditions 2 more tim
Finally, they were ground again and pressed into pellets
calcined at a temperature between 850 and 930°C for 7
The obtained samples were characterized by x-ray pow
diffraction with Cu Ka radiation. Lattice parameters fo
single phase materials were refined using Bragg peaks
the u range. A Keithley 220 current source and a Keithl
181 nanovoltmeter were used for the electrical measu
ments. Electrical contacts of less than 2V resistance were
established by soldering the copper leads onto the sam
surfaces on which pure indium was pressed. Th
5082 © 1998 The American Physical Society
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moelectric voltages were canceled by reversing the curren
This was accomplished by using a computer to control th
Keithley 220 current source. Raman spectra were measur
on a Spex-1403 Raman spectrophotometer using a bac
scattering technique. The 5145 Å line from an argon io
laser was used as an excitation light source. All measur
ments were made at room temperature, and each spectr
shown was taken with refocusing on at least two differen
spots to assure reproducibility.

III. RESULTS AND DISCUSSION

Figure 1 shows x-ray diffraction patterns for samples o
Bi2Sr2Ca12xPrxCu2Oy . Each pattern can be indexed with a
tetragonal lattice. It suggests that the samples are single B
2212 phase. A structural change from tetragonal to ortho
rhombic takes place atx50.5 for Ca replaced by Pr due to a
splitting of the~200! peak observed in x-ray diffraction. But
the splitting of ~200! peak is not obvious in the Pr-doped
Bi2212 system compared to the other rare-earth-metal-dop
Bi2212 systems. The Pr content dependence of the latti
parameters is plotted in Fig. 2. It shows a monotonous d

FIG. 1. X-ray powder diffration patterns for the samples of the
Bi2Sr2Ca12xPrxCu2O81d system.

FIG. 2. Variations of the lattice parametersa, b, and c with
concentration of dopant Pr for the Bi2Sr2Ca12xPrxCu2O81d system.
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crease in thec axis with substituting Pr31 for Ca21 and a
slight increase in thea andb axes. The lattice parameter in
thec axis suddenly decreases from 30.71 Å to 30.45 Å with
increasing Pr content fromx50.4 tox50.5. This also seems
to suggest that a structural change happens atx50.5. It
should be expected that thec-axis lattice parameter slightly
increases with Ca replaced by Pr31(r eff51.126Å) since
Ca21 has only an ionic radius ofr eff51.12Å. It is well
known15,16that the oxygen content increases with an increase
in rare-earth concentration, and the excess oxygen is incor-
porated between the Bi2O2 double layers. Consequently, the
net positive charge and hence the repulsion between the
Bi2O2 layers decrease, causing the slab sequence BiO-BiO to
shrink.17 It has been reported18,19 that a reduction of pure
Bi2212 leads to an increase of thec-axis lattice parameter.
On the other hand, magnetic susceptibility studies have
clearly shown the nonexistence of Pr in the 41 valence
state,20 the ion size of which is less than that of Ca21. There-
fore, we assume that the anomalous decrease in thec-axis
lattice parameter with increasing Pr content arises from an
increase of the excess oxygen incorporated into the Bi2O2
layers.

Figure 3 shows the temperature dependence of the resis-
tivity for Bi 2Sr2Ca12xPrxCu2Oy . It is found that a maximum
of Tc ~90 K! is observed in the sample withx50.2, in which
the optimum carrier concentration is obtained. As the Pr con-
tent increases, the carrier concentration decreases and the
absolute value ofr increases. Forx,0.6, the temperature
coefficient dr/dT is positive, indicating metallic conduction.
The samples withx.0.6 show an insulating behavior, and
the system has transformed from a metal to an insulator. It is
easily found in Fig. 3 that annealing in oxygen causes a
decrease in resistivity and improves superconductivity ex-
cept for the sample withx50; this is because annealing in
oxygen leads to an increase in carrier concentration and a
heavier overdoping. It is anomalous that the annealing in
oxygen leads to an increase inr for the samples withx
>0.6. Figure 3 indicates that the resistiviy and its tempera-

FIG. 3. Temperature dependence of the resistivity for the
samples of Bi2Sr2Ca12xPrxCu2O81d sintered in air~solid symbols!
and annealed in oxygen~open symbols!, repectively. x50.0,
circles; x50.2, squares;x50.4, up triangles;x50.6, down tri-
angles;x50.8, diamonds.
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ture derivative scale inversely as the carrier density for
samples withx,0.6. However, thex50.6 sample deviates
from both of these two regularities. This suggests that
sample gradually begins to show less metal behavior w
increasing the Pr content. The samples with Pr concentra
larger than 0.6 show semiconducting behavior, assum
variable-range hopping between localized states.6,7 We did
not observe any sign of a superconducting transition dow
4.2 K for the sample of Bi2Sr2PrCu2Oy .

Figure 4 shows the Raman spectra of t
Bi2Sr2Ca12xPrxCu2Oy ~x50, 0.2, 0.4, 0.6, and 1.0! in the
frequency range of 200–800 cm21 at room temperature. In
Fig. 4, four Raman modes at 290, 464, 630, and 660 cm21

were clearly observed within this frequency range. In
light of the assignment of the phonon Raman modes in
Bi-2212 phase in Ref. 14, the 290, 464, and 630 cm21 modes
correspond to theB1g mode of vibration of O(1)Cu atoms
along thec axis, to theA1g mode of vibration of O(3)Bi
atoms along thec axis, and to theAg mode of vibration of
O(2)Sr along thec axis, respectively. O(1)Cu, O(3)Bi ,
and O(2)Sr refer to oxygen atoms in the CuO, the Bi2O2, and
the SrO layers, respectively. The 660 cm21 mode is believed
to arise from the vibration of extra oxygen within the Bi2O2
layers. The O(3)Bi A1g phonon mode remains unchang
with doping Pr as seen in Fig. 4.

TheB1g O(1)Cu phonon is directly related to atoms in th
conducting CuO2 planes. Its intensity increases with decrea
ing metallicity ~increasingx) as seen in Fig. 4. Similar be
havior has also been observed for the corresponding vi
tions related to the CuO2 planes in YBa2Cu3O61d ~Ref. 21!
and Bi2Sr2Ca12xY12xCu2O81d .14 These effects are direc
manifestations of the decrease in the number of charge
riers induced by doping. The decrease of holes induced
doping leads to a reduced metallic screening both within
between adjacent CuO2 planes, leading to larger CuO2 bond
polarizabilities and phonon intensities, and to a weaker e
tronic Raman background. The O(1)Cu B1g phonon softens
by about 7 cm21 when the Pr content increases fromx50 to
1. The shift of this phonon frequency is mainly believed

FIG. 4. Room temperature Raman spectra for the sample
Bi2Sr2Ca12xPrxCu2O81d .
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originate from a variation of the average ionic radius of
sites induced byR doping. LargerR ions lead to an elonga
tion of the O(1)Cu-R bonds, a smaller force constant, and
lower phonon frequency. Compared with the frequen
upshift of 40 cm21 in the Y-doped Bi-2212 phase, the down
shift of 7 cm21 is small in the Pr-doped Bi-2212 phase. Th
is due to the very little difference between the Pr13 ion ra-
dius ~1.126 Å! and Ca12 ~1.12 Å! for the eightfold coordi-
nations. However, the rate of the Raman shift induced
variation of the ionic radius of the Ca~Pr! sites in the Pr-
doped Bi2212 system is nearly the same as that in Y1
Y124, and Y-doped Bi2212 phases.11–14

As shown in Fig. 4, the frequency of the O(2)Sr Ag mode
down shifts by about 12 cm21 when Ca is completely re
placed by Pr. The situation appears to be contrary to w
has been reported in the Y123~Refs. 11 and 12! and Y-
doped Bi2212~Ref. 14! systems. In the two systems, th
corresponding OBa(Sr) Ag mode stiffens when the ionic siz
of the Y~Ca! sites increases. This stiffening arises from t
contraction of the Cuplane-OBa bond length in response to th
expansion around the Y ion when Y is replaced by isoval
rare-earth elements in the Y123 system.11,12For the Y-doped
Bi2212 system, softening~20 cm21) of the O(2)Sr Ag mode
is ascribed to the charge redistribution induced by replac
Ca21 with the different valent Y31 besides a variation of the
average ionic radius of Ca sites.14 In fact, the trivalent rare-
earth elements subsituting for divalent Ca also will lead to
increase of the oxygen content as discussed above, so
the c-axis parameter becomes short although Ca is repla
by a rare-earth element larger than the ionic radius of
Therefore, we assume that the decrease in thec-axis lattice
parameter induced by incorporation of excess oxygen
influence the O(2)Sr Ag phonon mode in the Pr-dope
Bi2212 system besides the ‘‘internal pressure’’ and ‘‘char
transfer’’ effects discussed by Kakihanaet al. in Ref. 14. As
discussed above, the increase of excess oxygen incopo
between the Bi2O2 double layers causes a decrease of
separation between the Bi2O2 double layers and an elonga
tion of the O(2)Sr-Bi bond length, leading to a softening o
the O(2)Sr Ag phonon. In order to explain the shift of th
O(2)Sr Ag phonon in the rare-earth-metal-doped Bi22
system, the effect of a decrease in thec-axis lattice param-
eter on it must be considered. This effect also should t
place in the Y-doped Bi2212 system because an increas
excess oxygen also happens with substituting Y31 for Ca21.
In addition, Xue et al.17 have observed that th
CuO2-Gd-CuO2 separation is larger than that o
CuO2-Ca-CuO2 although the ionic size of Gd31 is less than
that of Ca21. Therefore, the ‘‘internal-pressure’’ effect pro
posed by Kakihanaet al. should lead to an up shift rathe
than a down shift of the O(2)Sr Ag phonon in the Y-doped
Bi2212 system if doping of Y31 also caused a similar in
crease in the CuO2-CuO2 plane separation.

IV. CONCLUSIONS

Study of resistivity indicates that superconducti
samples (x,0.6) show aT-linear resistivity, thatdr/dT is
consistent with the expectation of the Drude model, and t
r anddr/dT scale inversely as carrier concentration; no s
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perconductivity is observed in Bi2Sr2PrCu2O81d . The
c-axis lattice parameter monotonously decreases w
Pr doping although the ionic radius of Pr31 is slightly larger
than that of Ca21. A decrease in thec-axis lattice paramete
induced by incorporation of excess oxygen is an import
factor leading to the softening of the O(2)Sr Ag phonon
in the Pr-doped Bi2212 system. With increasingx, the
increase of the excess oxygen incorporated into
Bi2O2 double layers is expected to cause an interval cont
tion of BiO-BiO double layers and an elongation of th
r-
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Bi-O(2)Sr bond length which results in a softening of th
O(2)Sr Ag phonon. The downshift of the O(2)Sr Ag phonon
in the Pr-doped Bi2212 system cannot be explained only
‘‘internal pressure’’ induced by the average ionic radius a
‘‘charge transfer’’ proposed by Kakihanaet al. The shift of
the O(1)Cu B1g phonon in the Pr-doped Bi2212 system aris
from a change of the average ionic radius in Ca sites, wh
is consistent with that in Y-doped Bi2212, Y123, and Y1
systems. The frequency of theA1gO(3)Bi mode remains un-
changed with increasing Pr content.
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