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Superconductivity and Raman scattering in BpSr,Ca; _,Pr,Cu,0,
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Polycrystalline samples of Bsr,Ca _,Pr,Cu,0, (x=0—1) have been characterized by x-ray diffraction,
resistivity, and Raman scattering measurements. Superconducting saxip®§) show ar-linear resistivity,
and dp/dT is consistent with the Drude model. Upon replacement of Ca by Pr, an increase of the excess
oxygen incorporated into BD, double layers causes an elongation of the Bi-Q(®pnd length, which is an
important factor, resulting in softening of the Og2Ay phonon. A downshift of the O(%), B;4 phonon with
increasingx in Pr-doped Bi2212 arises from an increase of the averagé/@&™" radius. The origin of this
softening is the same as that in Y-doped Bi2212, Y123, and Y124 sysf8063-18208)01310-

. INTRODUCTION and BipSKLCa_Y,Cw,Og, s (Y-doped Bi2212'* when
Y(Ca) is replaced by rare-earth metalR)( However, a
As the only rare-earth 1:2:3 compound which is nonsu-change of the axis lattice parameter is consistent with that
perconducting in the orthorhombic fully oxygenated form, of the average ion radius of thR sites in the Y123}
the Pr-Ba-Cu-O system has caught much interest, and the124% and Y-doped Bi2212 systeni$:that is, thec-axis
properties of YPnBaCuO as a function of, in its normal lattice parameter increases with increasing ionic radius in the
and superconducting states, have been widely studied, sush(Ca) sites. It is unusual that the-axis lattice parameter
as the anomalous high antiferromagnetic ordering temperanonotonously  decreases  with Pr  doping in
ture of 17 K for PrBaCu;O; with a two-CuQ-layer 123-  Bi,Sr,Ca, _,Pr,Cu,0q. 5 although the ion radius of Pt is
type structuré=® Recently, it has been reported that super-slightly larger than that of G4 . In order to distinguish be-
conductivity at~15K in Bi,S,PrCy0g s oxides has been tween influences of the average ion radius and the lattice
observed:> However, many reports® have shown that Ca parameter of the axis on the above two Raman modes, here

replaced by rare-earth elemeri}, Nd, Pr, etc) in the Bi-  we study the Raman spectra of,Bi,Ca, _,Pr,Cu,Og 5 SYys-
2212 phase leads to a metal-insulator transition, and no siem.

perconductivity is observed in the sample with substituihg
completely for Ca. Up to now, Pr seems to be the only rare
earth which absolutely substitutes for Ca in the Bi-2212
phase and could show superconductivity. The samples of BGr,Ca _,Pr,Cu,O, were prepared by

It is well knowrP?l° that 123-type YPHBaCuO can be the conventional solid state reaction method. High-purity
recategorized as a Cu-1212 or 1212-type two-Gl&yer  powders of BjO;, SrCQ;, CaCQ, Prg0O;4, and CuO
system, in analogy with TI-1212, TI(Ba,$BrCu0O; were ground and sintered in air at 850°C for 12 h, and then
(Pb,Cy-1212, (Pb,Cu)SPrCu,0;; and Hg-1212, reground and sintered at the same conditions 2 more times.
HgSKLPrCwO; compounds. In the case of Bir,CaCyOsg, Finally, they were ground again and pressed into pellets and
the structure is just the same except for the double Bi-Qralcined at a temperature between 850 and 930°C for 72 h.
layers. Furthermore, the localization of Pr in,Bi,PrC,0,  The obtained samples were characterized by x-ray powder
is the same as that in Y(Pr)Bau;O,_ ;s compounds, so that diffraction with Cu Ka radiation. Lattice parameters for
the local state of the Pr ion is just the same in the two syssingle phase materials were refined using Bragg peaks over
tems. There is no reason to grant any difference for the roléhe 6 range. A Keithley 220 current source and a Keithley
of Pr between the two series of systems. It has been reportedB1 nanovoltmeter were used for the electrical measure-
that a shift of theB;40(1)c, and A;4O(2)gy(sr) modes is  ments. Electrical contacts of less tharf2resistance were
mainly ascribed to a change of the average ionic radius in Yestablished by soldering the copper leads onto the samples
sites in YBaCwO,_ 5 (Y123) 1112 YBa,Cu,0Oq (Y124)2  surfaces on which pure indium was pressed. Ther-
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samples of BiSr,Ca _,Pr,Cu,0Og, 5 sintered in air(solid symbol$
FIG. 1. X-ray powder diffration patterns for the samples of theand annealed in oxygeriopen symbols repectively. x=0.0,
Bi,S,Ca _,Pr,Cu,0q, 5 System. circles; x=0.2, squaresx=0.4, up trianglesx=0.6, down tri-
angles;x=0.8, diamonds.
moelectric voltages were canceled by reversing the current.
This was accomplished by using a computer to control therease in the axis with substituting P* for Ca* and a
Keithley 220 current source. Raman spectra were measuregight increase in tha andb axes. The lattice parameter in
on a Spex-1403 Raman spectrophotometer using a backhec axis suddenly decreases from 30.71 A to 30.45 A with
scattering technique. The 5145 A line from an argon ionincreasing Pr content from= 0.4 tox=0.5. This also seems
laser was used as an excitation light source. All measurgo suggest that a structural change happeng=a0.5. It
ments were made at room temperature, and each spectrushould be expected that tleeaxis lattice parameter slightly
shown was taken with refocusing on at least two differentincreases with Ca replaced by 3P¢r.+=1.126A) since

spots to assure reproducibility. Ca&" has only an ionic radius of .s=1.12A. It is well
knownt>5that the oxygen content increases with an increase
Ill. RESULTS AND DISCUSSION in rare-earth concentration, and the excess oxygen is incor-

. h diffract ¢ | fporated between the BD, double layers. Consequently, the
Figure 1 shows x-ray diffraction patterns for samples ofo nositive charge and hence the repulsion between the

Bi,Sr,Ca, xPr,Cu,0, . Each pattern can be indexed with @ gj o, |ayers decrease, causing the slab sequence BiO-BiO to
tetragonal lattice. It suggests that the samples are single Biq ik 17 |t has been reporté®i®® that a reduction of pure

2212 phase. A structural change from tetragonal to 0rthogjp515 |eaqds to an increase of theaxis lattice parameter.
rhombic takes place at=0.5 for Ca replaced by Prdue 0 a 5, the other hand, magnetic susceptibility studies have
splitting of the(200 peak observed in x-ray diffraction. But clearly shown the nonexistence of Pr in the- 4alence

the splitting of (200 peak is not obvious in the Pr-doped ¢.1c20the jon size of which is less than that of Ca There-
Bi2212 system compared to the other rare-earth-metal-dop re. we assume that the anomalous decrease irc-tes

ters is plotted in Fig. 2. It sh ‘ q fattice parameter with increasing Pr content arises from an
parameters 1S plotted in F1g. <. 1t Shows a monotonous dep,rease of the excess oxygen incorporated into th@®pBi

e layers.
o 4 0.547 Figure 3 shows the temperature dependence of the resis-
3.08 \n /-/ tivity for Bi,Sr,Ca ,Pr,Cu,0, . Itis found that a maximum
~ S 10546 of T, (90 K) is observed in the sample with=0.2, in which
8o e losas the optimum carrier concentration is obtained. As the Pr con-
E Lol z tent increases, the carrier concentration decreases and the
Y b 10%% ¢ absolute value op increases. Fox<0.6, the temperature
T .05 \ Jos43 P coefficient ¢/dT is positive, indicating metallic conduction.
° /' \ 3 The samples withx>0.6 show an insulating behavior, and
3.04 - = . .
. \u\n 10542 the system has transformed from a metal to an insulator. It is
3.03F / T~ o541 easily found in Fig. 3 that annealing in oxygen causes a
¢ decrease in resistivity and improves superconductivity ex-
3 T T o024 o8 o8 1o % cept for the sample witlx=0; this is because annealing in
Pr content (x) oxygen leads to an increase in carrier concentration and a

heavier overdoping. It is anomalous that the annealing in
FIG. 2. Variations of the lattice parametess b, and ¢ with oxygen leads to an increase jnfor the samples withx
concentration of dopant Pr for the Bir,Ca, _,Pr,Cu,0g, s sSystem.  =0.6. Figure 3 indicates that the resistiviy and its tempera-
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450F originate from a variation of the average ionic radius of Ca

sites induced by doping. LargerR ions lead to an elonga-
tion of the O(1)},-R bonds, a smaller force constant, and a
lower phonon frequency. Compared with the frequency
upshift of 40 cm ! in the Y-doped Bi-2212 phase, the down-
shift of 7 cm ! is small in the Pr-doped Bi-2212 phase. This
is due to the very little difference between the" Pion ra-
dius (1.126 A and Cd? (1.12 A) for the eightfold coordi-
nations. However, the rate of the Raman shift induced by
variation of the ionic radius of the @R sites in the Pr-
doped Bi2212 system is nearly the same as that in Y123,
Y124, and Y-doped Bi2212 phasts*

As shown in Fig. 4, the frequency of the OgAy mode
down shifts by about 12 cit when Ca is completely re-
placed by Pr. The situation appears to be contrary to what
has been reported in the Y12Refs. 11 and 1Rand Y-
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200 300 400 500 600 700 800 doped Bi2212(Ref. 14 systems. In the two systems, the
Raman shift (cm-1) corresponding @y sy Ag mode stiffens when the ionic size
of the Y(Ca) sites increases. This stiffening arises from the

FIG. 4. Room temperature Raman spectra for the samples Q{ontraction of the

-:Og, bond length in response to the
Bi,SrL,Cq _,Pr,Cu,0g, 5. ChneOpa g p

expansion around the Y ion when Y is replaced by isovalent
o _ _ _ rare-earth elements in the Y123 syst¥m? For the Y-doped
ture derivative scale inversely as the carrier density for thegjoo12 system, softenin@0 cmi 1) of the O(2), Ag mode
samples withx<0.6. However, thex<=0.6 sample deviates s ascribed to the charge redistribution induced by replacing
from both of these two regularities. This suggests that thez2+ with the different valent ¥* besides a variation of the
sample gradually begins to show less metal behavior withyyerage ionic radius of Ca sité§in fact, the trivalent rare-
increasing the Pr content. The samples with Pr concentratiogarth elements subsituting for divalent Ca also will lead to an
larger than 0.6 show semiconducting behavior, assumingycrease of the oxygen content as discussed above, so that
variable-range hopping between localized stéfgWe did  the c-axis parameter becomes short although Ca is replaced
not observe any sign of a superconducting transition down By a rare-earth element larger than the ionic radius of Ca.
4.2 K for the sample of BSKLPrCy,0, . Therefore, we assume that the decrease incthis lattice
_Figure 4 shows the Raman spectra of thepgrameter induced by incorporation of excess oxygen will
Bi,Sr,Cay_«PrC0, (x=0, 0.2, 0.4, 0.6, and 1)dn the  inflyence the O(2) Ag phonon mode in the Pr-doped
frequency range of 200800 crhat room temperature. In  Bj2212 system besides the “internal pressure” and “charge
Fig. 4, four Raman modes at 290, 464, 630, and 660°cm transfer” effects discussed by Kakihaegal.in Ref. 14. As
were clearly observed within this frequency range. In thegiscussed above, the increase of excess oxygen incoporated
light of the assignment of the phonon Raman modes in th@etween the BO, double layers causes a decrease of the
Bi-2212 phase in Ref. 14, the 290, 464, and 630 Emodes  separation between the 8, double layers and an elonga-
correspond to thd,q mode of vibration of O(1g, atoms  tjon of the O(2),-Bi bond length, leading to a softening of
along thec axis, to theA;q mode of vibration of O(3g;  the O(2);, A, phonon. In order to explain the shift of the
atoms along the aX|s,_and to theAg mode of vibration of O(2)s; Ay phonon in the rare-earth-metal-doped Bi2212
O(2)sr along thec axis, respectively. O(k,, O(3)si,  system, the effect of a decrease in thaxis lattice param-
and O(2}; refer to oxygen atoms in the CuO, the,Bb, and  eter on it must be considered. This effect also should take
the SrO layers, respectively. The 660 chmode is believed pjace in the Y-doped Bi2212 system because an increase of
to arise from the vibration of extra oxygen within the,Bb  excess oxygen also happens with substitutifig ¥or C&*.
layers. The O(3g; Aig phonon mode remains unchanged|n addition, Xue etal’’ have observed that the
with doping Pr as seen in Fig. 4. Cu0,-Gd-CuQ, separation is larger than that of
TheB;g O(1)c, phonon is directly related to atoms in the cy0,-Ca-CuQ although the ionic size of Gd is less than
conducting Cu@ planes. Its intensity increases with decreashat of C#*. Therefore, the “internal-pressure” effect pro-
ing metallicity (increasingx) as seen in Fig. 4. Similar be- posed by Kakihanat al. should lead to an up shift rather
havior has also been observed for the corresponding vibranan a down shift of the O(2) A, phonon in the Y-doped
tions related to the CuOplanes in YBaCwOg. 5 (Ref. 20 Bj2212 system if doping of ¥+ also caused a similar in-

and BbSKCa Y1 ,ClyOg,s.* These effects are direct crease in the CuPCUO, plane separation.
manifestations of the decrease in the number of charge car-

riers induced by doping. The decrease of holes induced by
doping leads to a reduced metallic screening both within and
between adjacent Cy(lanes, leading to larger Cy®ond
polarizabilities and phonon intensities, and to a weaker elec- Study of resistivity indicates that superconducting
tronic Raman background. The O)B,4 phonon softens samples X<0.6) show aT-linear resistivity, thatdp/dT is

by about 7 cm® when the Pr content increases from0 to  consistent with the expectation of the Drude model, and that
1. The shift of this phonon frequency is mainly believed top anddp/dT scale inversely as carrier concentration; no su-

IV. CONCLUSIONS
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perconductivity is observed in Br,PrCu0Og,s. The  Bi-O(2)s, bond length which results in a softening of the
c-axis lattice parameter monotonously decreases wittD(2)s, Ay phonon. The downshift of the O(2) Ay phonon

Pr doping although the ionic radius of*Pris slightly larger  in the Pr-doped Bi2212 system cannot be explained only by
than that of C&". A decrease in the-axis lattice parameter “internal pressure” induced by the average ionic radius and
induced by incorporation of excess oxygen is an importantcharge transfer” proposed by Kakiharet al. The shift of
factor leading to the softening of the O@)Ag phonon  the O(1),B;4 phonon in the Pr-doped Bi2212 system arises
in the Pr-doped Bi2212 system. With increasing the from a change of the average ionic radius in Ca sites, which
increase of the excess oxygen incorporated into thés consistent with that in Y-doped Bi2212, Y123, and Y124
Bi,O, double layers is expected to cause an interval contracsystems. The frequency of ti#g ,O(3)g; mode remains un-
tion of BiO-BiO double layers and an elongation of the changed with increasing Pr content.
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