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Effects of doping on phonon Raman scattering in the Bi-based 2212 system
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The polycrystalline samples of Bi2Sr2CaCu2Oy ~Bi2212! with different oxygen content,
Bi2Sr2Ca12xPrxCu2Oy and Bi2Sr22xLaxCaCu2Oy , have been characterized by x-ray-diffraction and Raman-
scattering measurements. It is found that thec-axis parameter decreases with increasing doping concentration
~Pr or La! or oxygen content. The softening of theO(2)Sr Ag mode corresponds to the decrease of thec-axis
parameter. The effect of Pr substitution for Ca on this mode is smaller than that of La substitution for Sr. The
shift of theO(1)Cu B1g mode is related to the ionic size of the doping element. TheO(3)Bi Ag mode does not
exhibit remarkable frequency shift since the Bi-O(3)-Bi force constant nearly remains unchanged upon dop-
ing. The effect of oxygen content on theO(2)Sr Ag mode in the Bi2212 system is in contrast to that on the
correspondingO(4)Ba Ag mode in the Y123 system. Change in valence is the dominating effect causing the
frequency shift of theO(2)Sr Ag mode.@S0163-1829~98!02433-3#
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I. INTRODUCTION

Cation substitution in cuprate oxides has provided va
able information for understanding the mechanism of hi
Tc superconductivity. Most important is the possibility
substantially altering the effective copper valence and
carrier concentration, which have been shown to be i
mately linked withTc. However, cation substitution leads
a change of local structure. Determination of the location
doped holes is important for the mechanism of the superc
ductivity. X-ray absorption measures the polarization dir
tion of the hole orbital,1 but cannot determine the locatio
directly, while Raman-scattering experiments can determ
the location from the shift of the energy and the scatter
intensity of the vibrational mode of oxygen atoms on ea
site, and the frequencies of some phonon modes are sen
to the relevant bond lengths,2 which are changed by the ca
ion substitution.

Up to now, it had been controversial to assign the exp
mentally observed phonon modes of 460 and 630 cm21 to
vibrational eigenmodes of the lattice for Bi2Sr2CaCu2O8.
There exist the following assignments. One group3 assigned
the intense 460 and 630 cm21 phonons to the in-phas
OCu Ag mode and theOSr Ag mode, respectively; the othe
group4–6 assigned the low-frequency phonon to theOSr Ag
mode and the high-frequency phonon to theOBi Ag mode;
and the reversed assignment was also reported for the
modes.7–9 Raman scattering was widely studied3,4,8 for the
sample Bi2Sr2Ca12xYxCu2Oy ; the observed changes in ph
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non frequencies with increasing Y content were mainly e
plained in terms of a combination of an internal-press
effect induced by the change in the average Ca/Y radius
a charge-transfer effect induced by the aliovalent substitu
of Y13 for Ca12.8 However, aliovalent cation substitution i
more complicated in a Bi-based system than isovalent ca
substitution in Y-based superconductors because aliova
cation substitution leads to an increase of oxygen con
incorporated into the double Bi-O layers, resulting in a
markable decrease of thec-axis parameter.10 Therefore, the
effect of oxygen-content change induced by aliovalent cat
substitution on the Raman scattering should be conside
In order to discuss the effect of cation substitution a
oxygen content on the Raman scattering and the ass
ment of 460 and 630 cm21 phonons, here we investigat
the Raman spectra of Bi2212 samples of La-dop
Bi2Sr22xLaxCaCu2O8, Pr-doped Bi2Sr2Ca12xPrxCu2O8, and
pure Bi2212 with different oxygen content.

II. EXPERIMENT

The samples of Bi2Sr2CaCu2O8,Bi2Sr22xLaxCaCu2Oy ,
and Bi2Sr2Ca12xPrxCu2Oy were prepared by the conven
tional solid-state reaction method. High-purity powders
Bi2O3 , SrCO3, CaCO3,Pr6O11, La2O3, and CuO
were ground and sintered in air at 850 °C for 12 h, th
reground and sintered at the same condition for two m
5868 © 1998 The American Physical Society
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times. Finally, they were ground again and pressed into
lets and calcined at a temperature between 850 and 93
for 72 h, and cooled to room temperature by an air furna
In order to obtain the samples with different oxygen conte
the as-prepared samples of Bi2Sr2CaCu2O8 were annealed a
500 °C in the nitrogen and oxygen flow, respectively. T
obtained samples were characterized by x-ray powder
fraction with CuKa radiation. Lattice parameters for single
phase materials were refined using the Bragg peaks ove
u range. Raman spectra were measured on a Spex-1403
man spectrophotometer using a backscattering techni
The 5145-Å line from the argon ion laser was used as
excitation light source. All measurements were made at ro
temperature, and each spectrum shown was taken with r
cusing on at least two different spots to assure reproduc
ity. The resolution of Raman spectra was 3 cm21 and the
laser spot size on the samples was about 1 mm.

III. RESULTS AND DISCUSSION

X-ray-diffraction patterns can be indexed with
tetragonal lattice for the samples of Bi2Sr2CaCu2O8,
Bi2Sr22xLaxCaCu2O8, and Bi2Sr2Ca12xPrxCu2Oy (x<0.5)
systems, while the samples of Bi2Sr2Ca12xPrxCu2Oy
(x.0.5) were indexed with an orthorhombic lattice due to
splitting of the ~200! peak observed in x-ray diffraction. A
similar phenomenon has been observed in the Y-do
Bi2212 system. It suggests that the samples are a single
2212 phase. The dopant content dependence of lattice pa
eters is plotted in Fig. 1. It shows a monotonous decreas
thec axis with substituting both Pr31 for Ca21 and La31 for
Sr21, but thea-axis parameter shows an opposite trend. T
length of thea axis is considered to be controlled by th
in-plane Cu-O bond distance, which is closely related to
carrier concentration. The increase in thea-axis parameter
arises from the decrease of hole concentration that wea
the Cu-O bonding when dopant content is increased
should be expected that thec-axis lattice parameter slightly
increases when Ca is replaced by Pr31 (r e f f51.126 Å),
since Ca21 has only an ionic radius ofr e f f51.12 Å. But the
c-axis parameter decreases by 0.047 nm on going f
Bi2Sr2CaCu2O81d to the Bi2Sr2PrCu2O81d . It could arise
from the increase of excess oxygen incorporated between
Bi2O2 double layers induced by aliovalent substitution. O

FIG. 1. Lattice parameters for Bi2Sr2Ca12xPrxCu2O81d

~squares! and Bi2Sr22xLaxCaCu2O81d ~circles! vs the dopant~Pr
and La! content.
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possible explanation11 for the relation between thec-axis
length and oxygen content is that extra oxygen incorpora
into the BiO layers leads to a change of the orientation of
Bi31 lone pair, which causes a decrease of the distance o
two adjacent BiO layers. Another explanation12 is that the
net positive charge and hence the repulsion between
Bi2O2 layers decrease, causing the slab sequence, SrO-
BiO-SrO, to shrink. The c-axis parameters are 3.0694
3.0817 nm for the pure Bi2212 samples annealed at 500
in O2 and N2, respectively. It directly indicates that reductio
of the pure Bi2212 sample leads to an increase of thec-axis
lattice parameter, which is consistent with the previo
reports.13,14

Figure 2 shows the Raman spectra of t
Bi2Sr2Ca12xPrxCu2Oy (x50.2, 0.4, 0.6, and 1.0! in the fre-
quency range of 200–800 cm21 at room temperature. In Fig
2, four Raman modes at 290, 464, 630, and 660 cm21 were
clearly observed within this frequency range. The 290- a
660-cm21 modes have been identically assigned to theB1g
mode of vibration ofO(1)Cu atoms along thec axis and to
the vibration of extra oxygen within the Bi2O2 layers, re-
spectively. The mode at 464 cm21 remains essentially con
stant with increasing Pr content, while the 630-cm21 mode
changes significantly as a function of Pr concentration, a
softens at about 12 cm21 in going from Bi2Sr2CaCu2O81d to
Bi2Sr2PrCu2O81d .

TheB1g O(1)Cu phonon is directly related to the atoms
the conducting CuO2 planes. Its intensity increases with d
creasing metallicity~increasingx) as seen in Fig. 2. The
similar behavior has also been observed for the correspo
ing vibrations related to the CuO2 planes in YBa2Cu3O61d
~Ref. 15! and Bi2Sr2Ca12xYxCu2O81d.8 These effects are
direct manifestations of the decrease in the number of cha
carriers induced by doping. The decrease of holes induce
doping leads to a reduced metallic screening both within
between adjacent CuO2 planes, leading to larger CuO2 bond

FIG. 2. Room-temperature Raman spectra for the samples o
Bi2Sr2Ca12xPrxCu2O81d system.
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polarizabilities and phonon intensities, and to a weaker e
tronic Raman background. TheO(1)Cu B1g phonon softens
by about 10 cm21 when the Pr content increases fromx50
to 1. The shift of this phonon frequency has been believe
originate mainly from variation of the average ionic radius
Y ~Ca! sites induced byR doping in Y123, Y124, and Y-
doped Bi2212 systems.8,16–18LargerR ions lead to an elon-
gation of theO(1)Cu-R bonds, smaller force constant, and
lower phonon frequency. It is found that rate of the Ram
shift induced by variation of ionic radius of the Ca~Pr! sites
in the Pr-doped Bi2212 system is nearly the same as tha
Y123, Y124, and Y-doped Bi2212 phases.8,16–18

Raman spectra of the sample
Bi2Sr22xLaxCaCu2O81d (x50,0.3, and 0.7! are shown in
Fig. 3. When compared with Raman spectra of the Pr-do
Bi2212 system, theB1g O(1)Cu phonon is not observed in
Fig. 3. As discussed above, the intensity of theO(1)Cu Bg
mode increases with decreasing carrier concentration. L31

substitution on Sr21 also should result in a decrease of ho
carrier, which is confirmed by resistivity measurement. T
metal-insulator transition takes place atx50.6 in the
Bi2Sr22xLaxCaCu2O81d system. It suggests that the effe
on theO(1)Cu Bg mode also could be related to the dopi
site. The phonon mode of 630 cm21 apparently shifts to low
frequency with increasing La.

Figure 4 shows the Raman spectra of an as-prep
sample and the annealed samples at 500 °C in O2 and N2 for
the pure Bi2212, respectively. Three main peaks are
served in the spectra. In the three spectra, the two mode
low frequency nearly remain constant, while the intensity
the O(1)Cu B1g mode apparently decreases for the sam
annealed in N2 relative to the sample annealed in O2. It
indicates that the effect of oxygen content on the Ram
shift of theO(1)Cu B1g mode is small in the Bi2212 system
which is consistent with that in the Y123 system, in whi
the frequency of theB1g OCu mode increases only abou
5 cm21 on going from the superconducting YBa2Cu3O7 to
the nonsuperconducting YBa2Cu3O6.19 The frequency of the
mode at about 630 cm21 is 9 cm21 lower for the sample
annealed in O2 rather than in N2. It suggests that the increas
of the excess oxygen incorporated into the Bi2O2 layers
leads to a down-shift of the mode at about 630 cm21, which

FIG. 3. Room-temperature Raman spectra for the samples o
Bi2Sr22xLaxCaCu2O81d system.
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may be the main reason why Pr13 substitution for the
smaller Ca12 leads to softening of this mode.

The Raman shifts and peak widths of the vibration mod
were determined by fitting the peaks in the experimen
spectra with distributions of Gaussian form since the 6
and 660-cm21 phonons are not resolved by the Raylei
criterion. The results in Table I were deduced by fitting t
Raman data as shown in Figs. 2, 3, and 4. Figure 5 sh
that the Raman frequency of the mode at about 630 cm21

changes as a function of dopant~Pr and La! content and the
c-axis parameter, respectively. Figure 5 indicates that
frequency of this mode decreases monotonously with
creasing the dopant concentration and oxygen content.
found that the effect of La substitution on this mode is larg
than that of Pr substitution. Both Pr and La substitutions le
to a decrease in frequency of this mode although Pr31 was
substituted for a smaller Ca21 and La31 substituted for a
larger Sr21. Therefore, the effect of La and Pr doping o
630 cm21 cannot be explained only by average ionic radiu
In Y123 system, the effect of rare-earth metal substitution
Y on the Raman shift of phonon modes has been well
plained by average ionic radius.2,16 In the case of Bi-based
superconductors, the doping is generally carried out with
aliovalent element, then the aliovalent substitution leads
change of oxygen content. Therefore, the oxygen conten
an important factor causing the frequency shift.

As mentioned above, it is controversial to assign the 4
and 630-cm21 mode. Kakihanaet al. have pointed out that8

the assignment of the 464-cm21 phonon to a CuO2-plane
vibration is not correct. We agree with the assignment p
posed by Kakihanaet al.,8 that is, the assignment of th
630-cm21 phonon to symmetricA1g vibrations of O(2)Sr
along the c axis, together with the assignment of th
464-cm21 mode to O(3)Bi Ag along thea-axis vibration.
The reasons why this assignment is more likely an alter
tive rather than a reversed assignment made in several
vious reports4–6 are the following.~1! The effect of Pr sub-
stitution for Ca on the 630 cm21 mode is smaller than that o
La substitution for Sr, whereas the mode at 464 cm21 re-

he

FIG. 4. Room-temperature Raman spectra of the as-prep
sample in air and the annealed samples at 500 °C in flowing O2 and
N2, respectively, for the Bi2Sr2CaCu2O81d system.
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TABLE I. Phonon frequencies and widths of the phonon Raman modes for the sampl
Bi2Sr2CaCu2Oy ~Bi2212! with different oxygen content, namely, the Bi2Sr2Ca12xPrxCu2Oy and
Bi2Sr22xLaxCaCu2Oy systems.

samples O(1)Cu Half width O(3)Bi Half width O(2)Sr/Oextra Half width

As-prepared in air 290 26 464 34 628/660 42/20
Annealed in O2 291 22 464 33 622.5/653 34/16
Annealed in N2 293 18 464 43 632/662 31/15
Y-doped,x50.2 287 32 463 31 626/659 28/18
Y-doped,x50.4 285 34 464 28 623/657 28/18
Y-doped,x50.6 282 33 464 37 618/654 28/21
Y-doped,x51.0 279 39 462 26 615/649 41/28
La-doped,x50.3 463 20 620/656 28/23
La-doped,x50.7 462 22 610/649 35/20
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mains unchanged with the substitution. In addition,
464-cm21 mode, which is forbidden for a single BiO laye
is not observed in BiSr2CaCu2Oy ~Bi1212!, while a very
strong peak at 627 cm21 appears in the Raman spectra
Bi1212 sample.20,21 ~2! The mode at 464 cm21 is only ob-
served when the incident and scattered polarization vec
lie within the ab plane.8 In addition, this mode nearly re
mains constant upon the substitution and the change of
gen content. This is because the length of the Bi-O~3! bond
depends mainly on the in-plane Cu-O bond. There exis
mismatch between the perovskite block containing a Cu2
plane and the rocksalt block BiO-SrO. The CuO2 plane is
under compression, so that the length of in-plane Cu-O b
nearly remains constant upon the doping. Therefore,

FIG. 5. Raman frequency for Bi2Sr2Ca12xPrxCu2O81d

~squares! and Bi2Sr22xLaxCaCu2O81d ~circles! for the 630- and
660-cm21 lines vs the dopant content and thec-axis parameters
The c-axis parameter dependence of the Raman frequency is
plotted for the pure Bi2212 samples annealed in flowing O2 and N2

~triangles!, respectively.
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Bi-O(3)-Bi force constant is hardly affected by the dopin
and the change of oxygen content, leading to little shift
the 464-cm21 mode. Recently, Choyet al.22 reported that the
630-cm21 phonon line is more strongly influenced than t
464-cm21 phonon line upon the intercalation of HgBr2 into
the Bi2212 system. It supports the present assignmen
464- and 630-cm21 modes since the intercalant layer is st
bilized in between Bi2O2 layers but far from the SrO one.

For the Bi2Sr2Ca12xYxCu2O8 system, Kakihanaet al.8

ascribed softening (20 cm21) of the O(2)Sr Ag mode to the
charge redistribution induced by replacing Ca12 with the
different valence Y13 besides variation of average ionic ra
dius of Ca sites. As shown in Fig. 2, the frequency of t
O(2)Sr Ag mode downshifts by about 12 cm21 when Ca is
completely replaced by Pr. Based on the explanation of
Raman shift of theO(2)Sr Ag mode discussed by Kakihan
et al., an upshift of theO(2)Sr Ag mode is expected for a
larger ion substitution of Pr13 for Ca12. In fact, the trivalent
rare elements substituting for the divalent Ca also leads to
increase of the oxygen content as discussed above. Figu
indicates that theO(2)Sr Ag mode softens with increasin
oxygen content. It suggests that the softening of
O(2)Sr Ag mode induced by the increase of oxygen cont
offsets the hardening of this mode induced by ‘‘internal pr
sure’’ effect in the Pr-doped Bi2212 system. The mode
pected to be most strongly affected by the removal of
extra oxygen is, due to its proximity, the Bi-O(2)Sr vertical
vibration at 630 cm21. This has been observed in Fig. 4. Th
lattice parameterc increases upon removal of oxygen; co
sequently, the Bi-O(2)Sr distance becomes larger. So on
might expect the frequency of this mode to decrease co
spondingly. However, an upshift of this mode is observ
experimentally in Fig. 4. The dependence of the Bi-O(2)Sr
frequency on oxygen content is therefore anomalous.
observed result suggests that the change in valence ma
the dominating effect causing the frequency shift. In Fig.
the frequency of theO(2)Sr Ag mode decreases with a de
creasingc-axis parameter for the Bi2Sr2CaCu2Oy annealed
in a different atmosphere, Bi2Sr2Ca12xPrxCu2Oy , and
Bi2Sr22xLaxCaCu2Oy systems. It suggests that thec-axis pa-
rameter may be related to covalent (Bi-O)1 complexes shar-
ing the oxygen deficiency. It is well known23,24 that Y123
and Y124 can be recategorized as Cu1212 and Cu221
1212- and 2212-type two-CuO2-layer systems, respectively

lso
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in analogy with Bi1212 and Bi2212 compounds. Compa
with the structure of the Y123 system, the structure
Bi2Sr2CaCu2O8 is the same as that of Y123 except that t
double Bi-O layers are replaced by one Cu-O chain in
Y123 system. Therefore, the Bi-O(2)Sr vertical vibration at
630 cm21 should correspond to the Cu(1)-O(4)Ba vertical
vibration at 500 cm21 in the Y123 system. The effect o
oxygen content on theO(2)Sr Ag mode is in contrast to tha
on the correspondingO(4)Ba Ag mode in YBa2Cu3O7
~Y123!, in which the frequency of theO(4)Ba Ag mode de-
creases upon removal of oxygen.19,25 But the Cu(1)-O(4)Ba
distance actually decreases with increasing the oxygen
ciency while the frequency is lowered. The effect of oxyg
content on theO(4)Ba Ag mode is also dominated by th
change in valence, while the behavior of Raman shift cau
by the change in valence is contrast to that in Bi2212 syst
In Fig. 5, it is easily found that the downshift of th
O(2)Sr Ag mode in the Bi2Sr22xLaxCaCu2Oy system is
larger than that in the Bi2Sr2Ca12xPrxCu2Oy system. This is
because La31 substitution for Sr21 leads to a larger chang
of the charge around theO(2)Sr sites and the length of th
Sr-O~2! bond. This supports the assignment of 464- a
630-cm21 phonon modes. It should be pointed out that t
frequency shift of the mode at 660 cm21 as a result of the
extra oxygen is always consistent with that of theO(2)Sr Ag
mode upon doping as shown in Fig. 5, which is well und
W

R

-

M

B

-
.

.

a

e-

.

d
f

e

fi-

d
.

d
e

-

stood since the frequency shift of theO(2)Sr Ag mode arises
mainly from the extra oxygen, leading to a change of t
charge distribution around theO(2)Sr sites.

IV. CONCLUSIONS

The following effects can be seen with use
Raman spectroscopy for Bi2Sr2CaCu2Oy ~Bi2212!,
Bi2Sr2Ca12xPrxCu2Oy, and Bi2Sr22xLaxCaCu2Oy systems.
The c-axis parameter of the samples decreases with incr
ing dopant concentration or oxygen content. The freque
of the O(2)Sr Ag mode decreases with a decreasingc-axis
parameter. It is anomalous since the softening of
O(2)Sr Ag mode corresponds to decrease of the Bi-O(2)Sr
bond. The change in valence aroundO(2)Sr sites is the
dominating effect causing the frequency shift, which is w
the effect of La13 substitution for Sr12 on the O(2)Sr Ag
mode in the Bi2Sr22xLaxCaCu2Oy system is stronger than
that of Pr13 substitution for Ca12 on this mode in the
Bi2Sr2Ca12xPrxCu2Oy system. The effect of oxygen conten
on theO(2)Sr Ag mode in the Bi2212 system is in contrast
that on the correspondingO(4)Ba Ag mode in the Y123 sys-
tem. The O(3)Bi Ag phonon mode does not remarkab
change upon the doping and change of oxygen content.
is because both substitutions in Ca and Sr sites and
change of oxygen content cannot apparently change
Bi-O(3)-Bi force constant.
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