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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 fBr,CaCyO, (Bi2212 with different oxygen content,
Bi,Sr,Ca _,Pr,Cu,0, and BiSr,_,La,CaCyO,, have been characterized by x-ray-diffraction and Raman-
scattering measurements. It is found that ¢hexis parameter decreases with increasing doping concentration
(Pr or L or oxygen content. The softening of tl¥2)s, A; mode corresponds to the decrease ofatexis
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)c, Big mode is related to the ionic size of the doping element. D&)g; A; mode does not
exhibit remarkable frequency shift since the ®{3)-Bi force constant nearly remains unchanged upon dop-
ing. The effect of oxygen content on tl&2)s, A; mode in the Bi2212 system is in contrast to that on the
correspondingd(4)g, Ag Mmode in the Y123 system. Change in valence is the dominating effect causing the
frequency shift of thed(2)s, Ay mode.[S0163-18208)02433-3

I. INTRODUCTION non frequencies with increasing Y content were mainly ex-
plained in terms of a combination of an internal-pressure
Cation substitution in cuprate oxides has provided valu-effect induced by the change in the average Ca/Y radius and
able information for understanding the mechanism of high-a charge-transfer effect induced by the aliovalent substitution
T. superconductivity. Most important is the possibility of of Y2 for Ca"2.2 However, aliovalent cation substitution is
substantially altering the effective copper valence and thenore complicated in a Bi-based system than isovalent cation
carrier concentration, which have been shown to be intisubstitution in Y-based superconductors because aliovalent
mately linked withT.. However, cation substitution leads to cation substitution leads to an increase of oxygen content
a change of local structure. Determination of the location ofincorporated into the double Bi-O layers, resulting in a re-
doped holes is important for the mechanism of the supercommarkable decrease of theaxis parametet® Therefore, the
ductivity. X-ray absorption measures the polarization direceffect of oxygen-content change induced by aliovalent cation
tion of the hole orbitaf, but cannot determine the location sybstitution on the Raman scattering should be considered.
directly, while Raman-scattering experiments can determing, order to discuss the effect of cation substitution and
Fhe Ioc;ation from. the.shift of the energy and the scatteringoxygen content on the Raman scattering and the assign-
|r)ten5|ty of the V|brat|_0nal mode of oxygen atoms on eag%ent of 460 and 630 ciit phonons, here we investigate
site, and the frequencies OI;: some phonon modes are sensitie.  maman spectra of Bi2212 samples of La-doped
to the relevant bond lengtlsyhich are changed by the cat- Bi,Sr, ,La,CaCyOs, Pr-doped BiSr,Ca, Pr,C,0s, and

ion substitution. : o
Up to now, it had been controversial to assign the experi—pure Bi2212 with different oxygen content,

mentally observed phonon modes of 460 and 630 tio
vibrational eigenmodes of the lattice for JBibCaCyOs.
There exist the following assignments. One grbapsigned
the intense 460 and 630 c¢rh phonons to the in-phase
Ocy Ay mode and thés, A, mode, respectively; the other ~ The samples of BBrL,CaCyOs,Bi,Sr_«LaCaCy0,,
group’® assigned the low-frequency phonon to g, A,  and BpSr,Ca_«Pr,Cu,0; were prepared by the conven-
mode and the high-frequency phonon to tBg Ay mode; tional solid-state reaction method. High-purity powders of
and the reversed assignment was also reported for the twi,0;, SrCQG;, CaCQ,PrO;;, L&Oz; and CuO
modes’~° Raman scattering was widely studiéd for the  were ground and sintered in air at 850 °C for 12 h, then
sample BjSr,Ca _,Y,Cu,0, ; the observed changes in pho- reground and sintered at the same condition for two more
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FIG. 1. Lattice parameters for BBrCa_ ,Pr,Cu,0g, s -
(squarey and BhSK,_,La,CaCyOg, 5 (circles vs the dopani{Pr 250 |- i
and L3 content.
times. Finally, they were ground again and pressed into pel-
lets and calcined at a temperature between 850 and 930 °C 290 L .

for 72 h, and cooled to room temperature by an air furnace. 200 300 400 500 600 700 800
In order to obtain the samples with different oxygen content, Raman shift (cm-1)
the as-prepared samples of,Bi,CaCyOg were annealed at
500 °C in the nitrogen and oxygen flow, respectively. The FIG. 2. Room-temperature Raman spectra for the samples of the
obtained samples were characterized by x-ray powder dif®'25%2Ca-xPiCl:0g. 5 system.
fraction with CuK « radiation. Lattice parameters for single-
phase materials were refined using the Bragg peaks over ti@ssible explanatidn for the relation between the-axis
6 range. Raman spectra were measured on a Spex-1403 Rangth and oxygen content is that extra oxygen incorporated
man spectrophotometer using a backscattering techniquéto the BiO layers leads to a change of the orientation of the
The 5145-A line from the argon ion laser was used as ami®" lone pair, which causes a decrease of the distance of the
excitation light source. All measurements were made at roorfwo adjacent BiO layers. Another explanatibiis that the
temperature, and each spectrum shown was taken with reféet positive charge and hence the repulsion between the
cusing on at least two different spots to assure reproducibilBi,O, layers decrease, causing the slab sequence, SrO-BiO-
ity. The resolution of Raman spectra was 3 ¢mand the BiO-SrO, to shrink. The c-axis parameters are 3.0694 and
laser spot size on the samples was about 1 mm. 3.0817 nm for the pure Bi2212 samples annealed at 500 °C
in O, and N,, respectively. It directly indicates that reduction
of the pure Bi2212 sample leads to an increase otthgis
lattice parameter, which is consistent with the previous
X-ray-diffraction patterns can be indexed with a reports:®**
tetragonal lattice for the samples of ,Br,CaCyOsg, Figure 2 shows the Raman spectra of the
Bi,Sr,_La,CaCyOg, and BpSLCa_PLCWO, (x<0.5)  Bi;SCa_«PrCWLO, (x=0.2,0.4,0.6, and 1)4n the fre-
systems, while the samples of Br,Ca_,Pr,Cu,O, quency range of 200-800 crhat room temperature. In Fig.
(x>0.5) were indexed with an orthorhombic lattice due to a2, four Raman modes at 290, 464, 630, and 660 tmere
splitting of the (200) peak observed in x-ray diffraction. A clearly observed within this frequency range. The 290- and
similar phenomenon has been observed in the Y-dopef60-cm ' modes have been identically assigned to Bhg
Bi2212 system. It suggests that the samples are a single Binode of vibration ofO(1)c, atoms along the axis and to
2212 phase. The dopant content dependence of lattice paratfe vibration of extra oxygen within the BD, layers, re-
eters is plotted in Fig. 1. It shows a monotonous decrease ispectively. The mode at 464 crh remains essentially con-
thec axis with substituting both Bf for C&" and L&" for  stant with increasing Pr content, while the 630-cnmode
SP*, but thea-axis parameter shows an opposite trend. Thechanges significantly as a function of Pr concentration, and
length of thea axis is considered to be controlled by the softens at about 12 cht in going from B,Sr,CaCyQOg, 5 to
in-plane Cu-O bond distance, which is closely related to théBi,SL,PrCy,0g . 5.
carrier concentration. The increase in thexis parameter TheB;4 O(1)c, phonon is directly related to the atoms in
arises from the decrease of hole concentration that weakeitise conducting Cu@planes. Its intensity increases with de-
the Cu-O bonding when dopant content is increased. ltreasing metallicity(increasingx) as seen in Fig. 2. The
should be expected that tleeaxis lattice parameter slightly similar behavior has also been observed for the correspond-
increases when Ca is replaced by*P(r.;=1.126 A), ing vibrations related to the Cy(planes in YBaCu;Og., 5
since C&" has only an ionic radius of,;;=1.12 A. Butthe  (Ref. 15 and B,Sr,Ca_,Y,Cu,0q, 5.2 These effects are
c-axis parameter decreases by 0.047 nm on going frondirect manifestations of the decrease in the number of charge
Bi,SL,CaCyO0g, 5 to the BLSKLPrCw,Og, 5. It could arise  carriers induced by doping. The decrease of holes induced by
from the increase of excess oxygen incorporated between thioping leads to a reduced metallic screening both within and
Bi,O, double layers induced by aliovalent substitution. Onebetween adjacent Cy(lanes, leading to larger Cy®ond

Ill. RESULTS AND DISCUSSION
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FIG. 3. Room-temperature Raman spectra for the samples of the 200 300 400 500 600 700 800 900
Bi,Sr,_,La,CaCyOg, 5 System. Raman Shift (cm-1)

. . . . FIG. 4. Room-temperature Raman spectra of the as-prepared
pola_rlzabll|t|es and phonon intensities, and to a weaker elecs-amlole in air and the annealed samples at 500 °C in flowingr@
tronic Raman tzackground. THe(1)c, B.lg phonon softens N,, respectively, for the BB,CaCyOy. 5 System.
by about 10 cm! when the Pr content increases froms 0
to 1. The shift of this phonon frequency has been believed tghay be the main reason why Pr substitution for the
originate mainly from variation of the average ionic radius of smaller Cd 2 leads to softening of this mode.

Y (Ca) sites induced byR doping in Y123, Y124, and Y- The Raman shifts and peak widths of the vibration modes
doped Bi2212 systenfs:®**LargerR ions lead to an elon- were determined by fitting the peaks in the experimental
gation of theO(1)¢,-R bonds, smaller force constant, and a spectra with distributions of Gaussian form since the 630-
lower phonon frequency. It is found that rate of the Ramarand 660-cm* phonons are not resolved by the Rayleigh
shift induced by variation of ionic radius of the @&r) sites  criterion. The results in Table | were deduced by fitting the
in the Pr-doped Bi2212 system is nearly the same as that iRaman data as shown in Figs. 2, 3, and 4. Figure 5 shows
Y123, Y124, and Y-doped Bi2212 phase*® that the Raman frequency of the mode at about 630'cm
Raman spectra of the samples changes as a function of dopar and La content and the
Bi,Sr,_«La,CaCyOg, 5 (x=0,0.3, and 0.y are shown in  c-axis parameter, respectively. Figure 5 indicates that the
Fig. 3. When compared with Raman spectra of the Pr-dopeftequency of this mode decreases monotonously with in-
Bi2212 system, thd,y O(1)c, phonon is not observed in creasing the dopant concentration and oxygen content. It is
Fig. 3. As discussed above, the intensity of Bél)c, B,  found that the effect of La substitution on this mode is larger
mode increases with decreasing carrier concentratiofi La than that of Pr substitution. Both Pr and La substitutions lead
substitution on Si" also should result in a decrease of holeto a decrease in frequency of this mode although® Rvas
carrier, which is confirmed by resistivity measurement. Thesubstituted for a smaller & and La&* substituted for a
metal-insulator transition takes place at=0.6 in the larger Sf*. Therefore, the effect of La and Pr doping on
Bi,Sr,_,La,CaCyOg . 5 system. It suggests that the effect 630 cm ! cannot be explained only by average ionic radius.
on theO(1)c, By mode also could be related to the doping In Y123 system, the effect of rare-earth metal substitution for
site. The phonon mode of 630 crhapparently shifts to low Y on the Raman shift of phonon modes has been well ex-
frequency with increasing La. plained by average ionic radiés® In the case of Bi-based
Figure 4 shows the Raman spectra of an as-preparesliperconductors, the doping is generally carried out with an
sample and the annealed samples at 500 °C,iar@d N, for  aliovalent element, then the aliovalent substitution leads to a
the pure Bi2212, respectively. Three main peaks are obehange of oxygen content. Therefore, the oxygen content is
served in the spectra. In the three spectra, the two modes ah important factor causing the frequency shift.
low frequency nearly remain constant, while the intensity of As mentioned above, it is controversial to assign the 464-
the O(1)¢, By mode apparently decreases for the sampleand 630-cm! mode. Kakihanat al. have pointed out thét
annealed in N relative to the sample annealed in,.Gt  the assignment of the 464-crh phonon to a Cu@plane
indicates that the effect of oxygen content on the Ramawibration is not correct. We agree with the assignment pro-
shift of theO(1)¢, B4 mode is small in the Bi2212 system, posed by Kakihanaet al,® that is, the assignment of the
which is consistent with that in the Y123 system, in which630-cni'! phonon to symmetridA,4 vibrations of O(2)g,
the frequency of theB;4 O, mode increases only about along the c axis, together with the assignment of the
5 cm ! on going from the superconducting YB2L,O; to  464-cmi ! mode to O(3)si Aq along thea-axis vibration.
the nonsuperconducting YB@u;Og.'® The frequency of the The reasons why this assignment is more likely an alterna-
mode at about 630 cit is 9 cmi ! lower for the sample tive rather than a reversed assignment made in several pre-
annealed in @rather than in M. It suggests that the increase vious report$® are the following.(1) The effect of Pr sub-
of the excess oxygen incorporated into the,@i layers  stitution for Ca on the 630 cit mode is smaller than that of
leads to a down-shift of the mode at about 630 ¢pwhich  La substitution for Sr, whereas the mode at 464 ¢me-
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TABLE I. Phonon frequencies and widths of the phonon Raman modes for the samples of
Bi,Sr,CaCyO, (Bi2212) with different oxygen content, namely, the ,Bi,Ca _,Pr,Cu,0, and
Bi,Sr,_,La,CaCyO, systems.

samples O(1)g, Halfwidth O(3)g  Half width  O(2)g/Ocyya  Half width
As-prepared in air 290 26 464 34 628/660 42/20
Annealed in Q 291 22 464 33 622.5/653 34/16
Annealed in N 293 18 464 43 632/662 31/15
Y-doped,x=0.2 287 32 463 31 626/659 28/18
Y-doped,x=0.4 285 34 464 28 623/657 28/18
Y-doped,x=0.6 282 33 464 37 618/654 28/21
Y-doped,x=1.0 279 39 462 26 615/649 41/28
La-dopedx=0.3 463 20 620/656 28/23
La-dopedx=0.7 462 22 610/649 35/20

mains unchanged with the substitution. In addition, theBj-O(3)-Bi force constant is hardly affected by the doping
464-cm ' mode, which is forbidden for a single BiO layer, and the change of oxygen content, leading to little shift of
is not observed in BiSCaCyO, (Bi1212), while a very  the 464-cri! mode. Recently, Chogt al?? reported that the
strong peak at062%7 ct appears in the Raman spectra of g30-cn% phonon line is more strongly influenced than the
Bi1212 samplé®?! (2) The mode at 464 cm' is only ob-  4g4.cpy 2 phonon line upon the intercalation of HgBinto

served when the incident and scattered polarization vectoig gi2212 system. It supports the present assignment of

lie yvithin the ab plane” In addjtiqn, this mode nearly re- 464- and 630-cm® modes since the intercalant layer is sta-
mains constant upon the substitution and the change of oxy5ii-aq in between BIO, layers but far from the SrO one

gen content. This is because the length of the B8)®ond For the Bi - 8

. ; . bSKLCa _,Y,CWw,Og system, Kakihanzet al.
de_pen?shnz)altr\];ly on tt:e m-planstCub-lO It()ond.tThfare ex'St‘%gscribed softening (20 crt) of the O(2)s, A, mode to the
rr:lsma c d tﬁ eenk ﬁ Eleroll/SB'ISS %C T?]Oh aning a {;u charge redistribution induced by replacing "Gawith the
plane an € rocksait block BIO-or0. The Guplane is ifferent valence Y2 besides variation of average ionic ra-
under compression, so that the length of in-plane Cu-O bon ius of Ca sites. As shown in Fig. 2, the frequency of the

nearly remains constant upon the doping. Therefore, th%(z)Sr A, mode downshifts by about 12 crh when Ca is
completely replaced by Pr. Based on the explanation of the

670 ' ' ' Raman shift of theD(2)s, Ay mode discussed by Kakihana
660 - L 4] et al, an upshift of theO(2)s; A; mode is expected for a
- . * 4 larger ion substitution of P for Ca'2. In fact, the trivalent
5 osor ¢ ] rare elements substituting for the divalent Ca also leads to an
=640} . increase of the oxygen content as discussed above. Figure 4
§630 | a ] indicates that theD(2)s, Ay mode softens with increasing
3 " . oxygen content. It suggests that the softening of the
& 6201 . " . 7 O(2)sr Ag mode induced by the increase of oxygen content
10l . ] offsets the hardening of this mode induced by “internal pres-
- - : sure” effect in the Pr-doped Bi2212 system. The mode ex-
302 ks paramete?'(?ﬁn) 8.08 pected to be most strongly affected by the removal of the
70— ' ' ' ' extra oxygen is, due to its proximity, the BM2)g, vertical
__ 660 . vibration at 630 cr. This has been observed in Fig. 4. The
E esol 1 lattice parametec increases upon removal of oxygen; con-
° sequently, the BO(2)g, distance becomes larger. So one
£ 640} . might expect the frequency of this mode to decrease corre-
A s30l ] spondingly. However, an upshift of this mode is observed
§ experimentally in Fig. 4. The dependence of the(&R2)s,
X 620 T frequency on oxygen content is therefore anomalous. The
610l ] observed result suggests that the change in valence may be
- - - - the dominating effect causing the frequency shift. In Fig. 5,

0.0 0.2 0.4 0.6 0.8 1.0

the frequency of thé(2)s, A; mode decreases with a de-
dopant concentration (x)

creasingc-axis parameter for the Bsr,CaCyO, annealed
FIG. 5. Raman frequency for B8nCa_,PrCu,Og., N @ different atmosphere, BBr,Ca _,Pr,Cu,O y and
(squares and BiSr,_La,CaCyOg. 5 (circles for the 630- and Bi2Skh-_yLaCaCyOy systems. It suggests that thexis pa-
660-cni ! lines vs the dopant content and theaxis parameters. rameter may be related to covalent (Bi“Ojomplexes shar-
The c-axis parameter dependence of the Raman frequency is aldfg the oxygen deficiency. It is well knowh?* that Y123
plotted for the pure Bi2212 samples annealed in flowingg@d N,  and Y124 can be recategorized as Cul212 and Cu2212 or
(triangles, respectively. 1212- and 2212-type two-CyBayer systems, respectively,
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in analogy with Bi1212 and Bi2212 compounds. Comparedstood since the frequency shift of td2)s, A, mode arises
with the structure of the Y123 system, the structure ofmainly from the extra oxygen, leading to a change of the
Bi,Sr,CaCyQg is the same as that of Y123 except that thecharge distribution around th@(2)s, sites.

double Bi-O layers are replaced by one Cu-O chain in the

Y123 system. Therefore, the BK2)g, vertical vibration at V. CONCLUSIONS

630 cm ! should correspond to the CL)-O(4)g, vertical The following effects can be seen with use of
vibration at 500 crn?! in the Y123 system. The effect of Raman spectroscopy for Br,CaCyO, (Bi2212,
oxygen content on th®(2)s, Ay mode is in contrast to that Bi,S,Ca ,Pr,Cw,0,, and BiSr,_,La,CaCyO, systems.

on the correspondingO(4)g, A; mode in YB3gCu;O;  Thec-axis parameter of the samples decreases with increas-
(Y123), in which the frequency of th®(4)g, Ay mode de- ing dopant concentration or oxygen content. The frequency
creases upon removal of oxyg&t?° But the CU(1)9(4)Ba of the O(2)s, A; mode decreases with a decreastgxis
distance actually decreases with increasing the oxygen defparameter. It is anomalous since the softening of the
ciency while the frequency is lowered. The effect of oxygenO(2)s, A; mode corresponds to decrease of theCBR)g,
content on theO(4)g, A; mode is also dominated by the bond. The change in valence arou{2)s, sites is the
change in valence, while the behavior of Raman shift causedominating effect causing the frequency shift, which is why
by the change in valence is contrast to that in Bi2212 systenthe effect of La® substitution for Sf? on the O(2)s, A

In Fig. 5, it is easily found that the downshift of the mode in the BjSr, ,La,CaCyO, system is stronger than
O(2)sr A; mode in the BjSr,_,La,CaCyO, system is that of Pr3 substitution for Céz on this mode in the
larger than that in the Br,Ca _,Pr,Cu,O, system. This is  Bi,S,Ca _Pr,Cu,0O, system. The effect of oxygen content
because L substitution for St* leads to a larger change on theO(2), Aq mode in the Bi2212 system is in contrast to
of the charge around th@®(2)s, sites and the length of the that on the correspond|r©(4)BaA mode in the Y123 sys-
Sr-02) bond This supports the assignment of 464- andem. The O(3)g Ay phonon mode does not remarkably
630-cm  phonon modes. It should be pointed out that thechange upon the doplng and change of oxygen content. This
frequency shift of the mode at 660 crhas a result of the is because both substitutions in Ca and Sr sites and the
extra oxygen is always consistent with that of D€2)g, Aq change of oxygen content cannot apparently change the
mode upon doping as shown in Fig. 5, which is well under-Bi-O(3)-Bi force constant.
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