JOURNAL OF MATERIALS SCIENCE34 (1999)3241— 3247

Infrared spectra of bismuth family of
superconductors Bi,Sr,Ca,_1Cu,04,2,.
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FTIR spectra of bismuth family of superconductors are studied. Polycrystalline samples of
bismuth superconductors are prepared choosing an off-stoichiometric composition for
phase stabilisation and reproducibility. Vibrational modes are strongly affected by the holes
introduced into the CuO planes. Mid IR spectra of the Bismuth system was recorded using
Bruker IFS 66v and the high frequency oxygen vibrations of the system is discussed based
on the factor group analysis for both symmorphic and non-symmorphic space groups
[4/mmm, Frmm and Amaa Of different structures based on the modulated superstructure.
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1. Introduction high T, superconductivity. FTIR is very much used in
Study of phonon properties are very much important instudying the physical properties of high supercon-
understanding the crucial mechanism responsible foductors. For highT. oxide superconductors, no matter
high temperature superconductivity. The Raman anavhich system (T1, Bi, Y-123 etc.) they belong to, the
IR spectroscopic techniques are highly accurate in pro€uO planes play an essential role in their superconduct-
viding information on (i) charge dynamics and phononing nature. Hence attention is focused on the phonon
spectrum (i) nature of phases present (iii) occurrence ofnodes associated with Cu-O vibrations in the present
structural changes and (iv) phonon softening-evidenc&ork.
of electron-phonon coupling etc. When compared with In general, the structure of the bismuth system is
123 system, bismuth family of superconductors hagound to be complex. Common imperfection in the
large potential in the area of application in the form of layered materials are stacking faults and intergrowth.
wires and tapes. The bismuth family of superconduc<Cationic vacancies, disorders like Bi vacancy and
tors can hold very large current density upto an order oBi cross over to Sr site are found to be responsi-
of 10° A/cm? making it feasible for technological revo- ble for incommensurate structural modulation. This
lution. This made the scientists to work on this systemin turn produces distortions in Bi-O, Sr-O and GuO
to open the new avenues. planes and due to this apparent disorder in the sub-
Single phase formation of bismuth family of super- cell the precise nature of Bismuth-oxygen bonding
conductors is very difficult to achieve, due to its in- nature is not yet clear. The structure is described
commensurate structural modulations and intergrowttas a stacking of a basic £r,CuQGs unit with one
of other related phases. Cationic vacancies/disordemsr two CaCuQ layer inserted along the-axis. The
are found to be responsible for this structural modudayer sequence is BiO-SrO-CurO-BiO, for n=
lation. As the electronic properties are very sensitivel, 2201 phase, BiO-SrO-Cy€Ca-CuQ-SrO-BiO, for
to small changes, just near perfect stoichiometry, an ata = 2, 2212 phase and BiO-SrO-Cp@a-CuQ-Ca-
tempt has been made here to prepare single phase of bisuO,-SrO-BiO, forn = 3, 2223 phase. Even though the
muth family of superconductors and their mid IR prop- average structure is taken as tetragonal [1] due to the
erties were studied, with reference to high frequencychange in oxygen position in the bismuth layers [2]
oxygen vibrations, based on normal mode analysis. A$wo different non-symmorphic space groufgmm and
the highT, superconductivity is induced by the excess AmaaWere proposed by different authors [3, 4] for all
holes in the oxygen sites of the CuPlanes (whichin  the three phases. In bismuth system excess oxygen is
turn interact with the copper electrons) the study of vi-placed as interstitial and cationic vacancies. Structural
brational modes of oxygen atoms are hence consideredodulation in bismuth system is due to the addition
important in revealing the truth behind the mechanismof one in ten oxygen atoms in the Bi-O layers [5, 6].
responsible for superconductivity. Spectroscopic techThe role of oxygen vibrations in the HTSC systems
niques are more sensitive than any other techniqueare clearly established beyond doubt. Hence the irre-
such as XRD, resistivity and susceptibility, to the dis-ducible representation of all oxygen vibrations for all
order in bismuth cuprates and give relevant informathree phases for the three different structures are given
tion about the vibrational modes and the mechanism oin Table I.
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TABLE | Oxygen vibrations of three structures of bismuth family of due to excess/disordered occupation of oxygens atoms
superconductors inthe Bi plane. Following, Sumana prabétal.[10] an
off-stoichiometric By 1Sh 93 Cag.97CWp0sg, s quantities

System Space group Irreducible representation >

of Bi»03,SrCQ;,CaCQ;, and CuO are ground well and
2201 14/mmm Pou+ Bou + 4Ey calcined in air at 810C for 16 h. To increase the dif-
;ggi ":mmm 3/}:\7“ 32‘; + 42@” + 455; fusion path length for homogeneous mixture at atomic
So1o - i " B:“I4E2“+ % Jevel, heating and grinding was repeated at 88Gor

u u u .

2212 Fmmm Ay + 3By + 4Boy + 4Bgy 6 h anq 875°C for 12 h and then pelletised. Pellets
2212 Amaa 4A, + 5B1y + 8Boy + 7Bay were sintered at 870C for 12 h and furnace cooled to
2223 14/mmm £, + 2By, + BEy room temperature. THE of the material was enhanced
2223 Finmm 2A, + 4By, + 6By + 6Bsy by introducing the pellets into a pre-heated furnace at
2223 Amaa 5Ay + 6By, + 10B, + 9Bgy

805°C for 2 h and quenched in air.

Preparation of 2223 phase is very difficult to get a sin-
gle phase. Generally dopants influence the crystal struc-
. ture in many ways like phase stabilisation, increase in
2. Experimental _ _ volume fraction and the ordering of Cu-O bonds along
Infrared spectroscopic _stud_y of Bi family of supercon- tpe c-axis etc. According to Dupoust al.[11], as the
ductors are presented in this paper. As the structure gfmount of dopantincreases, the impurity phases present
the bismuth family of superconductors are complex dugn, the system is also found to be increasing. From XPS
to incommensurate structural modulation single phasgyygies, it was found that the divalent Pb was substituted
formation and reproducibility is very difficultto achieve oy trivalent Biin doped samples. Further Dupatal.
in this class of mate_rl_als. An attempt is made here 1911] found that the displaced Bions would move into
prepare, phase stabilised, reproducible phases, for thges with higher coordinance state. These sites would

spectroscopic investigation. be located between Bi-O and Cu-O planes and would
Bismuth family of superconductors are representeq:ompared to unfilled Sr sites.
by the general formula (AO), A" Ca,_1CuOn2n+5 Hence an off-stoichiometry proposed by Sasakura

where A" is Bi, A" is Sr anchis the number of consec- gt al. [12] Biy ¢gPhy 35S 75Ca 75CUs 7501045 IS cho-
utive CuQ layers. EDX [7] measurements shows thatgen with excess Pb, Ca and Cu, since excess Ca and
Bivacancies and Biis also known to cross over and subcy, partially substitute for Sr and Bi. A solid solution

stitute at the Sr site as well. Hence a controlled Ca/Sp¢ Bi1 65Phy 325 75Ca1 75C Wy 75010,.s Was prepared by
ratio controls incommensurate modulation to some €Xmeans of solid state reaction, doping approximately
tent. Moreover bismuth cuprates are greatly amenablggos, pp for phase stabilisation. Compared to other two
to chem_ical substitgtion Where_by metallic and SUperphases, 2223 has to be annealed for a very long time.
conducting properties can be induced. Generally engjgh purity oxides and carbonates were calcined in air
hancement oflc and consistency and reproducibility 5t 795°C for 24 h below the melting point of bismuth
of single phase is also said to depend upon (i) startingyide. Sintering was carried out at 888for 65 h. After
composition/stoichiometry, (ii) dopants to stabilize the grinding and pelletising, second sintering was carried
phase, (iii) different processing temperature, (iv) atmo-gt for 90 h at 858C.
sphere and sintering periods and (v) changes in struc- a|| the ceramic bulk samples prepared by solid state
ture due to creation of cation vacancy and a change igeaction were characterised by XRD spectra (Fig. 1)
bismuth valency and oxygen coordination. using CIK,, radiation (Rich seifert, Germany). All the
Taking into consideration of above facts, 2201 phasharacteristic peaks corresponding to the respective
was prepared by simultaneous substitution of bisphases were found to be present. Except 2223 all other
muth by Pb and strontium by La. Following earlier phases are found to be single phasic and 2223 shows
work [8], 2201 phase is prepared using a compositionmpyrity phases due to 2212. This may be attributed to
of BiysPhysSr sLag4CuGs; by solid state reaction.  the ynreacted Ga, Sr,CuO; [13].
High purity Bi,Os, PbO, SrCQ, CaCQ and CuO (All IR spectra: Mid IR measurements were carried out
Cerac, USA, 99.9% purity) were takenin stoichiometrico the polycrystalline samples. Sintered pellets were
proportion, ground thoroughly andfired inairat 8@  reground and mixed with KBr, then pressed in to pel-
for 12 h and furnace cooled. The following schedule ofjets Transmission mid IR was recorded for the samples
heat treatments were further carried out with interme-sing Bruker IFS 66v between 400 and 4000¢nThe
diate grinding: 820°C for 12 h and 840C for 24 h.  |R spectrum of pure KBr pellet of the same size was
The final powder was grounded and pelletized. The pelfirst recorded and then used to eliminate the background
lets were sintered at 84 for 24 h in air and cooled  from the spectra of the mixed sample. The transmission
to room temperature by furnace shut off. Subsequentlyyinima which represents the absorption maxima, cor-
sintering was repeated at a higher temperature’80 respond to phonon frequencies, Bugtsal. [14]. The
for 24 h. recorded frequencies are tabulated in Table Il and com-

~ Amongall other phases, 2212 phase was widely studpared with the available literature [15—17].
ied due to its larg@. and its suitability to prepare wires

and tapes. Ono [9] added excess bismuth to the off sto-

ichiometry solid solution, which cross over and occupy3. Result and discussion

either Sr or Ca plane to form a single phase. The con©rthorhombic lattice cell parameters of bismuth super-
trolled Sr/Ca ratio reduces the structural modulationconductors were refined using Autox programme [18]
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Figure 1 XRD pattren of bismuth family of superconductors: (a) 2201 phase (b) 2212 phase and (c) 2223 phase.

and they are presented in Table Ill. The values are irsurements (Sumitomo, Japan) were carried out for all
good agreement with the available literature. Resistivihe three phases of the bismuth family of superconduc-
ity of the bulk samples were measured using Vandetors and depicted in Fig. 3. Sharp transition observed
Pauw’s four probe method. Helium cooled closed cy-for 2201 phase indicates the homogeneity of the sample
cle cryostat (Leybold, Germany) is used for resistivity whereas 2212 phase shows a broad transitidp.at
measurements upto atemperature of 15K, for2212 and IR spectra measurements reveal more information
2223 phases. Metallic behaviour and sharp transitionthan the earlier works. Our spectra exhibit distinct struc-
at 77 K for 2212 and 99 K for 2223 are observed. Fromture which we attribute to the presence of single phase
the p-T plots given in Fig. 2, the room temperature re-formation of the compounds. The characteristic change
sistivity was found to be 3.5 rtecm for 2212 and it and the dependence of the phonon frequency on the
is 2.68 mQcm for 2223 phase. AC susceptibility mea- number of Cu@ layers are discussed from the point

3243



TABLE Il Mid IR phonon frequencies of bismuth family of w
superconductors X o Pgmsgggeseo. 2223
° *Poon, o°o:°°°°°°°°°°°°°°°°°°oooogoonnoozn(o);]oooow
2201 2212 2223 . c, e
~ . :3 000000
Present Reference Present Reference Present Referenct N
work [15] Work  [16] work [17] 5] . .
a o
< | .
417 — 410 — — — ~ .
— — 432 — — — ® .
— — 447 — — — ° ° o
474 — 476 471 478 — :
— 490 489 — — — ° o
509 — 507 — — 500 o
— — 525 — — — & :
534 — — — 530 — “’/. ‘ , . . .
— — 547 — — — 0 50 100 150 200 250 300
567 — 563 — — —
578 580 584 586 —_ — T
- - 594 - - _ Figure 3 Susceptibility plots for (a) 2201 phase (b) 2212 phase and
- - 609 609 611 - (c) 2223 phase.
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TABLE Il Lattice parameters of orthorhombic phases of bismuth M/\ /J 2223 /
family of superconductors uﬂ\ \ /
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ac susceptibility V \
System a(d) b(A) c(A)  Tezen®)  Teonset(K) \
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Figure 2 Resistivity plots for 2212 phase and 2223 phase.
Figure 4 IR spectra of bismuth family of superconductors (a) 2201 phase

(b) 2212 phase and (c) 2223 phase.

of view of normal mode analysis. Clear-cut and un-

ambiguous assignments are not possible in the case

of IR spectra. However on the basis of some general For the 2201 phase, eight theoretical IR modes are
points, the spectra is compared with the well knowncalculated from the factor group analysis. Out of the
iso-structural systems like T1 system and Y-123 syseight, all the B, modes involve only oxygen vibra-
tem. From the analysis of results of the three membertions. In the observed spectra given in Fig. 4, there
n = 1, 2, 3 of bismuth family it is clear that there are seven prominent peaks occurring at 417, 474, 509,
are characteristic phonon modes with frequencies th&34, 567 and 578 crit omitting the higher frequencies.
are not much different for the different compounds.Independent assignment of the peaks are difficult even
The phonon frequencies at and around 470°tns  though the system is said to possess centre of inversion.
found to be common in all the three phases and it is atiR frequencies in HTSC systems is used to analyse the
tributed to the similarity of the structure of the different Cu-O vibrations. Since the role of Cy@lanesin super-
phases. conductors can not be neglected. The peaks appearing

3244



close to 490-510 cnt are assigned to the out of phase 9o from higher phase to the lower phase. It is noted
vibrations of Cu-O. The highest value 578 chmode  that the peaks occuring at and around 580-600cm
is assigned ta-direction stretching of Cu@octahe- are hardly affected in all the three phases. Of all peaks
dra. Of all these modes the one close to 490-510%cm the absorption peak occuring at around 475 ths a
having an absorbance 0.0177 is compared with the oneommon peak for all the phases.
reported by Popoviet al.[15] which is found to under
go phonon softening at low temperature. This may be
compared with T1-2201 system based on the LD calcu4. Comparison with impurity phases
lations [19]. The highest peak at 578 chis attributed  In almost all the bismuth family of superconductors,
mainly to the vibrations of oxygen in the SrO plane Ca& xSkCuG; is found as impurity. We have com-
against oxygen in the BiO plane. pared our IR transmission spectra with the spectra of

For 2212 phase, out of the eight, five modes areCa& xSKCuQ; [13]. In Ca xSrCuQs, copper ions
due to oxygen related vibrations. Transmission min-are coordinated with four coplanar oxygen ions form-
ima (absorption maxima) occurs at 410, 432, 447, 476ing infinite Cu-O chains as found in the 123 sys-
489, 507, 525, 547, 563, 584, 594, 609 and 673%tm tem. Hence the study of vibrations of Cu-O chains
in the observed spectra. Unambiguous assignments ai@ Ca xSiCuQ; is compared with that of the bis-
not possible due to mixing of modes or due to groupmuth system. In Table IV, the IR transmission peaks of
vibrations. On comparing with the known similar struc- C&_xSCuQ; are compared with the rest of the bis-
tural compounds like Y-123 system and T1 countermuth family. The intensities of the peaks at 534¢m
part 2212 system assignments have been carried ouf 2201 (97%, absorbance 0.0132) and 530 trim
From the analysis of the spectra of the similar com-2223 (99%, absorbance 0.00436) are to be taken in
pounds, some general points can be made. The alto account for comparison with the peak at 530¢m
sorption peaks around 500 cfand above correspond in Ca_xSrCuO; which appears as a broad shoulder
to Cu-O vibrations. Mainly high energy vibrations are in the transmission spectra reported by Zlateval.
due to oxygen bond stretching against copper atomg13]. This broad shoulder shows dramatic change in
In IR spectra of Y-123 system, there are mainly threethe intensity when the doping level is increased. When
high energy peaks due to Cu-O stretching involvingx = 0.4 the peak completely disappears.
two in-plane modes and one chain mode. The one oc- The common building blocks (Cu-O layer) found in
curring around 558 cmt is assigned to Cu(1)-O(4) all the superconductors are vital important in decid-
stretching of the chain Cu(1)-O(4)-Cu(1)-O(4)-alonging the nature of superconductivity. Even though the
thex-axis. In Y-123 system O(1) atoms along thei-  Structural transitions are not related to superconduc-
rection bridges Cu(1) and Cu(2) layers. In a similar waytivity except for 123-system, their contribution to the
O(3) atoms of SrO layer bridges the BiO and copper laynormal mode analysis provides an insight for the spec-
ers in 2212 bismuth family. Moreover, the local struc- troscopic understanding of these superconductors.
ture of Cu@ pyramids facing each other over Y atom IR frequencies of the bismuth system is compared
is the same for bismuth and 123 system and the Cu@ith the other simple Cu-O plane containing systems
chain structure in Y-123 is replaced by BiO, bi layer in like CuO [20], CaCu@ [21] and N@CuQ, [22]. In
the bismuth system. As the charge transfer of holes 0ocCuO, copper and oxygen atoms form a simple planar
curs between the adjacent layers, the high frequency vicoordination. The strong bonds are observed between
brations of bridging oxygen is considered spectroscopi400 and 600 cm’. Out of these 483 crt mode is
cally important in revealing the mechanism responsibldound to be strong compared to the rest.
for superconductivity.

Then =3, 2223 phase has three CuO planes per unit
cell and gives highest, among the three members.
For all the three members of the family the absorptionTABLE 1V Comparison of phonon frequencies of impurity phases of
maxima is found to be varying witfi.. Compared to  Ca-xSiCuQ;z with the bismuth family of superconductors
all the three members of the family, 2223 is said to have
a very few absorption maxima namely at 478, 530 and
611 cnt!. The dependence of phonon frequency onthezor 2212 2223

Bismuth system CaxSr,CuOs

Frequency Mode Assignment
number of Cu@ layers is found to be increasing with

the increase in the peak frequency. The phonon moded’ 410 — 412 Bu o)
around 600 cm! is mainly attributed to the vibrations — ji? B 457 B of

. . . . . . — — 3u (2)

of the bridging oxygen ions against oxygen ions in the,,4 476 478 _ _ _
BiO layer. — 489 — — — —
Hewatet al. [5] showed that the modulated super- 509 507 — — — —
structure arises because of additional oxygen ion in=" 525 = - — —

serted in the BiO layer. IR spectra reveals dramatics_34 547 5_30 iso B_lu ci(z)
changes in the intensity as a consequence of increagg; 563 —_ _ — —
ing carrier concentration for some of the modes due t@7s 584 — — — —
the additional oxygen atoms, which are at an IR ac— 594 — — — —
tive lattice. For the mode occuring around 400¢ém — 609 611 — - —

673 — 682 Bou o)

the reduction of the absorption intensity occurs as we_




In Ca_xSrkCuG;s, copper ions are coordinated with pound Ca_,SrCuQ; possess b symmetry. As the to-
four coplanar oxygens along theaxis forming infi-  tal number of atoms in the unit cell are different also the
nite Cu-O chains. Mainly the vibrations around 300—second neighbour environment is different and hence
525 cnt?! are attributed to motions involving copper the total number of vibrational frequencies are different
(D2n symmetry) and oxygen (Do site symmetry) for the different systems. High frequency vibrations in
atoms. these compounds could not be assigned unambiguously

Burns et al. [21] have reported five IR modes like the vibrations of cationic masses. Even though all
(2Azu + 3Ey) intheir reflectance spectrum for CaCuO these compounds possess common CuO plane the unit
which is said to have infinite number of Cu-O planescell structure leads to different IR phonons.
having Ca atoms in between them. This structure is
closely related to AB@perovskite structure if an ad-
ditional oxygen atom is included. At room temperature5. Conclusion
the TO (the peaks in the reflectance are associated withTIR spectra of bismuth family of superconductors
absorption by TO phonons gt= 0, and the position are analysed based on the oxygen related vibrations
of these peaks are in reasonable agreement) modesaftCu-O planes in the high frequency region. The sim-
183, 231, 320, 424, and 598 cthare found in the ilarity of the structure of the system is exhibited by the
reflection spectra. The vibration due A3, modes are commonly found peak occurring at 470 chwhich is
observed along the-axis and the degeneraig modes  attributed to the bridging oxygen vibration common for
are observed in the ab-plane. all the three phases. The weak structures present in the

The T structure compound N€uQ, is also said to  spectra may be due to phonon modes associated with
possess CuO planar structure like CuO and CaClO local distortion of the Cu-O bond. IR spectra shows
possess tetragonal structure, having a simple CuO plardramatic changes in intensity as a consequence of the
without apical oxygen. Crawfordt al. [22] reported increasing carrier concentration for some of the modes
seven IR phonons &, + 4B,) occurring at 129, 134, due to the additional oxygen atoms which are at an IR
269, 300, 350, 505 and 509 crin their reflection  active lattice. For the mode occurring around 400-¢m
spectra. The copper oxygen symmetry in these differenthe reduction of the absorption intensity occurs as we
compounds and their contribution to the normal modegjo from higher phase to the lower phase. The peaks oc-
are listed in the Table V. curring atand around 580—-600 chare hardly affected

The phonon frequencies measured experimentallyn all the three phases.
for bismuth system in our work is compared with the
values reported by other authors even though the sec-
ond neighbours are different. Presence or absence #&cknowledgement
apical oxygen atoms in these compounds makes theéhe authors gratefully acknowledge the help offered
difference in the observed spectra. Except for CuO, alby Prof. U. V. Varadaraju and M. S. Ramachandra Rao,
the compounds possessgias factor group, whereas of M. S. R. C, |1 T, Madras, without which this work
CuO transforms as %. The infinite CuO chain com- would not have been possible.

TABLE V Copper-Oxygen symmetry in bismuth, £aSrCuQ;, CuO, CaCu®@ and NgCuOs compounds

2201-Tetragonal 2212-Tetragonal 2223-Tetragonal CuO-Mono- 2GS CuOs CaCuQ Ndo,CuQy

Dan Dan Dan clinic Cap Orthorhombic B Dan Tetragonal

Cu-Gay Cu-Guy Cu-Guy Cu-G Cu-Don Cu-Dsn Cu-Guy

O-Cyy O-Cyy O-Cyy o-G 01-Cyy O-D2n O-D2n
02-Dan

A2u; Eu A2u| BZu, Eu A2u, BZu, Eu Au, Bu Blu, BZu, BSu A2u; Eu; BZu A2u, Eu; BZu

Reflection Reflection

Transmission Transmission Transmission Transmission Transmission spectra spectra

spectra spectra spectra spectra spectra (TO) (TO)

417 410 — — 412 — —

— 432 — — — 424 —

— 447 — 452 457 — —

474 476 478 — — — —

— 489 — 483 — — 505

509 507 — — — — 509

— 525 — — — — —

534 — 530 — 530 — —

— 547 — 542 — — —

567 563 — — — — —

578 584 — 583 — — —

— 594 — — — 598 —

— 609 611 — — — —

— 673 — — 682 — —
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