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A method for comparative analysis of the vibrational spectra of multicomponent bismuth 
superconductors was developed and applied to a series of compounds formed as a result of 
successive addition of new layers; (Bi,Ca)O, - (Bi,Sr)O, - Bi2Sr2Cu06 - Bi2Sr2CaCu20, - Bi2Sr2Ca,Cu30,, - Bi4Sr4CaCu3014. Zone representations of the space groups were used in a 
group-theoretic analysis of the symmetry of the normal vibrations of bismuth compounds in the 
case of both isolated layers and three-dimensional crystals. A symmetry relationship between the 
layer and bulk (three-dimensional) vibrations was established. The transition from one 
compound to another was found to result in slight changes in the frequencies of the bulk phonons 
created by the layer compounds; i.e., these frequencies were governed primarily by the intralayer 
parameters, indicating that the phonon subsystem in bismuth superconductors was quasitwo- 
dimensional. 

1. INTRODUCTION 

Phonons participate in the establishment of the high- 
temperature superconductivity (HTSC), as demonstrated 
by a whole range of experimental observations (for example, 
the nonzero isotopic effect), but the role of phonons in the 
HTSC mechanism has not yet been determined uniquely. 
Therefore, investigations of phonon subsystems in different 
high-temperature superconductors is important, particular- 
ly in answering the question: which vibrations of what atoms 
make the contribution to the pairing of carriers in these su- 
perconductors? 

Numerous investigations have made it possible to pro- 
vide a fairly reliable interpretation of the vibration spectra of 
the YBa,Cu,O, ( 123) system. However, in the case of the 
high-temperature superconducting compounds containing 
bismuth this situation is somewhat different. There is a wide 
range of different bismuth high-T, phases, but the published 
investigations have been concerned mainly with the com- 
pound Bi2Sr2CaCu20, + , (2212) for which the Raman 
scattering spectra are given in many papers."I0 The spectra 
themselves obtained in different investigations agree on the 
average quite well, but their interpretation is sometimes very 
different, owing to the multicomponent nature of these com- 
pounds and the consequently fairly complex nature of the 
spectra. 

Our aim was a detailed investigation of the phonon sub- 
system of different bismuth superconductors. To ensure a 
reliable interpretation of their spectra, we synthesized and 
investigated a series of compounds formed by successive ad- 
dition of new layers: 

(Bi. Ci~)Oa+(ni ,  Sr)Oa--Bi2Sr2C~Oc+B1zSr,CnCrl.10j 
-* B~,SI . ,C;~CU,O,~+B~,S~~,C~CU~O, , .  

taining Bi, those that exhibit superconducting properties are 
the compounds forming a homologous series 
Bi, Sr, Ca, - , Cu, O,, + , + , with the phases with n = 1, 2, 
and 3 known as (2201), (2212), and (2223), respective- 
ly,113'3 as well as their derivatives formed by ordered inter- 

Their compositions and structures resemble 
those of the Aurivillius phases16 and they have layer perovs- 
kite-like structures complicated by incommensurate modu- 
lations and-in the first approximation-are characterized 
by the tetragonal symmetry (I 4/mmm) with thefundamen- 
tal unit cell parameters close to a ~ b ~ 5 . 4  b; and 
c ~ 2 X  (9.0 + 3.2n) b;. 

The layer nature of the bismuth structures and the simi- 
lar dimensions of their unit cells in the xy plane favor the 
formation of composites which consist of separate layers 
representing the (2201 ), (22 12), and (2223) structures in- 
tergrown along the (001) plane. New individual phases 
form if the intergrowth is ordered. Bearing in mind the possi- 
bility of formation of such phases, we can represent the ho- 
mologous series of bismuth high- T, compounds by the for- 
mula Bi, (Sr,Ca), +, Cum 0, (Refs. 14 and 15 ). In this case 
the number m represents the number of the CuO, planes in 
the unit cell with the parameter c close to ( 18.0 + 3.2m) b;. 
The values m = 2, 4, and 6 correspond to the initial phases 
(2201), (22 12), and (2223), whereas m = 3 corresponds to 
the recently synthesized composite compound (4413), ob- 
tained as a result of ordered intergrowth of the (2201 ) and 
(22 12)  phase^.'^,'^ The compound m = 0 is close in compo- 
sition and structure to the copper-free nonsuperconducting 
variable-composition phase Bi, -, (Sr, -,Cay ), O,,, - , ,  , 
where 0.1 (x(0.3 and O(y< 1 (P separate phase), which 
forms in the Bi20,-SrO(Ca0) system."-20 Structures be- 
longing to the homologous series Bi, (Sr,Ca), +, Cum 0, 
are shown schematically in Fig. 1. 

The common structure elements of all these compounds *- LAYER STRUCTURE OF SUPERCONDUCTORS are double bismuth-oxygen 2Bi0 layers (Fig. 1 ) . In the 
Investigations of the Bi203-Sr0-Ca0-Cu0, + , sys- (2201 ), (2212), and (2223) compounds these layers are 

tem have established that, out of the numerous phases con- separated by perovskite-like blocks containing, respectively, 
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the octahedral CuO,, the pyramidal CuO,, and the pyrami- 
dal CuO, with square CuO, copper-oxygen polyhedra. All 
these structures can be represented geometrically by a set of 
planes, which alternate in a certain sequence along the c axis: 
the plane of the Ca atoms, and the CuO,, SrO, and BiO 
planes. 

The structure of Bi, -, (Sr, -,Cay ),01,, - ,,, crystals 
(Fig. 2) consists of "sandwiches" formed by three close- 
packed planes of BiO, (Bi, Sr, Ca)O, and BiO, which are 
similar in structure to the superconducting phase layers and 
which alternate along the c axis. 

FIG. 2. Crystal structure of the compound Bi,-,Sr,O ,,-, , 
(x = 0.235) according to Ref. 29 (A) ,  and also of the compounds 
Bi,Sr,CuO, (B)  and Bi,Sr,CaCu,O, (C) .  

FIG. 1.  Schematic representation of the structures of the 
Bi, (Sr,Ca), + , Cu,O, bismuth series, showing the view of 
the xz plane. 

3. SYNTHESIS AND CHARACTERIZATION OF SAMPLES. X- 
RAY STRUCTURE INVESTIGATIONS 

We investigated single crystals with the (2212) and 
(44 13 ) phases separated from ingots recrystallized by zone 
melting, as well as Bi, - , M, O,., - ,, (P-phase) single crys- 
tals grown by the molten solution method, and ceramic sam- 
ples of the (2201) and (2223) phases (Table I ) .  Single crys- 
tals of the (2212) and (4413) compounds were thin platelets 
with the planes of the bases perpendicular to the c axis and 
they exhibited a mica-like cleavage along these planes. The 
dimensions of the crystals were ~ 0 . 1  x 2 x 2 mm. 

Samples of Bi, - , M,O,,, - ,,, were transparent yellow- 
ish-green crystals with a mica-like habit characterized by a 
very strong cleavage along (001 ) planes (in the hexagonal 
setting). The dimensions of these single crystals were 
0 . 1 ~ 6 X 6 m m .  

The cation chemical composition of these compounds 
was determined by x-ray spectroscopic microanalysis using 
a Camebax-301 spectrometer; their crystallographic charac- 
teristics were determined by the x-ray powder, rocking, and 
Weissenberg diffraction methods using a DRON-3 diffrac- 
tometer and a RGNS-2 x-ray goniometer (Table I) .  

In the first approximation the symmetry of the Bi su- 
perconducting crystals can be regarded as tetragonal. This is 
indicated by the weakness of the superstructure satellite re- 
flections compared with the main reflections, by the tetra- 
gonal pseudosymmetry of the diffraction patterns in the case 
of the main reflections, and by the near identity (within the 
limits of the experimental error) of the parameters a and b of 
the fundamental unit cells. A more rigorous analysis of the 
symmetry of the diffraction patterns based on the main re- 
flections indicates that the fundamental structures are de- 
scribed more accurately by the orthorhombic symmetry. 
The observed superstructure satellite reflections demon- 
strate the presence of an incommensurate modulation of the 
structures along the a axis. The components of the modula- 
tion wave vector q along a and b axes are practically the same 
for all the investigated superconducting phases 
(q, = 0.21a* qy = 0) ;  the component gradually in- 
creases from 0.6c* (m = 2)  to 0.80c* (m = 3) and l.Oc* 
( m  = 4 and 6) on increase in the number of the CuO, planes 
in the unit cell.', 

The superconducting properties of the investigated 
samples were deduced from the experimental temperature 
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TABLE I. Data on chemical compositions of grown crystals, their symmetry, and dimensions 
of unit cells. 

dependences of the magnetic susceptibility, recorded using a 
RAP-155 vibrating-sample magnetometer, and of the elec- 
trical resistivity, measured by the four-probe method. The 
results of the measurements are given in Table I. 

Phase I Chemical composition I Space group parameters, A T~ 9 

4. ANALYSIS OF THE PHONON SYMMETRY IN THE 
APPROXIMATION OF AN ISOLATED LAYER 

a 

These bismuth structures contain a large number of 
atoms in the primitive cell, the number of lines in the spectra 
is large, and the interpretation of these lines is quite difficult. 
Therefore, a group-theoretic analysis, in which a bulk crys- 
tal is considered as a whole (as a three-dimensional system 
periodic along each dimension), is frequently insufficiently 
informative. 

However, using only symmetry considerations, we can 
obtain additional information on the vibrational spectra if 
we bear in mind that the compounds under consideration 
have a strongly manifested layer structure. Since the intra- 
layer interactions are stronger than those between the layers, 
it is natural to assume that the whole spectrum of the normal 
vibrations splits into groups of intralayer vibrations and vi- 
brations of the layers relative to one another. We shall use 
this approach to analyze first the normal vibrations of a sin- 
gle isolated layer with the symmetry of a two-period three- 
dimensional (layer) space group21 and we shall then allow 
for the influence of the interlayer interaction regarded as a 
small perturbation. We can then identify normal vibrations 
created by given layers in the spectrum of a bulk crystal. 
When the interlayer interaction gives rise to a weak splitting 
of the intralayer vibrations, we can expect doublets in the 
spectra. 

We shall carry out a group-theoretic analysis of the 
phonon symmetry in bismuth compounds using the approxi- 
mation of an isolated layer. The results of this analysis are 
applicable also to other classes of perovskite-like supercon- 
ductors: the thallium class T1, Ba, Can - , Cu, O,, + , , the 

Bi0.70Sr0.3006 

lanthanum class (La,Sr),CuO,, and the yttrium class 
YBa, Cu, O7 - 

We shall consider first the layers formed by copper- 
oxygen polyhedra of different configurations and consisting 
of the Cu, 01 ,  and 0 2  atoms (Figs. 1 and 2) and, second, the 
2Bi0 (2T10) layers consisting of two bismuth-oxygen 
(thallium-oxygen) planes. These are the layers that are pe- 
riodically repeated structure elements giving rise to different 
perovskite-like compounds. 

The bismuth and thallium superconductors contain 
copper-oxygen layers of three types (Fig. 1): 1 ) If n = 1, the 
structure consists of a layer L 1, consisting of CuO, octahe- 
dra and characterized by the layer symmetry group 
P4/mmm (DG 61 inthenotationofRef. 21); 2) ifn)3, there 
are (n - 2) L 2 layers formed from CuO, squares with the 
layer symmetry group P4/mmm (DG61); 3) if na2, there 
are two pyramidal CuO, layersL 3 with the P4mm (DG 55) 
symmetry. In (La,Sr ),Cu04 compounds there is one L 1 lay- 
er whereas in YBa, Cu, 0, -, there are two L 3 layers. It  
should be mentioned that a group-theoretic analysis of cop- 
per-oxygen layers of the L 3 type was reported in Ref. 22. 

The BiO planes have the P 4/mmm (DG 61 ) symmetry. 
The symmetry of the 2Bi0 layer is described by the DG 64 
( P 4/n2 ,/m2/m ) group. 

The symmetry of the layer vibrations can be found by 
the method of zone representations of the space g r o ~ p s . ~ ~ . ~ ~  
Moreover, we shall allow for the fact that the DG 55 layer 
group is a subgroup of the Fedorov group F = C:, (P 4mm), 
the DG 61 group is a subgroup of F = D :, (P Vmmm),  and 
the DG 64 group is a subgroup of F = D :, ( P  4/n2,/m2/m), 
and we shall allow for the fact that their zone representations 
are related in a certain manner.,, 

The results of a group-theoretic analysis of the symme- 
try of the normal vibrations of the investigated layers are 
given in Tables 11-IV for high-symmetry points in the Bril- 
louin zone of the square lattice. Their structure, like the 
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(4413) 

Bio 7 a  (Sro.~sCao.~r)  0 , 2 2 0 4  

Bio.aaC&.tsOo 

Bi:,toSrl.eoCuOs+b 

Biz t ~ S r ~ . ~ ~ C a ~ , ~ , C u ~ 0 ~ + ~  

(Bio.ssPbo.t~)z.sz(Sro.c~Cao,s~)s.oaCusO~o+n 

B ~ ~ ~ ~ B S ~ J . ~ ~ C ~ I . ~ O ( C U O , O B F ~ ~ , ~ Z ) ~ ~ ~ ~ + ~  

- 

- 

- 

10 

90 

108 

84 

Dji,l(RSm) 

* 

u 

D;O ( )  
or 

C.;? ( A 2 u )  

U 

H 

D::,(Cmma) 
or 

C 3 C m 2 a )  

a=3,97U(5) 
c=28,30 ( 5 )  

a=3.(333(5) 
c=28.15 (5) 

a=3.925(5) 
c=27,75 ( 2 )  

a=5.376 ( 3 )  
b z a  
c=24,61(2)  

a=5,405 ( 5 )  
b=a 
c=30.75 ( 2 )  

a=5,411(3)  
b=a 
c=37.07(1)  

a=5.414(5) 
b=a 
c=27.66 ( 1 )  



TABLE 11. Phonon symmetry in copper-oxygen ( L  1, L 2 )  layers and in bismuth-xygen 
planes. 

structure of Tables V and VI, is as follows. Column 1 gives 
the distribution of atoms in the investigated layers (the 
atoms are numbered in the same way as in bulk crystals-see 
Fig. 2) in accordance with the Wyckoff positions, labeled 
using the notation of Ref. 25 and given in column 2 alongside 
the coordinates of the positions in units of a, b, and c, and 
their local symmetry groups (a, b, and c are the fundamental 
translation vectors for a simple lattice or the translation vec- 
tors for the doubled cell in the case of a centered lattice). In 
column 3 we have the same irreducible representations of the 
local group which are used to transform the components of 
the vectors representing the local displacements of the atoms 
( x ,  y, z). (The notation used for the irreducible representa- 
tions of the local groups is the same as in Ref. 26.) Columns 
4-6 give the indices of the zone representations in the k basis, 
obtained by induction from the appropriate irreducible rep- 
resentations of the local group. The indices of zone represen- 
tations in the k basis represent sets of indices of the complete 
irreducible representations of the space group, which can be 
used to expand the appropriate zone representations and 
which determine the symmetry of the normal vibrations of a 
crystal. The numbering of the complete irreducible repre- 
sentations is the same as the numbering in the irreducible 

1 1 3 ) 3 ( 4 1 5 ( 6  

representations of the wave vector groups which are in one- 
two-one correspondence with the former. It should be noted 
that the zone representations can be described fully by speci- 
fying the sets of the irreducible representations of the wave 
vector groups only at the high-symmetry points of the Bril- 
louin zone. At the remaining points of this zone the relevant 
zone representation can be obtained from the compatibility 
conditions. The symbols for the high-symmetry points in the 
Brillouin zone, their coordinates in units of 277/a, 277/b, and 
277/c, and the corresponding point groups of the wave vector 
are listed in the headings of columns 4-6; the irreducible 
representations of the wave vector groups are given in the 
notation of Ref. 27. 

Tables 11-VI allow us to obtain the full vibrational rep- 
resentation at the high-symmetry points of the Brillouin 
zone and, which is particularly important in the interpreta- 
tion of the vibrational spectra, to establish the displacements 
of those atoms which contribute to the normal vibrations 
with a specific symmetry. 

For example, the complete vibrational representation 
of the copper-oxygen layer L 1 at the center of the Brillouin 
zone (i.e., at the point r) has the following form (the atoms 
listed in parentheses are those which contribute to the given 

Bi Cu Cul 

0 3  - - 

- 01  04 

r 0 2  - 
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L3 

hf .Y 

P4mrn lDG55) 1 0 / (++I / ( . t i  
'40 

C,l, call 

2- 

3-, 4- 

3+ 

I + ,  2+ 

2-, 3+ 

I + .  3- 

2+, 4- 

1+, 2- 

3'. 4' 

azu (2) 

e u ( ~ ,  Y )  

az , t ( z )  

e u ( z .  Y) 

61" ( 2 )  

b 2 . ( ~ )  

b 3 u ( z )  

a1 ( z )  

e ( 5 .  Y) 

1 1 2 1 3 1 4 1 5 1 6  

3- 

5 - 

4 - 

5- 

3-. 4 

5- 

5- 

I+. 3- 

5+. 5 -  

3 - 

5 - 

2- 

5 - 

5- 

1+. 2+ 

3+. 4+ 

I+. 3- 

5+. 5- 



TABLE IV. Phonon symmetry in 2Bi0 layers. 

normal vibration; the upper indices of the atoms denote for the BiO plane, we obtain 
components of the corresponding local displacements and 2AZu(z) +2E, ( 2 ,  Y )  
the lower give the Wyckoff positions at which a given atom is 
located ) : and-finally-the 2Bi0 layer is described by 

r= r,,, + r , = r , + ( o 2 ; ) + r 5 + ( o 2 ~ )  ~A, , (xx ,  yy, ~-)+2E,(xz ,  Y Z )  +2AZu (z)+ 2Eu ( x ,  Y )  . 

where r, = I?; + r;. 
It follows therelore that in the case of the L 1 layer the 

complete vibrational representation together with the corre- 
sponding selection rules for the vibrations active in the in- 
frared and first-order Raman spectra are as follows (the pa- 
rentheses give the polarization of light in the case of infrared 
absorption and the components of the polarizability tensor 
in the Raman scattering case) : 

A, , (xx .  yy, zz) +E,(xz, yz) +3Azu ( 2 )  +BzU+4Eu (s, ~ 1 %  

It follows from the above relationships that the A,, and 
E,, vibrations in the BiO plane are active in the Raman scat- 
tering. When two BiO planes are united, these vibrations 
become the A,, and E, vibrations of the 2Bi0 layers and 
these are supplemented by intralayer Raman-active vibra- 
tions A, ,  and Eg, which represent displacements of the BiO 
planes relative to one another. 

We shall use these results in a complete group-theoretic 
analysis of bulk bismuth compound crystals. 

5. GROUP-THEORETIC ANALYSIS OF THE SYMMETRY OF 
NORMAL VIBRATIONS OF BISMUTH STRUCTURES. 
RELATIONSHIP BETWEEN LAYER AND BULK VIBRATIONS 

Similarly, in the case of the copper-oxygen 1ayerL 2, we have 5.1. copper-free structure Bi, -,(Sr, - yCay)x0,,~x,2 

( z )  +BzU+3Eu ( x .  Y ) ,  The starting points in the "construction" of the various 
bismuth semiconductors are copper-free nonsuperconduct- 

whereas for the copper-oxygen layer L 3, the corresponding ing &phase crystals of Bi, - , M, O,,, - ,,, ( M  = Sr, Ca), as 
expression is demonstrated in Figs. 1 and 2. The results of an x-ray struc- 

3 A ,  ( 2 ;  X X .  yy, z z ) f B i  ( X X ,  yy)+4E(z,  y: zz, yz). ture analysis carried out on the crystals investigated by us, 

Note. The 0 1  and 01 '  atoms, belonging to the CuO, plane and labeled 01 in the quasitetragonal 
approximation, become inequivalent in the orthorhombic symmetry. 
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TABLE V. Phonon symmetry of orthorhombic Bi,Sr,CaCu,O, crystals. 
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bu(z. y )  

a ' (z ,  y) 

a"(z)  

a ( y )  
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2e 
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41 

("Y i) 
C. 
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(OyO) 

C? 
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I+. 2+ 
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I*, 2* 
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i 

1.2 

1.2 
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I = .  2" 
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TABLE VI. Phonon symmetry in Bi,Sr,Ca, , Cu,O,, +, ( n  = 1,2, 3 )  crystals considered in the quasitetragonal approximation. 

and also the results of Ref. 19 indicate that all the fl-phase 
crystals have a symmetry described by the space group D :, 
( R  3m), corresponding to the rhombohedra1 system. Ac- 
cording to Ref. 18, the Bi, -,Ca,O, system of compounds 
has the monoclinic symmetry with the space group Ci, 
(A 2/m). However, in view of the weakness of the mono- 
clinic distortion, we shall use the quasirhombohedral ap- 
proximation in our group-theoretic analysis. 

It follows from the results reported in Ref. 17 for the 
compounds Bi, - ,M,O,., - , ,  ( M  = Sr, x = 0.235) that 
the distribution of atoms in a primitive cell between the sym- 
metry (Wyckoff) positions is as follows: at the position la  
with the coordinates (000) in the hexagonal setting there are 
Sr and Bil atoms (in the proportions of 0.705 Sr and 0.295 
Bi), whereas at the 2c positions with the coordinates (00z) 
and (002) there are atoms of Bi2,02, and 03 .  A small num- 
ber (0.148) of the 0 1  atoms is distributed in the interstices at 
the general symmetry positions. The total number of the for- 
mula units per primitive cell is three. 

According to the results of a group-theoretic analysis of 
the symmetry of the normal vibrations the compounds 
Bi, - , Sr, O1., - ,,, (x  = 0.235 ), the complete vibrational 
representation at the center of the Brillouin zone is: 

r 1 = 1  n=2 n=3 

r=3rlf (BiZ,'; 02,'; 03,') +3r3+ (Bi2,"'; 02,""; 03cxy)  

+4r2- (Bi 1/Sraz; Bi2,'; 02,'; 03,')  

+4r,- (Bil/SraXu; Bi2,"" 0 2 P Y ;  03:") 

, g ( ~ ~ .  yu. ~ : ) ~ 3 E ~ ( x x .  yy, 23: XU. YZ) +4Azu (5)  

+fa. (rc.  y ) ,  

X 1' N r hi 
$1; 

1 I / (2 1 ; I ( + l o )  1 (++$I  1 (ToT) 
D211 112d C ~ l t  

where r,, = A,, + E, . 
It follows therefore that in the first-order Raman spec- 

tra of Bi, -, M, O,., - ,,, the active phonons are those with 

theA,, symmetry in the (xx), (yy), and (zz) scattering geo- 
metries, but Eg in the (xx),  (yy), (zz), or (xy) and (yz) 
scattering geometries. 

In the investigated &phase compounds 
Bi, -, (Sr, -,Cay ),O,., _ ,,, at the la  position there should 
be atoms of Sr, Ca, and Bi (only the occupancy probabilities 
change). The occupancy of the 2c positions is not affected by 
the chemical composition. Therefore, the results of our 
group-theoretic analysis apply to all the D-phase crystals. 

I 1 2 1 3  I 4 I 5 1 ~ 1 ~ 1 8  

5.2. Symmetry analysis of structures of the 
Bi, Sr,Ca,, Cu,O,,, (n= 1,2,3) series 

The basis structures of the compounds 
Bi, Sr, Can - , Cu, O,, + , are tetragonal if we ignore the in- 
commensurate modulation, and are orthorhombic if we al- 
low for it. The phonon symmetry at the point r of the Bril- 
louin zone of the (2212) crystals was determined in Ref. 8 
for the orthorhombic symmetry. The results of the analysis 
given there, supplemented by our data for the other high- 
symmetry points in the Brillouin zone are collected in Table 
V. The phonon symmetry is given in Table VI for all the 
compounds of the series Biz Sr, Can _ , Cu, 0,, + , ( n  = 1,2, 
3) considered in the quasitetragonal approximation. The 
corresponding vibrational representations for the center of 
the Brillouin zone and the selection rules (applicable in the 
case of the orthorhombic symmetry and of the quasitetra- 
gonal approximation) are given in Table VII. The oxygen 
atoms are labeled in these tables in the same way as in Fig. 2, 
namely 0 1 , 0 2 ,  and 0 3  belong to the CuO,, SrO, and BiO 
planes, respectively. 

We shall now compare the results of a group-theoretic 
analysis obtained in the quasitetragonal approximation with 
the results for an isolated layer (Sec. 4).  [The relationship 
between the normal vibrations and the selection rules for 
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2- 
3-. 4- 

2- 
3-. 4- 

3+, 4+ 

1'. 2+ 

I+. 2+ 

I+. 2- 

3*, 4 1  

3*, 4* 

1'. 2* 

I * .  2" 

azu(r) 
e,(z, V) 

azw(2) 
eu(z, Y) 

btu(2) 

b3"(z) 

b2u(Y) 

ai(2) 

e ( z , ~ )  

at ( 2 )  

b l ( d  

b z ( ~ )  

l a  
(000) 
DII. 

I b 

(OO;) 
Dlh 

2~ 

(0; 0) 

n 2 h  

2e 
(002) 
C4-v 

41: 

(0; i) 

czw 

3- 
5- 

3- 
5- 

3-. 4- 

5 - 

5- 

1+.3- 

5+. 5- 

t+, 2+, 3-, 4- 

5+, 5- 

5+. 5- 



TABLE VII. Vibrational representations at the center of the Brillouin zone and corresponding 
selection rules. 

*The space groups given here correspond to the approximations employed in the reported 
study for the various bismuth structures. 

Compound groups* I space I rapt + rat 

Raman-active (2212) crystals of the orthorhombic and qua- 
si-tetragonal symmetries were discussed in Ref. 8.1 

The layer vibrational modes in the copper-oxygen lay- 
ers of the L 1 and L 2 types and the vibrations of the 2Bi0 
layer T;t, r<, T, , T;f , and r; are transformed into the 
bulk modes as follows: 

r t + + r f + + ~ w l A ,  r 3 - a r 3 - + h i 3 - ,  r5-=+-r,,-+fi14-. 

rr ,+=+rsr+bf ,* ,  r,-=+r,-+M,-. 

Bil-rM.Oa 

(2201) 

(2212) 

(2212) 

(2223) 

(4413)  

In the copper-oxygen layers of the L 3 type the intra- 
layer modes induce the following bulk vibrationsz2 

It follows from these relationships that the bulk pho- 
nons with the symmetry T: or T; (and also r,f and I?,, 
T;f and T; ) are induced by the corresponding layer vibra- 
tions. Moreover, since the symmetry group of the L 3 layer 
does not include inversion, the r, and T, layer vibrations are 
active in infrared absorption and in the first-order Raman 
scattering. On the other hand, the symmetry group of the 
crystal as a whole does include inversion and the even com- 
ponents I',+ and r;f in the corresponding Davydov doub- 
lets generated by the layer modes are active only in the Ra- 
man scattering, whereas the odd components T; and T; 
appear only in infrared absorption. It should also be pointed 
out that the splitting is governed by the strength of the inter- 
layer interaction. 

It follows therefore that in the case of the (2212) com- 
pound the contribution of the copper-oxygen layer L 3 to the 
total vibrational representation at the center of the Brillouin 

D$ 

D 

D 

0:: 

0;; 

D : ~  

zone, given in Table VII, is as follows: 

3 A l a ( z z .  yy ,  Z Z )  +3EK(33 .  yy ,  z z ;  z y ,  yz)  +4A2,(z)  +4E , ( z ,  y )  

4 A l g ( z z .  yy ,  z z )+4EU(z : .  y z )  +6A2y( z )+B ,u+7E, ( z ,  y) 

6 A l g ( z x ,  yy ,  z z )  + Blu(xx ,  y y )  +7ER(zz ,  yz) +7A2,(z)+B, .+8E,(x ,  y) 

12Aq(xx, y  y, zz)  + 1 4 B , , ( z y )  +7Bp,(zz) +9B, , (yz)+8A, ,+10Blu(z)  + 
+14B? , ( y )+16B, , ( z )  

7 A 1 , ( ~ 3 ,  YY, ~ ~ ) + B t , ( z z ,  yy) +8E,(zz ,  yz)  + S A , , ( Z ) + ' ~ B ~ ~ ~  
+ I l E u ( z ,  Y) 

1oAta(zz7 YY, 2 2 )  + B 1 , ( z z ,  y y )  + i l E R ( z z ,  Y Z )  + l3A2,(z)+2BzU+ 
+15EU(3,  Y )  

Comparing these contributions with the vibrational 
representations of the corresponding isolated layers (Sec. 4) 
we find that in the case of the noncentrosymmetric copper- 
oxygen layer L 3 the layer modes split into doublets of the 
bulk vibrations, but in the case of the 2Bi0 layer there is no 
such splitting. 

5.3. Compound Bi4Sr4CaCuJOI4 

An analysis of the crystal lattice of the (4413) com- 
pound carried out using the results of an x-ray structure 
analysis led us to the conclusion that the symmetry of these 
crystals considered in the quasitetragonal approximation 
(ignoring the superstructure) can be described by the space 
group D 1, (simple tetragonal lattice). 

It follows from our group-theoretic analysis that the 
complete vibrational representation at the center of the Bril- 
louin zone is 

r= ~ O L ~ ~ , ( X X ,  y y ,  Z Z ) + B , , ( X X ,  y y )  + l i E g ( ~ n ,  y z )  
+ 1 3 A 2 U ( ~ ) + 2 B ~ u + 1 5 ~ u ( ~ ,  y ) ,  

where the Raman-active vibrations of the A, ,  and E, sym- 
metry include contributions of, respectively, the z and x,  y 
displacements of the Bi(1, 11), Sr(1, 11), Cu(II),  O l ( I I ) ,  
02 ( I ,  11), and 0 3  (I, 11) atoms, whereas the contributions to 
the B,, vibrations are made by the z displacements of the 
0 1  (11) atom. Here, the numbers I and I1 label the atoms of 
the compound (4413) originating from the (2201 ) and 
(2212) structures, respectively. 

6. EXPERIMENTAL INVESTIGATION OF THE RAMAN 
SCATTERING OF LIGHT 

r=3rt+ (cuez. O I ; ,  02 , ' )  + 3 r s - ( c u , : ,  O I ; ,  0 2 . 1 )  We investigated the optical vibrations of the bismuth 
+r,+ (ol,')+r,-(01,') +4I',+ (CU,'~, OI,"', 02,'") compounds by the Raman scattering method. Such scatter- 

ing was studied employing a 2-24 (Dilor) triple Raman 
+4I',- (CU,'~, 0 1 z v ,  02,*) spectrometer and a DFS-24 double spectrometer, using po- 

=3A,,+3A,u+B,,+B,u+4Eg+4E,. larized light with wavelengths in the Stokes and anti-Stokes 
parts of the spectra. The exciting radiation was provided by 

Similarly, the contribution of the bismuth-layer 2Bi0 is an Ar laser (made by Spectra-Physics, /Z = 5 145 A, P< 50 
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TABLE VIII. Frequencies and interpretations of Raman lines. 

Compound I Frequencies (cm- ' ), interpretation, symmetry 

mW on the sample) or by an He-Ne laser ( A  = 6328 A, 
PE 5 mW). The spectral slit width depended on the signal 
level and amounted to 6-8 cm-' in the case of supercon- 
ducting samples and 4 cm - ' in the case of transparent insu- 
lating Bi, -, M,O,., - ,,, crystals. The intensities and the 
frequencies of the individual lines varied somewhat in the 
spectra obtained for different points on a sample (the fre- 
quency was within I ~ I  5 cm- ' ), which could be due to the 
slight fluctuations of the composition. The values of the Ra- 
man scattering frequencies of the investigated compounds 
are listed in Table VIII. 

6.1. Raman scattering of light in Bil~x(Srl~yCay),01,~x,2 
crystals 

The spectra of Bi, -, (Sr, -,Ca,),O,,, -,,, single 
crystals shown in Fig. 3 will now be analyzed. Two If lines 
are hardly shifted when Sr is replaced with Ca, and their 
frequencies are 43-44 cm ' and 82-83 cm - ' , respectively. 
The lowest-frequency line appears mainly in the xy and xz 
polarizations, and the second (strongest in the Raman spec- 
trum) line is observed in the xx and yy polarizations, and 
most clearly for zz. Allowing for the independence of the 
frequencies of these lines of the ratio of the Sr and Ca concen- 

FIG. 3. Raman spectra of Bi, ,,Sr,,,O,, Bi,,, (Sr,,, Ca,,, ), ,, O,, and 
Bi,,, Ca,,,, 0 , ,  at T = 300 K. 

trations, and taking into account their polarization proper- 
ties as well as the prediction of the selection rules (Sec. 5.1 ) 
that precisely two different vibrations-usually those of the 
heaviest atoms in the structure, which are the bismuth atoms 
(located at the Bi2 position)-are allowed in the Raman 
spectra, we can identify these lines unambiguously as due to 
vibrations involving the Bi2 atoms and characterized by the 
symmetries E, and A,, ,  respectively. 

In the hf part of the Raman spectra of 
Bi, - ,M,O,,, - ,,, the strongest line is at 650-660 cm- ' . Its 
maximum intensity is in the zz polarization, characterized 
by the A, ,  symmetry due to vibrations of the light oxygen 
atoms. It is worth noting that a similar strong zz-polarized 
line at 625-650 cm - ' is present in the Raman spectra of all 
the investigated bismuth compounds, but not in the spectra 
of other superconductors (based on La, Y, or Tl). There- 
fore, it should be due to the vibrations of the 0 3  oxygen 
atoms belonging to the BiO layers, which represent the only 
shared structure element of these bismuth compounds 
(Figs. 1 and 2). 

On the other hand, another hf line at -- 550 cm- I ,  typi- 
cal of the Raman spectra of Bi, - ,M,O,,, _ ,,, , is not ob- 
served in the spectra of bismuth superconductors. Bearing in 
mind that layers of the (Bi, M)O type with the (Bil, M) and 
0 atoms displaced relative to one another along thez axis are 
absent from the crystal lattices of Cu-bearing bismuth super- 
conductors (Fig. 2), we must attribute this line to vibrations 
of the E, symmetry and involving the oxygen atoms belong- 
ing to the (Bil, M) planes. 

In the middle of the intermediate-frequency part of the 
spectrum (200-500 cm-'  ) there are no strong lines in the 
Raman spectra of all the investigated Bi, -,M,O,,, -,,, 
compounds. We shall use this observation in an analysis of 
the Raman spectra of bismuth superconductors. 

6.2. Interpretation of the Raman spectra of the 
Bi,Sr2 Can, CunO,,, system: allowance for the layer 
structure of the crystal lattice 

Figure 4 shows the Raman spectra of a number of bis- 
muth compounds arranged in the increasing order of the 
number of layers: these are the spectra of Bi,,,Ca,,,,O, 
crystals, ceramic samples of the (2201) compounds, and 
( 22 12) crystals. We shall analyze these spectra in the follow- 
ing self-evident sequence: Raman-active (220 1 ) compounds 
will be interpreted allowing for the results obtained for the 
Bi, ~ ,M,O, , ,  -,,, system and we shall then consider the 
Raman spectra of the (2212) compounds. 
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FIG. 4. Raman spectra of Bi , , ,  Ca,,,, 0, crystals in the zz polarization, 
and of ceramic samples of the (2201 ) compounds and of the (2212) crys- 
tals in the polarizations zz and xx. T = 300 K. 

The lines observed in the spectra should be attributed 
above all to quasitetragonal vibrations (Tables VI and VII). 
In fact, the orthorhombic splitting is small for Bi supercon- 
ductors, so that the intensities of the lines (which are addi- 
tional to the tetragonal and appear because of lowering of the 
symmetry) are low (after structural phase transitions the 
intensities of the new lines are proportional to the order pa- 
rameter, for example, the orthorhombic splitting). In our 
interpretation we shall rely on the results of our group- 
theoretic analysis and we shall also allow for the consider- 
able difference between the atomic weights of the elements 
Bi (209), Sr (88), Cu (64), Ca (40), and 0 (16). 

It follows from the selection rules that the Raman spec- 
tra of the (2201 ) compounds should manifest those vibra- 
tions which are active in the case of Bi, - , M,O,., - ,,, crys- 
tals (i.e., vibrations of the Bi and 0 3  atoms), as well as the 
vibrations of Sr and 0 2  (Tables VI and VII) . The vibrations 
of the atoms belonging to the sole copper-oxygen plane are 
forbidden in the Raman scattering of light, because these 
atoms occupy the high-symmetry local positions: Cu is at 
D,, and 0 is at D,, . By analogy with the already interpreted 
Raman spectra of Bi, -,M,O,,, -,,, crystals, the -80 
cm - ' line in the spectra of the (2201 ) compound should be 
attributed to the A,, vibrations of Bi, and the 629 cm - ' line 
should be attributed to the A,, vibrations of the 0 3  oxygen 
belonging to the BiO plane. The second If strong line at 118 
cm - ' can be attributed naturally to the A,, vibrations of Sr. 
Next, bearing in mind that a fairly strong line in the region of 
461 cm- ' is present in the Raman spectra of all the com- 
pounds of the Bi, Sr, Can - , Cu, 0," + , series, but is absent 
from the Raman spectra of Bi, - ,M,O,~, - ,, , we shall at- 
tribute it to the A,, vibration of the 0 2  oxygen belonging to 
the SrO plane. 

The next step is the interpretation of the Raman spectra 
of the (2212) compounds. The (2212) structure is formed 
from the (2201) structure by the addition of two planes: one 
of the Ca atoms and the second CuO, plane. Consequently, 
in accordance with the selection rules, the Raman spectra of 

the (2212) compounds differ from those ofthe (2201 ) struc- 
ture by the presence of additionally allowed vibrations of the 
Cu and 0 1  atoms. The vibrations of Ca are inactive in the 
Raman spectra (local symmetry D,, ). 

Figure 4 shows the Raman spectra of the (2212) crys- 
tals in thezz and xx polarizations, where the vibrations of the 
A,, (XX, yy, zz) and B,, (xx, yy) symmetry are active. In the 
cross polarizations xz and yz there are no intense lines. The 
A , ,  symmetry is exhibited by the cophasal vibrations of the 
Bi, Sr, and Cu atoms and of the oxygen atoms at the 01 ,02 ,  
and 0 3  positions (which belong to the CuO,, SrO, and BiO 
planes, respectively), whereas the B,, symmetry should be 
assigned to the contraphasal vibrations of the 0 1  oxygen. It 
is clear from Fig. 4 that the additional lines in the Raman 
spectra of the (2212) system, which are not present in the 
spectra of (2201 ), consist of one if line ( 148 cm - ' ) and two 
lines in the intermediate part of the spectrum (296 and 395 
cm - ' ,) which should be attributed to the vibrations of the 
atoms belonging to the CuO, plane. A comparison of the 
Raman spectra of the Bi,-,M,O ,,,_ ,,,, (2201), and 
(2212) compounds, allowing for the selection rules and for 
the polarization of the lines in the spectra, makes it possible 
to propose the following interpretation of the Raman spectra 
of the (22 12) system: the lines representing the vibrations of 
theheavy a t o m s a r e a t 6 2 c m 1  (Bi), 118cm-' (Sr),and 
148 cm- ' (Cu); the lines due to vibrations of the oxygen 
atoms are at 296 cm - ( 0 1  oxygen, vibrational symmetry 
B,,), 395 cm- '  (01,  symmetry A,,), 456 cm-'  (02,  A,,), 
626cm-' (03,A,,). 

We have thus been able to interpret the majority of the 
lines in the Raman spectra of the (2212) crystals relating 
them to the quasitetragonal vibrations of the A,, and B,, 
symmetry. These bulk vibrations are created by the corre- 
sponding layer modes (Sec. 5.2) and are responsible for the 
strongest lines in the Raman spectra. The additional weak 
lines in these spectra, which can be interpreted using the 
quasitetragonal approximation (28 1 and 32 1 cm - ' ) , are 
due to a real lowering of the symmetry to the orthorhombic 
either by defect or impurity modes. 

The Raman spectra of superconducting crystals of the 
composition Bi,, Sr,,, Ca,, Cu,,, 0,, which could be regard- 
ed as the (2212) structure with a large deficit of the Sr 
atoms, were reported in Ref. 28. In the If part of the spectra 
of these crystals there were two strong lines at frequencies 77 
and 142 cm- ' , attributed to the vibrations of the Bi and Cu 
atoms; i.e., no line which would correspond to the Sr vibra- 
tions was found in the region of 120 cm ' . This result was in 
full agreement with the interpretation of the Raman spectra 
proposed in the present study. 

We shall now consider briefly several differences be- 
tween the interpretation of the Raman spectra of bismuth 
superconductors proposed in the present study and those 
published earlier. For example, according to Refs. 7 and 9 
the line in the region of =450 cm - ' , observed in the Raman 
spectra of the (2212) bismuth compounds, was attributed 
(by analogy with the Raman spectra of YBa,Cu,O, ) to the 
vibrations of the 0 1  atoms, whereas the line at -- 620 cm - 
was assigned to the 0 2  vibrations, but we were able to show 
that the former line was due to the 0 2  atoms and the latter 
was due to 03 .  In Ref. 4, the Raman spectra of the (2212) 
crystals were investigated in the spectral range 100-800 
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cm- I ,  so that the lowest-frequency line associated with the 
Bi vibrations was ignored. We should mention also that the 
Raman spectra of the (2212) system reported in Ref. 5 in- 
cluded an additional line in the region of - 500 cm - ' , which 
was attributed by the authors of Ref. 5 to vibrations of the 
oxygen atoms. This line was absent from our spectra and 
from the Raman spectra reported elsewhere. Its appearance 
in the spectra given in Ref. 5 could be due to the presence of 
some impurity phase in the samples. 

6.3. Raman scattering in the compound Bi2Sr2Ca2Cu3010 

In the case of the (2223) structure the Raman spectra 
include additional, compared with the spectra of the (2212) 
system, allowed (by the selection rules) vibrations of the Ca 
atoms which are of the A,, and E, symmetry (Tables VI and 
VII), which should appear in the If part of the spectrum. 
However, the main difference between the spectra lies in the 
appearance of a new hf line at -- 555 cm- ' (Fig. 5). Its 
presence in the Raman spectra cannot be explained unam- 
biguously using the quasitetragonal approximation. In any 
case this line is associated with vibrations of the oxygen 
atoms which may belong either to the main structure (for 
example, vibrations of the E, symmetry) or due to some 
impurity phase, which is sufficiently homogeneously distrib- 
uted in a sample. For example, the Raman spectrum of the 
(CaO., SrO,, )Cu,.,, 0, insulating phase, present together 
with the bismuth high-T, compounds, contains one hf line 
exactly in the region of 550 cm- ' (Ref. 29). 

6.4. Raman scattering in the compound Bi4Sr,CaCu3014 

The Raman spectra of the (4413) crystals recorded at 
room temperature are shown in Fig. 5 and the frequencies of 
the strongest lines are listed in Table VIII. In these spectra 
the line frequencies close to those in the Raman spectra of 
the (2201) and (2212) compounds, and are manifested in 
the same polarizations, so that the Raman scattering in the 
(4413) system can be interpreted by analogy with the sys- 
tem, Bi, Sr, Can -, Cu, O,, + , ( n  = 1, 2, 3) system. It 
should be pointed out that the spectra do not exhibit the 
group-theoretically predicted splitting of the A,, lines of the 
vibrations of the Bi, Sr, and 0 atoms belonging to the ( I )  and 
(11) sublattices, which can be explained by the small differ- 
ence between the frequencies of the corresponding vibra- 
tions of the initial (2201 ) and (2212) structures. Therefore, 
the number of the experimentally observed lines of the A,, 
symmetry is considerably less than the ten lines allowed by 
the selection rules. 

7. DISCUSSION OF RESULTS AND CONCLUSIONS 

In accordance with the above interpretation of the Ra- 
man scattering of light, the strongest lines correspond to the 
bulk phonons originating from the layer vibrations of the 
atoms belonging to the copper-oxygen and bismuth-oxygen 
layers (Sec. 5.2). It is clear from Table VIII that on going 
from one bismuth compound to another the frequencies of 
the vibrations of the oxygen atoms belonging to a specific 

FIG. 5. Raman spectra of the (4413) crystals in the xx and zz polariza- 
tions and of the ceramic (2223) samples. T = 300 K. 

layer change only slightly; i.e., they are the characteristic 
frequencies. This applies also to the vibrations of the Bi 
atoms. Therefore, the values of the frequencies of these vi- 
brations are governed primarily by the intralayer param- 
eters, demonstrating that the phonon subsystem of the inves- 
tigated bismuth compounds is quasitwo-dimensional. 
Moreover, in the case of the bismuth and yttrium structure 
the frequencies of the A, ,  and B,, vibrations of the atoms in 
analogous layers are also similar (Table VIII), so that we 
can conclude that this relationship applies also to other per- 
ovskite-like superconductors. 

The results obtained in the present study demonstrate 
that the properties of the phonon subsystem of the investi- 
gated compounds can be analyzed using an approximate 
symmetry [i.e., the approximation of an isolated layer, the 
quasirhombohedral approximation for the 
Bi, -, (Sr, -,Cay ),O,,, - ,, structure, and the quasitetra- 
gonal for the superconducting Bi compounds], followed by a 
rigorous symmetry description. Since the second step is 
equivalent to introduction of a small perturbation, it is possi- 
ble-without going beyond the framework of a pure symme- 
try problem-to make a number of predictions about the 
presence of slightly split doublets in the spectrum, on the 
relative intensities of the allowed spectral lines, etc. Using 
the results of a group-theoretic analysis based on the ap- 
proximate description of the symmetry, we have been able to 
interpret the majority of the sufficiently strong lines in the 
Raman spectra with investigated compounds. 

One of the main conclusions of the symmetry analysis is 
the prediction that, on going from an isolated layer (which 
does not have a center of inversion) to a bulk centrosymme- 
tric crystal, we can expect each layer mode to split into two 
components with similar frequencies, one of which is Ra- 
man-active and the other is active in the infrared spectra. 
This applies particularly to the layers consisting of copper- 
oxygen polyhedra; i.e. it applies to the vibrations of the Cu, 
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01,  and 0 2  atoms. 
We shall now consider the experimental results. We 

must point out immediately that there have been very few 
published infrared-spectroscopy investigations of the 
phonon spectra of high-T, compounds, owing to the high 
conductivity in the basal direction and the correspondingly 
strong reflection of infrared radiation by these quasimetallic 
objects. Nevertheless, the following frequencies of the in- 
frared-active vibrations of the oxygen atoms in 
Bi2Sr2CaCu20, crystals (when the polarization is E Ilz) are 
given in Ref. 30: v,, = 445 cm - ' , v, , = 465 cm - ', v,, 
= 594 cm ', and v,, = 614 cm < We can see that these 
values are close to the frequencies of the Raman-active vi- 
brations of the 0 2  and 0 3  atoms, which are 456 and 626 
cm - ' . Similar pairs of vibrations can be identified also in the 
spectra of thallium superconductors. According to Ref. 3 1, 
the Raman spectrum of TiBa,CaCu,O, includes lines with 
frequencies 116, 146, 403, and 520 cm- I ,  whereas the Ra- 
man spectrum of T12Ba2CaCu20, includes lines at frequen- 
cies 109, 132, 158, 410, 495, and 602 cm ' . The infrared 
spectra of T1, ,, Pb, ,, Ba,CaCu207 include lines due to vi- 
brations at frequencies 165, 230, 290, 490, and 580 cm - '  
(Ref. 32). It should be mentioned also that the spectra of 
YBa,Cu,O, recorded at T <  T, exhibit anomalous tempera- 
ture dependences of the line positions: in the Raman spectra 
this applies to the vibrations of the 0 1  atoms at the frequen- 
cy of 335 cm- ' (Ref. 33), whereas in the infrared spectra it 
applies to the vibrations with frequencies 275 and 3 15 cmp 
(Ref. 34). Consequently, an examination of the spectra of 
different high-T, compounds makes it possible to identify 
the pairs consisting of the even and odd vibrations with simi- 
lar frequencies (representing the result of splitting of the 
layer mode) and similar temperature dependences, which is 
a direct manifestation of the quasitwo-dimensional nature of 
the phonon subsystem and confirms the validity of the ear- 
lier layer approach to vibrational spectra of bismuth com- 
pounds. 

We thus investigated various superconducting and non- 
superconducting bismuth compounds and we carried out a 
complete group-theoretical analysis of the symmetry of the 
normal vibrations for isolated layers and three-dimensional 
crystals. A comparative analysis of the Raman spectra of 
some of the compounds, differing in respect of the composi- 
tion and the number of layers, and the use of the results of a 
group-theoretic analysis, made it possible to identify the 
lines corresponding to the totally symmetric vibrations of all 
the atoms occurring in these compounds. It was thus estab- 
lished that transition from one bismuth compound to an- 
other changes only slightly the frequencies of the bulk phon- 
ons originating from the corresponding layer modes (these 
are the characteristic frequencies); i.e., these frequencies are 
governed primarily by the intralayer parameters, demon- 
strating the quasitwo-dimensional nature of the phonon sub- 
system in bismuth superconductors. 

The authors are grateful to A. A. Kaplyanskii and A. G. 
Panfilov for discussing the results and critical comments. 
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