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c-axis lattice dynamics in Bi-based cuprate superconductors

N. N. Kovaleva,* A. V. Boris, T. Holden, C. Ulrich, B. Liang, C. T. Lin, B. Keimer, and C. Bernhard
Max-Planck-Institut fu¨r Festkörperforschung, Heisenbergstrasse 1, D-70569 Stuttgart, Germany

J. L. Tallon
McDiarmid Institute and Industrial Research Laboratory, Lower Hutt, New Zealand

D. Munzar
Institute of Condensed Matter Physics, Faculty of Science, Masaryk University, Kotla´ řská2, CZ-61137 Brno, Czech Republic
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We present the results of a systematic study of thec-axis lattice dynamics in single-layer Bi2Sr2CuO6

~Bi2201!, bilayer Bi2Sr2CaCu2O8 ~Bi2212!, and trilayer Bi2Sr2Ca2Cu3O10 ~Bi2223! cuprate superconductors.
Our study is based on both experimental data obtained by spectral ellipsometry on single crystals and theo-
retical calculations. The calculations are carried out within the framework of a classical shell model, which
includes long-range Coulomb interactions and short-range interactions of the Buckingham form in a system of
polarizable ions. Using the same set of shell model parameters for Bi2201, Bi2212, and Bi2223, we calculate
the frequencies of the Brillouin-zone center phonon modes ofA2u symmetry and suggest the phonon mode
eigenvector patterns. We achieve good agreement between the calculatedA2u eigenfrequencies and the experi-
mental values of thec-axis TO phonon frequencies which allows us to make a reliable phonon mode assign-
ment for all three Bi-based cuprate superconductors. We also present the results of our shell model calculations
for theG-point A1g symmetry modes in Bi2201, Bi2212, and Bi2223 and suggest an assignment that is based
on published experimental Raman spectra. The superconductivity-induced phonon anomalies recently observed
in thec-axis infrared and resonant Raman scattering spectra in trilayer Bi2223 are consistently explained with
the suggested assignment.
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I. INTRODUCTION

The unusualc-axis charge transport in the cuprate high-Tc
superconductors is still a subject of a controversial disc
sion. Of particular interest is a sizable absorption peak
develops belowTc in the far-infrared~FIR! range, accompa
nied with the strongly anomalous temperature dependenc
some of thec-polarized IR phonon modes, in compoun
that contain more than one CuO2 plane per unit cell. Re-
cently a reasonable description of these effects has been
tained with the so-called Josephson-superlattice mode1–6

Here it is assumed that the individual CuO2 planes are only
weakly coupled by Josephson currents in the supercond
ing state. For bilayer compounds like YBa2Cu3O72d ~Y123!
and Bi2Sr2CaCu2O8 ~Bi2212! this results in two kinds of
Josephson junctions with different longitudinal plasma f
quencies, and their out-of-phase oscillation gives rise t
transverse Josephson plasma resonance, which has be
signed to the absorption peak that develops belowTc ; the
Josephson currents lead to a modification of the dynam
local electric fields and thus are at the heart of the obser
phonon anomalies.2,4–6 The trilayer compounds provide a
interesting testing ground for the various models that h
been put forward to explain the unusualc-axis charge dy-
namics and the anomalous temperature dependence of
of the IR-activec-polarized phonon modes such as observ
in the bilayer compounds. Indeed, a very recent experime
0163-1829/2004/69~5!/054511~16!/$22.50 69 0545
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study of the c-axis optical conductivity of a trilayer
Bi2Sr2Ca2Cu3O10 ~Bi2223! provides clear evidence that th
transverse Josephson plasma resonance is a universal fe
of the multilayer high-Tc cuprate compounds.7 It has been
shown that the Josephson-superlattice model2,4–6 allows a
qualitative description of the transverse Josephson-pla
resonance and related phonon anomalies in Bi2223, wh
suggests that the Josephson currents lead to a strong v
tion of the dynamical local electric field even between t
inner and outer CuO2 planes of a trilayer.

The assignment of the IR-activec-polarized phonon
modes and their polarization diagrams are of great imp
tance for understanding these phenomena. While the pro
ties of the IR-active phonon modes are indeed well kno
for the Y123 system,8–12 the situation is not that clear for th
bilayer high-Tc compounds of the typeA2Sr2CaCu2O8
(A2212; A5Tl, Bi!. Despite experimental5,6,13,14 and
theoretical15–17 efforts, the assignment of thec-axis IR pho-
non modes in Bi2212 and Tl2212 remains contradictory,
discussed in Ref. 14. The situation is even less satisfac
for the trilayer high-Tc compounds A2Sr2Ca2Cu3O10
(A2223) where the lack of single crystals of sufficient si
and quality has inhibited detailed experimental investig
tions. Shell model calculations have been carried out
Tl2223 ~Ref. 18! and IR measurements have been perform
on ceramic samples of Tl2223~Ref. 19! and more recently
on oriented ceramics of Bi2223~Ref. 20!. The situation has
©2004 The American Physical Society11-1
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changed only very recently when some of the present aut
managed to grow high-quality single crystals of the trilay
Bi compound Bi2Sr2Ca2Cu3O10 that are suitable for IR mea
surements with light polarization along thec-axis direction.21

This paper reports a systematic investigation of thec-axis
lattice dynamics of the bismuth-based compoun
Bi2Sr2Can21CunO2n141d that contain eithern51, 2, or 3
CuO2 layers per unit cell. Our approach combines theoret
shell-model-based calculations with ellipsometric measu
ments of thec-axis dielectric response on well-characteriz
single crystals of high quality.21–23 From the ellipsometry
experiments we obtain the frequencies of thec-axis-
polarized IR-active phonon modes as well as the dielec
constants. On the theoretical side we model the Bi-ba
compounds withn51, 2, and 3 in theI4/mmmspace group
using the shell model approach, suggesting that scree
due to free charge carriers should not have major effec24

This approach has been successfully applied to study la
dynamics and various physical properties of high-Tc

superconductors.15,18,25–27The calculations have been pe
formed using theGULP code.28 The shell model parameter
have been derived by fitting to the crystal structures in eq
librium as well as to experimental values of the dielect
constants and frequencies of the transverse optical~TO! pho-
non modes. Using the same set of shell model parameter
then51, 2, and 3 compounds we calculate the eigenfrequ
cies of the Brillouin-zone center phonon modes ofA2u sym-
metry and derive the phonon mode eigenvector patterns.
results for the bilayer compound Bi2212 are consistent w
those of the earlier shell model calculations in theI4/mmm
space group by Pradeet al.15 We make an assignment of th
c-axis-polarized phonon modes observed in the ellipsome
spectra of single-layer, bilayer, and trilayer Bi-based co
pounds by comparing with the calculated eigenfrequencie
A2u symmetry modes. In addition, we also show the d
placement patterns and calculated eigenfrequencies for
Raman-active phonon modes ofA1g symmetry according to
the results of the present shell model calculations.
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II. CRYSTAL STRUCTURE AND G-POINT PHONONS IN
Bi2Sr2Can-1CunO2n¿4¿d WITH nÄ1, 2, AND 3

As a first approximation, a body-centered-tetrago
structure (I4/mmm) has been most frequently used in th
interpretation of the IR and Raman spectra of Tl- and
based compounds. According to the x-ray data,29,30 the three
Bi-based cuprates of general formu
Bi2Sr2Can21CunO2n141d with n51, 2, and 3 have similar
structures of the tetragonalI4/mmm space group (atetr

FIG. 1. Crystallographic cells of Bi2Sr2Can21CunO2n14 with
n51, 2, and 3.
TABLE I. The irreducible representations for the atoms in tetragonalI4/mmm (D4h
17) Bi2Sr2CuO6

~Bi2201!, Bi2Sr2CaCu2O8 ~Bi2212!, and Bi2Sr2Ca2Cu3O10 ~Bi2223!.

Comp. Atom Wyc. Site Irreducible representation
not. sym.

Bi2201 Cu1 (1a) D4h A2u 1Eu

Bi, Sr, O2, O3 (2e) C4v 4(A2u1A1g 1Eg1Eu)
O1 (2c) D2h A2u 1B2u12Eu

Bi2212 Ca (1a) D4h A2u 1Eu

Bi, Sr, Cu1, O2, O3 (2e) C4v 5(A2u1A1g 1Eg1Eu)
O1 (4g) Cv

2v A2u1A1g1B1g 1B2u12Eg12Eu

Bi2223 Cu2 (1a) D4h A2u 1Eu

O4 (2c) D2h A2u 1B2u12Eu

Bi, Sr, Ca, Cu1, O2, O3 (2e) C4v 6(A2u1A1g 1Eg1Eu)
O1 (4g) Cv

2v A2u1A1g1B1g 1B2u12Eg12Eu
1-2
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53.814 Å), with two formula units~two primitive unit cells!
in the crystallographic cell, as illustrated in Fig. 1. Primitiv
unit cells of single-layer, bilayer, and trilayer Bi-based c
prates differ only in the number (n21) of CuO2-Ca-CuO2
slabs packed along thec axis; upon insertion of one and tw
slabs, thec axis parameter of the crystallographic cells i
creases from 24.6 to 30.6 and 37.1 Å~Ref. 30!. The Wyckoff
positions of the atoms and their site symmetries in tetrago
I4/mmm(D4h

17) primitive unit cells of Bi2Sr2CuO6 ~Bi2201!,
Bi2Sr2CaCu2O8 ~Bi2212!, and Bi2Sr2Ca2Cu3O10 ~Bi2223!
are listed in Table I, with the notations of the atoms given
Fig. 2.

The irreducible representations corresponding to vari
atomic sites in the three Bi-based compounds that fol
from the character tables of the point groups are presente
the right column of Table I. For the IR active modes at theG
point of the Brillouin zone the displacement symmetries

FIG. 2. Notations for copper and oxygen atoms in primitive u
cells of single-layer, bilayer, and trilayer Bi-based cuprates.
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A2u for a displacement in thez direction andEu for displace-
ments in thex or y direction, whereas those for the Rama
activeG modes areA1g , B1g , andEg , respectively. Due to
full point-group symmetry of the Cu1~Bi2201!, Cu2
~Bi2223!, and Ca~Bi2212! atoms with the (1a) site position,
no Raman-active modes of these atoms are allowed, and
three displacement vectors yield three modes ofA2u andEu
~doubly degenerate! character. The oxygen atoms in the m
ror cuprate planes, O1 in single layer and O4 in trilayer
compounds, ofD2h-site symmetry, yield eigenmodesA2u
1B2u12Eu . The in-plane oxygen O1 withC2v-site symme-
try in the bilayer and trilayer compounds generates eig
modesA2u1A1g1B1g1B2u12Eg12Eu ; among them, the
B2u mode is silent andEg is doubly degenerated. The tota
numbers of modes grouped according to their optical activ
in the three Bi-based compounds are summarized in Tabl

It has been shown that the actual structure of Bi-ba
compounds is better represented by orthorhombicCccm
(D2h

20) ~Refs. 31–34! or Ccc2 (C2v
13) ~Refs. 35 and 36! space

groups, most structural studies verify that the orthorhom
Cccmstructure is correct. To follow the consequences of
lowering symmetry it is convenient to use theAmaaspace
group, which is a nonconventional setting ofCccm. The
orthorhombic Amaa structure has two formula units pe
primitive face-centered cell, with in-plane lattice paramet

t

TABLE II. Mode classification from the irreducible represent
tions for Bi2201, Bi2212, and Bi2223 in the tetragonalI4/mmm
(D4h

17) space group.

Comp. G IR GRaman Gacoustic Gsilent

Bi2201 5A2u16Eu 4A1g14Eg A2u1Eu B2u

Bi2212 6A2u17Eu 6A1g17Eg1B1g A2u1Eu B2u

Bi2223 8A2u110Eu 7A1g18Eg1B1g A2u1Eu 2B2u
TABLE III. The irreducible representations for the atoms in orthorhombicAmaa (D2h
20) Bi4Sr4Cu2O12

~Bi2201!, and Bi4Sr4Ca2Cu4O16 ~Bi2212!.

Comp. Atom Wyc. Irreducible representations
not.

Bi2201 Cu1 (2e) Au12B1u12B2u1B3u

B1u1B2u tetragonal silent

Bi, Sr, O2, O3 (4l ) 4(Au12B1u12B2u1B3u12Ag1B1g1B2g12B3g)
4(B1u1B2u1Ag1B1g1B3g) tetragonal silent

O1 (4h) Au1B1u12B2u12B3u1Ag1B1g12B2g12B3g

Ag1B1g12B2g12B3g tetragonal silent

Bi2212 Ca (2e) Au12B1u12B2u1B3u

B1u1B2u tetragonal silent

Bi, Sr, Cu1, O2, O3 (4l ) 5(Au12B1u12B2u1B3u12Ag1B1g1B2g12B3g)
5(B1u1B2u1Ag1B1g1B3g) tetragonal silent

O11,O12 (4h) 2(Au1B1u12B2u12B3u1Ag1B1g12B2g12B3g)
B1u12B2u12B3u1Ag1B1g12B2g12B3g

tetragonal silent
1-3
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TABLE IV. Mode classification from the irreducible representations for Bi2201 and Bi2212 in the o
rhombicAmaaspace group.

Comp. G IR GRaman Gacoustic Gsilent

Bi2201 10B1u111B2u16B3u 9Ag15B1g16B2g110B3g B1u1B2u1B3u 6Au

Bi2212 13B1u115B2u19B3u 12Ag17B1g19B2g114B3g B1u1B2u1B3u 8Au
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a andb of approximatelyatetrA2, and four formula units for
the crystallographic cell, with the samec-axis parameter. By
way of example, in the right column of Table III we prese
the irreducible representations corresponding to vari
atomic sites in the orthorhombicAmaa Bi4Sr4Cu2O12
~Bi2201! and Bi4Sr4Ca2Cu4O16 ~Bi2212! according to the
structural data of Imaiet al.,31 where we also show the
modes which are silent in the tetragonal symmetry. The t
numbers of modes grouped according to their optical acti
in theAmaaBi2201 and Bi2212 are summarized in Table I
In Table V we show components of the IR- and Rama
active normal modes of the atoms with different Wycko
positions at theG point of the Brillouin zone in the ortho
rhombic Amaaspace group. From Tables I and III one c
see that if theI4/mmmsymmetry breaks down owing to th
orthorhombic distortion of the structure, the degeneracy
removed. Thus, for each atom with (2e)-site position in the
I4/mmm symmetry ~Bi, Sr, O2, O3, and Cu1 in Bi2212!
normal modesA2u , A1g , oneEu , and oneEg will become
nondegenerate and, as a result, split into two; in addition,
new mode ofB1g character will appear in the orthorhomb
Amaa structure. For the atoms Cu1 in Bi2201 and Ca
Bi2212 two new IR-active modes ofB1u andB2u character
are expected in theAmaastructure. Due to breaking of th
tetragonal symmetry the O1 atom in Bi2201 will becom
‘‘Raman active,’’ and, as a result, a number of Raman-ac
modes ofAg , B1g , 2B2g , and 2B3g character will appear.

However, it has been known that the actual structure
Bi-based cuprates is only pseudo-orthorhombic due to st
ing faults, extra-stoichiometric oxygen, and incommensur
superstructural modulations along theb axis in BiO and SrO
layers,37 which result in substantial oxygen and cation dis
der. These factors can yield additional phonon modes, in
ticular, ‘‘disorder-induced’’ modes. The crystal structure
Bi-based compounds therefore should be described in te
of a larger elementary cell and lower crystal symmetry. T
origin of the superstructural incommensurate modulations
the atoms in BiO and SrO layers is not fully understood. T
most common assumption is that the modulations are a
ciated with extra-stoichiometric oxygen in the bilay
Bi2O21d that affects the orthorhombicity in the Bi-based c

TABLE V. Components of normal modes of atoms with diffe
ent Wyckoff positions in the orthorhombicAmaaspace group.

Wyc. not. Ag Au B3g B3u B1g B1u B2g B2u

(2e) x x zy yz
(4l ) zy x yz x x zy x yz
(4h) z z xy xy z z yx yx
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prates. In this situation, whatever approximation, either
tragonal or orthorhombic, is adopted to make an assignm
in the experimental phonon spectra, the first problem one
to solve is to distinguish the extra phonon modes—beyo
the considered symmetry—due to the effects of superst
tural incommensurate modulations and the presence of e
stoichiometric oxygen in the Bi-based compounds.

Since the deviation from tetragonality in Bi-based co
pounds is not large, we suggest to start with the tetrago
I4/mmm approximation assuming that modes silent in
tragonal symmetry will be weak, and the simple tetrago
I4/mmm approximation should provide a useful first a
proximation for the assignment of the most intense IR- a
Raman-active phonon modes. To explain more details in
experimental spectra due to possible orthorhombicity effe
we suggest to invoke the group theory analysis based on
orthorhombicAmaa(D2h

20) space group~see Table III!.

III. SAMPLES AND EXPERIMENTAL TECHNIQUE

The Bi2201, Bi2212, and Bi2223 single crystals ha
been grown by the traveling solvent floating zone~TSFZ!
method.21–23 The feed rods with nominal composition o
Bi2.1Sr1.9Can21CunO2n141d (n51, 2, and 3! were prepared
by the conventional solid-state method. Slow growth rates
0.5 and 0.2 mm/h were used for the Bi2201 and Bi22
crystals, respectively. Since the Bi2223 crystallization field
the narrowest among the three members of the Bi-based
ily, an extremely slow growth rate of 0.04 mm/h was use
The Bi2201, Bi2212, and Bi2223 crystals were grown und
applied oxygen pressurep(O2), in air, and in mixed gas flow
of 80% Ar and 20% O2, respectively. Because of the signifi
cant difference between the lattice parameters of thea andb
axes as compared to the one along thec axis, the growth rate
is highly anisotropic and very slow alongc. One typically
obtains platelike crystals with largeab planes of about 6
32 mm2 but with much smaller dimensions along thec axis.
The typical thickness is 1.5–2 mm for Bi2201, about 1 m
for Bi2212, less than 1 mm for Bi2223.

The crystals were characterized by energy dispers
x-ray ~EDX! analysis, x-ray diffraction~XRD!, transmission
electron microscopy~TEM!, and magnetic susceptibility an
resistivity measurements. The as-grown Bi2212 crystals
phase pure with a pseudotetragonal structure; they are al
optimally doped withTc591 K and DTc52 K. The as-
grown Bi2223 crystal contains 95%–98% of the Bi22
pseudotetragonal phase with a minor fraction of lay
intercallated Bi2212. In the as-grown state the Bi2223 crys
was underdoped withTc597 K ~midpoint! andDTc ~10%–
90% shielding fraction! 57 K. After a post-annealing treat
1-4
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c-AXIS LATTICE DYNAMICS IN Bi-BASED CUPRATE . . . PHYSICAL REVIEW B 69, 054511 ~2004!
ment for 10 days in flowing oxygen at 500 °C with a subs
quent rapid quenching to room temperature, the cry
became nearly optimally doped, withTc5107 K andDTc
53 K. The undoped Bi2201 crystals grown by the TSF
method are often nonsuperconducting. The superconduct
of the as-grown Bi2201 crystals is critically controlled by t
oxygen content; therefore, the growth was carried out un
oxygen pressuresp(O2) ranging from 1 to 10 bars. TheTc of
the as-grown Bi2201 crystals, determined from magne
susceptibility measurements, varied between 3.5 and 8.
upon the Bi/Sr ratio and the oxygen pressurep(O2) applied
in the course of growing. The structure of the as-gro
Bi2201 crystals was determined to be pseudotetragonal;
lattice parameters were found to dependent upon the B
ratio in the crystal composition. A pair of as-grown Bi221
single crystals~taken from the same part of an ingot! was
used for oxygen isotope replacement. The selected sam
were annealed in isotopically enriched oxygen under ide
cal conditions following a similar procedure described
Ref. 38.

For the ellipsometric measurements the crystal surfa
were polished to optical grade. The technique of ellipsome
provides significant advantages over conventional reflec
methods in that~i! it is self-normalizing and does not requir
reference measurements and~ii ! e1(v) and e2(v) are ob-
tained directly without a Kramers-Kronig transformatio
~see Refs. 4 and 39 for a description of the technique!. The
ellipsometric measurements have been performed at
U4IR beamline of the National Synchrotron Light Sour
~NSLS! at Brookhaven National Laboratory and at the infr
red beamline of the synchrotron radiation source ANKA
Karlsruhe Research Center, Germany. Homebuilt ellipso
eters attached either to a Nicolet Magna 860 or a ‘‘Bruke
IFS 66v/S FT-IR spectrometer were used. The high brillian
of the synchrotron light source due to the small beam div
gence enabled us to perform very accurate ellipsome
measurements in the far-IR range even on samples with c
parably smallac faces.

IV. c-AXIS IR SPECTRA OF Bi2201, Bi2212, AND Bi2223
SINGLE CRYSTALS

Figure 3 shows the real parts of thec-axis optical conduc-
tivity s1(v) and the dielectric functione1(v) at 150 K for
the Bi2212 and Bi2223 single crystals withTc591 K and
Tc5107 K. It is evident that the optical spectra look rath
similar for both compounds. This is a consequence of
generic structural features of these two compounds.
electronic background is extremely weak and the spectra
dominated by the contributions of several IR-active phon
modes. Using the classical dispersion analysis we fit a se
Lorentzian oscillators simultaneously toe1(v) ande2(v) in
the investigated spectral range. To describe the weak
rather flat electronic background in a Kramers-Kronig co
sistent way we have also included the sum of a Drude t
and several very broad Lorentzian oscillators. As for
present purpose this description is rather formal we only l
ited the half-widths of the broad Lorenzians to values
tween 150 and 500 cm21. In Table VI we list the frequencies
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vTOj , oscillator strengthsSj , and damping parametersg j of
the TO phonon bands observed in thee2(v) spectra of
Bi2212 and Bi2223 single crystals, together with determin
values of the high-frequency dielectric constants,e` .

For the Bi2223 we assign the main phonon bands at
127, 170, 212, 305, 360, 402, and 582 cm21 to the eightA2u
character modes. These modes are clearly identified e
cially due to the resonance features ine1(v) as shown in
Fig. 3~b!. Except for the two new intrinsic phonon modes
Bi2223 which appear at 127 and 402 cm21, the modes are
observed at similar frequencies in both compounds. We
lieve that the remaining phonon features in Fig. 3 arou
277, 466, and 640 cm21 are beyond the tetragonalI4/mmm
approximation, as discussed in Sec. II. The feature
640 cm21 appears to be a weak satellite of the pronounc
high-frequency mode at 583 cm21. It is likely related to the
effects of characteristic incommensurate modulations wh
induce strong distortions in the SrO and BiO planes. Inde
this feature almost disappears with Pb doping which sign
cantly reduces these superstructural modulations.14,40 Con-
cerning the mode at 277 cm21, on the low-frequency side o
the pronounced band at 305 cm21, we find that its oscillator
strength correlates with the amount of extra-stoichiome
oxygen that is incorporated within the Bi2O21d bilayer dur-
ing the oxygen annealing treatment.7 By contrast with the
640-cm21 satellite this feature remains persistent with
doping.40 As a very weak feature at around 466 cm21 is
quite distant from the main phonon features we assoc
with the A2u character modes, we would suggest that it
due to a contribution from some in-plane oxygen-related~O2
or O3! B2u mode which has az(c) component~see Tables III
and V! or it can be a ‘‘disorder-induced’’ defect mode.

The 150-K spectra of the real parts of thec-axis optical

FIG. 3. Real parts of thec-axis ~a! optical conductivitys1(v)
and~b! dielectric functione1(v) of Bi2212 and Bi2223 single crys
tals with Tc591 K andTc5107 K atT5150 K.
1-5
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TABLE VI. FrequenciesvTOj ~in cm21), oscillator strengthsSj , and damping parametersg j ~in cm21)
of the TO phonon bands observed in thec-polarizede2(v) spectra (T5150 K) of the single crystals Bi2201
Bi2212, and Bi2223. The assignment with the calculated frequencies ofA2u (I4/mmm) eigenmodes is given

Bi2212 Bi2223 Bi2201
vTOj

Sj g j A2u vTOj Sj g j A2u vTOj Sj g j A2u

97 – – 93 97 – – 88 109 0.56 5.00 77
– – – – 127 0.10 9.1 145 – – – –
168 0.29 8.7 195 170 0.63 11.2 211 165 0.45 12.3 17
210 0.34 12.7 304 212 0.77 21.4 252 208 0.65 14.5 –
282 0.16 12.3 – 277 0.50 17.4 – – – – –
304 1.13 21.7 343 305 1.43 27.6 335 301 1.31 24.7 2
358 0.33 30.7 403 360 0.46 30.7 378 385 0.85 25.2 3
– – – – 402 0.16 24.0 516 – – – –
462 0.02 10.5 – 466 0.02 10.5 – – – – –
521 0.22 85.3 – 512 0.26 81.0 – 501 0.10 48.0 –
583 0.65 38.2 643 582 0.61 41.9 666 586 0.42 31.2 5
640 0.03 17.8 – 640 0.03 17.8 – 639 0.01 12.5 –

e`54.91 e`55.77 e`54.69
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conductivitys1(v) and dielectric functione1(v) of the as-
grown nonsuperconducting Bi2201 single crystal, with t
stoichiometric composition Bi2Sr2CuO6, are shown in Fig.
4. The values of the fitted frequenciesvTOj , oscillator
strengthsSj , and damping parametersg j of the TO phonon
bands in thee2(v) are also listed in Table VI. To the best o
our knowledge this is the first report of thec-polarized pho-
non spectra of the Bi2201 single crystal. Also we would li
to note that thec-axis spectra of the Bi2201 reported he
exhibit remarkable differences with respect to those of
isostructural single layer Tl compound Tl2201~Ref. 14!. Six
strong TO phonon features at around 109, 165, 208, 3

FIG. 4. c-axis ~a! optical conductivitys1(v) and ~b! dielectric
function e1(v) of Bi2201 single crystal atT5150 K.
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385, and 586 cm21 are clearly identified in thes1(v) spec-
trum of Bi2201, as shown in Fig. 4~a!, whereas only fiveA2u

character modes are expected from consideration in the i
I4/mmmspace group~see Tables I and II!. In addition to a
weak satellite feature at around 640 cm21, which we have
already discussed in the previous paragraph, one ‘‘ex
mode appears at low frequencies in the Bi2201. This pres
ably reflects that the deviation from the tetragonality is m
pronounced for the single-layer Bi2201. We expect sign
cant amplitudes in thec-polarized IR spectrum for the tetrag
onal forbiddenB1u mode of the Bi atoms, which are know
to deviate most strongly from the tetragonal symmetry.
can also suggest that one newB1u mode associated with th
(2e) site position of the Cu1 atoms in theAmaa Bi2201,
which is tetragonally silent, can appear in the orthorhom
symmetry~see Table III!. Also we have found that the spec
tra of superconducting Bi2201 crystals withTc varying be-
tween 3.5 and 8.5 K depending on the Bi/Sr ratio and
oxygen stoichiometry exhibit almost the same phonon f
tures.

We have furthermore investigated the oxygen isotope
fect for 16O and 18O substitution in Bi2212 as shown in Fig
5. For a mode with predominantly oxygen character the
pected redshift of the eigenfrequency should be proportio
to @m( 16O)/m( 18O)#1/221—i.e., about 5.7%. A lower value
of this so-called isotopic frequency shift signals that the c
responding phonon mode contains a significant contribu
from the heavier~metal! ions. As shown in Fig. 5~a!, a siz-
able redshift upon18O substitution is observed for the fou
A2u phonons at 210, 304, 358, and 583 cm21; the estimated
values of the shifts are 8(61), 14(61), 19(61), and 32
(61) cm21, respectively. This result confirms the expect
trend that the three high-frequency modes at 304, 358,
583 cm21 have predominantly oxygen character. It is an
teresting finding that the low-frequency mode at 210 cm21

also exhibits a sizable redshift, which suggests that it c
1-6
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tains a significant contribution from the oxygen vibrations
Some of thec-polarized IR phonon modes in the bilay

Bi2212 and trilayer Bi2223 compounds exhibit a strong
anomalous temperature dependence atTc that is accompa-
nied by the development of a sizable absorption peak be
Tc in the FIR range.2,5–7 Figures 6~a! and 6~b! show the real
part s1(v) of the c-axis optical conductivity of Bi2212 and
Bi2223 at two different temperatures, aboveTc and well be-
low Tc . In the normal state the spectra exhibit hardly a
noticeable changes, except for a sharpening of the phon
with decreasing temperature. Right belowTc , however, the
spectra change appreciably. This is also illustrated in F
6~c! which displays the differences1(T!Tc ,v)2s1(T
*Tc ,v). The most prominent feature is the broad abso
tion band around 500–550 cm21 which appears belowTc
and grows rapidly with decreasing temperature. This abs
tion band has been identified in both Bi2212 and Bi2223 a
has been attributed to the transverse Josephson-plasma
nance~t-JPR! that is a universal feature of the multilaye
high-Tc cuprate compounds.2,4,6 It is evident from Fig. 6 that
the formation of the t-JPR is associated with an anomal
temperature dependence of the phonon modes at 360,
~specific for trilayer Bi2223!, and 582 cm21 denoted byA,
B, and C in Fig. 6. The principal difference between th
phonon anomalies observed in the bilayer and trilayer
systems atTc is that in the latter system the changes of t
spectral weight of the apical phonon mode are much m
pronounced and an additional phonon mode exhibiting
opposite temperature dependence is observed at 402 cm21.

V. THEORETICAL CALCULATIONS

A. Shell model approximation and potential parameters

To estimate the frequencies at which the various eig
modes appear and, consequently, to make the assignme

FIG. 5. Oxygen isotope effect in thec-polarized response of~a!
s1(v) and ~b! e1(v) of Bi2212 with Tc591 K, measured at 150
K.
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the experimental phonon spectra~at T5150 K), we have
performed lattice-dynamical calculations using the sh
model approximation. We performed the calculations for
three Bi-based structures Bi2201, Bi2212, and Bi2223 wit
the ideal tetragonalI4/mmm (D4h

17) space group, using the
lattice constants and internalz structural parameters reporte
in Refs. 29 and 30. We apply the shell model approach s
gesting that screening due to free charge carriers should
have major effects.24,41Earlier the shell model approach wa
successfully applied to study lattice dynamics and vario
physical properties of high-Tc superconductors.15,18,25–27Our
calculations are performed using theGULP code.28 In the con-
text of the shell model, the lattice is considered as an ass
bly of polarizable ions, represented by massive point co
and massless shells coupled by isotropic harmonic for
The interaction includes contributions from Coulomb a
short-range interactions. Short-range interactions betw
relatively small cations are usually ignored. The core a
shell charges and the spring constant of each ion are pa
eters of the model. The short-range potentials used for
shell-shell interactions are of the Buckingham form

Vi j 5Ai j exp~2r /r i j !2Ci j /r 6. ~1!

FIG. 6. Real parts1(v) of the FIR c-axis conductivity~a! of
Bi2212 withTc591 K for T5100 K andT510 K ~Ref. 6! and~b!
of Bi2223 withTc5102 K for T5120 K andT510 K ~Ref. 7!. ~c!
Superconductivity-induced changes of the FIR conductivity,Ds1

5s1(T!Tc ,v)2s1(T*Tc ,v), for Bi2212 and Bi2223 derived
from the data shown in the top panels. The most pronounced p
non anomalies are denoted byA, B, andC.
1-7



m
w
e
gh
uc
e
ni
ri
b

ic

nd
er
th
m
w

a

th
b

g
cu
ity
e
i,
io
O

ns
d
th
r
m
b
m
nd
e
or
he
s
s
at
s
s,
a

nt
o

ge
o
of

ble
ge
to

he
ond
Å,
led
r
Bi-
ntial
tal
s of
nd
III,
12

the
his
ters
uc-
an
ho-
tent
the
res.
ld
re-

he
the
op-
un-
e
ree
ave
val-
12,

ge
et
iven
can
rved

the

ing
f
-
of
ent

s of

al
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The Buckingham potential parameters as well as the ato
core and shell charges and the relevant spring constants
fitted in this work. To obtain a self-consistent set of the sh
model parameters acceptable for a family of Bi-based hi
Tc cuprates, we performed fits simultaneously to the str
tures of Bi2201, Bi2212, and Bi2223. As the starting valu
for the shell model parameters—pair potentials, net io
charges, shell and core charges, and relevant sp
constants—we used the ones obtained by Baetzold for a
layer cuprate YBa2Cu3O72d system within the similarCAS-

CADE code.26 We have two reasons to keep the net ion
charges of the atoms in the cuprate planes of12ueu for Cu1
and Cu2 and22ueu for O1 and O4. First, it is in line with the
approach of Baetzold for Y123~Ref. 26! and, second, this is
required if we want to describe single-layer, bilayer, a
trilayer Bi systems by the same set of potential paramet
Otherwise, by dividing the noninteger charges between
cuprate planes we would have different pair potential para
eters in each case. Following the approach of Baetzold,
also keep the same effective charges of21.67ueu for O2 and
O3. We take the formal ionic charge12ueu for Sr, and to
satisfy the electroneutrality conditions we have to assume
effective charge12.33ueu for Bi. The formal charges here
describe the dipole moment per unit displacement, ra
than the charge within some region of space. It was noted
Catlow and Stoneham that even the integer char
distribution method can be successfully employed to ac
rately calculate physical properties of solids where ionic
may vary over a range of values.42 We assume a shell charg
of 23.2576ueu for all oxygen ions, as in Ref. 26. The Sr, B
Ca, and O ions are treated as polarizable, while the Cu
are treated as unpolarizable. The fitting procedure keeps
~shell-shell! interactions as those of typical oxides.43,44 The
structures were allowed to relax to equilibrium conditio
under the symmetry (I4/mmm) restrictions; the cores an
shells were allowed to move separately. The forces on
atoms were minimized by varying the potential paramete
the eigenvalues for the first three modes for all three co
pounds had approximately zero values, indicating a sta
structure in each case. Normally a good fit requires so
information on physical properties—elastic, dielectric, a
piezoelectric~where applicable! constants—as well as th
structure. In general, vibrational frequencies contain far m
information than any of the above. However, in fitting t
frequencies a reasonable implication for the assignment a
be suggested, at least for some key modes. In the pre
work a final fit was done to the available experimental d
on the bilayer Bi2212 compound. The criterion of a succe
ful fit was good agreement with the structural parameter29

provided that approximately zero forces are applied for
atoms, with thec axis statice0 and high-frequencye` dielec-
tric constants and with the frequencies of thec-axis IR- and
Raman-active optical phonons.45 The resulting Buckingham
potential parameters, ionic shell charges (Y), and force con-
stants~k! are presented in Table VII. To simulate differe
in-plane and out-of-plane bond lengths in the structures
Bi-based compounds, as well as the anisotropy of oxy
polarizability, generally we have arrived at different pair p
tentials for the Cu-O, Sr-O, and Bi-O in-plane and out-
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plane short-range interactions. It is particularly remarka
that the pair potentials for the Bi-O2 and Bi-O3 short-ran
interactions are significantly different, and this fact seems
be mainly due to very different Bi-O bond lengths; i.e., in t
structures of Bi-based compounds we have a Bi-O2 b
length of 2.22 Å, an in-plane Bi-O3 bond length of 2.71
and the longest Bi-O3 bond length, between weakly coup
Bi2O2 biplanes, of 2.97 Å~Ref. 29!. Thus elaborated, ou
shell model parameters allow us to describe all three
based structures by the same set of short-range pair-pote
parameters, listed in Table VII. To compare the experimen
and calculated structures we present experimental value
the fractional atomic coordinates obtained from Refs. 29 a
30 and the corresponding calculated values in Table V
where we also show the experimental errors for the Bi22
fractional coordinates29 in brackets. As far as our final fit is
based on the Bi2212 crystal, the best agreement with
internal structural parameters is naturally obtained for t
system. As can be seen from Table VIII these parame
reproduce also reasonably well the Bi2223 and Bi2201 str
tures. Slightly varying the shell model parameters we c
arrive at a better agreement with the particular structure c
sen, although we would rather aim to obtain a self-consis
set of shell model parameters, which can account for
common generic features in all three Bi-based structu
Going ahead, we would like to mention here that this wou
not qualitatively affect the character of the eigenmodes
sulting from our shell model calculations, although t
eigenfrequencies and amplitudes of the eigenvectors of
c-axis phonon modes can slightly change. The elastic pr
erties calculated with these parameters do not exhibit
physical ~i.e., negative! values, and the eigenvalues for th
first three modes have approximately zero values in all th
compounds which is indicative of a stable structure. We h
also arrived at a good agreement with the experimental
ues for dielectric constants. All three compounds Bi22
Bi2223, and Bi2201 have close values ofc-axis dielectric
constants within the rangee0.9.5–12.0 ande`.4.9–5.8,
as estimated from our experimentale1(v) and e2(v) spec-
tra. The corresponding calculated values fall in the ran
e0.10.9–13.9 ande`.4.8–5.6. Certainly, the obtained s
of shell mode parameters is not unique. Nevertheless, g
the fact that by using the same set of parameters we
reproduce the structures and main phonon bands as obse
for all three compounds we obtain more confidence in
assignment for the phonon modes.

B. Calculated G-point A2u symmetry modes in Bi2201, Bi2212,
and Bi2223

In Fig. 7 we show the eigenvector patterns correspond
to six eigenmodes ofA2u symmetry and one silent mode o
B2u symmetry for Bi2212, resulting from our lattice
dynamical calculations. Under each patch we list values
the eigenfrequencies and below we make an assignm
based on a comparison with the experimental frequencie
the TO phonon bands observed in thec-polarized spectra of
the Bi2212 single crystal (T5150 K, see Fig. 3 and Table
VI !. Mixing due to out-of-phase motion of ions of equ
1-8



re

c-AXIS LATTICE DYNAMICS IN Bi-BASED CUPRATE . . . PHYSICAL REVIEW B 69, 054511 ~2004!
TABLE VII. Potential parameters for short-range shell-shell interactions@Eq. ~1!#, ion shell charges (Y),
and force constants~k! in tetragonalI4/mmm(D4h

17) Bi2Sr2CuO6 , Bi2Sr2CaCu2O8, and Bi2Sr2Ca2Cu3O10;
in-plane O1 and O4 oxygen ions are taken of a net charge22.0ueu; out-of-plane O2 and O3 oxygen ions a
taken of a net charge21.67ueu, r cuto f f599 Å.

A ~eV! r (Å) C(eV Å26)

Cu1-O1; Cu2-O4 3889.8 0.24273 0.00
Cu1-O2,O4; Cu2-O1 2708.0 0.22074 0.00
Ca-O1; Ca-O4 14882.2 0.24203 0.00
Sr-O1 1487.9 0.33583 0.00
Sr-O2 20097.2 0.24823 0.00
Sr-O3 30202.0 0.24823 0.00
Bi-O2 15671.0 0.22074 0.00
Bi-O3 147997.9 0.22074 0.00
Cu1-Sr 167925.4 0.22873 0.00
Sr-Sr 3680.5 0.25880 0.00
Sr-Bi 158000.0 0.22873 0.00
Bi-Bi 7100.0 0.22873 0.00
Ca-Ca 4500.0 0.22873 0.00
O-O 22764.0 0.14900 75.00

Ion Y(ueu) k(eV Å22)

Ca 2.00 99.0
Cu1, Cu2 2.00 999999.0

Bi 2.33334 27.2
Sr 5.09995 146.7
O1 23.25760 26.0
O4 23.25760 76.0

O2, O3 23.25760 100.0
th
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symmetry in inequivalent positions often does not allow
determination of a unique character for a given set of eq
symmetry modes. The total number of the modes in e
symmetry, of course, is unaffected by mixing. The charac
of the assigned modes is determined according to the do
nant contribution from the atoms participating in the vibr
tion and shown atop. The respective calculated compon

TABLE VIII. A comparison between the experimental and ca
culated structures of Bi2212, Bi2223, and Bi2201@ I4/mmm
(D4h

17)]. Experimental values of the fractional atomic coordina
and corresponding calculated values are given, with the experim
tal errors for Bi2212 structure shown in brackets.

Bi2212 Bi2223 Bi2201
z, expt. z, calc. z, expt. z, calc. z, expt. z, calc.

Ca 0.00 0.00 0.0443 0.0464 – –
Sr 0.1097~5! 0.1096 0.1346 0.1369 0.0759 0.069
Bi 0.3022~3! 0.3043 0.292 0.297 0.3148 0.317
Cu1 0.4456~9! 0.4334 0.4109 0.4010 0.00 0.00
Cu2 – – 0.00 0.00 – –
O1 0.446~3! 0.445 0.411 0.408 0.00 0.00
O2 0.375~4! 0.372 0.353 0.352 0.405 0.401
O3 0.205~4! 0.211 0.213 0.219 0.194 0.201
O4 – – 0.00 0.00 – –
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of the eigenvector amplitudes are given in Table IX. T
lowest-frequency mode calculated at 93 cm21 ~experimen-
tally observed at 97 cm21; see Fig. 3 and Ref. 5! is related to
motion of the heavy Bi atoms, which is strongly mixed wi
out-of-phase motion of Sr, Cu1, and Ca, with a small oxyg
contribution from different crystallographic planes. The ne
mode ofA2u symmetry calculated at 195 cm21 (168 cm21)
is predominantly due to motion of the Cu1 against Sr, with
small contribution from the Ca ions. TheA2u mode at
304 cm21 (210 cm21) is due to the vibrations of Ca and O
ions against Sr and O3. This mixed low-frequency mo
contains a noticeable contribution from the copper-plane
ions and bismuth-plane O3 ions to thec-axis oscillations.
The three high-energy vibrations are predominantly oxyg
related. The mode calculated at 343 cm21 (304 cm21) is
basically due to O3 and O1 vibrations against Sr and
atoms, with a predominant contribution from the bismu
plane oxygen O3. The Cu-O bond-bending character mod
403 cm21 (358 cm21) involves a significant contribution
from the copper-plane O1 ions, vibrating against the Ca
O3 atoms. The highest-frequency mode at 643 cm21

(583 cm21) is due to O2 and O3 out-of-phase oscillation
and it has apparently apical character due to a predomi
contribution from the strontium-plane O2 oscillations alo
the c axis. Our assignment and the eigenvectors for
c-polarized phonon modes can be tested by the oxygen

n-
1-9
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FIG. 7. Normal frequencies~in cm21) of six
A2u-symmetry modes and one ‘‘silent’’B2u mode
in Bi2212 (I4/mmm) and schematic representa
tion of their eigenvectors; respective experime
tal c-axis TO phonon frequencies are given
brackets~see Fig. 3 and Table VI!.
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tope effect in the Bi2212 single crystal, as investigated
this work ~see Fig. 5!. According to first-order perturbation
theory, the frequency shift of the modevn due to the change
of the massmi of the i th atom is proportional to the squar
modulus of the i th component of the correspondin
eigenvector46,47:

dvn

dmi
52

vn

2mi
@ uj i ,xu21uj i ,yu21uj i ,zu2#. ~2!

In the experiment, a noticeable redshift upon18O substitu-
tion is observed for the threec-axis high-frequency modes
This result is consistent with our assignment that
05451
n

e

phonons at 304, 358, and 583 cm21 have predominantly
oxygen character; the calculated values of the isotope s
based on the mode eigenvectors from Eq.~2! are 15.1, 15.1,
and 33.8 cm21, respectively. The agreement between cal
lation and experiment is quite good. The low-frequen
mode at 210 cm21 also exhibits a noticeable redshift upo
18O substitution. The calculated value of the isotope shif
2.1 cm21. Although the quantitative agreement is not
good in this case, our assignment suggesting a notice
contribution from the copper-plane O1 and bismuth-pla
O3 atoms to this low-frequency mode is qualitatively cons
tent with the observed oxygen isotope effect. In addition,
agreement with the experiment our assignment suggests
TABLE IX. Calculated components of eigenvectors ofA2u modes in Bi2201 (Bi2Sr2CuO6), Bi2212
(Bi2Sr2CaCu2O8), and Bi2223 (Bi2Sr2Ca2Cu3O10) crystals in tetragonalI4/mmm(D4h

17) space group.

Bi2212 Bi(z) Sr(z) Cu1(z) – Ca(z) O1(z) O2(z) O3(z) –

93 cm21 20.46 0.27 0.33 – 0.29 0.16 20.07 20.11 –
195 cm21 20.04 0.43 20.54 – 0.16 0.05 20.01 0.00 –
304 cm21 20.09 0.33 0.10 – 20.76 20.15 0.08 0.18 –
343 cm21 20.11 20.18 20.09 – 20.15 0.31 0.13 0.46 –
403 cm21 0.09 20.01 20.04 – 20.50 0.29 20.15 20.41 –
643 cm21 0.07 0.04 0.03 – 0.01 20.01 20.66 0.24 –

Bi2223 Bi(z) Sr(z) Cu1(z) Cu2(z) Ca(z) O1(z) O2(z) O3(z) O4(z)

88 cm21 20.45 0.11 0.14 0.57 0.21 0.08 20.07 20.11 0.17
145 cm21 20.23 0.33 0.22 20.68 0.09 0.10 0.00 20.01 20.09
211 cm21 0.01 0.27 20.59 20.06 0.23 0.06 20.03 0.00 0.09
252 cm21 20.05 0.42 20.05 0.29 20.49 20.07 0.02 0.03 20.16
335 cm21 20.09 20.15 20.07 20.01 20.21 0.29 0.10 0.46 0.16
378 cm21 0.10 20.09 20.05 0.09 20.13 0.34 20.14 20.41 0.04
516 cm21 0.05 0.05 0.03 20.21 20.23 20.05 20.08 20.22 0.60
666 cm21 0.08 0.03 0.05 0.00 0.01 20.01 20.66 0.22 0.02

Bi2201 Bi(z) Sr(z) Cu1(z) – – O1(z) O2(z) O3(z) –

77 cm21 20.31 0.24 0.77 – – 0.10 20.11 20.17 –
175 cm21 20.21 0.51 20.56 – – 0.17 0.02 20.06 –
293 cm21 20.24 20.09 0.08 – – 0.30 0.15 0.56 –
353 cm21 0.10 20.23 20.08 – – 0.59 20.10 20.27 –
596 cm21 0.09 0.06 20.05 – – 0.00 20.66 0.23 –
1-10
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FIG. 8. Normal frequencies
and eigenvectors of eigh
A2u-symmetry modes and two
‘‘silent’’ B2u modes in Bi2223
(I4/mmm); respective experimen
tal c-axis TO phonon frequencie
are given in brackets~see Fig. 3
and Table VI!.
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the next low-frequency mode at 195 cm21 exhibits no oxy-
gen isotope effect. The present shell model calculations
reproduce the frequencies of thec-axisA2u eigenmodes quite
well for the bilayer Bi2212 single crystal. The observed ox
gen isotope shifts of the phonon frequencies are consis
with the predictions based on the eigenvectors obtained f
lattice-dynamical calculations, thus giving more confiden
with our shell model parameters, normal-mode eigenvect
and our assignment. We remark that although the eigen
quencies are somewhat different, the character ofA2u vibra-
tions resulting from the present shell model calculations
the Bi2212 system is consistent with the earlier calculati
made by Pradeet al.15

In Fig. 8 we show the eigenvector patterns correspond
to the eight eigenmodes ofA2u symmetry and two silen
modes ofB2u symmetry for the Bi2223, resulting from ou
lattice-dynamical calculations with the same set of the s
model parameters listed in Table VII. The calculated com
nents of the eigenvector amplitudes are summarized in T
IX. We make an assignment of the TO phonon modes
served in thec-axis ellipsometry spectra of the Bi2223 sing
crystal (T5150 K; see Fig. 3 and Table VI! based on a
comparison with the present calculations. As can be s
from Figs. 7 and 8, a close similarity with the Bi2212
observed for their eigenmode characters and eigenfrequ
values due to the common generic features in the Bi2212
Bi2223 structures. The only exception is that two new ad
tional modes ofA2u symmetry are present for the trilaye
Bi2223 system. Our calculations give one additional mo
for Bi2223 at 145 cm21; its character is defined by the ma
contribution from the Cu2~from the inner CuO2 plane! and
Sr out-of-phase vibrations, and assigned it with the n
mode clearly discernible in thee1(v) spectrum at 127 cm21

@see Fig. 3~b!#, which is also in agreement with the results
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IR measurements done very recently on an oriented cera
of Bi2223 ~Ref. 20!. We calculated fourA2u ‘‘light,’’ pre-
dominantly oxygen-related, modes at the frequencies 3
378, 516, and 666 cm21. Like in the Bi2212, the highest
frequency mode at 666 cm21 (581 cm21) is associated with
the out-of-phase O2 and O3 vibrations, the mode calcula
at 335 cm21 (304 cm21) is predominantly due to the Bi
plane O3 oscillations, and the mode calculated at 378 cm21

(359 cm21) is the Cu-O bond-bending character mode, c
responding to the out-of-phase motion of the Ca atoms
oxygens O1 in the outer CuO2 planes. We calculated on
additional oxygen-related mode in the Bi2223 at 516 cm21,
and its character is defined by the out-of-phase vibration
the Ca atoms and oxygens O4 in the inner CuO2 plane. We
assign it with the new mode appearing in thec-axis phonon
spectrum of the Bi2223 at 402 cm21, as is clearly observ-
able in Fig. 3, and also in agreement with the results of R
20.

As we discussed in Sec. IV some of thec-polarized IR
phonon modes in the bilayer Bi2212 and trilayer Bi22
compounds exhibit a strongly anomalous temperature de
dence atTc , accompanied by the development of a siza
absorption peak belowTc in the FIR range, as illustrated in
Fig. 6.2,5–7 The two most pronounced phonon bands at 3
and 582 cm21 appear at the same frequencies in thec-axis
ellipsometry spectra of the Bi2212 and Bi2223. According
our assignment they are associated with the predomin
contribution from the BiO layer O3 oxygens and the apic
O2 oxygens, respectively. It is evident from Fig. 6 that t
formation of the t-JPR in Bi2212 and Bi2223 is accompan
by the strongly anomalous temperature dependence of
phonon modes at 360, 402~specific for trilayer Bi2223!, and
582 cm21 denoted byA, B, and C. An explanation of the
anomalous changes of the phonon modes at 360
1-11
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FIG. 9. Normal frequencies and eigenvecto
of five A2u-symmetry modes in Bi2201
(I4/mmm); experimentalc-axis TO phonon fre-
quencies are given in brackets~see Fig. 4 and
Table VI!.
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402 cm21 upon entering the superconducting state has b
recently proposed based on the so-called Josephson sup
tice model, assuming that these bands belong to the vibra
of the planar oxygens.6,7 This assumption is supported by o
assignment which suggests that these modes are b
bending character modes which involve a significant con
bution from the outer copper-plane O1 and inner copp
plane O4 ions, respectively.

In Fig. 9 we present the eigenvector pattern correspond
to the five eigenmodes ofA2u symmetry for Bi2201; the
calculated components of the eigenvector amplitudes
listed in Table IX. We have calculated twoA2u symmetry
modes at low frequencies. The calculated lowest-freque
mode is related to the motion of the heavy Bi atoms, which
strongly mixed with out-of-phase motion of Sr and Cu1. T
next mode ofA2u symmetry is predominantly due to th
motion of Cu1 against Sr. The three phonon features
clearly observed in thec-axis ellipsometry spectra of th
Bi2201 at low frequencies at around 109, 165, and 209 cm21

~see Fig. 4 and Table VI!; in Sec. IV we have already dis
cussed the possible reasons for the appearance of one
tra’’ phonon feature. We have made an assignment of
modes at low frequencies by analogy with the vibration ch
acters at the corresponding frequencies in the B2212
Bi2223 crystals. The three high-energy vibrations are p
dominantly oxygen related. The highest-frequency mode
596 cm21 (586 cm21) has apparently apical character due
the predominant contribution from the strontium-plane
oscillations along thec axis. The modes calculated a
293 cm21 and 353 cm21 are basically due to bismuth-plan
O3 and copper-plane O1 mixed in-phase and out-of-ph
vibrations, respectively, and they correlate well with the e
perimental frequencies at 301 and 385 cm21. In Bi2201 the
CuO2 planar oxygen band located at 385 cm21 has much
larger intensity than in Bi2212. This is probably due to t
fact that in Bi2212 the CuO2 planar oxygen mode is strongl
renormalized by its coupling to interlayer electronic exci
tions already in the normal state.

The oscillator strengths of IR-active phonon modes
related to the dipole moment arising from the displaceme
of ions involved in a vibration:
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2 (
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2
. ~3!

In this relationV is the unit cell volume,eti
* and mi corre-

spond to the dynamical effective charge and mass of thei th
atom vibrating inj mode with TO frequencyvTOj , andui j
represents the displacements related to the eigenvectorx j by
ui j 5x i j /Ami . In most cases, however, the dynamic
chargeseti

* do not correspond to the static ionic ones. As w

discussed earlier, to describe single-layer, bilayer, a
trilayer Bi systems by the same set of potential parame
we have to keep the net ionic charges of the atoms in
cuprate planes of12ueu for Cu1 and Cu2 and22ueu for O1
and O4. Also in our model the effective charges o
21.67ueu for O2 and O3 have been assumed. As an exam
in Table X we present values of the oscillator strengths c
culated from the displacements of ions, vibrating in theA2u
symmetry modes in Bi2212, using the ionic charges t
were adopted in our shell model. As one can see, the qu
tative agreement between model and experiment is q
good in the sense that the model correctly predicts the st
gest modes in the phonon spectra and the weak modes
also predicted to be weak. An improved description of t
oscillator strengths of all phonon modes compared to th
with formal ionic charges can be achieved by introduci
effective ionic charges. By inversion of Eq.~3! from the
experimental oscillator strengths the effective charges of
ions can be extracted by making use of the calculated c
ponents of the eigenvectors. Following this procedure,

TABLE X. Comparison of values of oscillator strengths calc
lated from components of eigenvectors ofA2u modes in Bi2212
with corresponding experimental values.

vTOj

expt (cm21) 97 168 210 304 358 583
A2u (cm21) 93 195 304 343 403 643
Sj

expt – 0.29 0.34 1.13 0.33 0.65
Sj

calc 0.07 0.16 0.03 4.24 0.11 0.13
1-12
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FIG. 10. Normal frequencies and eigenvecto
of six A1g-symmetry modes and oneB1g mode in
Bi2212 (I4/mmm); experimental frequencies ar
given in brackets~Ref. 51!.
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general, we have arrived at the resulting charges close to
formal charges adopted within the model. The major i
provement can be obtained if the O2 charge is made m
negative and the O3 charge is made less negative, althou
quantitative comparison seems to be in part uncertain,
cause, as we mention above, due to coupling to interla
electronic excitations in multilayer Bi compounds the Cu2
planar oxygen modes are strongly renormalized, alread
the normal state. The consequences of these local field
fects, which go beyond the scope of the present sim
model, have been outlined in Refs. 2 and 6.

C. Calculated G-point A1g-symmetry modes in Bi2201, Bi2212,
and Bi2223

In this section we just briefly discuss the results of o
shell model calculations for the Raman-active modes in
three Bi-based compounds and suggest an assignment fo
phonon modes observed in the experimental spectra. It
been generally found that a larger number of phonon mo
occur in the Raman spectra of the Bi-based compounds
would be expected from the simple tetragonalI4/mmmsym-
metry consideration~given in Tables I and II!. As a result
different groups have reported rather different and then c
tradictory assignments. We have already referred to th
reasons in Sec. II. There appears to be a consensus o
origin of the strongB1g phonon in Raman spectra of Bi221
From the B1g-symmetry selection rules the peak at abo
285 cm21, which occurs only in thez(xy) z̄ spectrum can be
assigned to the O~1! B1g phonon characterized by out-o
phase motion of the oxygen atoms in the CuO2 plane. This is
not the case, however, for two of the strongestA1g modes
that appear in the Raman spectrum at higher frequen
around 460 and 620 cm21. The origin of the high-frequency
vibrations in the Raman spectrum of Bi2212 remains con
versial despite many investigations by different groups. M
authors have assigned the 460-cm21 mode to the vibrations
of the apical oxygen atoms located in the SrO planes and
620-cm21 phonon to vibrations of the oxygen atoms locat
in the BiO planes.48–50 However, recently it was argued tha
the assignment should be reversed.51,52 It was shown that
these two bands exhibit different polarization dependen
for the incident and scattered vectors, indicating that the
gree of mode mixing is small, and the 620-cm21 band is
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stronglyc polarized like apex oxygen vibrations character
tic for most high-Tc superconductors.51 Moreover, the
460-cm21 band has been found to soften at a significan
faster rate than the 620-cm21 band with 18O oxygen isotope
substitution, in agreement with the more liable oxygen ato
from the BiO layer.52 Therefore, in fitting our shell mode
parameters for the Bi2212 crystal we have implied an ass
ment for the mode observed at around 285 cm21 as theB1g

mode, whereas for the modes observed at around 460
620 cm21 as theA1g modes associated with the O3~from the
BiO plane! and O2~from the SrO plane! predominant con-
tributions, respectively.

In Fig. 10 we show our suggested eigenvector patt
corresponding to the six eigenmodes ofA1g symmetry and
oneB1g symmetry for the Bi2212 crystal. We list values o
the eigenfrequencies and below we make an assignme
agreement with the experimental Raman study
Bi2Sr2Ca12xYxCu2O81d (x50 –1) single crystals.51 A num-
ber of phonons observable below 400 cm21 in the Raman
spectra in theA1g ~or Ag) scattering configurations are con
sidered by Kakihanaet al. as ‘‘disorder-induced’’ modes.51

In addition, as a weak satellite feature at;657 cm21 near
the strong phonon band at 620 cm21 disappears in
modulation-free Bi22xPbxSr2Ca12xCu2O81d crystals it is
possibly induced by the incommensurate superstruct
modulation.53 Another satellite feature at;458 cm21 near
the pronounced phonon band at 460 cm21 is possibly asso-
ciated with extra oxygen atoms in the BiO layers and a
referred to ‘‘disorder-induced’’ scattering.

In Fig. 11 we show the eigenvector pattern correspond
to the seven eigenmodes ofA1g symmetry and oneB1g sym-
metry for the Bi2223 crystal, calculated using the same ba
set of the shell model parameters. From Figs. 10 and 11
can see that due to the common generic features in
Bi2212 and Bi2223 structures, the vibration characters
similar and the eigenfrequency values are close for the
responding eigenmodes. This is consistent with the rece
published results on Raman measurements showing tha
frequencies of the major phonon bands are almost iden
in Bi2212 and Bi2223 single crystals.54 The exception is an
additional mode ofA1g symmetry present in the trilaye
Bi2223 crystal. Comparing the bilayer and trilayer syste
~Figs. 10 and 11! we can conclude that instead of oneA1g
1-13
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FIG. 11. Normal frequencies and eigenvecto
of sevenA1g-symmetry modes and oneB1g mode
in Bi2223 (I4/mmm); some experimental fre-
quencies are given in brackets~see Fig. 13 and
Ref. 54!.
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mode associated with the O1 vibrations in the CuO2 plane in
the Bi2212 structure, calculated at 370 cm21, in the Bi2223
structure we have twoA1g modes associated with the Ca a
O1 ~from the outer CuO2 planes! in-phase and out-of-phas
vibrations, calculated at 316 and 391 cm21, respectively.

In Fig. 12 we show the eigenvector pattern correspond
to the four eigenmodes ofA1g symmetry for theI4/mmm
Bi2201, resulting from our shell model calculations. As us
many more phonon modes are observed in the experime
Raman spectra, implying that the simple tetragonal appr
mation is no longer applicable for an interpretation of t
Raman phonon spectra of the Bi2201. In Tables I and III
show that due to the orthorhombic distortions, the O1 ato
in the CuO2 plane become ‘‘Raman active,’’ and as a resu
a number of new Raman-active modes ofAg , B1g , 2B2g ,
and 2B3g character will appear in theAmaa Bi2201. We
suggest that a more appropriate approximation for the in
pretation of theG-point Raman-active phonons in this com
pound will be the orthorhombicAmaa space group. How-
ever, the assignment for the two high-frequency oxyg
modes~as we show in Fig. 12! is the same as for the Bi221
and Bi2223 crystals, and the calculated frequencies a
quite well for these three compounds.

Resonant Raman scattering belowTc has been discovere
in Bi- and Hg-based high-Tc compounds with three or fou
CuO2 layers.54–56 Strong superconductivity-induced en

FIG. 12. Normal frequencies and eigenvectors of fo
A1g-symmetry modes in Bi2201 (I4/mmm); some experimenta
frequencies are given in brackets~Ref. 51!.
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hancement of the phonons at 260 and 390 cm21, together
with the development of a broadband peaking at arou
580 cm21, has been observed in a recent resonant Ram
scattering study on the Bi2223 single crystal withTc
5109 K ~Ref. 54!. Our measurements of resonant Ram
scattering (Eexc52.18 eV) done on our Bi2223 single crys
tal with lower Tc5107 K reproduce the results of Limono
et al. In Fig. 13~a! we show the Raman spectra at two d
ferent temperatures—i.e., somewhat above and well be
Tc . Figure 13~b! shows the difference between these Ram
spectra. Our data clearly demonstrate the superconducti
induced enhancement of the phonon bands at 260
390 cm21 and a broadband peaking around 550 cm21.

r
FIG. 13. Raman scattering (Eexc52.18 eV) in Bi2223~a! mea-

sured slightly aboveTc5107 K and well belowTc and~b! resonant
enhancement of the phonon bands at 260 and 390 cm21 and
superconductivity-induced broadband at 550 cm21.
1-14
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c-AXIS LATTICE DYNAMICS IN Bi-BASED CUPRATE . . . PHYSICAL REVIEW B 69, 054511 ~2004!
There are two alternative explanations of the
superconductivity-induced anomalies in multilayer high-Tc
compounds; one considers the broad excitation band
‘‘pair-breaking’’ peak at 2D ~Ref. 54! and the other refers to
it as a Raman-activec axis plasmon.56 A more detailed study
of the doping effect on the resonance peak position is
quired to clarify its origin. Nevertheless, discussing the p
non anomalies observed in trilayer Bi2223 we would like
notice that both approaches consider the superconducti
induced anomalies as due to strong coupling of the int
rilayer electronic excitation with phonons which involve ca
cium and planar oxygen ions. Experimental resonant Ram
scattering studies bring evidence in favor of our assignm
suggested for the trilayer Bi2223 crystal~Fig. 11!. The
superconductivity-enhanced phonon bands at 260
390 cm21 in the Bi2223 can be ascribed to theA1g in-phase
and out-of-phase vibrations of the Ca atoms with oxygen
the outer CuO2 planes, in agreement with our assignment
the A1g modes calculated at 316 and 391 cm21.

VI. CONCLUSIONS

In summary, we present experimental data on single c
tals as obtained by spectral ellipsometry and make the
signment of the IRc-axis-polarized phonon modes in singl
layer, bilayer, and trilayer bismuth compounds~Bi2201,
Bi2212, and Bi2223! by comparing them with the results o
the shell model calculations. Thec-axis IR phonon spectra
look very similar for the bilayer and trilayer Bi-based cry
tals, supporting experimental evidence for the generic st
tural features of these compounds. We apply a tetrago
I4/mmmapproximation in the interpretation of thec-axis IR
spectra of the Bi-based compounds, which are known
have pseudotetragonal structure, and conclude that this
proximation provides a reasonable description of the m
features in the phonon spectra. In the framework of this
proximation, we have identified ‘‘disorder-induced’’ mode
due to the orthorhombic distortions associated with the
commensurate superstructural modulations and ex
stoichiometric oxygen. Comparing with the bilayer Bi sy
tem, we identify two additionalc-axis phonon modes in th

*Also at the Institute for Solid State Physics, Russian Academ
Sciences, Chernogolovka, Moscow distr. 142432, Russia.
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ellipsometric spectra of the trilayer system: one
127 cm21, among the ‘‘heavy’’ modes, and the other
402 cm21, among the ‘‘light’’ modes, which according to
our assignment involve a significant contribution of the co
per and oxygen atoms in the inner CuO2 plane, respectively.
The recent experimental observation of a Josephson-pla
resonance and phonon anomalies in Bi2223~Ref. 7! pro-
vides, indeed, strong support for the Josephson-superla
model, which consistently explains the phonon anoma
and the formation of a broad absorption band belowTc using
components of the eigenvector amplitudes for the relev
oxygen modes at 358 and 402 cm21. The two modes involv-
ing O3 ~BiO plane! and O1 (CuO2 plane! atoms exhibit sub-
stantial frequency changes in the single-layer system and
pear at 294 and 389 cm21, respectively. For the single-laye
system the mode at 389 cm21 increases dramatically in in
tensity. This evident difference between single-layer a
multilayer compounds in the behavior of this particular ph
non mode reflects the fact that in multilayer compounds
oxygen bond-bending phonon mode is strongly coupled w
the electronic excitation due to the charge density osci
tions between the closely spaced CuO2 planes. In addition,
we also show the eigenvector patterns and calculated
quencies for the Raman-active phonon modes ofA1g sym-
metry in these three compounds according to the result
the present shell model calculations. The supeconductiv
induced resonant Raman scattering for the two pho
modes at 260 and 390 cm21 very recently observed in
trilayer Bi2223 single crystal54 is well consistent with the
suggested assignment.
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