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We present the results of a systematic study of ¢texis lattice dynamics in single-layer Sr,CuG;
(Bi2201), bilayer B,LSr,CaCyOg (Bi2212), and trilayer B}Sr,CaCu;0; (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 mode&gfsymmetry and suggest the phonon mode
eigenvector patterns. We achieve good agreement between the caléyatidenfrequencies and the experi-
mental values of the-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 the'-point A;; 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 the c-axis infrared and resonant Raman scattering spectra in trilayer Bi2223 are consistently explained with
the suggested assignment.
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[. INTRODUCTION study of the c-axis optical conductivity of a trilayer
Bi,Sr,CaCu;04q (Bi2223) provides clear evidence that the
The unusuat-axis charge transport in the cuprate high- transverse Josephson plasma resonance is a universal feature

superconductors is still a subject of a controversial discusef the multilayer highT, cuprate compoundslt has been
sion. Of particular interest is a sizable absorption peak thashown that the Josephson-superlattice nfctiél allows a
develops belowviT .. in the far-infraredFIR) range, accompa- qualitative description of the transverse Josephson-plasma
nied with the strongly anomalous temperature dependence oésonance and related phonon anomalies in Bi2223, which
some of thec-polarized IR phonon modes, in compounds suggests that the Josephson currents lead to a strong varia-
that contain more than one Cy®lane per unit cell. Re- tion of the dynamical local electric field even between the
cently a reasonable description of these effects has been oimner and outer CuPplanes of a trilayer.
tained with the so-called Josephson-superlattice mbdel. The assignment of the IR-active-polarized phonon
Here it is assumed that the individual Cu@lanes are only modes and their polarization diagrams are of great impor-
weakly coupled by Josephson currents in the superconductance for understanding these phenomena. While the proper-
ing state. For bilayer compounds like YE&;0,_ 5 (Y123)  ties of the IR-active phonon modes are indeed well known
and B,SrL,CaCyOg (Bi2212) this results in two kinds of for the Y123 systerfi,**the situation is not that clear for the
Josephson junctions with different longitudinal plasma fre-bilayer highT. compounds of the typeA,Sr,CaCuyOq
quencies, and their out-of-phase oscillation gives rise to #A2212; A=TI, Bi). Despite experimentaf**!* and
transverse Josephson plasma resonance, which has been thgoretical® " efforts, the assignment of theaxis IR pho-
signed to the absorption peak that develops below the  non modes in Bi2212 and TI2212 remains contradictory, as
Josephson currents lead to a modification of the dynamicaliscussed in Ref. 14. The situation is even less satisfactory
local electric fields and thus are at the heart of the observefbr the trilayer highT, compounds A,SrLCaCu;0;
phonon anomalie?~® The trilayer compounds provide an (A2223) where the lack of single crystals of sufficient size
interesting testing ground for the various models that havend quality has inhibited detailed experimental investiga-
been put forward to explain the unusuabxis charge dy- tions. Shell model calculations have been carried out for
namics and the anomalous temperature dependence of somiR223 (Ref. 18 and IR measurements have been performed
of the IR-activec-polarized phonon modes such as observedn ceramic samples of TI222Ref. 19 and more recently
in the bilayer compounds. Indeed, a very recent experimentain oriented ceramics of Bi222Ref. 20. The situation has

0163-1829/2004/68)/05451116)/$22.50 69 054511-1 ©2004 The American Physical Society



N. N. KOVALEVA et al. PHYSICAL REVIEW B 69, 054511 (2004

changed only very recently when some of the present author Bi,Sr,Ca,Cu,O,,

c
Bi compound B}jSr,CaCu;0, that are suitable for IR mea-
surements with light polarization along thexxis directior?*
This paper reports a systematic investigation ofdtais
lattice dynamics of the bismuth-based compounds Bi,Sr,Cu,0,,
Bi,Sr,Ca,_1Cu,Osp 4. 4 that contain eithen=1, 2, or 3 14/mmm
CuG, layers per unit cell. Our approach combines theoretical
shell-model-based calculations with ellipsometric measure-
ments of thec-axis dielectric response on well-characterized
single crystals of high quali*~2* From the ellipsometry
experiments we obtain the frequencies of tleaxis-
polarized IR-active phonon modes as well as the dielectric
constants. On the theoretical side we model the Bi-basec
compounds witm=1, 2, and 3 in thd4/mmmspace group
using the shell model approach, suggesting that screenin
due to free charge carriers should not have major effécts.
This approach has been successfully applied to study lattice
dynamics and various physical properties of high-
superconductors:'8%5-2"The calculations have been per-
formed using thesuLp code?® The shell model parameters
have been derived by fitting to the crystal structures in equi-(’-%r
librium as well as to experimental values of the dielectric égg
constants and frequencies of the transverse offlcl pho-
non modes. Using the same set of shell model parameters fc
then=1, 2, and 3 compounds we calculate the eigenfrequen-
cies of the Brillouin-zone center phonon modesAgf, sym- FIG. 1. Crystallographic cells of BSr,Cg,-1ClOzq+4 With
metry and derive the phonon mode eigenvector patterns. Oty=1, 2, and 3.
results for the bilayer compound Bi2212 are consistent with
those of the earlier shell model calculations in tdédmmm [l. CRYSTAL STRUCTURE AND T-POINT PHONONS IN
space group by Prads al!® We make an assignment of the Bi,Sr,Ca, 1CU,Osnsass WITH n=1,2, AND 3
c-axis-polarized phonon modes observed in the ellipsometric : N
X : . ; As a first approximation, a body-centered-tetragonal
spectra of single-layer, bilayer, and trilayer Bi-based com-

ounds by comparing with the calculated eigenfre enc.esotructure (4/mmm) has been most frequently used in the
pou y paring wi u '9 quencies q terpretation of the IR and Raman spectra of Tl- and Bi-

A,y Symmetry modes. In addition, we also show the diS'based compounds. According to the x-ray ddt¥the three
placement patterns and calculated eigenfrequencies for the po<eq cuprates of general formula

Raman-active phonon modes Afy symmetry apcording to Bi,SKCa,_1CUOunas s With N=1,2, and 3 have similar
the results of the present shell model calculations. structures of the tetragond/mmm space group &

Bi,Sr,Ca,Cu,O,,

managed to grow high-quality single crystals of the trilayer 14/mmm
a: > b 14/mmm

k*;i LS

TABLE I. The irreducible representations for the atoms in tetragddahmm (Dﬂ) Bi,Sr,CuQ;
(Bi2201), Bi,Sr,CaCyOg (Bi2212), and B,Sr,CaCus0;q (Bi2223).

Comp. Atom Wyc. Site Irreducible representation
not. sym.
Bi2201 Cul (®B) Dan A,y +E,
Bi, Sr, 02, O3 (2) Cayp 4(AutAgg +Eg+Ey)
o1 (2c) Dy, A,y +By,+2E,
Bi2212 Ca (®B) Dan A,y +E,
Bi, Sr, Cul, 02, 03 (8) Cyu, 5(Az 1A +Eg+Ey)
01 (49)  CY,  AytAi+Byy  +By+2E,+2E,
Bi2223 Cu2 (k) Dan A,y +E,
o4 (2¢) Dy, Ay, + By, +2E,
Bi, Sr, Ca, Cul, 02, O3 @ Ca, 6(Az, T A +E4+Ey)
o1 (49) C%, Ay tA By, + Byt 2E4+ 2E,
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TABLE Il. Mode classification from the irreducible representa-
tions for Bi2201, Bi2212, and Bi2223 in the tetragohd/mmm
(D3!) space group.

Comp- I‘IR FRaman lﬂacoustic Fsilent

Bi2201  5A,,+6E, 4A 4+ 4E, Apw+E, By
Bi2212  BA,+7E, 6At7E,+By; AntE, By
Bi2223  8A,,+10E, 7A;;+8E,+B;; An+E, 2By,

A, for a displacement in thedirection andg,, for displace-
ments in thex or y direction, whereas those for the Raman-
activel’ modes aréA,4, By4, andEg, respectively. Due to
. . . full point-group symmetry of the Cul(Bi2201), Cu2
Bi2201 Bi2212 Bi2223 (Bi2223), and Ca(Bi2212) atoms with the (&) site position,
FIG. 2. Notations for copper and oxygen atoms in primitive unit N0 Raman-active modes of these atoms are allowed, and the
cells of single-layer, bilayer, and trilayer Bi-based cuprates. three displacement vectors yield three modesagf andE,,
(doubly degenerajecharacter. The oxygen atoms in the mir-
=3.814 A), with two formula unitgtwo primitive unit cell$ ror cuprate planes, O1 in single layer and O4 in trilayer Bi
in the crystallographic cell, as illustrated in Fig. 1. Primitive compounds, ofD,,-site symmetry, yield eigenmodes,,
unit cells of single-layer, bilayer, and trilayer Bi-based cu-+B,,+ 2E,. The in-plane oxygen O1 witg,,-site symme-
prates differ only in the numbem{1) of CuQ,-Ca-CuQ try in the bilayer and trilayer compounds generates eigen-
slabs packed along theeaxis; upon insertion of one and two modesA,,+ A4+ B4+ By, +2E4+ 2E,; among them, the
slabs, thec axis parameter of the crystallographic cells in- By, mode is silent andey is doubly degenerated. The total
creases from 24.6 to 30.6 and 37.1Hef. 30. The Wyckoff  numbers of modes grouped according to their optical activity
positions of the atoms and their site symmetries in tetragonah the three Bi-based compounds are summarized in Table II.
| 4/mmm(D3/) primitive unit cells of BySr,CuQ; (Bi2201), It has been shown that the actual structure of Bi-based
Bi,Sr,CaCyOg (Bi2212), and Bi,Sr,CaCu;0,o (Bi2223  compounds is better represented by orthorhomBarm
are listed in Table I, with the notations of the atoms given in(D37) (Refs. 31-3%or Ccc2 (C3%) (Refs. 35 and 36space
Fig. 2. groups, most structural studies verify that the orthorhombic
The irreducible representations corresponding to variouS€ccmstructure is correct. To follow the consequences of the
atomic sites in the three Bi-based compounds that followlowering symmetry it is convenient to use tAenaaspace
from the character tables of the point groups are presented group, which is a nonconventional setting 6tcm The
the right column of Table I. For the IR active modes atkhe orthorhombic Amaa structure has two formula units per
point of the Brillouin zone the displacement symmetries areprimitive face-centered cell, with in-plane lattice parameters

TABLE lIl. The irreducible representations for the atoms in orthorhon#icaa (D3]) BisSrCu,0;,
(Bi2201), and Bi,Sr,Ca,Cu,0y4 (Bi2212).

Comp. Atom Wyc. Irreducible representations
not.
Bi2201 Cul (2) A+ 2By, + 2By, +Bs,

B,,+B,, tetragonal silent

Bi, Sr, 02, 03 (4)  4(Ay+2Byy+ 2By, +Bgyt+2A,+ B+ Byg+ 2By
4(Byy+ By, t+ Ayt Byt Bsyg) tetragonal silent

o1 (4h) Ayt Byt 2By, + 2B+ Agt+ Byt 2Byt 2B3g
Ag+B1gt 2Byt 2B3, tetragonal silent

Bi2212 Ca (2) A+ 2By, + 2By, +Bs,
B,,+ By, tetragonal silent

Bi, S, Cul, 02,03 (8  5(A,+2By,+2By,+Bay+2Ag+Byg+Byg+2Bgy)
5(B1ytBoytAgtBigtBgg) tetragonal silent

011,012 (Q)  2(A,+ Byt 2Byt 2By, + Ayt Byg+2Byy+ 2B3y)
B1u+2B5,+2Bg,+Agt+ Bigt+2Byg+2B3,
tetragonal silent
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TABLE IV. Mode classification from the irreducible representations for Bi2201 and Bi2212 in the ortho-
rhombic Amaaspace group.

Comp- 1_‘IR 1_‘Raman 1_‘acoustic l_‘silent
Bi2201 1B,,+11B,,+ 6By, 9Ay+5B 4+ 6B,y+10B3, Byy+Boy+ Bay 6A,
Bi2212 18B,,+158,,+ 9By, 12A4+ 7B+ 9B,y + 14B3, Byy+Boy+ Bay 8A,

a andb of approximatelya,.,v2, and four formula units for ~ prates. In this situation, whatever approximation, either te-
the crystallographic cell, with the sanseaxis parameter. By tragonal or orthorhombic, is adopted to make an assignment
way of example, in the right column of Table Il we presentin the experimental phonon spectra, the first problem one has
the irreducible representations corresponding to variouto solve is to distinguish the extra phonon modes—beyond
atomic sites in the orthorhombiAmaa Bi,Sr,Cu,0,, the considered symmetry—due to the effects of superstruc-
(Bi2201) and Bj,Sr,Ca,Cu,0,4 (Bi2212 according to the tural incommensurate modulations and the presence of extra-
structural data of Imaiet al,>* where we also show the stoichiometric oxygen in the Bi-based compounds.

modes which are silent in the tetragonal symmetry. The total Since the deviation from tetragonality in Bi-based com-
numbers of modes grouped according to their optical activitypounds is not large, we suggest to start with the tetragonal
in the AmaaBi2201 and Bi2212 are summarized in Table 1V. [4/mmm approximation assuming that modes silent in te-
In Table V we show components of the IR- and Raman-ragonal symmetry will be weak, and the simple tetragonal
active normal modes of the atoms with different Wyckoff |4/mmm approximation should provide a useful first ap-
positions at thd” point of the Brillouin zone in the ortho- proximation for the assignment of the most intense IR- and
rhombic Amaaspace group. From Tables | and Il one can Raman-active phonon modes. To explain more details in the
see that if thd 4/mmmsymmetry breaks down owing to the experimental spectra due to possible orthorhombicity effects
orthorhombic distortion of the structure, the degeneracy isve suggest to invoke the group theory analysis based on the

removed. Thus, for each atom with€Rsite position in the
[ 4/mmm symmetry (Bi, Sr, 02, O3, and Cul in Bi22)2
normal modesA,,, Ay, onekE,, and oneEy will become

nondegenerate and, as a result, split into two; in addition, one

new mode ofB,4 character will appear in the orthorhombic

Amaa structure. For the atoms Cul in Bi2201 and Ca in

Bi2212 two new IR-active modes &, andB,, character
are expected in thAmaastructure. Due to breaking of the

tetragonal symmetry the O1 atom in Bi2201 will become

“Raman active,” and, as a result, a number of Raman-activ
modes ofAy, By, 2B,y, and Bsy character will appear.

However, it has been known that the actual structure o

Bi-based cuprates is only pseudo-orthorhombic due to stac

ing faults, extra-stoichiometric oxygen, and incommensurat

superstructural modulations along thexis in BiO and SrO

layers®” which result in substantial oxygen and cation disor-
der. These factors can yield additional phonon modes, in pal

ticular, “disorder-induced” modes. The crystal structure of

Bi-based compounds therefore should be described in terms
of a larger elementary cell and lower crystal symmetry. The
origin of the superstructural incommensurate modulations o

the atoms in BiO and SrO layers is not fully understood. Th

most common assumption is that the modulations are ass?—

ciated with extra-stoichiometric oxygen in the bilayer
Bi,O,, 5 that affects the orthorhombicity in the Bi-based cu-

TABLE V. Components of normal modes of atoms with differ-
ent Wyckoff positions in the orthorhombikmaaspace group.

Wyc. not. A, A, By Bs, By By Byy By
(2e) X X zy yz
(4l) zy X yz X X zy X yz
(4h) z z Xy Xy z z yX yX

r_

orthorhombicAmaa(D2’) space grougisee Table II).

Ill. SAMPLES AND EXPERIMENTAL TECHNIQUE

The Bi2201, Bi2212, and Bi2223 single crystals have
been grown by the traveling solvent floating zo(feSF2)
method?~2% The feed rods with nominal composition of
Bi, 1Sr Ca,_1CUOsn 1445 (Nn=1, 2, and 3 were prepared
by the conventional solid-state method. Slow growth rates of

90.5 and 0.2 mm/h were used for the Bi2201 and Bi2212

rystals, respectively. Since the Bi2223 crystallization field is
he narrowest among the three members of the Bi-based fam-

lly, an extremely slow growth rate of 0.04 mm/h was used.

The Bi2201, Bi2212, and Bi2223 crystals were grown under

applied oxygen pressuO,), in air, and in mixed gas flow
of 80% Ar and 20% @, respectively. Because of the signifi-
cant difference between the lattice parameters ofthadb
axes as compared to the one alongdfais, the growth rate
IS highly anisotropic and very slow alorg One typically
btains platelike crystals with largab planes of about 6

2 mn? but with much smaller dimensions along thexis.

he typical thickness is 1.5—-2 mm for Bi2201, about 1 mm
or Bi2212, less than 1 mm for Bi2223.

The crystals were characterized by energy dispersive
x-ray (EDX) analysis, x-ray diffractiofXRD), transmission
electron microscopyTEM), and magnetic susceptibility and
resistivity measurements. The as-grown Bi2212 crystals are
phase pure with a pseudotetragonal structure; they are almost
optimally doped withT,=91 K and AT,=2 K. The as-
grown Bi2223 crystal contains 95%—-98% of the Bi2223
pseudotetragonal phase with a minor fraction of layer-
intercallated Bi2212. In the as-grown state the Bi2223 crystal
was underdoped witl .= 97 K (midpoin) and AT, (10%—
90% shielding fraction=7 K. After a post-annealing treat-
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ment for 10 days in flowing oxygen at 500 °C with a subse-
guent rapid quenching to room temperature, the crystal
became nearly optimally doped, with,=107 K andAT,

=3 K. The undoped Bi2201 crystals grown by the TSFZ
method are often nonsuperconducting. The superconductivity
of the as-grown Bi2201 crystals is critically controlled by the
oxygen content; therefore, the growth was carried out under
oxygen pressurgs(0O,) ranging from 1 to 10 bars. THE, of

the as-grown Bi2201 crystals, determined from magnetic
susceptibility measurements, varied between 3.5 and 8.5 K
upon the Bi/Sr ratio and the oxygen pressp(®,) applied

in the course of growing. The structure of the as-grown
Bi2201 crystals was determined to be pseudotetragonal; the
lattice parameters were found to dependent upon the Bi/Sr
ratio in the crystal composition. A pair of as-grown Bi2212

single crystals(taken from the same part of an ingatas P

used for oxygen isotope replacement. The selected samples 07

were annealed in isotopically enriched oxygen under identi- . ; ; . .
cal conditions following a similar procedure described in 100 200 300 400 500 600
Ref. 38. v (cm'1)

For the ellipsometric measurements the crystal surfaces

were polished to optical grade. The technique of ellipsometry £ 3 Real parts of the-axis (a) optical conductivityey(w)

provides significant advantages over conventional reflectionnq ) dielectric functione,(w) of Bi2212 and Bi2223 single crys-
methods in thafi) it is self-normalizing and does not require 55 with T.=91 K andT,=107 K atT=150 K.

reference measurements afij €,(w) and e,(w) are ob-
tained directly without a Kramers-Kronig transformation
(see Refs. 4 and 39 for a description of the techniglibe ~ @toj. oscillator strengths;, and damping parametets of
ellipsometric measurements have been performed at tH&e TO phonon bands observed in teg(w) spectra of
U4IR beamline of the National Synchrotron Light Source Bi2212 and Bi2223 single crystals, together with determined
(NSLS) at Brookhaven National Laboratory and at the infra-values of the high-frequency dielectric constarts,
red beamline of the synchrotron radiation source ANKA at For the Bi2223 we assign the main phonon bands at 97,
Karlsruhe Research Center, Germany. Homebuilt ellipsom127, 170, 212, 305, 360, 402, and 582 Cnto the eightA,,
eters attached either to a Nicolet Magna 860 or a “Bruker”character modes. These modes are clearly identified espe-
IFS 66Vv/S FT-IR spectrometer were used. The high brillianceially due to the resonance featuresédi(w) as shown in
of the synchrotron light source due to the small beam diverFig. 3(b). Except for the two new intrinsic phonon modes in
gence enabled us to perform very accurate ellipsometriBi2223 which appear at 127 and 402 chy the modes are
measurements in the far-IR range even on samples with conobserved at similar frequencies in both compounds. We be-
parably smallac faces. lieve that the remaining phonon features in Fig. 3 around
277, 466, and 640 cnt are beyond the tetragoned/mmm
approximation, as discussed in Sec. Il. The feature at
640 cm ! appears to be a weak satellite of the pronounced
high-frequency mode at 583 crh. It is likely related to the
Figure 3 shows the real parts of thexis optical conduc- effects of characteristic incommensurate modulations which
tivity o1(w) and the dielectric functior,;(w) at 150 K for  induce strong distortions in the SrO and BiO planes. Indeed,
the Bi2212 and Bi2223 single crystals wilh.=91 K and this feature almost disappears with Pb doping which signifi-
T.=107 K. It is evident that the optical spectra look rathercantly reduces these superstructural modulatiéfi$Con-
similar for both compounds. This is a consequence of theerning the mode at 277 cm, on the low-frequency side of
generic structural features of these two compounds. Théhe pronounced band at 305 cfy we find that its oscillator
electronic background is extremely weak and the spectra agirength correlates with the amount of extra-stoichiometric
dominated by the contributions of several IR-active phonoroxygen that is incorporated within the 88, . 5 bilayer dur-
modes. Using the classical dispersion analysis we fit a set dhg the oxygen annealing treatménBy contrast with the
Lorentzian oscillators simultaneously é(w) ande,(w) in ~ 640-cm ! satellite this feature remains persistent with Pb
the investigated spectral range. To describe the weak andbping?® As a very weak feature at around 466 chis
rather flat electronic background in a Kramers-Kronig con-quite distant from the main phonon features we associate
sistent way we have also included the sum of a Drude termwith the A,, character modes, we would suggest that it is
and several very broad Lorentzian oscillators. As for thedue to a contribution from some in-plane oxygen-reldted
present purpose this description is rather formal we only lim-or O3 B,, mode which has a(c) componentsee Tables Il
ited the half-widths of the broad Lorenzians to values be-and V) or it can be a “disorder-induced” defect mode.
tween 150 and 500 cnt. In Table VI we list the frequencies The 150-K spectra of the real parts of tb@xis optical

IV. c-AXIS IR SPECTRA OF Bi2201, Bi2212, AND Bi2223
SINGLE CRYSTALS
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TABLE VI. Frequencieswrg; (in cm 1), oscillator strength§; , and damping parametess (in cm )
of the TO phonon bands observed in thpolarizede,(w) spectra T=150 K) of the single crystals Bi2201,
Bi2212, and Bi2223. The assignment with the calculated frequencigg,dfl 4/mmn) eigenmodes is given.

Bi2212 Bi2223 Bi2201

wTOj Sj Yj Azy wTQj Sj Yi Azy wTQj Sj Yi Azy

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 11.2 211 165 045 123 175
210 0.34 12.7 304 212 0.77 214 252 208 0.65 145 -
282 0.16 123 — 277 050 174 — - - — -
304 1.13 21.7 343 305 143 276 335 301 1.31 247 293
358 0.33 30.7 403 360 0.46 30.7 378 385 0.85 25.2 353
- - - - 402 0.16 24.0 516 - - - -
462 0.02 105 - 466 0.02 105 - - - - -
521 0.22 85.3 - 512 0.26 81.0 - 501 0.10 48.0 -
583 0.65 38.2 643 582 0.61 419 666 586 0.42 312 596
640 0.03 17.8 - 640 0.03 17.8 — 639 0.01 125 -
€,=4.91 €,=5.77 €,=4.69

conductivity o, (w) and dielectric functiore;(w) of the as- 385, and 586 cm' are clearly identified in the-;(w) spec-
grown nonsuperconducting Bi2201 single crystal, with thetrum of Bi2201, as shown in Fig.(d), whereas only fivé,,
stoichiometric composition BSL,CuG;, are shown in Fig.  character modes are expected from consideration in the ideal
4. The values of the fitted frequenciesro;, oscillator  |4mmmspace grouisee Tables | and )l In addition to a
strengthsS;, and damping parametess of the TO phonon \yeak satellite feature at around 640 chn which we have
bands in thesz(w)_ar_e also _I|sted in Table VI. To_the best of already discussed in the previous paragraph, one “extra’
our knowledge this is the first report of tiegpolarized pho- e anpears at low frequencies in the Bi2201. This presum-

non spectra of the B.'2201 single crysta_l. Also we would IIkeably reflects that the deviation from the tetragonality is most
to note that thec-axis spectra of the Bi2201 reported here

exhibit remarkable differences with respect to those of thez ;cr)]Tc;t::c“et(ljJJZ; itpihznillz_rli?ézrlglizgit'rL\J%e fgi(?r?gttestlr%mfl_
isostructural single layer Tl compound TI22(Ref. 14. Six P P P 9

strong TO phonon features at around 109, 165, 208 301onal forbiddenB,, mode of the Bi atoms, which are known
' ' " 7 'to deviate most strongly from the tetragonal symmetry. We

can also suggest that one n8a, mode associated with the
(2e) site position of the Cul atoms in thmaaBi2201,
which is tetragonally silent, can appear in the orthorhombic
symmetry(see Table lll. Also we have found that the spec-
tra of superconducting Bi2201 crystals wiily varying be-
tween 3.5 and 8.5 K depending on the Bi/Sr ratio and the
oxygen stoichiometry exhibit almost the same phonon fea-
tures.

We have furthermore investigated the oxygen isotope ef-
fect for %0 and 80 substitution in Bi2212 as shown in Fig.
5. For a mode with predominantly oxygen character the ex-
pected redshift of the eigenfrequency should be proportional
to [m( *%0)/m(*¥0)]Y?— 1—i.e., about 5.7%. A lower value
of this so-called isotopic frequency shift signals that the cor-
responding phonon mode contains a significant contribution
from the heavie(meta) ions. As shown in Fig. &), a siz-
able redshift upon'®0 substitution is observed for the four
A, phonons at 210, 304, 358, and 583 cdinthe estimated
A — values of the shifts are &(1), 14(x1), 19(x1), and 32

100 200 300 400 500 600 (+1) cm 1, respectively. This result confirms the expected
v (cm'1) trend that the three high-frequency modes at 304, 358, and
583 cm ! have predominantly oxygen character. It is an in-

FIG. 4. c-axis (a) optical conductivityo,(w) and (b) dielectric  teresting finding that the low-frequency mode at 210 ém

function €;(w) of Bi2201 single crystal al =150 K. also exhibits a sizable redshift, which suggests that it con-

100 1] 1 1 1 1 Ll

(a)

Bi2201
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FIG. 5. Oxygen isotope effect in treepolarized response @) E 10- (c) A ¢
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v-10- —Bi2212W \[_‘
tains a significant contribution from the oxygen vibrations. o =~ |—Bi2223 B J

Some of thec-polarized IR phonon modes in the bilayer < — T T T T
Bi2212 and trilayer Bi2223 compounds exhibit a strongly 200 300 400, 500 600
anomalous temperature dependencd athat is accompa- v(cm™)
nied by the development of a sizable absorption peak below | fth ) . "
T, in the FIR rangé:5‘7 Figures 6a) and &b) show the real FIG. 6. Real parior;(w) of the FIR c-axis conductivity(a) o

Bi2212 withT,=91 K for T=100 K andT=10 K (Ref. 6 and(b)

part o1(w) of the c-axis optical conductivity of Bi2212 and of Bi2223 with T.— 102 K for T=120 K andT—10 K (Ref. 7. (c)

|B|22_$3 alt tv'zlr(]) dlfferenlt t(irr:pet;]atures, ?bo‘p@ﬁg‘i Vr\l/e”d?e' Superconductivity-induced changes of the FIR conductivity;;
ow T¢. In the normal state the spectra exnibit haraly any_ . (<1 »)— o (T=T,,w), for Bi2212 and Bi2223 derived

nqticeable changes, except for _a sharpening of the phono%m the data shown in the top panels. The most pronounced pho-
with decreasing temperature. Right beldw, however, the 54 anomalies are denoted ByB, andC.

spectra change appreciably. This is also illustrated in Fig.

6(c) which displays the differencer,(T<T;,w)=oui(T  he experimental phonon spectfat T=150 K), we have
=Tc,0). The most prommen_trﬁfeatgre is the broad absorpyerformed lattice-dynamical calculations using the shell
tion band around 500550 cm which appears belowW.  6qel approximation. We performed the calculations for the
and grows rapidly with decreasing temperature. This absorpyee j-based structures Bi2201, Bi2212, and Bi2223 within
tion band has been identified in both Bi2212 and Bi2223 angy,, igeal tetragondl4/mmm(Dﬂ) space group, using the

has been attributed to the transverse Josephson-plasma "®ifiice constants and internaktructural parameters reported

nance(t-JPR that is a universal feature of the multilayer in Refs. 29 and 30. We apply the shell model approach sug-

mgh1[TC cutprate fc?hmployggs: Itis e‘{'dteg‘ fr%zn Fig. 6 thatl esting that screening due to free charge carriers should not
€ formation of the t- IS associated with an anoma 0“5 ve major effectd**! Earlier the shell model approach was

temperature dependence of the phonon modes at 360, 4Q7 . ossfull : ; - ;
T . . 1 y applied to study lattice dynamics and various
(specific for trilayer Bi2228 and 582 cm+~ denoted byA, physical properties of highi. superconductor®1825-270ur

B, and C in F|g: 6. The prmcypal dlﬁgrence betwgen the calculations are performed using theLp code?® In the con-
phonan a”"”?a"es qbserved in the bilayer and trilayer Blext of the shell model, the lattice is considered as an assem-
systems aﬁ? is that in thg latter system the changes of theny of polarizable ions, represented by massive point cores
spectral weight of the ap|_cal phonon mode are m_uph MOr8nd massless shells coupled by isotropic harmonic forces.
pronOL_Jnced and an additional pho_non mode exhibiting th%he interaction includes contributions from Coulomb and
opposite temperature dependence is observed at 402.cm short-range interactions. Short-range interactions between

relatively small cations are usually ignored. The core and
V. THEORETICAL CALCULATIONS shell charges and the spring constant of each ion are param-
eters of the model. The short-range potentials used for the

) ) i ] ~shell-shell interactions are of the Buckingham form
To estimate the frequencies at which the various eigen-

modes appear and, consequently, to make the assignment in Vij=Ajjexp(—r/pjj) = Cj /r8. (2)

A. Shell model approximation and potential parameters
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The Buckingham potential parameters as well as the atomglane short-range interactions. It is particularly remarkable
core and shell charges and the relevant spring constants wellgat the pair potentials for the Bi-O2 and Bi-O3 short-range
fitted in this work. To obtain a self-consistent set of the shellinteractions are significantly different, and this fact seems to
model parameters acceptable for a family of Bi-based highbe mainly due to very different Bi-O bond lengths; i.e., in the
T, cuprates, we performed fits simultaneously to the strucstructures of Bi-based compounds we have a Bi-O2 bond
tures of Bi2201, Bi2212, and Bi2223. As the starting valuedength of 2.22 A, an in-plane Bi-O3 bond length of 2.71 A,
for the shell model parameters—pair potentials, net ionic@nd the longest Bi-O3 bond length, between weakly coupled
charges, shell and core charges, and relevant sprinBi2O2 biplanes, of 2.97 A(Ref. 29. Thus elaborated, our
constants—we used the ones obtained by Baetzold for a bghell model parameters allow us to describe all three Bi-
layer cuprate YBsCu;0;_ 5 system within the similacas- based structures by the same set of short-range pair-potential
cADE code?® We have two reasons to keep the net ionicParameters, listed in Table VII. To compare the experimental
charges of the atoms in the cuprate planes-@fe| for Cul ~ and calculated structures we present experimental values of
and Cu2 and- 2|e| for O1 and O4. First, it is in line with the the fractional atomic coordinates obtained from Refs. 29 and

approach of Baetzold for le@ef 26 and, Second, this is 30 and the Corresponding calculated values in Table VIII,
required if we want to describe Sing'e_'ayer, bilayer, andWhere we also show the eXperimental errors for the Bi2212
tr”ayer Bi Systems by the same set Of potentia' parameteréractional Coordinatég in brackets. As far as our final fit is
Otherwise, by dividing the noninteger charges between thased on the Bi2212 crystal, the best agreement with the
cuprate planes we would have different pair potential paramlnternal structural parameters is naturally obtained for this
eters in each case. Following the approach of Baetzold, wéystem. As can be seen from Table VIIl these parameters
also keep the same effective charges-df.67e| for 02 and reproduc_e also reas_onably well the Bi2223 and Bi2201 struc-
03. We take the formal ionic charge2|e| for Sr, and to  tures. Slightly varying the sht_all model parameters we can
satisfy the electroneutrality conditions we have to assume a@ive at a better agreement with the particular structure cho-
effective charge+ 2.33¢| for Bi. The formal charges here Sen, although we would rather aim to obtain a self-consistent
describe the dipole moment per unit displacement, rathet€t of shell model parameters, which can account for the
than the charge within some region of space. It was noted b§ommon generic features in all three Bi-based structures.
Catlow and Stoneham that even the integer charge®®0ing ahea_d, we would like to mention here t.hat this would
distribution method can be successfully employed to accuf©t qualitatively affect the character of the eigenmodes re-
rately calculate physical properties of solids where ionicitySulting from our shell model calculations, although the
may vary over a range of valuéWe assume a shell charge elge_nfrequenues and ampll'gudes of the elgenvect0r§ of the
of —3.2576e| for all oxygen ions, as in Ref. 26. The Sr, Bi, ¢-axis phonon modes can slightly change. The elastic prop-
Ca, and O ions are treated as polarizable, while the Cu jon@'ties calculated with these parameters do not exhibit un-
are treated as unpolarizable. The fitting procedure keeps O-ghysical(i.e., negativg values, and the eigenvalues for the
(shell-shel) interactions as those of typical oxid&é* The first three modgs hg\{e e}ppr.oxmately zero values in all three
structures were allowed to relax to equilibrium conditionsCompounds which is indicative of a stable structure. We have
under the symmetryl@/mmn) restrictions; the cores and also arrlve_:d ata good agreement with the experlmen_tal val-
shells were allowed to move separately. The forces on th&€S for dielectric constants. All three compounds Bi2212,
atoms were minimized by varying the potential parametersBi2223, and Bi2201 have close values @bxis dielectric

the eigenvalues for the first three modes for all three comeonstants within the range,=9.5-12.0 ande.,=4.9-5.8,
pounds had approximately zero values, indicating a stabl@s estimated from our experimentl(w) and e,(w) spec-
structure in each case. Normally a good fit requires som&@. The corresponding calculated values fall in the range
information on physical properties—elastic, dielectric, and€o=10.9-13.9 ande..=4.8-5.6. Certainly, the obtained set
piezoelectric(where applicable constants—as well as the of shell mode parameters is not unique. Nevertheless, given
structure. In general, vibrational frequencies contain far moréhe fact that by using the same set of parameters we can
information than any of the above. However, in fitting the 'eproduce the structures and main phonon bands as observed
frequencies a reasonable implication for the assignment as {6" all three compounds we obtain more confidence in the
be suggested, at least for some key modes. In the prese@gsignment for the phonon modes.

work a final fit was done to the available experimental data

?ur; :Eewtglsaéiggligge?:er?sw?hd'tf;rgit(r:ﬂgtal:lrz? S;;;ue%%?;s& Calculated I'-point A, symmetry modes in Bi2201, Bi2212,
provided that approximately zero forces are applied for all and Bi2223

atoms, with thee axis staticey and high-frequency,, dielec- In Fig. 7 we show the eigenvector patterns corresponding
tric constants and with the frequencies of thaxis IR- and  to six eigenmodes of,, symmetry and one silent mode of
Raman-active optical phonofi8The resulting Buckingham B,, symmetry for Bi2212, resulting from our lattice-
potential parameters, ionic shell charg&9,(and force con- dynamical calculations. Under each patch we list values of
stants(k) are presented in Table VII. To simulate different the eigenfrequencies and below we make an assignment
in-plane and out-of-plane bond lengths in the structures obased on a comparison with the experimental frequencies of
Bi-based compounds, as well as the anisotropy of oxygethe TO phonon bands observed in tpolarized spectra of
polarizability, generally we have arrived at different pair po-the Bi2212 single crystalT=150 K, see Fig. 3 and Table
tentials for the Cu-O, Sr-O, and Bi-O in-plane and out-of-VI). Mixing due to out-of-phase motion of ions of equal
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TABLE VII. Potential parameters for short-range shell-shell interacti@&ug (1)], ion shell chargesY),
and force constant&) in tetragonall 4/mmm(Dﬂ) Bi,Sr,CuQ;, Bi,Sr,CaCyOg, and B, SrL,CaCuzO;p;
in-plane O1 and O4 oxygen ions are taken of a net charg@|e|; out-of-plane O2 and O3 oxygen ions are
taken of a net charge 1.67€|, r¢yior=99 A.

A (eV) p (A) C(evA~9)
Cul-01; Cu2-04 3889.8 0.24273 0.00
Cul-02,04; Cu2-01 2708.0 0.22074 0.00
Ca-01; Ca-04 14882.2 0.24203 0.00
Sr-01 1487.9 0.33583 0.00
Sr-02 20097.2 0.24823 0.00
Sr-03 30202.0 0.24823 0.00
Bi-02 15671.0 0.22074 0.00
Bi-O3 147997.9 0.22074 0.00
Cul-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
0-0 22764.0 0.14900 75.00
lon Y(le|) k(eVA~?)
Ca 2.00 99.0
Cul, Cu2 2.00 999999.0
Bi 2.33334 27.2
Sr 5.09995 146.7
o1 —3.25760 26.0
04 —3.25760 76.0
02, 03 —3.25760 100.0

symmetry in inequivalent positions often does not allow theof the eigenvector amplitudes are given in Table IX. The
t q lent posit ften d t allow theof th t plitud Table IX. Th
determination of a unique character for a given set of equabwest-frequency mode calculated at 93 ¢mexperimen-
symmetry modes. The total number of the modes in eackally observed at 97 cn'; see Fig. 3 and Ref.)3s related to
symmetry, of course, is unaffected by mixing. The charactemotion of the heavy Bi atoms, which is strongly mixed with
of the assigned modes is determined according to the domiyt-of-phase motion of Sr, Cul, and Ca, with a small oxygen
nant contribution from the atoms participating in the vibra- contribution from different crystallographic planes. The next
tion and shown atop. The respective calculated componentsoge ofA,, symmetry calculated at 195 crh (168 cm 2)
) ) is predominantly due to motion of the Cul against Sr, with a
TABLE VIII. A comparison between the experimental and cal- small contribution from the Ca ions. ThA.. mode at
. 2u

culated structures of Bi2212, Bi2223, and Bi22014/mmm 1 1 . .
(D30)]. Experimental values of the fractional atomic coordinates.304 cm - (210 cm7) is due to the vibrations of Ca and O1

and corresponding calculated values are given, with the experimer\(-)nS E_"gamSt Sr and O3. Th's_ mixed low-frequency mode
tal errors for Bi2212 structure shown in brackets. contains a noticeable contribution from the copper-plane O1

ions and bismuth-plane O3 ions to tloeaxis oscillations.
Bi2212 Bi2223 Bi2201 The three high-energy vibrations are predominantly oxygen
2, expt. z, cale. z, expt. z calc. z, expt. z calc. related. The mode calculated at 343¢m(304 cm ) is
basically due to O3 and O1 vibrations against Sr and Ca
Ca 0.00 0.00 0.0443 0.0464 - —  atoms, with a predominant contribution from the bismuth-
Sr 0.10975 0.1096 0.1346 0.1369 0.0759 0.0696 plane oxygen O3. The Cu-O bond-bending character mode at
Bi  0.30223) 0.3043 0.292 0.297 0.3148 0.3175 403 cm ! (358 cm'!) involves a significant contribution
Cul 0.44569) 0.4334 0.4109 0.4010 0.00 0.00 from the copper-plane O1 ions, vibrating against the Ca and
Cu2 - - 0.00 0.00 - - O3 atoms. The highest-frequency mode at 643 tm
O1 0.4463) 0.445 0.411 0.408 0.00 0.00 (583 cm!) is due to 02 and O3 out-of-phase oscillations,
02 0.37%) 0372 0.353 0.352 0.405 0.401 and it has apparently apical character due to a predominant
03 0.20%) 0.211 0.213 0219 0.194 0.201 contribution from the strontium-plane O2 oscillations along
04 - - 0.00 0.00 - _ the ¢ axis. Our assignment and the eigenvectors for the
c-polarized phonon modes can be tested by the oxygen iso-
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Infrared A, (Bi2212 I4/mmm)

B’ : CulCasSr Sr:Cul” Ca:sr 0301 01:Ca03 02:03 Silent B,,
od
250 o 09 U
o4 4 FIG. 7. Normal frequencieén cm™*) of six

A,,-symmetry modes and one “silenB,, mode

in Bi2212 (14/mmmn) and schematic representa-
tion of their eigenvectors; respective experimen-
tal c-axis TO phonon frequencies are given in
brackets(see Fig. 3 and Table VI
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97) (168) (210) (304) (358) (583)
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tope effect in the Bi2212 single crystal, as investigated inphonons at 304, 358, and 583 tinhave predominantly
this work (see Fig. $. According to first-order perturbation oxygen character; the calculated values of the isotope shifts
theory, the frequency shift of the mods, due to the change based on the mode eigenvectors from Ey.are 15.1, 15.1,
of the masam; of theith atom is proportional to the square and 33.8 cm?, respectively. The agreement between calcu-
modulus of theith component of the corresponding lation and experiment is quite good. The low-frequency
eigenvectdt®*” mode at 210 cm! also exhibits a noticeable redshift upon
180 substitution. The calculated value of the isotope shift is
own n 5 ) ) 2.1 cm. Although the quantitative agreement is not so
sm; __z_miugi,x| +|§i,y| +[&4°). 2 good in this case, our assignment suggesting a noticeable
contribution from the copper-plane O1 and bismuth-plane
In the experiment, a noticeable redshift up§i® substitu- O3 atoms to this low-frequency mode is qualitatively consis-
tion is observed for the threeaxis high-frequency modes. tent with the observed oxygen isotope effect. In addition, in
This result is consistent with our assignment that theagreement with the experiment our assignment suggests that

TABLE IX. Calculated components of eigenvectors A&f, modes in Bi2201 (BiSr,CuQ;), Bi2212
(Bi,Sr,CaCy0Og), and Bi2223 (BjSr,CaCu;0,) crystals in tetragondld/mmm(Dj/) space group.

Bi2212 Bi(z) Sr(z) Cul(@) - Caz) Ol(z2) 02(k) O03(2) -
93 cm?! —0.46 0.27 0.33 - 0.29 0.16 —0.07 -0.11 -
195 cmt —0.04 043 —-0.54 - 0.16 0.05 -—0.01 0.00 -
304 cmt —0.09 0.33 0.10 - -0.76 —0.15 0.08 0.18 -
343 cmt -0.11 -0.18 -0.09 - -0.15 0.31 0.13 0.46 -
403 cm't 009 -001 -0.04 - —0.50 029 -0.15 -041 -
643 cmt 0.07 0.04 0.03 - 0.01 -0.01 -0.66 0.24 -
Bi2223 Bi(z) Sr(z) Cul(z) Cu2(@2 Ca(@) Ol(z7 02(z) 03(z9 042
88 cm ! —0.45 0.11 0.14 0.57 0.21 0.08 —0.07 -0.11 0.17
145 cmt -0.23 0.33 0.22 -0.68 0.09 0.10 0.00 -0.01 -0.09
211 cm?t 0.01 027 -059 —0.06 0.23 0.06 —0.03 0.00 0.09
252 cm't —0.05 042  —0.05 029 -0.49 -0.07 0.02 0.03 -0.16
335 cmt -0.09 -015 -007 -001 -0.21 0.29 0.10 0.46 0.16
378 cm't 0.10 -0.09 -0.05 0.09 -0.13 034 -0.14 -041 0.04
516 cmi't 0.05 0.05 0.03 -021 -023 -005 -0.08 -0.22 0.60
666 cm * 0.08 0.03 0.05 0.00 0.01 —-0.01 -0.66 0.22 0.02
Bi2201 Bi(z) Sr(z) Cul(2) - - 0O1l@ 02z 03(2) -
77 cm ! -0.31 0.24 0.77 - - 0.10 -0.11 -0.17 -
175 cmt -0.21 051 -0.56 - - 0.17 0.02 -0.06 -
293 cm?t —-0.24 —0.09 0.08 - - 0.30 0.15 0.56 -
353 cmt 0.10 -0.23 -0.08 - - 059 -0.10 -0.27 -
596 cm't 0.09 0.06 —0.05 - - 0.00 -0.66 0.23 -
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Infrared A,, (Bi2223 I14/mmm)
Bi:Cu2'Ca Cu2:sr’ SrCa:Cul” Ca :SrCu2’ 0301 01:.03 O4:.Ca’ 02:0%

TP o:f,(?é' -

FIG. 8. Normal frequencies
and eigenvectors of eight
A, ,-symmetry modes and two
“silent” B,, modes in Bi2223
(I4/mmn); respective experimen-

145 211 252 378 516 666 . .
tal c-axis TO phonon frequencies
168 209 9 581 . . .
(126) (168) (209) (359) (398) (581) are given in bracketg¢see Fig. 3
7O and Table V).
Silent B, Silent B,
194 cm™ 271 cm’”

the next low-frequency mode at 195 chexhibits no oxy- IR measurements done very recently on an oriented ceramics
gen isotope effect. The present shell model calculations thugf Bi2223 (Ref. 20. We calculated four,, “light,” pre-
reproduce the frequencies of tb@xisA,, eigenmodes quite dominantly oxygen-related, modes at the frequencies 335,
well for the bilayer Bi2212 single crystal. The observed oxy-378, 516, and 666 cit. Like in the Bi2212, the highest-
gen isotope shifts of the phonon frequencies are consistefittquency mode at 666 cm (581 cm *) is associated with
with the predictions based on the eigenvectors obtained frorthe out-of-phase O2 and O3 vibrations, the mode calculated
lattice-dynamical calculations, thus giving more confidenceat 335 cm® (304 cni'l) is predominantly due to the Bi-
with our shell model parameters, normal-mode eigenvectorglane O3 oscillations, and the mode calculated at 378cm
and our assignment. We remark that although the eigenfrg-359 cni't) is the Cu-O bond-bending character mode, cor-
quencies are somewhat different, the charactekgfvibra-  responding to the out-of-phase motion of the Ca atoms and
tions resulting from the present shell model calculations foroxygens O1 in the outer CyQplanes. We calculated one
the Bi2212 system is consistent with the earlier calculationsdditional oxygen-related mode in the Bi2223 at 516 ¢m
made by Pradet al® and its character is defined by the out-of-phase vibrations of
In Fig. 8 we show the eigenvector patterns correspondinghe Ca atoms and oxygens O4 in the inner Gylane. We
to the eight eigenmodes &%, symmetry and two silent assign it with the new mode appearing in taxis phonon
modes ofB,, symmetry for the Bi2223, resulting from our spectrum of the Bi2223 at 402 crh, as is clearly observ-
lattice-dynamical calculations with the same set of the shelible in Fig. 3, and also in agreement with the results of Ref.
model parameters listed in Table VII. The calculated compo20.
nents of the eigenvector amplitudes are summarized in Table As we discussed in Sec. IV some of theolarized IR
IX. We make an assignment of the TO phonon modes obphonon modes in the bilayer Bi2212 and trilayer Bi2223
served in thes-axis ellipsometry spectra of the Bi2223 single compounds exhibit a strongly anomalous temperature depen-
crystal (T=150 K; see Fig. 3 and Table Yibased on a dence aff., accompanied by the development of a sizable
comparison with the present calculations. As can be seeabsorption peak beloW, in the FIR range, as illustrated in
from Figs. 7 and 8, a close similarity with the Bi2212 is Fig. 62°~' The two most pronounced phonon bands at 304
observed for their eigenmode characters and eigenfrequeneynd 582 cm?® appear at the same frequencies in thexis
values due to the common generic features in the Bi2212 anellipsometry spectra of the Bi2212 and Bi2223. According to
Bi2223 structures. The only exception is that two new addi-our assignment they are associated with the predominant
tional modes ofA,, symmetry are present for the trilayer contribution from the BiO layer O3 oxygens and the apical
Bi2223 system. Our calculations give one additional modeD2 oxygens, respectively. It is evident from Fig. 6 that the
for Bi2223 at 145 cm?; its character is defined by the main formation of the t-JPR in Bi2212 and Bi2223 is accompanied
contribution from the CuZfrom the inner Cu@ plane and by the strongly anomalous temperature dependence of the
Sr out-of-phase vibrations, and assigned it with the newphonon modes at 360, 4@2pecific for trilayer Bi2223 and
mode clearly discernible in the;(w) spectrum at 127 cmt 582 cni'! denoted byA, B, and C. An explanation of the
[see Fig. 8)], which is also in agreement with the results of anomalous changes of the phonon modes at 360 and
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Infrared A,, (Bi2201 /4/mmm)

Bi:Cul'sr’ Cul:Sr' O1:03 02:0%

FIG. 9. Normal frequencies and eigenvectors
of five Aj,-symmetry modes in Bi2201
(I4/mmn); experimentalc-axis TO phonon fre-
guencies are given in bracketsee Fig. 4 and

Table VI).
293 353 596
(109) (165) (301) (385) (586)
402 cm ! upon entering the superconducting state has been z . 2
recently proposed based on the so-called Josephson superlat- 47 |5 & Uij
tice model, assuming that these bands belong to the vibration S=~ ——. 3
Tt o Vv
of the planar oxygen%’ This assumption is supported by our wTOjE miug
i

assignment which suggests that these modes are bond-
bending character modes which involve a significant contri-

: . : . * _ i
bution from the outer copper-plane O1 and inner copper!n this relationV is the unit cell volumegy andm; corre

plane O4 ions, respectively. spond to the dynamical effective charge and mass oftthe

In Fig. 9 we present the eigenvector pattern correspondingtom vibrating inj mode with TO frequencyoro;, andu;;
to the five eigenmodes oh,, symmetry for Bi2201; the represents the displacements related to the agenvgptmj_
calculated components of the eigenvector amplitudes ardii = Xij/ Jym. In most cases, however, the dynamical
listed in Table IX. We have calculated twi,, symmetry chargese{; do not correspond to the static ionic ones. As we
modes at low frequencies. The calculated lowest-frequencgliscussed earlier, to describe single-layer, bilayer, and
mode is related to the motion of the heavy Bi atoms, which idrilayer Bi systems by the same set of potential parameters
strongly mixed with out-of-phase motion of Sr and Cul. Thewe have to keep the net ionic charges of the atoms in the
next mode ofA,, symmetry is predominantly due to the Cuprate planes of-2|e| for Cul and Cu2 and-2|e| for O1
motion of Cul against Sr. The three phonon features ar@"d O4. Also in our model the effective charges of
clearly observed in the-axis ellipsometry spectra of the —1.67e] for 02 and O3 have been assumed. As an example,
Bi2201 at low frequencies at around 109, 165, and 209 ‘tm in Table X we pres_ent values of th(_a oscnl.ator.stre_ngths cal-
(see Fig. 4 and Table Yl in Sec. IV we have already dis- culated from the d|§pla§:ements qf lons, \{lbratlng in g
cussed the possible reasons for the appearance of one “e ymmetry modes in Bi2212, using the ionic charges that

tra” phonon feature. We have made an assianment of thiVere adopted in our shell model. As one can see, the quali-
P ' 9 fative agreement between model and experiment is quite

modes at low frequencies by analogy with the vibration char, ood in the sense that the model correctly predicts the stron-

a(_:ters at the corresponding _frequencies _in the B2212 angiest modes in the phonon spectra and the weak modes are
Bi2223 crystals. The three high-energy vibrations are pre

; ) also predicted to be weak. An improved description of the
dominantly oxygen related. The highest-frequency mode abggijjator strengths of all phonon modes compared to those

596 cm * (586 cm ') has apparently apical character due toyth formal ionic charges can be achieved by introducing
the predominant contribution from the strontium-plane OZ2qffective ionic charges. By inversion of E¢3) from the

oscillations along thec axis. The modes calculated at experimental oscillator strengths the effective charges of the
293 cm * and 353 cm~ are basically due to bismuth-plane jons can be extracted by making use of the calculated com-

O3 and copper-plane O1 mixed in-phase and out-of-phasgonents of the eigenvectors. Following this procedure, in
vibrations, respectively, and they correlate well with the ex-

perimental frequencies at 301 and 385 cmin Bi2201 the TABLE X. Comparison of values of oscillator strengths calcu-
CuO, planar oxygen band located at 385 cinhas much |ated from components of eigenvectors 4, modes in Bi2212
larger intensity than in Bi2212. This is probably due to thewith corresponding experimental values.

fact that in Bi2212 the CuPplanar oxygen mode is strongly
renormalized by its coupling to interlayer electronic excita-w$' (cm™t) 97 168 210 304 358 583

tions already in the normal state. AZUJ(cm* h 93 195 304 343 403 643
The oscillator strengths of IR-active phonon modes are;.i‘?xpt - 0.29 0.34 113 0.33 0.65
related to the dipole moment arising from the displacements*jﬁa'C 0.07 0.16 0.03 424 011 0.13

of ions involved in a vibration:
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Raman A, (Bi2212 l4/mmm)

Bi St Culsr Sr.Cul’ on:sr 03 02 B

"ﬁ) (‘} Oﬁ:ji ‘i@

6: Ig)%% IQ t ~ FIG. 10. Normal frequencies and eigenvectors

) | e e of six A;4-symmetry modes and orig ; mode in
Ot Qi?\gt 03295 Bi2212 (14/mmn); experimental frequencies are
I, oto [ 3; given in bracketgRef. 5.
) z'éf; 8 o7
149 208 370 461 630 273

(59) M7 (145) (409) (463) (627) (287)

general, we have arrived at the resulting charges close to trstronglyc polarized like apex oxygen vibrations characteris-
formal charges adopted within the model. The major im-tic for most highT. superconductors: Moreover, the
provement can be obtained if the O2 charge is made morg60-cm ! band has been found to soften at a significantly
negative and the O3 charge is made less negative, althoughaster rate than the 620-crh band with *0 oxygen isotope
quantitative comparison seems to be in part uncertain, besypstitution, in agreement with the more liable oxygen atoms
cause, as we mention above, due to coupling to interlayefom the BiO layer? Therefore, in fitting our shell model

electronic excitations in multilayer Bi compounds the GUO arameters for the Bi2212 crystal we have implied an assign-

planar oxygen modes are strongly renormalized, aIre_ady iMent for the mode observed at around 285 éras theB
the normal state. The consequences of these local field e{ﬁ

fects, which go beyond the scope of the present simpl
model, have been outlined in Refs. 2 and 6.

1g
ode, whereas for the modes observed at around 460 and

%20 cmtas theA,y modes associated with the @8om the
BiO plane and O2(from the SrO plangpredominant con-
tributions, respectively.

In Fig. 10 we show our suggested eigenvector pattern
corresponding to the six eigenmodes/Af; symmetry and

In this section we just briefly discuss the results of ouroneB,;, symmetry for the Bi2212 crystal. We list values of
shell model calculations for the Raman-active modes in thehe eigenfrequencies and below we make an assignment in
three Bi-based compounds and suggest an assignment for thgreement with the experimental Raman study of
phonon modes observed in the experimental spectra. It hasi,Sr,Ca _,Y,Cu,0g, 5 (x=0-1) single crystald: A num-
been generally found that a larger number of phonon modeger of phonons observable below 400 chin the Raman
occur in the Raman spectra of the Bi-based compounds thagpectra in thed,, (or A) scattering configurations are con-
would be expected from the simple tetragoP@mmmsym-  sidered by Kakihanat al. as “disorder-induced” mode%:
metry consideratiorigiven in Tables | and )l As a result |y addition, as a weak satellite feature 2657 cni * near
different groups have reported rather different and then conhe  strong phonon band at 620 cthn disappears in
tradictory assignments. We have already referred to thesgodulation-free Bi_,PhSr,Ca_,Cu,0g. 5 Crystals it is
reasons in Sec. Il. There appears to be a consensus on §gssibly induced by the incommensurate superstructural
origin of the strongB;, phonon in Raman spectra of Bi2212. modulation®® Another satellite feature at 458 cni* near
From the B,-symmetry selection rules the peak at aboutthe pronounced phonon band at 460 ¢nis possibly asso-
285 cmi 1, which occurs only in the(xy)z spectrum can be ciated with extra oxygen atoms in the BiO layers and also
assigned to the @) B4 phonon characterized by out-of- referred to “disorder-induced” scattering.
phase motion of the oxygen atoms in the Gyitane. This is In Fig. 11 we show the eigenvector pattern corresponding
not the case, however, for two of the strongésy modes  to the seven eigenmodes Af; symmetry and on8;, sym-
that appear in the Raman spectrum at higher frequenciasetry for the Bi2223 crystal, calculated using the same basic
around 460 and 620 cr. The origin of the high-frequency set of the shell model parameters. From Figs. 10 and 11 we
vibrations in the Raman spectrum of Bi2212 remains controcan see that due to the common generic features in the
versial despite many investigations by different groups. MosBi2212 and Bi2223 structures, the vibration characters are
authors have assigned the 460-chnmode to the vibrations similar and the eigenfrequency values are close for the cor-
of the apical oxygen atoms located in the SrO planes and theesponding eigenmodes. This is consistent with the recently
620-cm ! phonon to vibrations of the oxygen atoms locatedpublished results on Raman measurements showing that the
in the BiO plane4®~5°However, recently it was argued that frequencies of the major phonon bands are almost identical
the assignment should be reversét It was shown that in Bi2212 and Bi2223 single crystal$ The exception is an
these two bands exhibit different polarization dependenceadditional mode ofA;; symmetry present in the trilayer
for the incident and scattered vectors, indicating that the deBi2223 crystal. Comparing the bilayer and trilayer systems
gree of mode mixing is small, and the 620-cmband is  (Figs. 10 and 1lwe can conclude that instead of 0Agy

C. Calculated I'-point A,4-symmetry modes in Bi2201, Bi2212,
and Bi2223
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Raman A, (Bi2223 /14/mmm)
SICu1Bi Bi:Sr* Cul:sr CaOl:5  Caor’ 03 02 B,

o -0

FIG. 11. Normal frequencies and eigenvectors
of sevenA,,-symmetry modes and ori& ; mode
in Bi2223 (14/mmm); some experimental fre-

0 . quencies are given in brackefsee Fig. 13 and
O Ly
1 %1% Ref. 54.
=)
—0 o o
103 125 214 316 391 446 646 237
(260) (390) (463) (627) (287)

mode associated with the O1 vibrations in the GuGne in  hancement of the phonons at 260 and 390 tntogether
the Bi2212 structure, calculated at 370 thin the Bi2223  with the development of a broadband peaking at around
structure we have twé;, modes associated with the Ca and 580 cm !, has been observed in a recent resonant Raman
O1 (from the outer Cu@ planeg in-phase and out-of-phase scattering study on the Bi2223 single crystal wilh
vibrations, calculated at 316 and 391 ¢th respectively. =109 K (Ref. 59. Our measurements of resonant Raman
In Fig. 12 we show the eigenvector pattern correspondingcattering E.,.=2.18 eV) done on our Bi2223 single crys-
to the four eigenmodes o,y symmetry for thel4/mmm  tal with lower T.=107 K reproduce the results of Limonov
Bi2201, resulting from our shell model calculations. As usualet al. In Fig. 13a) we show the Raman spectra at two dif-
many more phonon modes are observed in the experimentfdrent temperatures—i.e., somewhat above and well below
Raman spectra, implying that the simple tetragonal approxiT.. Figure 13b) shows the difference between these Raman
mation is no longer applicable for an interpretation of thespectra. Our data clearly demonstrate the superconductivity-
Raman phonon spectra of the Bi2201. In Tables | and Ill wanduced enhancement of the phonon bands at 260 and
show that due to the orthorhombic distortions, the O1 atom890 cmi* and a broadband peaking around 550 ¢m
in the CuQ plane become “Raman active,” and as a result,
a number of new Raman-active modesAyf, By4, 2By, T T T T T T T T T T
and B34 character will appear in thémaa Bi2201. We
suggest that a more appropriate approximation for the inter-
pretation of thel'-point Raman-active phonons in this com-
pound will be the orthorhombiédmaa space group. How-
ever, the assignment for the two high-frequency oxygen
modes(as we show in Fig. 1)2is the same as for the Bi2212
and Bi2223 crystals, and the calculated frequencies agree
quite well for these three compounds.
Resonant Raman scattering beldwhas been discovered
in Bi- and Hg-based highi- compounds with three or four
CuQ, layers>*~>¢ Strong superconductivity-induced en-

(a)
4001 " "Bi2223, E__= 2.18 eV (unpolarized)
350

3004

250

Scattering intensity (arb. units)

20-——7T 7T "7 T T T T T T 71T
Raman A, (Bi2201 i4/mmm) 200 300 400 500 600 700 800
Bi Sr o3 02
A75_ v ] ' 1 v 1 v 1 v 1 v 1 v 1 =
1oyl <)
Q(f 9} Q0 © 50 4 -
Tod Qo0 =
hnd 00 ~e . 251 -
or'Or'—TTO\ 'o'é' o® VQ’O"OO# g 0_' ]
QQQQ L0010 i 2
(f Q',”’OO OQOO T T T T T T
200 300 400 500 600 700 800
1M 229 423 575 Raman shift (cm‘1)
(463) (627)

FIG. 13. Raman scatterind=(, .= 2.18 eV) in Bi2223(a) mea-

FIG. 12. Normal frequencies and eigenvectors of foursured slightly abov&.=107 K and well belowT . and(b) resonant

Aig-symmetry modes in Bi220114/mmn); some experimental enhancement of the phonon bands at 260 and 390 cand
frequencies are given in brackdfRef. 51). superconductivity-induced broadband at 550 ¢m
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There are two alternative explanations of theseellipsometric spectra of the trilayer system: one at
superconductivity-induced anomalies in multilayer high- 127 cmi', among the “heavy” modes, and the other at
compounds; one considers the broad excitation band as 402 cm !, among the “light” modes, which according to
“pair-breaking” peak at A (Ref. 54 and the other refers to our assignment involve a significant contribution of the cop-
it as a Raman-active axis plasmori® A more detailed study per and oxygen atoms in the inner Cuflane, respectively.

of the doping effect on the resonance peak position is reThe recent experimental observation of a Josephson-plasma
quired to clarify its origin. Nevertheless, discussing the photesonance and phonon anomalies in Bi2ZR&f. 7) pro-

non anomalies observed in trilayer Bi2223 we would like tovides, indeed, strong support for the Josephson-superlattice
notice that both approaches consider the superconductivitynodel, which consistently explains the phonon anomalies
induced anomalies as due to strong coupling of the intratand the formation of a broad absorption band belquising
rilayer electronic excitation with phonons which involve cal- components of the eigenvector amplitudes for the relevant
cium and planar oxygen ions. Experimental resonant Ramaoxygen modes at 358 and 402 th The two modes involv-
scattering studies bring evidence in favor of our assignmenihg O3 (BiO plang and O1 (Cu@ plane atoms exhibit sub-
suggested for the trilayer Bi2223 crystéFig. 11). The stantial frequency changes in the single-layer system and ap-
superconductivity-enhanced phonon bands at 260 angear at 294 and 389 cm, respectively. For the single-layer
390 cm ! in the Bi2223 can be ascribed to thg, in-phase  system the mode at 389 crhincreases dramatically in in-
and out-of-phase vibrations of the Ca atoms with oxygens inensity. This evident difference between single-layer and
the outer Cu@ planes, in agreement with our assignment formultilayer compounds in the behavior of this particular pho-

the A;; modes calculated at 316 and 391¢cm non mode reflects the fact that in multilayer compounds the
oxygen bond-bending phonon mode is strongly coupled with
VI. CONCLUSIONS the electronic excitation due to the charge density oscilla-

. , tions between the closely spaced Gu@anes. In addition,
In summary, we present experimental data on single CrySye aso show the eigenvector patterns and calculated fre-
ta_\ls as obtained by spectral 'elllpsometry and mgke _the a%juencies for the Raman-active phonon modeg\gf sym-
signment of the IRe-axis-polarized phonon modes in single- ey in these three compounds according to the results of

layer, bilayer, and trilayer bismuth compoundBi2201, {16 present shell model calculations. The supeconductivity-
Bi2212, and Bi222by comparing them with the results of g, ceq resonant Raman scattering for the two phonon

the shell model calculations. Theaxis IR phonon spectra ,n4des at 260 and 390 crh very recently observed in

look very similar for the bilayer and trilayer Bi-based crys- yjjaver Bi2223 single crystaf is well consistent with the
tals, supporting experimental evidence for the generic Str“%uggested assignment.
tural features of these compounds. We apply a tetragonal
I 4/mmmapproximation in the interpretation of tleeaxis IR
spectra of the Bi-based compounds, which are known to
have pseudotetragonal structure, and conclude that this ap-
proximation provides a reasonable description of the main The authors thank J. Gale for making available general
features in the phonon spectra. In the framework of this apuitility lattice program(GuLpP) used in the present calcula-
proximation, we have identified “disorder-induced” modes tions. We are grateful to R. Evarestov and E. Kotomin for
due to the orthorhombic distortions associated with the infruitful discussions. T.H. acknowledges support by the AvH
commensurate superstructural modulations and extra-oundation. We acknowledge L. Carr at NSLS and Y.-L.
stoichiometric oxygen. Comparing with the bilayer Bi sys- Mathis at ANKA for their support during the ellipsometry
tem, we identify two additionat-axis phonon modes in the measurements.
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