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Structure optimization effects on the electronic and vibrational properties
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We have studied the effect of structure optimization on the topology of the Fermi surface and on the
Raman-active phonons of Bi2Sr2CaCu2O8. By total energy and force minimizations within the density-
functional theory we have identified the most stable atomic geometry considering both an idealized body-
centered tetragonal structure, inclusive of surface truncation, and aA23A2 orthorhombic cell simulating the
observed distortions in the BiO planes. The optimization of the tetragonal cell leads to small but visible
changes in the topology of the Fermi surface, rounding the shape of the CuO2 barrels, while the orthorhombic
distortion is responsible for the ‘‘umklapp’’ bands that have been observed by angle-resolved photoemission
spectroscopy. The latter also gives rise to Raman-active vibrations not permitted in the tetragonal cell and
strongly influences the attribution of the phonon peaks measured by experiments.

DOI: 10.1103/PhysRevB.69.184508 PACS number~s!: 74.25.Kc, 74.25.Jb, 74.72.Hs, 71.15.Mb
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I. INTRODUCTION

Among the high temperature superconductor~HTSC! cu-
prates the two-layer compound of the bismuth family, i.
Bi2Sr2CaCu2O8 ~Bi-2212!, is a prototype for spectroscopi
studies due to the relative ease to characterize a stable
talline surface not exposed to segregation or oxygen de
tion phenomena.1 A thorough comparison between expe
mental data and theoretical calculations has been hindere
to now by the complex structure of this compound th
makes theab initio determination of electronic states a d
ficult task. Bi-2212 exhibits in fact an incommensura
superstructure2–4 in the Bi-O plane, near to a commensura
orthorhombic distorted cellA235A2 with axes at 45° with
respect to the in-plane Cu-O bonds. This distortion involv
atomic displacements as large as 0.5 Å that are expecte
affect the electronic bands.

A detailed knowledge of the low-energy electron exci
tions and the Fermi surface topology is essential to und
stand the unusual properties of the normal state of highTc

cuprates and to shed light on the superconducting me
nism. A comparison between theoretical and experiment
determined Fermi surfaces requires a high level of accur
in the computation of electronic states and various nontri
ingredients such as~i! a realistic description of the comple
crystal geometry and composition of the material in exa
inclusive of surface effects;~ii ! many-body correlations as
sociated to the strong interaction between localiz
electrons;5 ~iii ! an explicit simulation of the photoemissio
process and of photoemission matrix elements. Most of
published works rely on drastic simplifications of some
these ingredients. All the first-principles band-structure c
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culations of Bi-2212 available up to now have been p
formed in an idealized crystal structure,6–9 with lattice pa-
rameters taken from experiments and no optimization of
volume and atomic coordinates. These calculations pre
BiO pockets around theM symmetry point in the Brillouin
zone~BZ! that have no clear counterpart in the photoem
sion spectra;10 moreover, the overall shape of the two ma
barrels centered atX is not correctly reproduced. Recently,
has been shown that the differences in the Fermi surf
maps of Bi-2212 observed under various experimental c
ditions can be reproduced by the proper inclusion of pho
emission matrix elements;11,12 these calculations assume
however a perfect tetragonal structure and artificially mo
fied the ionic potential to remove the BiO pockets around
M point.

In this paper, we focus on the effects induced on the lo
energy excitations of Bi-2212 and on Raman-active phon
by a more accurate description of the geometrical struct
It has been demonstrated that the optimization of the cry
parameters~volume,c/a ratio, and atomic coordinates! leads
in YBa2Cu3O7 to a better agreement with experiments.13 In
the case of Bi-2212 we have to include also the Bi-O mo
lation occurring in the observed incommensurate superst
ture. We do this adopting an averagely distorted orthorho
bic ~AD-ORTH! structure previously proposed for anoth
compound of the bismuth family, i.e., the one CuO2 plane
compound Bi-2201.14 By total-energy minimization we de
termine the equilibrium positions of the atoms consider
both the ideal body-centered tetragonal~BCT! structure and
the distorted one~AD-ORTH!, and including also surface
effects. As a severe test for the structures we calcu
Raman-active phonon frequencies and eigenvectors
compare them with experimental data. There has been a
newed interest in the electron-phonon coupling as a n
©2004 The American Physical Society08-1
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negligible and ubiquitous effect influencing the electron d
namics in the high-temperature superconductors;15 accurate
ab initio calculations of phonon modes are therefore v
much needed, which were lacking for Bi compounds un
now.

The work was organized as follows. After a brief intr
duction of the Bi-2212 crystal structure in Sec. II, th
method in use and some computational details are prese
in Sec. III. The discussion of the results will be addressed
Sec. IV, and conclusions will follow.

II. CRYSTAL STRUCTURE: BCT VS AD-ORTH

The basic unit of Bi-2212 is composed of two CuO2
planes per cell separated by Ca ions, and two Bi-O lay
separated from each of the CuO complexes by a Sr-O la
The Bi-O planes have, similar to the Cu-O chains in t
yttrium family, the role of a ‘‘charge reservoir,’’ attractin
electrons and therefore doping the CuO2 planes with holes.
When the complex superstructures in the BiO plane obse
by diffraction experiments are neglected, the crystal struc
of Bi-2212 is well represented by the body-centered tetra
nal cell ~with space groupI4/mmm! shown in Fig. 1~a!. The
superstructure arises because of the mismatch betwee
equilibrium Bi-O bond length and the lattice constant im
posed by the CuO2 planar nets. The weak coupling of th
two BiO planes has been found to favor the appearanc
such distortion, as opposed to the case of the Tl-2212 c
pound, where the shorter distance between the TlO plan
responsible for its absence. Moreover, the observed su
structure is incommensurate with respect to the Cu-O lat
constant, and is only approximately arranged by aA2
35A2 orthorhombic cell.2 The full account of these distor
tions represents a severe task even for modern compute

FIG. 1. ~Color online! In ~a! half of the primitive unit of the
body-centered tetragonal~BCT! cell with space groupI4/mmmof
Bi-2212 is depicted. In~b! and ~c! the BiO plane is sketched in
absence or presence of the distortion, respectively. The orthorh
bic cell is rotated by 45° in theab plane with respect to tetragona
one.
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far as first-principles calculations are concerned. We h
therefore chosen a more simplistic approach, considering
average displacements of the atoms from their tetragonal
sitions. Insets~b! and ~c! in Fig. 1 show how the displace
ments of the OBi and Bi atoms in the BiO planes, allowed b
an orthorhombicA23A2 cell ~with space groupBbmb!, ac-
count for the mean expansion and contraction of the B
bonds. The type of distortion is the same assumed by Si
and Pickett14 for the one-layer Bi-2201 compound, where
we stress that for the Bi-2201 crystal theA23A2 cell itself
is the commensurate analog to the real incommensurate
perstructure. Here, it suffices to say that in-plane aver
displacements of around 0.5 Å~0.14 Å! along the distortion
direction are observed for the OBi ~Bi, OSr) atoms.3 More
details on the experimental lattice parameters as well as
nar and off-plane coordinates of all the atoms in the BCT a
AD-ORTH cells will be given later in the paper.

III. METHOD AND COMPUTATIONAL DETAILS

All calculations have been carried out using the fu
potential linearized augmented plane-wave~LAPW!
method16,17and its recent extension (APW1 local orbital) as
implemented in theWIEN2K code.18 The muffin-tin radii in-
side which the plane waves are augmented by radial fu
tions expanded over spherical harmonics have been ch
to be 1.9~Ca!, 1.9 ~Cu!, 2.2 ~Sr!, 2.25 ~Bi!, and 1.45~O!
Bohr. Exchange and correlation effects are accounted fo
the local-density approximation~LDA !. In the wave-function
expansion'2200 ~2400! basis functions have been use
and 40~27! specialk points within the irreducible part of the
BZ sufficed for BZ integrations for the BCT~AD-ORTH!
structure. Starting from the experimental parameters we h
optimized the volume andc/a ratio for the BCT~and also
b/a for the AD-ORTH! cell by minimization of the total
energy. At each step the atoms were allowed to relax to t
equilibrium positions under the influence of the atom
forces, a procedure leading to very accurate equilibri
structures. The remanent forces in this case are less tha
mRy/a.u., which is an important starting point for the calc
lation of reliable phonon frequencies. Within the froze
phonon approach a polynomial fit of calculated atomic-fo
values is carried out. For the fully symmetricAg modes this
was done for the equilibrium position plus two to four di
ferent displacements of each participating atom along
Cartesian axis. Diagonalization of the dynamical mat
yields the phonon frequencies as well as the normal vec
of the vibrations.

IV. RESULTS

A. Structural optimization

Starting from the experimental data by Sunshineet al.19

~Exp! we have optimized the volume~Vol-Opt! or both, vol-
ume andc/a ratio ~Full-Opt!, as described above. The ca
where internal coordinates are relaxed using the experim
tal lattice volume andc/a ratio ~Atom-Opt! is also given.

The results obtained using the BCT cell are reported
Table I; the well-known LDA underestimate of the volume

m-
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TABLE I. Lattice parameters and atomic coordinates~in units of lattice constants! for the BCT structure
of Bi-2212: columns 1–3 refer to different optimization levels~see text for the details!, while in the last
column the experimental data taken from Ref. 19 are listed.

Full-Opt Vol-Opt Atom-Opt Exp

Vol (Å3) 202.2 202.2 226.3 226.3
c/a 8.258 8.065 8.065 8.065
D(E)(mRy) 267.4 265.1 0
zCu 0.0499 0.0498 0.0491 0.0543
zSr 0.1100 0.1103 0.1058 0.1091
zBi 0.2008 0.2015 0.1949 0.1989
zOCu

0.0514 0.0513 0.0503 0.0510
zOSr

0.1331 0.1328 0.1296 0.1200
zOBi

0.1991 0.2000 0.1929 0.1980
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also found here and amounts to more than 10%@theory:
202.2 Å,3 experiment 226.3 Å~Ref. 3!#, while for ~YBCO!
it was around 6% only. The optimizedc/a ratio is 2% larger
than the experimental one, but its influence on the cohe
energy and the equilibrium positions of the nuclei is sm
The calculated band structure for the experimental
agrees very well with other LAPW results,6,7 and will not be
given here. Both the volume reduction and the increase in
c/a ratio results in a squeezing of the Cu-O in-plane bo
length; as a net effect hybridization between CuO2 and BiO
planes through the SrO plane is favored inducing both B
bands to cross the Fermi level. This is consistent with
results obtained by Szpunar and Smith in Ref. 9, who inv
tigated the effect of stress along thec axis by decreasing the
c/a ratio up to 12%, and found consistently the oppos
trend, i.e., the BiO bands move to lower energies. For w
concerns the atomic coordinates within the cell, a relev
18450
ve
l.
ll

e
d

e
s-

e
at
nt

change is the sizable increase of the dimpling in the S
plane~of around 0.3 Å!, while it is only slightly reduced in
the CuO2 and BiO planes. The dimpling of the CuO2 plane
in HTSC has been shown to be connected to the bifurca
of the saddle point near theM̄ point,20 and much attention
has been devoted to it in the framework of the van Ho
scenario.21

The same optimization procedure has been used for
AD-ORTH cell and the results are shown in Table II. No
that the the origin of the cell is shifted by (a/2,b/2,2c/4)
from the one of the BCT cells, while the orthorhombicx and
y axes are rotated by 45° with respect to the tetragonal
and point along the Bi-O bond directions. Compared to
BCT cell, a smaller reduction of the volume is found by LD
~4.2% vs 10%!; the c/a (b/a) ratio increases~decreases! by
about 2~3.4!%. The atomicz coordinates are generally ver
similar to the ones in the BCT cell, while only a slight e
TABLE II. Lattice parameters and atomic coordinates~in unit of lattice constants! for the AD-ORTH
structure of Bi-2212: the experimental data are taken from Ref. 3.

Full-Opt Vol-Opt Atom-Opt Exp

Vol (Å3) 428.1 428.1 446.7 446.7
c/a 5.827 5.711 5.711 5.711
b/a 0.963 .1 .1 .1
D(E)(mRy) 252.4 235.2 0
zCu 0.2019 0.2013 0.2011 0.1978
zSr 0.1441 0.1435 0.1445 0.1405
zBi 0.0543 0.0528 0.0542 0.0525
zO

Cu
1 0.1995 0.1991 0.1991 0.1976

zO
Cu
2 0.2006 0.2002 0.2002 0.1994

zOSr
0.1192 0.1192 0.1193 0.1189

zOBi
0.0568 0.0554 0.0571 0.0500

xCu 0.2497 0.2497 0.2496 0.2506
xSr 0.2526 0.2524 0.2536 0.2500
xBi 0.2269 0.2255 0.2202 0.2258
xO

Cu
1

a 0.0000 0.0000 0.0000 0.0012
xO

Cu
2

a 0.5000 0.5000 0.5000 0.4993
xOSr

0.2666 0.2663 0.2675 0.2750
xOBi

0.1705 0.1726 0.1703 0.1561

aThe OCu atoms retain their tetragonal positions in our calculations.
8-3
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FIG. 2. ~Color online! Fermi surface cross
cuts in thekx-ky plane (kz50) for the BCT cell
with ~a! experimental and~b! optimized lattice
constants and atomic positions~see Table I!. ~c!
The same as in~b!, but in the presence of a BiO
terminated~001! surface, where the atomic pos
tions were further relaxed in order to account f
the breaking of the bonds at the surface layer.
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hancement of the dimpling in SrO plane is found. As d
picted in Fig. 1, the average displacements from the tetra
nal positions of the Bi and O atoms in the BiO layers indu
alternately expanded and contracted Bi-O bond distan
along thex direction, which amount to 2.6960.64 Å and
2.6760.55 Å for the experimental and fully optimized stru
tures, respectively. Along the other bond direction, which
now distorted into a zigzag line, the average bond distan
are 2.72 Å and 2.59 Å for the experimental and optimiz
cells, respectively. Total energy calculations performed w
the experimental lattice constants show that the disto
structure is more stable than the tetragonal one with an
ergy difference of 0.60 eV per formula unit, similar to wh
has been found for the Bi-2201 compound.14 This is a first
clear indication that the tetragonal description is far fro
being realistic, and one should not entirely rely on it wh
comparing with ARPES or Raman experiments.

B. Fermi surface

Figure 2 depicts the cross cuts of the Fermi surface w
the kz50 plane as calculated for the BCT cell. The conto
plots have been obtained by associating a sharp Lorentzia
each eigenvalue and summing the contribution at the Fe
level from all the bands at eachk point. Moving from the
experimental structure@Fig. 2~a!# to the fully optimized
structure@Fig. 2~b!# we observe small but visible changes
the Fermi surface topology. The two main barrels centere
X, arising from the Cud-Op bands, giving rise to the well
known holelike Fermi surface, attain a more rounded sh
and the splitting~usually indicated as ‘‘bilayer splitting’’! of
the bonding and antibonding parts is generally reduced. N
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the M̄ point, where the splitting is expected to be larger, t
interpretation is complicated by the hybridization with th
BiO orbitals, which induces an anticrossing between
bands. Both BiO bands, with antibonding character andp(x,y)

symmetry, are found to cross the Fermi level for the op
mized structure, giving rise to two distinct intersecting poc

ets aroundM̄ , which dope the CuO2 planes with additional
holes. According to our calculations the structural optimiz
tion of BCT cell is therefore not sufficient to move the stat
with BiO character away from the Fermi level. This is
contrast with photoemission experiments where no clear
dence of BiO pockets is found around theM̄ point, and with
the nonmetallic character of the BiO plane as observed
scanning tunneling spectroscopy.22

Since photoemission and even more tunneling exp
ments probe only the surface layers of a material—and
BiO plane is the natural cleavage plane during the sam
preparation—one might argue that the surface BiO ba
might deviate from the bulk ones. We have therefore inv
tigated this possibility and simulated the presence of a B
plane terminated~001! surface. Thereby we used a sla
supercell technique which considers repeated slabs, e
composed of two halves of BCT cells embedded in vacuu
The in-plane lattice constant was the one determined in
optimization of the bulk, while the atoms were allowed
relax along the direction perpendicular to the surface. S
relaxations were found to be of limited size, consistent w
the highly two-dimensional nature of the compound, but s
induced slight changes in the Fermi surface@see Fig. 2~c!#.
The dimpling in the BiO plane doubles in value~from 0.09
to 0.16 Å! and the BiO bands becomes almost degene
FIG. 3. Band structure of the undistorted~a!
and distorted~b! orthorhombic cell along theG
2M direction in the orthorhombic Brillouin

zone; the tetragonalM̄ point lies in the middle of
the G2M line.
8-4
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crossing theG-M̄ direction at the same point. The CuO ba
rels move towards theM̄ point and the BiO pockets become
less distinguishable. Overall, the so optimized Fermi surf
compares better with ARPES measurement~see, for instance
Refs. 23–27 and 12!.

The structural distortion in the BiO plane occurring in t
real Bi-2202 may be an additional effect altering the disp
sion of the BiO bands and possibly inducing an upward s
of the partially occupied BiO bands around theM̄ point of
the tetragonal Brillouin zone. We plot in Fig. 3 the ba
structure in the vicinity of the Fermi level for Bi-2212 in th
BCT ~a! and the AD-ORTH structure~b!, along theG2M
line of the orthorhombic Brillouin zone. TheM̄ two-
dimensional~2D! symmetry point of the tetragonal cell si
in the middle of theG2M line. Four among the six band
which cross the Fermi level stem from the BiO plane wh
the other two are the bilayer-splitted CuO bands mirro
across the zone boundaries due to theX→G folding. The
distortion in the Bi-2212 does not sensibly move the B
bands, neither does it visibly reduce the hybridization w
the CuO bands.

As shown in Fig. 4 the overall topology of the Ferm
surface is now more complicated, in qualitative agreem
with photoemission experiments that, as already mention
show multiple CuO barrels assigned to the scattering of
photoemitted electron from the orthorhombic distorted B
planes. The incommensurate and disordered nature of
distortion together with finite energy resolution of the spe
trometers may be responsible of extra broadenings that m
justify why many of the details of the Fermi surface a
smeared out and do not result into clear features at the F
level.

C. Raman-active phonons

A rigorous test for the quality of any structural charact
ization is the calculation of the phonon frequencies, wh

FIG. 4. ~Color online! Fermi surface cross cuts in thekx-ky

plane (kz50) for the AD-ORTH structure: the rotated squa
~dashed line! whose corners are theG point in the middle of the two
axes compares with the tetragonal Brillouin zones shown in Fig
18450
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gives a sensible account on how well the equilibrium po
tions as well as the bonding between the atoms are descr

The different symmetries of the structures we used
characterize the Bi-2212 crystal—which are described
different space groups, i.e.I4/mmmandBbmb, respectively,
for the tetragonal and orthorhombic cells—lead to differe
spectra. In a group-theoretical analysis of theI4/mmmtetrag-
onal cell, 14 Raman-active (q50) modes (6A1g11B1g
17Eg) are predicted.28 In addition, several other vibration
are expected to become Raman active in the orthogonal
due to the distortion or folding at the Brillouin-zon
edge.29,30 Limiting ourselves to the vibrations which do no
lower the symmetry of the crystal, a group-theoretical ana
sis of theBbmbspace group foretells a total of 12Ag modes
in the AD-ORTH cell, which in a first approximation sepa
rates into seven vibrations along thec axis and five along the
a axis ~see Ref. 29 for details!. Six among the sevenc axis
modes are those present also in the tetragonal cell, and
involve the collective motions of the Cu, Sr, Bi, OSr, and OBi
atoms. An additionalc-axis out-of-phase vibration of the tw
~now inequivalent! OCu atoms in the CuO2 plane31 arises in
the orthorhombic cell, due to the distortion.

The frequencies of the sixA1g Raman-active modes an
the 12 Ag modes in the BCT and AD-ORTH cell, respe
tively, are listed in Tables III and IV together with the co
responding eigenvectors. We first comment on the pho
spectrum obtained with the tetragonal cell. The repor
eigenvectors allow us to attribute, as evidenced by bold c
acters in Table III, the six frequencies~in increasing order of
eigenvalue! to the main vibrations of Bi, Cu, Sr, OBi , OCu,
and OSr. As expected, the phonons associated to all the o
gen atoms assume the highest values. Moreover, the mo
of the three oxygen atoms has a somewhat purer chara
while the lower vibrations of the transition metal ions i
volve the in- and out-of-phase motion of more than o
atom.

To which extent are these phonons influenced by the p
ence of the orthorhombic distortion? As can be inferred fr
Table IV all the in-phase vibrations except one keep th
pure c-axis character, and attains a value close to its co
terpart for the BCT cell. The two highest modes at 597 a
367 increase in the range of 10–20 cm21, while the Cu vi-
bration diminishes by the same amount. The out-of-ph
vibration of the oxygen atoms in the CuO2 plane, not presen
in the tetragonal cell, attains a frequency of 210 cm21.

The alternate expansion and contraction of the B
bonds occurring in the AD-ORTH structure along the dist
tion direction changes the nature of the bonds which invo
atoms in the BiO plane. As a consequence thec-axis vibra-
tion of the OBi atom is found to strongly couple with th
a-axis vibration of the apical OSr atoms. As a net result, th
mode hardens by 60 cm21 and attains a value of 289 cm21.
In turn, thea-axis vibration of the OSr atom mixes strongly
with the c-axis vibration of the OBi atom, and additionally
with the a-axis vibration of the Sr atom, so that a seco
mixed a/c axis mode appears at 192 cm21. As a matter of
fact, the latter mixed modes might be envisaged as a bre
ing of the atomic distances in the SrO plane whenever
plane is approached by the OBi atom during itsc-axis vibra-

2.
8-5
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TABLE III. Frequenciesv ~in cm21) and eigenvectors of the sixA1g c-axis modes in the BCT cell.

v Cu Sr Bi OCu OSr OBi

576 0.03 0.02 20.27 20.19 0.94 0.09
356 0.05 0.27 0.05 20.94 20.19 0.03
233 0.00 20.03 0.21 20.06 0.14 20.96
163 20.33 0.87 20.27 0.22 20.03 20.10
116 20.92 20.23 0.25 20.12 0.07 0.08
50 20.17 20.34 20.86 20.11 20.24 20.21
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tion. In addition to the modes with pure or mixedc-axis
character there are four purea-axis vibrations. Thea-axis
vibrations of the Bi and Sr atoms are found at 106 a
132 cm21, respectively. The in-plane vibration of the Cu a
oms instead results to be much harder, at a frequenc
355 cm21, three times larger than the corresponding vib
tion along thec axis. The most interesting finding, as we w
discuss below, is relative to the OBi a-axis vibration, which
attains a frequency of 424 cm21, almost twice the value cal
culated for itsc-axis vibration.

It is interesting to compare our theoretical findings w
experimental data. We start the discussion by saying
while the frequencies of the measured phonon peaks a
reasonably well among experiments performed under sim
conditions, their assignment has been by no means un
and varied sensibly among different groups. Experime
previous to 1996 disagree in fact with each other on
interpretation of phonons in the whole spectrum~see, for
instance, Table I in Ref. 32, and reference therein!. In order
to keep the discussion manageable, only the data obta
after 1996 will be considered. The strongest debate conc
the origin of the two highest frequencies, i.e., at around 4
and 630 cm21, which were attributed to the motion of th
OBi and OSr atoms,32–36 or vice versa.37 Our calculations,
both for the tetragonal and orthorhombic cells, give a stro
support to the former type of attribution. Nevertheless, if
calculated value for the OSr mode is reasonably close to th
experimental one, a striking deviation is found for thec-axis
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vibration of OBi (233 cm21 for the tetragonal cell vs the
experimental attributed value of 460 cm21). The introduc-
tion of the orthorhombic distortion, although strengtheni
this mode to around 290 cm21, does not improve sensibly
the situation. Instead, we find that it is thea-axis vibration of
the OBi atom to have a frequency of 424 cm21, close to the
experimental peak. It is important to recall that all the mod
we are discussing haveAg symmetry and are thus expecte
to appear in Raman spectra taken under noncrossed pola
tion geometry such aszz, xx, or yy. In light of these results,
we associate the experimental peak around 460 cm21 to the
a-axis rather than thec-axis vibration of the OBi atom. Cal-
culations of Raman spectra under different scattering ge
etries might be able to address this issue in the future
allow for a direct comparison with the experimental spect
Another peak is observed in experiments at arou
404 cm21, and attributed to the motions along thec axis of
the oxygen atom in the CuO plane; our value for the in-ph
c-axis vibration frequency of the OCu atoms is of 366 cm21.
Moving towards lower frequencies, the modes observed
experiments around 115 and 130–140 cm21 are concor-
dantly ~by the various experimental groups! attributed to the
vibrations of the Sr and Cu atoms along thec axis. We find
instead that the vibration of the Cu atom takes place at lo
frequency than the one of Sr. Fewer investigations focu
onto the low-frequency part of the spectrum where
phonons of the heavier atom, i.e., Bi, should appear, an
TABLE IV. Frequenciesv ~in cm21) and eigenvectors of the 12Ag modes in the AD-ORTH cell. The atoms vibrate along thec anda
axes, as indicated.

v Cu Cu Sr Sr Bi Bi OCu
1 OCu

2 OSr OSr OBi OBi

c axis a axis c axis a axis c axis a axis c axis c axis c axis a axis c axis a axis

597 0.02 0.00 0.02 0.00 20.25 20.02 20.09 20.10 0.95 0.12 0.05 0.04
424 0.00 0.00 20.03 0.01 0.00 20.21 0.04 0.03 0.05 20.06 20.01 20.97
367 20.09 20.28 20.19 20.03 20.02 20.01 0.67 0.63 0.12 0.08 20.08 0.06
356 0.02 20.95 0.06 20.10 0.01 0.00 20.12 20.27 20.04 0.03 0.01 20.02
289 20.01 20.06 0.02 0.09 20.22 0.16 0.02 0.12 0.00 20.65 0.69 0.00
210 20.02 0.10 0.00 0.09 20.09 0.00 0.65 20.62 20.08 0.26 0.31 20.02
192 20.03 0.04 0.21 20.45 20.22 20.14 20.19 0.27 20.15 0.55 0.49 20.03
163 20.30 20.01 0.88 0.17 20.17 0.06 0.13 0.07 20.01 20.07 20.20 20.03
132 20.07 0.10 0.06 20.86 0.08 0.15 0.18 20.17 0.08 20.33 20.19 20.01
106 20.41 0.01 20.07 20.04 0.02 20.86 20.01 20.08 0.01 20.20 0.03 0.20
104 0.84 0.00 0.22 20.04 20.22 20.37 0.14 0.03 20.05 20.14 20.11 0.09
47 0.16 0.00 0.28 0.01 0.86 20.08 0.06 0.07 0.21 0.02 0.29 0.02
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STRUCTURE OPTIMIZATION EFFECTS ON THE . . . PHYSICAL REVIEW B 69, 184508 ~2004!
well-resolved peak at around 60 cm21 has been successfull
observed.38–40 This is nicely in agreement with our calcu
lated value of around 50 cm21. To summarize, a reasonab
but not completely satisfactory agreement is obtained th
fore only for the three phonons stemming from the Bi, OCu,
and OSr atoms, which are found to be at most 10% wea
than their experimental counterparts; such underestima
although at a smaller level, has been already observed
other high-Tc cuprate compounds.13,41

We must say that the experimental attribution of the pe
of a Raman spectra have been achieved either by invest
ing the change in frequency and/or intensity upon subst
tion with Y or Pb atoms, or by isotopes,36 or by comparing
with existent theoretical calculations. For the former type
analysis, the attribution strongly depends on the choice of
atomic site where the substitution is believed to take pla
and therefore is not unambiguous. For what concerns
theory, the only calculations present in the literature ha
been performed by means of lattice-dynamics models
Pradeet al.,42 whose calculated frequencies are at 87, 1
182, 387, 493, and 517 cm21. A thorough comparison of the
phonon attribution given by Pradeet al. with our results is
not possible, because no eigenvectors are reported in
work. Moreover, such type of calculations rely on rath
crude parametrizations of the interatomic potentials use
model the bonds, which their adequacy for a quantitat
comparison with experiments.

V. CONCLUSIONS

We have performed extensive first-principles calculatio
for the electronic structure of the two-layer bismuth cupr
Bi-2212 focussing on the role of the structural arrangeme
We have determined fully optimized atomic positions
three different structures, a body-centered tetragonal
with and without surface termination, and an averagely d
torted orthorhombic structure simulating the observed
commensurate superstructure. We find that just the struc
optimization of the body-centered tetragonal cell—leading
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