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Doping dependence of the electronic structure and the Raman-active modes
in La2ÀxBaxCuO4

T. Thonhauser and C. Ambrosch-Draxl
Institut für Theoretische Physik, Universita¨t Graz, Universita¨tsplatz 5, A-8010 Graz, Austria
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We studied the doping dependence of the electronic structure and the Raman-active phonon modes in the
high-temperature superconductor La22xBaxCuO4. Thereby, doping concentrations from the undoped case (x
50) up to the overdoped case (x50.14) were considered. All obtained phonon frequencies compare well to
published data for La22xSrxCuO4. For optimal doping ofxopt'0.12 theA1g Raman spectra show a huge
increase in intensity for certain scattering geometries indicating enhanced electron-phonon coupling. The
effects of doping on the density of states, Fermi surface, and electric-field gradients were also investigated.
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I. INTRODUCTION

The discovery of superconductivity in doped La2CuO4 by
Bednorz and Mu¨ller1 marked the beginning of the high tem
perature superconductivity era. Upon doping with Ba or
this copper oxide shows superconductivity with transiti
temperaturesTc of up to more than 30 K. Although man
experimental and theoretical results have already been
lished, this material is still of great interest for the search
the pairing mechanism. It is generally believed now that
high transition temperatures in superconductors canno
mediated by electron-phonon coupling only. Neverthele
there are many indications that phonons play a leading
in the explanation of high-Tc superconductivity.2,3 In addi-
tion, Raman and neutron scattering provide much inform
tion about the lattice as well as the electronic states and h
therefore been studied intensively.

Many of the experiments and most of the calculatio
were done for the undoped or Sr-doped syst
La22xSrxCuO4,4–10 while for the Ba-doped case there a
hardly any investigations for the electronic structure11 and
lattice dynamics. This may be a result of the fact that
maximal transition temperature of the Sr-doped compoun
38 K, while it is just 30 K when doped with Ba.

As in many other compounds, phonon frequencies h
been studied with different experimental probes, but mu
less is known about the corresponding eigenvectors. It
been shown recently for the high temperature supercondu
YBa2Cu3O7 that upon isotope substitution the change in
eigenvectors can lead to dramatic effects in the Ram
intensities.12 For the superconducting rare-earth carb
halides13 the calculated Raman spectra could contribute
assigning the experimentally measured Raman-active p
non modes. For La22xSrxCuO4 neutron-scattering measure
ments showed a controversy concerning the softening of
highest LO phonon branch.14,15 A similar phonon anomaly
was found theoretically for the Ba-doped compound.16 For
all these reasons it is important to theoretically characte
the lattice dynamics of materials.

Independent of the quasiparticle mediating the pair
mechanism the electronic structure itself is an import
quantity for superconductivity. Upon doping, the three-val
0163-1829/2003/67~13!/134508~7!/$20.00 67 1345
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La is replaced by two-valent Ba/Sr which leads to the c
ation of holes in the CuO2 planes. Thus a detailed knowledg
of the doping dependence of the electronic structure can
vide more insight into superconductivity in the cuprates.

In this paper we theoretically investigate the effect of do
ing on the electronic structure as well as on all Raman-ac
modes of La22xBaxCuO4. Special focus is given to the
charge redistribution in the copper-oxygen planes upon d
ing. Experimentally measurable properties such as the d
sity of states~DOS!, electric-field gradients~EFG’s!, and Ra-
man spectra are calculated.

II. CRYSTAL STRUCTURE AND SYMMETRY

The crystal structure of La2CuO4 exhibits a phase transi
tion from the high-temperature tetragonal phase above a
515 K to the low-temperature orthorhombic phase. T
phase-transition temperature decreases with the increas
Ba or Sr content17 and is about 300 K forx50.035. Unlike
La22xSrxCuO4, La22xBaxCuO4 with x'0.12 undergoes a
second transition to a low-temperature tetragonal phase
low 60 K. We have investigated this phase considering
correspondingI4/mmm symmetry for all our calculations
Henceforth, the oxygen in the CuO2 plane will be denoted as
O1 and the apical oxygen will be referred to as O2.

From structure and symmetry considerations it follo
that the full phonon spectrum consists of 21 phonon mod
three acoustic and 18 optic modes. Further, one finds tha
Brillouin zone-center phonons can be characterized acc
ing to Gvib52A1g13A2u1B2u12Eg14Eu . The A1g and
Eg modes conserve inversion symmetry and therefore t
are Raman active. TheA1g modes correspond to vibration
of the La and apical O along thec axis, while theEg modes
are characterized by movements of these atoms paralle
the CuO2 planes.

The components of the Raman tensorx for theAg modes
are given by

x~Ag!5S a 0 0

0 a 0

0 0 b
D . ~2.1!
©2003 The American Physical Society08-1
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Therefore, two different spectra are of interest, i.e.,
(xx)-polarized and the (zz)-polarization spectra. (xx) means
that the incoming and outgoing light are polarized paralle
the x axis. ForEg modes the tensor takes the form

x~Eg ,x!5S 0 0 2a

0 0 0

2a 0 0
D , x~Eg ,y!5S 0 0 0

0 0 a

0 a 0
D ,

~2.2!

which means that the (xz)- and (yz)-polarized spectra are
identical and all others vanish.

III. METHOD

A. Computational details

All calculations are performed within the full-potentia
linearized augmented plane-wave~LAPW! method as imple-
mented in theWIEN97 code.18 In the wave-function expansio
900 basis functions have been used. This corresponds
RKmax value of 7 for the oxygen, where the muffin-tin rad
have been chosen to be 2.4~La!, 1.9 ~Cu!, and 1.6~O! bohr.
The potentials and charge densities are represented by
stars in the interstitial region, and by spherical harmonics
to L56 within the muffin-tin spheres. For Brillouin-zon
~BZ! integrations 512k points within the BZ have been use
during the self-consistency cycle and 2744k points for the
calculation of the optical spectra. Exchange and correla
effects are accounted for by the local-density approxima
parametrized by Perdew and Wang.19 The interband contri-
bution to the dielectric function is computed within the ind
pendent quasiparticle approximation. Intraband contributi
show no influence on the dielectric function around the p
ton energy used in the Raman experiments.

Starting from the experimental data of Ref. 20 for t
lattice constants and atom positions, all parameters were
timized by minimizing the pressure and atomic forces,
o

.
s
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spectively. This procedure turned out to be necessary to
scribe phonon frequencies and Raman spectra in agree
with experimental data.12,21 A detailed description of the
atomic force computation within the LAPW method is give
in Ref. 22. Within the frozen-phonon approach a polynom
fit of calculated atomic-force values is carried out, where
all cases only terms in first order turned out to be importa
For theA1g mode this was done for the equilibrium positio
and four different displacements of each participating at
along the tetragonalc axis. For theEg mode the equilibrium
position and four different displacements of the correspo
ing atoms parallel to the CuO2 plane were considered. Fo
both kinds of modes, diagonalization of the dynamical m
trix yields the phonon frequencies as well as the normal v
tors of the vibrations. Due to the large mass difference of
La ~Ba! and O atoms, theA1g modes are nearly decoupled
so that the displacements considered are already disp
ments along the eigenvector. However, in case of theEg
mode stronger coupling occurs, so that five explicit dist
tions along the eigenvector were calculated in addition,
the determination of the Raman scattering intensities.

Doping was treated by the virtual crystal approximation23

i.e., within a single unit cell with averaged~fractional!
nuclear and electronic charges according to the amoun
doping. This procedure is well justified by the similar ele
tronic configuration of La (Z557) and Ba (Z556). More-
over, the La~Ba! states are far from the Fermi level and th
hardly influence the region of valence bands. An explicit t
calculation of phonon frequencies showed that the cry
structure for the doped case can be adapted from the und
one.

B. Raman spectra

The Raman-scattering intensitys j l (vR) of a given mode
z with frequencyvz and normal coordinateQz in a certain
scattering geometry (j l ) is given as a function of the Rama
shift vR :12
s j l ~vR!5

NVV~v I2vR!3(
m

e2Em /kBT(
n

@d« j l
m→n#2L~vR ,vmn ,G!

~4p!2c4(
m

e2Em /kBT

. ~3.1!
s
-

the

ent
c-
j andl are Cartesian indices which denote the polarization
the ingoing and outgoing light, respectively.NVV is the co-
herent volume withV being the unit-cell volume,v I is the
frequency of the incoming light, andT is the temperature
L(vR ,vmn ,G) accounts for a broadening of the transition
and the matrix elementsd« j l

m→n are given by

d« j l
m→n5

]« j l
v I

]Qz
^nuQ̂zum&, ~3.2!
f

,

whereun& and um& are the initial and final vibrational state
with energiesEn andEm . For all relevant scattering geom
etries (j l ) we have computed the dielectric function« j l

v I for
five points along each normal coordinate and fitted theQz

dependence of the dielectric function at the frequency of
incoming light.

C. Electric-field gradients

Another parameter of interest is the electric-field gradi
~EFG! as a sensitive probe for the distribution of the ele
8-2
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tronic charge in the vicinity of the atomic nuclei. The EF
tensor is defined as the second spatial derivative of the e
trostatic potential on the lattice site,

Vjl 5
]2V

]xj]xl
. ~3.3!

When related to its principal axes, only the diagonal e
mentsVaa ,Vbb , andVcc remain, where the components a
ordered according to their magnitude asuVccu>uVbbu
>uVaau. A traceless tensorVjl (Vaa1Vbb1Vcc50) is fully
characterized either by its components or by the princ
valueVcc and an asymmetry parameterh is defined as

h5
Vaa2Vbb

Vcc
. ~3.4!

In the case of tetragonal or higher site symmetry of the a
in question the parameterh is zero.

IV. RESULTS AND DISCUSSION

A. Electronic structure

The band structure of the undoped material has, for
ample, been discussed in Ref. 24. As obtained by our s
consistent calculations for different Ba concentrations,
doping can be well understood in a rigid-band picture, wh
the main effect is a shift of the Fermi level from higher
lower energies~hole doping!. This finding has been pub
lished previously in connection with an anomaly in a zon
edge mode.16 The band crossing the Fermi level is shown f
different doping concentrations in Fig. 1. As one can s
there the effect of doping is twofold. First, it causes a par
depopulation of the CuO2 band. As a consequence, the inte
section of this band with the Fermi energy,EF , is shifted to
smaller wave vectors resulting in an increased Fermi-sur
~FS! area~Fig. 2!. At the same time a Van Hove singularit
moves up to the Fermi level, touches it at optimal dopi

FIG. 1. Band structure of La22xBaxCuO4 for different doping

concentrationsx. The pointsA and B correspond tokA5( 1
2 , 1

2 ,0)

and kB5(0,1
2 ,0), respectively, given in Cartesian coordinates a

units of (2p/a,2p/a,2p/c). The bands are plotted with respect
the Fermi energy.
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and crossesEF slightly in the overdoped case creating

small hole pocket atkB5(0,1
2 ,0). This latter effect also

shows up in the density of states which is plotted in Fig
for different doping concentrationsx. At optimal Ba content
a peak in the DOS is situated right at the Fermi level. In
large graph only the curves for the undoped (x50) and the
overdoped (x50.14) cases are depicted. It can be seen
doping causes a general shift to the right. This effect is m
pronounced for the unoccupied bands. The inset shows
DOS around the Fermi energy for several doping lev
clearly exhibiting a local maximum atEF for optimal dop-
ing.

Since the superconducting mechanism is usually trea
within models using a parametrization of the band structu
in particular, of the Cu-O derived bands, we have also c
culated the parameters for a tight-binding representation
this band. The change of these parameters with dopin
quite small. The Cu-O hopping matrix elementt slightly in-

d

FIG. 2. Intersection of the Fermi surface of La22xBaxCuO4 with
the kz50 plane for the undoped case and for a doping concen
tions of x50.12. The Brillouin-zone boundary is reached atkx,y

'0.44 (a.u.21).

FIG. 3. Total DOS for different doping concentrationsx. The
inset shows a magnification of the DOS around the Fermi ener
8-3
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T. THONHAUSER AND C. AMBROSCH-DRAXL PHYSICAL REVIEW B67, 134508 ~2003!
creases from 0.729 eV atx50 to 0.743 eV atx50.12. In
contrast, the O-O hopping matrix elementt8 decreases from
0.598 eV to 0.575 eV, making the ratiot8/t decrease by 6%
In comparison to YBa2Cu3O7, t8/t is large and has som
consequences for the Raman-scattering intensities as one
see later.

The doping-dependent population of the CuO2 band also
shows up in a redistribution of the charge density which c
be analyzed within the atomic spheres exploiting the ato
clike basis set of the LAPW method. The corresponding p
tial charges of Cu-dx22y2 and O1-px can be seen in Table I
As expected, the charge of the CuO2-plane-originated band
decreases upon doping. For optimal doping the numbe
doping-induced holes is around 0.06e which is roughly a
factor-of-2.5 smaller than in the case of HgBa2CuO4.25 This
fact can be related to the much lowerTc of La22xBaxCuO4.
It should be noted that the decrease of the Cu-dx22y2 and
O1-px occupation numbers is accompanied by a slight
crease of the O1-py and O1-pz charges (0.007e and 0.008e,
respectively!, which is a measure for the deviation from th
pure rigid-band behavior.

The charge redistribution also causes changes in
electric-field gradients. The doping dependence of the EF
is given in Table II, where the principal component for a
atoms in the unit cell and the asymmetry parameterh for O1
are listed. Only the latter atom has a nonzeroh value due to
its lower site symmetry (mmm). As described in detail for
YBa2Cu3O7,26 the oxygen EFG points into the direction o
the lowest partialp charge, which is theb direction for O1
and thec direction for O2. Also the La/Ba EFG and the C
EFG point into thec direction. For copper and the plan

TABLE I. Selected partial charges of Cu-dx22y2 and O1-px ana-
lyzed within the atomic spheres of Cu and O1, respectively.Dholes
indicates the corresponding increase of the number of holes u
doping.

Doping Cu-dx22y2 O1-px Dholes

0.00 1.433 1.094 0.000
0.08 1.415 1.084 0.038
0.10 1.411 1.082 0.046
0.12 1.406 1.079 0.057
0.14 1.403 1.077 0.064

TABLE II. Electric-field gradientVzz for all atoms in the unit
cell in 1021 (V/m2). Note that due to the lower site symmet
(mmm) only the O1 oxygen has a nonzero asymmetry param
h.

Doping La/Ba Cu O1 O2
x Vzz Vzz Vxx Vyy Vzz h Vzz

0.00 218.8 25.9 26.1 8.8 22.8 0.38 22.4
0.08 218.5 26.8 26.4 9.6 23.2 0.33 22.1
0.10 218.4 27.0 26.5 9.8 23.3 0.32 22.0
0.12 218.3 27.2 26.6 10.0 23.5 0.31 21.9
0.14 218.2 27.4 26.7 10.2 23.6 0.30 21.7
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oxygen the decrease of the occupation numbers results
linear increase of the absolute value of the EFG, which is
the range fromx50 to x50.14, 25% and 16%, respectivel
In particular, theVyy component of O1 increases whic
could give rise to an enhanced asymmetry parameterh. Due
to an increasedVzz component, however,h is even slightly
decreased. The most pronounced relative change (228%) is
found for the apical oxygen O2, although its magnitude
very small, which is in accordance with NMR measureme
for La1.85Sr0.15CuO4.27 Although the La/Ba position should
not be interpreted in detail due to its averaged treatment,
doping dependence of the EFG at this site indicates on
very minor effect when La is replaced by Ba. This findin
reproduces the experimental situation, where the corresp
ing EFG was measured to be 17.631021 V/m2 for the
undoped28 as well as for the Sr-doped materi
La1.85Sr0.15CuO4.29 An explanation is provided by the ioni
behavior of the La~Ba, Sr! site. The theoretical underestima
tion of the copper EFG in the CuO2 planes of the high-Tc
cuprates has been discussed in Ref. 26 and is also foun
this compound.

B. Phonons and Raman spectra

The frequencies of theA1g andEg modes and the corre
sponding eigenvectors as a function of doping can be fo
in Table III. It can be seen from the eigenvectors that
contributions of La/Ba and O ions in theA1g modes are
almost decoupled, whereas theEg coupling is a little stron-
ger. This behavior is almost unaffected by doping. While
A1g-mode frequencies hardly change with the Ba conte
there is a linear increase in the frequency of the lowerEg
mode. For the undoped case, all frequencies are in very g
agreement with published theoretical values.4

In the case of Sr doping, experimental data for Ram
spectra and frequencies can be found in Refs. 5 and 30,

on

er

TABLE III. Frequenciesv ~in cm21) and eigenvectors of the
A1g andEg modes for different doping concentrationsx. The third
~sixth! and the fourth~seventh! columns indicate the relative La/B
and O2 displacements of the corresponding vibration.

A1g O2 mode La/Ba mode
x v La/Ba O2 v La/Ba O2

0.00 382 0.13 0.99 211 20.99 0.13
0.08 382 0.12 0.99 210 20.99 0.12
0.10 382 0.12 0.99 209 20.99 0.12
0.12 381 0.12 0.99 209 20.99 0.12
0.14 381 0.12 0.99 208 20.99 0.12

Eg O2 mode La/Ba mode

x v La/Ba O2 v La/Ba O2

0.00 205 0.35 20.94 27 0.94 0.35
0.08 206 0.33 20.94 42 0.94 0.33
0.10 207 0.32 20.95 45 0.95 0.32
0.12 207 0.32 20.95 47 0.95 0.32
0.14 207 0.31 20.95 51 0.95 0.31
8-4
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reference therein. Our calculated Raman spectra for theA1g
modes are depicted in Fig. 4. The laser light wavelength
chosen to be 514 nm~2.41 eV! which is often used in
Raman-scattering experiments. In the upper panel the (xx)
polarization is pictured. The lower panel shows the (zz) po-
larization, where the intensities are clearly larger than
(xx), which is analogous to YBa2Cu3O72x , where the main
contribution to the Raman intensity comes from the api
oxygen close to the CuO chains31 and thus is (zz) polarized.
In both scattering geometries the spectra undergo a hug
tensity change around the optimal Ba concentration. Thi
an indication for an increase of electron-phonon coupl
with doping. In particular, the phonon-mediated change
the polarizability of the crystal is strongly enhanced.
should be noted that it is not caused by a change of
phonon eigenvectors which stay practically the same. It
however, related to the creation of the hole pocket16 in the
following way. Since at optimal doping the Van Hove sing
larity is located right atEF , the phonon displacement ca
make it pass throughEF , and thus initial states for possibl
dipole transitions are gained or lost during the vibratio
Hence, the dielectric function can be strongly altered a
resonance effects can occur as discussed in Ref. 32. But
the phonon-induced redistribution within the Cu-O band c
have a pronounced effect on the Raman intensities. Given
k-dependent electron-phonon matrix elementg(k) for the
states near the Fermi surface, the local deformation of the
is proportional to@g(k)2^g(k)&#/vF ,32,33with vF being the
Fermi velocity. Integrating over the FS, the change in
polarizability is proportional to the DOS atEF , N(EF),
times a factor which is a measure for the anisotropy of
electron-phonon coupling and proportional tot8/t.34 Thus,
such a contribution to the polarizability scales wi
N(EF) t8/t. The corresponding Raman intensity would

FIG. 4. Low-temperatureA1g spectra in (xx) and (zz) polariza-
tions for different doping concentrationsx in La22xBaxCuO4. The
laser light wavelength was chosen to be 514 nm. According to
Raman tensor in Eq.~2.1!, the (xx)- and (yy)-polarized spectra are
equal. The broadeningG was chosen to be 25 K.
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proportional to the square of this expression. Since, as m
tioned before,t8/t is rather large in this compound, the co
responding effect can be significant.

Having a closer look at the dielectric functions and th
changes upon displacements and doping~see Figs. 5 and 6!

e FIG. 5. Real and imaginary parts of the dielectric functione for
different displacements of the La/Ba atom in the optimal dop
(x50.12) and undoped cases. The solid line corresponds to
equilibrium position and the other lines depict two displacemen
namely, one to each side of the equilibrium position.

FIG. 6. Real and imaginary parts of the dielectric functione for
different displacements of the O2 atom in the optimal dopedx
50.12) and undoped cases. The solid line corresponds to the e
librium position and the other lines depict two displacemen
namely, one to each side of the equilibrium position.
8-5
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one realizes that the phonon-induced changes strongly
pend on the photon energy. We therefore predict that
Raman intensities for both modes should be much highe
the infrared region~between 1 and 1.7 eV! and also between
2.5 and 3 eV. Depending on the mode and the energy ra
quite pronounced doping effects can be expected.

The Raman spectra for theEg modes are given in Fig. 7
for the same wavelength of incident light. Due to the Ram
tensor for this mode given in Eq.~2.2!, only the (xz) @and
the equivalent (yz)] spectrum is nonvanishing. The intensi
of the whole spectrum is smaller by one order of magnitu
compared to theA1g scattering. Upon doping the linear shi
of the lower frequency can be observed, accompanied b
intensity decrease. For the 205 cm21 mode no change in
intensity is found.

The measuredA1g O2 frequencies differ in the range from
380 to 432 cm21, while the La mode was found at 226 o
231 cm21, respectively. Therefore both calculated freque
cies are in reasonable agreement with experiment. For thEg
mode the experimental discrepancy is even bigger: value
180, 231, and 367 cm21 have been assigned to theEg O2
mode.30 The only available experimental value assigned
the Eg La vibration is 149 cm21. However, this measure
ment does not seem to correspond to theEg La mode since
theory predicts a value of 27 cm21 in agreement with previ-
ous findings.4 When doped with Sr the experimentalA1g O2
frequency decreases slightly,30 which is parallel to our find-
ings for the Ba doping.

The comparison of experimentalA1g Raman spectra fo
the case of Sr doping,5 with the calculated spectra for B
doping, exhibits several similarities. In (zz) polarization the

FIG. 7. Low-temperatureEg spectra in (xz) polarization for
different doping concentrationsx in La22xBaxCuO4. The laser light
wavelength was chosen to be 514 nm and the broadeningG, 5 K.
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measuredA1g O2 intensity decreases upon replacement
La by Sr, is about the smallest forx;0.09, and increase
again forx.0.09. The same behavior is found theoretica
for Ba doping. However, the large increase for optimal
doping is not present in the experimental situation. Also
change of theA1g La intensity as a function of doping, i.e
starting from an almost vanishing value for small dopi
concentrations followed by a huge increase, is parallel to
findings. Furthermore, the measured intensity ratio of
A1g O2 andA1g La modes is comparable to the calculat
spectra. The comparison of experimental and theoretica
sults for the (xx) scattering geometry is somewhat mo
complicated. These intensities are smaller by one orde
magnitude and therefore more noise is present in the m
sured data. However, experiment and theory give a minim
intensity of theA1g O2 mode forx;0.1. Again, the large
increase for optimal Ba doping is not present in the exp
mental situation. Also, in this polarization the measured
tensity ratio of the O2 and La modes is comparable to
calculated spectra.

V. CONCLUSIONS

In summary, we have carried out calculations on the el
tronic structure and Raman spectra of La22xBaxCuO4. It
turned out that this material shows pronounced effects a
function of doping. In particular, we find a charge redistrib
tion within the CuO2 planes leading to an increase of holes
this plane. This can be probed by electric-field gradie
which are sensitive to the distribution of the electron
charge in the vicinity of the atomic nuclei. With doping,
peak in the DOS moves up close to the Fermi level a
reaches a maximum at optimal doping. Moreover, the cha
in the Raman intensities points to a strong increase
electron-phonon coupling nearxopt. The similarities of all
our findings for the Ba-doped compound with experimen
results for the Sr-doped compound underline the same ph
cal effects introduced by the two different dopant atoms. O
findings suggest that electron-phonon coupling may play
important role for this relatively low-Tc cuprate, and thus
supports the claims of Refs. 2 and 3.
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