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Effect of the insulator-metal transition on the phonon anomalies in La2CuO4

Claus Falter and Georg A. Hoffmann
Institut für Theoretische Physik II-Festko¨rperphysik, Universita¨t Münster, Wilhelm-Klemm-Straße 10, D-48149 Mu¨nster, Germany

~Received 4 October 1999!

We investigate the experimentally observed anomalous softening of certain high-frequency oxygen bond-
stretching modes during the insulator-metal transition via the underdoped phase in La2CuO4. The calculations
show that the screening processes producing the softening behavior are well described in terms of charge
fluctuations on the outer shells of the ions composing the crystal. In order to discriminate between the charge
response in the insulator and the metal suitable models are used being consistent with rigorous sum rules for
the density response in the long-wavelength limit of the various phases. In the case of the underdoped phase a
response sum rule halfway between that of an insulator and a metal is proposed expressing a loss in the partial
density of states for the Cu orbitals at the Fermi level.
o
o

o
ur
le
ea
rg

he

te
i

ur
e
th
n

co
eu
e
u
om
g

in

o

on

ion
od
or
uO
ns
ta
en
cy

e

e
op-
pa-
of

er-
an-
allic
sity

olar-

is
ncy
e-
TSC
ho-
th

in

re-
rt is

ing
ef-
tal

n

s
in

:

I. INTRODUCTION

The question of the importance of the electron-phon
interaction~EPI! in the normal and superconducting states
the high-temperature superconductors~HTSC! is still under
discussion, as well as its contribution to the mechanism
pairing in these materials. In particular, the specific feat
of the layered cuprates, namely their strong nonlocal e
tronic charge response arising from a combination of w
screening and the ionic nature of the HTSC, leads to a la
electron-phonon coupling.1–4 These findings definitely add
weight to the significance of the phonon contribution to t
superconductivity in the cuprates.

The coupling between phonons and electrons genera
renormalization of the phonon frequencies, and if this
strong enough, characteristic phonon anomalies may occ
certain parts of the Brillouin zone for phonon branch
where the coupling is allowed by symmetry. Perhaps
most interesting experimental evidence of a large a
anomalous electron-phonon interaction, accompanied by
responding phonon softening, is provided by inelastic n
tron scattering in La2CuO4.

5–8 Here a strong softening of th
high-frequency oxygen bond-stretching modes in the C
plane is found when holes are doped into the insulating c
pound. The doping leads to a strong decrease of the oxy
breathing mode OB

X @endpoint of theS;(1,1,0) direction#
and even more strongly for a second CuO bond-stretch
mode atqW 5(0.5,0,0) calledD1/2 in the following.

Recently, we have studied the softening of these phon
in the metallic, optimally doped phase of La2CuO4 and dem-
onstrated that it is driven by long-range, nonlocal electr
phonon interaction effects of charge-fluctuation~CF! type.9

Our investigations for the electronic charge redistribut
which appears during this screening process in these m
have shown that dynamic charge ordering occurs in the f
of localized charged stripes of alternating sign in the C
plane, which is strongly interacting with the lattice vibratio
under consideration. These phonon-induced stripes are s
lized by their mutual Coulomb interaction and such a scre
ing process then leads to the strong decrease in frequen
the oxygen bond-stretching vibrations in the CuO plane.

In this paper we will discuss the experimentally observ
PRB 610163-1829/2000/61~21!/14537~6!/$15.00
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softening of the OB
X and theD1/2 mode as generated by th

insulator-metal transition via the underdoped phase. The
timally doped metallic phase is described in the present
per following the approach of Ref. 9 within the framework
a local-density approximation~LDA ! for the electronic band
structure. For the calculations of the phonons in the und
doped phase and the insulating compound, where LDA c
not be applied because the latter always predicts a met
state, we propose suitable models for the electronic den
response based on certain sum rules for the electronic p
izability.

In Sec. II a short review of the theory and the modeling
given in order to provide a certain degree of self-consiste
of the text. In Sec. III a way of modeling the density r
sponse of the underdoped and insulating phase of the H
is proposed. Furthermore, the calculated results for the p
non anomalies in La2CuO4 are presented and compared wi
the experiments. Subsequently, a summary is provided
Sec. IV.

II. REVIEW OF THE THEORY AND MODELING

In our theoretical description of the electronic density
sponse and the electron-phonon interaction the local pa
approximated by anab initio rigid-ion model~RIM! taking
into account ion softening as calculated from a tight-bind
analysis of the electronic band structure. This results in
fective ionic charges which are obtained from the orbi
occupation numbersQm of the m ~tight-binding! orbital in
question, i.e.,

Qm5
2

N (
nkW

ucmn~kW !u2, ~1!

cmn(kW ) means them component of the eigenvector of bandn
at wave vectorkW from the first Brillouin zone; the summatio
in Eq. ~1! runs over all occupied states.N denotes the num-
bers of elementary cells in the~periodic! crystal. For
La2CuO4 our tight-binding analysis of the first-principle
electronic band structure based on the LDA as given
Ref. 10 leads to the following electron configuration11

Cu 3d9.244s0.34p0.24; Oxy2p5.42, Oz2p5.47; La 5d0.72. The
14 537 ©2000 The American Physical Society
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14 538 PRB 61CLAUS FALTER AND GEORG A. HOFFMANN
corresponding effective ionic charges then are Cu1.221;
Oxy

1.422, Oz
1.472; La2.281. In these calculations La 5d, Cu

3d, 4s, 4p, and O 2p states are included resulting alto
gether in a 31-band model~31 BM!. The rigid-ion model
with effective charges then serves, in general, as a refer
system for the insulating phase of the HTSC. For a desc
tion of screening, particularly in the metallic phase of t
HTSC, more or less localized electronic charge fluctuati
~CF! on the outer shells of the ions are considered. This
be achieved by starting with the densities of the ions in
form

ra~r !5ra
0~r !1(

l
Qlrl

CF~r !. ~2!

ra
0(r ) is the density of the unperturbed ion assumed to

spherically symmetric and localized at the sublatticea of the
crystal. The other contribution in Eq.~2! describes the CF in
the electronic orbitalsl with amplitudesQl and form factors
~density distribution! rl

CF(r ). The latter are approximated b
a spherical average of the orbital densities of the outer io
shells calculated in the LDA and taking self-interaction
fects ~SIC! into account according to Ref. 12.

Next, we investigate the total energy of the crystal, f
lowing Ref. 13, by assuming the densityr of the crystal to be
given as a superposition of overlapping densities of the io
The latter are calculated within SIC-LDA. Experiment
measurements ofr in ionic crystals confirm such an approx
mation by overlapping ionic densities.14 If we introduce ad-
ditionally effective ionic charges, together with the Wats
sphere approach,15 such an approximation also holds in th
HTSC.3,11,16 Applying additionally the pair-potential ap
proximation we obtain the following result for the total e
ergy in our model:

E~R,z!5(
aW a

Esa
aW ~z!1 1

2 ( 8
aW a
bW b

fab~RW b
bW 2RW a

aW ,z!. ~3!

The energy becomes a function of the configuration of
ions $R% and the electronic degrees of freedom~EDF! $z% of
the density, i.e., in our case here the CF$Ql%. Esa

aW are the

~self-! energies of the individual ions.aW ,bW denote the el-
ementary cells in the crystal anda,b the sublattices (RW a

aW

5RW aW 1RW a). The second term in Eq.~3! gives the interaction
energy of the system expressed by the pair interactionsfab .
The prime in Eq.~3! means that the self-term has to be le
out of the summation.Esa

aW as well asfab in general depend
uponz via ra .

For a given ion configuration$R% the electronic degrees o
freedom $z% adjust themselves according to the minimu
principle for the energy, i.e.,

]E~R,z!

]z
50. ~4!

Using Eq. ~4! we can derive an expression for the atom
force constants, and accordingly, the dynamical matrix
harmonic approximation
ce
p-

s
n
e

e

ic
-

-

s.

e

n

t i j
ab~qW !5@ t i j

ab~qW !#RIM2
1

AMaMb

3 (
k,k8

@Bi
ka~qW !#* @C21~qW !#kk8@Bj

k8b~qW !#. ~5!

t i j
ab(qW ) are the elements of the dynamical matrix at wa

vectorqW from the first Brillouin zone,@ t i j
ab(qW )#RIM gives the

contribution of the RIM,Ma andMb represent the masses o
the ions, and the quantitiesBW (qW ) andC(qW ) describe the Fou-
rier transforms of the coupling coefficients

BW k b
aW bW 5

]2E~R,z!

]zk
aW ]RW b

bW
~6!

and

Ck k8
aW bW

5
]2E~R,z!

]zk
aW ]zk8

bW
. ~7!

The derivatives in Eqs.~6! and ~7! have to be performed a
the equilibrium positions.k describes the electronic degre
of freedom in an elementary cell of the crystal. TheBW coef-
ficients give the interaction~coupling! between the EDF and
the ions and theC coefficients between the EDF, i.e., b
tween the charge fluctuations in our case here. Equat
~4!–~7! are generally valid for arbitrary EDF, and, in partic
lar, are independent of our specific model for the density
Eq. ~2! and of the approximation~3! for the energy of the
crystal.

The matrixCkk8(qW ) of the EDF-EDF interaction can als
be decomposed according to Ref. 3 as

C5P211Ṽ. ~8!

P21 contains the kinetic one-particle part to the interacti
and Ṽ the Hartree and exchange-correlation contributio
The quantity needed for the dynamical matrix in Eq.~5! is
C21 which can be written as

C215P~11ṼP!21[P«21. ~9!

C21 is closely related to the density response function~ma-
trix! and to the inverse dielectric function~matrix! «21,
respectively.3 It can be calculated approximatively from
tight-binding model of the electronic band structure whe
the electronic polarizabilityP is given as

Pkk8~qW !52
2

N
(
n,n8

kW

f n8~kW1qW !2 f n~kW !

En8~kW1qW !2En~kW !

3@Ckn* ~kW !Ckn8~kW1qW !#@Ck8n
* ~kW !Ck8n8~kW1qW !#* .

~10!

f, E, andC are the occupation numbers, the electronic ba
structure, and the expansion coefficients of the Bloch fu
tions in terms of the tight-binding functions.

In our discussion of the phonon anomalies for the op
mally doped, metallic phase of La2CuO4 in Ref. 9 we have
allowed for La 5d, Cu 3d, 4s, 4p, and O 2p charge fluc-
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tuations. Consistent with these EDF we have calculated
electronic polarizabilityP in the tight-binding representatio
from Eq.~10! using the 31 BM for the electronic band stru
ture. The form factorsrl are approximated by the spher
cally averaged orbital density of the La 5d, Cu 3d, 4s, 4p,
and O 2p shell. For more calculational details to obtain t
coupling coefficientsBW and C we refer to our earlier work;
see, e.g., Refs. 3 and 17.

III. MODELING OF THE DENSITY RESPONSE
AND RESULTS FOR THE ANOMALOUS

PHONON SOFTENING

In this section we discuss the experimentally obser
softening of the planar oxygen breathing mode OB

X at theX
point of the Brillouin zone, and of theD1/2 mode as gener
ated by the insulator-metal transition. As can be extrac
from the experimental results5,6,8 displayed in Fig. 1, there is

FIG. 1. Experimental results for the highestD1 andS1 branches
for La22xSrxCuO4 according to Refs. 5 and 8. The open circl
represent the insulating phase (x50), the full circles the optimally
doped metallic phase (x50.15), and the diamonds the underdop
phase (x50.1). The lines are a guide to the eye.
e

d

d

an increase in the degree of softening for the correspond
D1 and S1 branch when going from the insulating pha
~open circles! to the optimally doped metallic phase~full
circles!, passing through the underdoped phase~diamonds!.
The displacement patterns of the two high-frequency oxy
bond-stretching modesD1/2 and OB

X are shown in Fig. 2.
In Ref. 9 we have demonstrated that the experimen

dispersion curves for the optimally doped La1.85Sr0.15CuO4
probe~full curves in Fig. 1! are well described by our calcu
lations within the 31 BM for the electronic band structur
The strong softening forD1/2 and the downward dispersio
of the S1 branch found in the experiments has been attr
uted in these calculations to the growing importance of
more extended orbitals~4s, 4p in our model! at the Cu ion
to the charge response.

In this paper we propose a simple model for the polar
ability matrix P in Eq. ~10! to describe the metallic, opti
mally doped phase of La2CuO4. Its form is suggested by ou
~LDA based! results forP in the 31 BM. These investiga
tions indicate that in the metallic phase the diagonal ofP
dominates by far. Hence, we approximateP by a diagonal
matrix. Assuming such a model we obtain results for t
phonon dispersion which are in nice agreement with thos
obtained with the completeP matrix of the 31 BM in Ref. 9.
Only the matrix elements for the Cu 4s and Cu 4p orbitals
have to be readjusted in order to optimize the agreement
the full calculation, while all the other diagonal elements c
be taken over from the calculated polarizability matrix. T
full curve in Fig. 3 represents the calculations for the anom
lous phonon dispersion with such a model for the meta
phase. Comparing with the experiments in Fig. 1 we find
good agreement of the calculated and the measured dis
sion curves.

In order to discriminate in our approach between a me
lic and an insulating density response behavior~the latter
cannot be obtained within the LDA! we use the long-
wavelength limit of the electronic polarizabilityP, as given
in Ref. 3. In the metallic phase the partial density of sta
-
-

FIG. 2. Displacement pattern
of the two high-frequency oxygen
bond-stretching vibrations OB

X

~19.19 THz! and D1/2 ~16.92
THz! as calculated from the diag
onal approximation of the com
plete polarizability matrix for me-
tallic La2CuO4; compare with the
text. From the left to the right in
the figure the real part ofD1/2, the
imaginary part ofD1/2 and OB

X is
shown.
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14 540 PRB 61CLAUS FALTER AND GEORG A. HOFFMANN
~PDOS! at the Fermi levelZk(«F) is related to the polariz-
ability matrix at zero wave vector according to

(
k8

Pkk8~0W !5Zk~«F!, ~11!

and the total density of states is defined as

Z~«!5(
k

Zk~«!. ~12!

Noting that the density of states at the Fermi level vanis
in an insulator, we see that Eq.~11! applies when equating
Zk(«F) formally to zero on the right-hand side. More pr
cisely we get for an insulator3

(
k8

Pkk8~qW !5O~q! ~13!

and

(
k,k8

Pkk8~qW !5O~q2! ~14!

as qW→0W. This means that there are necessarily some c

plings Pk k8
aW bW of different charge fluctuations,aW kÞbW k8, for

an insulator in the expression forPkk8(qW ) according to Eq.
~15!,

Pkk8~qW !5(
bW

Pk k8
0W bW eiqW ~RW

k8
bW

2RW k!. ~15!

For the description of the underdoped phase of the HTSC
propose a model with response properties in between th
of a metal and an insulator. We call this the pseudog
model ~PGM! and define this model by the following long
wavelength response behavior:

FIG. 3. Calculated result for the phonon branches shown in
1 using the models proposed in the text for the electronic den
response in the various phases. The dotted curves give the re
for the insulating phase, the broken curves for the underdo
phase, and the full curves for the metallic phase. For compar
the results for the rigid-ion model without any charge fluctuatio
~reference model for the insulating phase in the HTSC! are also
displayed~dash-dotted curves!.
s

u-

e
se
p

(
k8

Pkk8~qW→0W !5H O~q! for Cu orbitals

Zk~«F! otherwise .
~16!

Adopting Eq.~16! for the electronic polarizability we regar
the pseudogap as a loss in the density of states in the
plane at the Fermi level, and we simulate this fact by assu
ing that the PDOS for Cu states vanishes at«F . Simulta-
neously, the Cu polarizability will be reduced. This seems
be a reasonable assumption because the self-interaction
shift the strongly localized occupied Cu 3d states below the
O 2p states and the La 5d states in the insulating phase.18

In our model for the pseudogap insulator and the insu
tor, respectively, only 3d orbitals are considered at the C
ion. Such an assumption is consistent~at least for the insu-
lating phase! with the SIC-LSD calculations for the projecte
density of states as reported in Ref. 18. Furthermore,
nearest-neighbor approximation in Eq.~15! is adopted con-
cerning the coupling coefficients. As a consequence of
polarizability sum rules given in Eqs.~13! and~16! the cou-
pling of different CF have to be taken into account. T
notationP~Cu!, P~Cu-O!, etc., is used in the following as
shorthand notation for the coupling coefficien

Pk k8
aW aW ,Pk k8

aW bW , ~aW kÞbW k8! in our models~units are in eV21!.
In the calculations for the PGM the sum rule in Eq.~16!

must be fulfilled. In order to satisfy this requirement we ha
made the following choice of the coupling coefficients. Th
obviously is not unique, but it should reflect qualitatively th
correct physics. From the above discussion the polarizab
P~Cu! should be reduced as compared with the meta
case. We assume a reduction by a factor of about 3 comp
to the metal. Thus we end up withP~Cu!51 for the PGM.
Moreover, the PDOS for Cu at the Fermi level, as obtain
in the 31 BM, is redistributed among Ox,y,z . Further, we
assume thatP~Cu-O! is much larger thanP~Cu-La! and we
assume the ratio of both to 4 in order to reduce the numbe
free parameters in the model. Using Eq.~16! and taking over
the calculated results ofZk(«F) for Ox,y,z and La from the 31
BM, we finally obtain for the PGM

P~Cu!51, P~Oxy!51.25,P~Oz!50.855,P~La!50.185,

P~Cu-Oxyz!520.125,P~Cu-La!520.031 25,

while all other couplings in the elementary cell have be
neglected.

In the model for the insulator~IM ! the polarizability for
the Cu is still further reduced to the valueP~Cu!50.1. The
other self-coupling, i.e., for Oxy , Oz , and La are calculated
as in the PGM but take the smaller Cu polarizability in
account. IgnoringP~La-La! andP~Oz-Oz) and keeping the
ratio of P~Cu-O! and P~Cu-La! fixed as in the PGM, we
finally get the following couplings fulfilling the sum rule
from Eq. ~13! for the insulator:

P~Cu!50.1, P~Oxy!51.025,P~Oz!50.7425,

P~La!50.0725,P~Cu-Oxyz!520.0125,

P~Cu-La!520.003 125,P~Ox-Oy!520.0825,

P~Oxy-Oz!520.1675,P~Oz-La!520.06.

.
ty
ults
d
n

s



ge

to
or
id
w

he
d
ed
-
ty

io
a

th
ar

n
re
.
as
l

d

th
om
e

tin
a
e

e of

en-

se
nor-
or-

nt
have

ple
a-
ure
e
ful-

for
se
the
as-
i
at

ed
ears

ng
a-
sed
h a

pti-
he
ity

ut-

re

o
a
g
th

ro

of
ed

PRB 61 14 541EFFECT OF THE INSULATOR-METAL TRANSITION ON . . .
It is interesting to compare the important copper and oxy
self-couplings for the metal@P(Cu d)52.8, P(Oxy)50.2,
P(Oz)50.13, P(La)50.06, P(Cu s)50.05, P(Cu p)
50.01# with the above choices for the pseudogap insula
and the insulator, respectively. While the polarizability f
Cu decreases according to our assumption, which was gu
by the fact that the occupied Cud states are pushed belo
the Op states, the polarizability increases for Oxy and Oz in
the PGM and IM. This can be qualitatively understood if t
top of the valence bands in these phases is dominate
states of Oxy and Oz character. This conjecture is support
for insulating La2CuO4 by the electronic structure calcula
tions of Ref. 18 within the self-interaction corrected densi
functional formalism.

The calculations for the anomalous phonon dispers
with the pseudogap and the insulator model, respectively,
shown in Fig. 3, together with the calculated data for
metallic phase. For comparison, the results of the RIM
also displayed in the figure~dash-dotted curves!. The dotted
curves are for the IM, the broken curves for the PGM, a
the full curves for the metallic phase. Comparing these
sults with the corresponding experimental data from Fig
we generally find good agreement. In particular, the incre
in softening forD1/2 and OB

X induced by the insulator-meta
transition via the underdoped phase is correctly describe
our modeling of the electronic density response.

Figures 4 and 5 display the calculated results of
phonon-induced charge-density redistribution resulting fr
the CF for the OB

X mode in the metallic and insulating phas
For the metallic phase the simple diagonal model forP has
been used. As mentioned in the Introduction, the alterna
charged stripes along the diagonals in the CuO plane
clearly visible. Comparing both calculations with each oth

FIG. 4. Contourplot of the phonon-induced charge-density
distribution dr ~scaled by a factor 104! for OB

X resulting from the
charge fluctuations in the metallic phase of La2CuO4. The contour-
lines are plotted for the levels 0,60.01,60.05,60.1, 60.5, 61.0,
62.5, 65.0, in decreasing order when moving from the center
the ions to the outside.dr has been calculated applying the diagon
approximation of the complete polarizability matrix. The movin
Ox ,Oy ions are represented as dots. The full lines represent
regions where the electrons are accumulated. Units are in elect
aB
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the charge response displays a distinctively higher degre
localization in the insulating phase than in the metal.

IV. SUMMARY

In this paper we have presented a study of the experim
tally observed anomalous phonon softening in La2CuO4 dur-
ing the transition from the insulating to the metallic pha
via the underdoped regime. The pronounced phonon re
malization seen in the experiments documents the imp
tance of the coupling of electrons and phonons in La2CuO4.
In order to deal with the problem theoretically, differe
models for the charge response in the various phases
been proposed. The metallic phase is described by a sim
diagonal approximation of the complete polarizability m
trix, as obtained by using a realistic electronic band struct
~31 BM! for La2CuO4. The density response simulating th
underdoped and insulating phase has been modeled by
filling the requirements of the long-wavelength sum rules
the electronic polarizability. An important aspect in the
model descriptions, which leads to good agreement with
experimental results for the phonon dispersion, is the
sumed depletion of the localized Cu 3d states at the Ferm
level and the simultaneous reduction of the polarizability
the Cu ion. Finally, the calculation of the phonon-induc
charge response shows that dynamic charge ordering app
in the CuO plane in the form of localized stripes interacti
strongly with the lattice vibrations. The degree of localiz
tion of this phonon-induced charge redistribution is increa
in the insulating phase as compared with the metal. Suc
strong coupling, which is considerably enhanced in the o
mally doped metallic probe, definitely adds weight to t
significance of phonon contribution to the superconductiv
in the cuprates.
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FIG. 5. Same as in Fig. 4 but for the insulating phase
La2CuO4. The corresponding model for the insulator as explain
in the text has been used to calculate the charge response.
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