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Dynamics of thec-polarized infrared-active modes in La22xSrxCuO4
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~Received 18 April 1997!

We have studied thec-polarized optical phonons of high quality single crystals of La22xSrxCuO4 with
doping concentrations ranging from the underdoped to the overdoped regime (x50.1,0.12,0.15,0.18,0.2) at
temperatures between 10 and 300 K. We discuss the dependence of all observed phonon modes on temperature
as well as on doping. We find no indication for a coupling of the zone-center phonons to the electronic
continuum, either in the normal or in the superconducting state.@S0163-1829~97!08734-1#
in
e
e
c-
-
it
m
th

n-
ile
e

tin
le

th
te
th

ali
-

s-
ex
le
n

c
m

si
f t
th
-
w
c
pe

as

try,
c-

e-
ns-
t-
eter
ht
-
se
by
s a

m
lex

eous
fer-
I. INTRODUCTION

The c-polarized infrared response of high-Tc cuprates is
composed of two contributions; one is of electronic orig
the other is given by the infrared-active vibrational mod
causing a dipole moment along thec axis. As a consequenc
of the strong ionicity1 and the anomalously small dc condu
tivity along the c axis, in particular in underdoped com
pounds, the phonon contribution to the optical conductiv
usually exceeds the electronic contribution. For an una
biguous separation of the electronic response, which is
contribution to the optical conductivity of main interest co
cerning the phenomenon of superconductivity, a deta
knowledge of the phonon response, in particular its dep
dence on temperature and doping, is a prerequisite.

The role of phonons in high-temperature superconduc
cuprates is still an open question. Especially for the doub
layer compounds, such as YBa2Cu3O72d , abrupt changes
of the frequencies and linewidths of some phonons atTc
have been detected by Raman2 as well as by infrared
spectroscopy.3–6 These anomalies have been attributed to
opening of a superconducting gap. Anomalies detec
aboveTc for underdoped samples have been related to
opening of a pseudogap or spin gap.4,7 It is, therefore, of
considerable interest to determine whether such anom
are also present in other high-Tc superconductors, in particu
lar in single layer compounds. La22xSrxCuO4 has one of the
simplest crystal structures among the high-Tc cuprates~the
so-calledT structure!. Therefore one would expect this sy
tem to be ideal from the theoretical as well as from the
perimental point of view. Indeed, large, high quality sing
crystals are available with various doping concentratio
which are required for a detailed study of thec-axis
properties.8 However, the situation is complicated by a stru
tural phase transition from the low-temperature orthorho
bic phase to the high-temperature tetragonal phase.9 More-
over, the transition temperature decreases with increa
doping. Both these phenomena complicate the analysis o
phonon response. While the infrared-active phonons for
undoped compound La2CuO4 and their temperature depen
dence have been studied systematically and compared
theoretical calculations,10 to our knowledge no systemati
study of the infrared-active phonon modes for the Sr do
560163-1829/97/56~10!/6295~7!/$10.00
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compounds has been presented so far.
In this paper we report the temperature dependence

well as the doping dependence of thec-polarized infrared-
active phonon modes measured by far infrared ellipsome
a method which allows us to determine the dielectric fun
tion directly.

II. EXPERIMENTAL DETAILS, SAMPLE PREPARATION,
AND DATA EVALUATION

The measurements were partly performed with a hom
built ellipsometer attached to a Bruker 113v Fourier tra
form IR spectrometer11 and with the same ellipsometer a
tached to a Nicolet Impact 400 vacuum Fourier spectrom
at the beam line U4IR of the National Synchrotron Lig
Source~NSLS! in Brookhaven.12 The ellipsometer is basi
cally a rotating analyzer setup, where the polarization ellip
of the light after reflection on the sample is determined
monitoring for each frequency the detected intensity a
function of the analyzer angleA. For a perfect setup, the
detected light intensityI is expected to be modulated like13

I ~A!5I 0„11acos~2A!1bsin~2A!…, ~2.1!

wherea and b are the so-called Fourier coefficients. Fro
these coefficients one can directly determine the comp
reflectance ratio13

r̃ ~v,f!5
r̃ p~v,f!

r̃ s~v,f!
, ~2.2!

wheref is the angle of incidence~in our experiment 80°,
with a beam divergence of61.7°) and r̃ p and r̃ s are the
Fresnel reflection coefficients forp- and s-polarized light,
respectively.13 The inversion of Eq.~2.2! yields the complex
dielectric function:

ẽ ~v!5S 12 r̃ ~v,f!

11 r̃ ~v,f!
D 2

tan2fsin2f1sin2f. ~2.3!

This relation assumes an isotropic, clean, and homogen
sample-ambient interface. For an anisotropic sample dif
ent dielectric tensor elements contribute tor̃ (v,f). In such
6295 © 1997 The American Physical Society
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case, the function̂ ẽ (v)& obtained with Eq.~2.3! is called
pseudodielectric function.14 For a uniaxial material, like
La22xSrxCuO4, we can obtain the dielectric tensor comp
nentsẽ aa(v) and ẽ cc(v) by fitting the Fresnel equations fo
a uniaxial material to two experimental spectra ofr̃ (v,f),
taken with thec-axis parallel and perpendicular to the pla
of incidence.15,16 Such calculations reveal in many scenar
the differences between the pseudodielectric function and
tensor element along the line of intersection between
plane of incidence and the sample surface to be sma14

Since fits obtained for the c-axis response o
La22xSrxCuO4 using the full anisotropic tensor elements d
not significantly alter the results while degrading the sign
to-noise ratio due to noisya-axis data, theẽ cc(v) data pre-
sented in this paper are pseudodielectric functions meas
with thec axis of the sample aligned along the line of inte
section between the plane of incidence and the sample
face.

The La22xSrxCuO4 crystals investigated, withx50.1,
0.12, 0.15, 0.18, and 0.2, were grown at the University
Tokyo by the traveling floating-zone method.17 Their growth
and characterization is described elsewhere.8,18 The measure-
ments were performed on mechanically polished~100! sur-
faces with dimensions of about 435mm2. The thickness of
the samples was above 1 mm, sufficient to make th
opaque throughout the entire measured frequency range.
samples were mounted on the cold finger of a He cryo
and the temperature was measured with a Si diode pla
close to the sample.

III. RESULTS AND DISCUSSION

In Fig. 1 we have displayed the real and imaginary par
the out-of-plane component of the dielectric function,e1(v)
and e2(v), obtained by far infrared ellipsometry fo

FIG. 1. The real~lower panel! and imaginary part~upper panel!
of thec component of the dielectric function of La1.85Sr0.15CuO4 at
300 K ~solid line! and 10 K ~dotted line!. The upper panel also
displayse2(v) with the vertical scale enlarged by a factor 10 a
shifted by 20.
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the optimally doped La1.85Sr0.15CuO4 crystal. In addition to
the 300 K data we show the dielectric function obtained at
K. Consistent with the low dc conductivity of the materi
and its strong ionic character, thec-axis response is mostly
of phononic origin. For doping concentrations betwe
x50.1 andx50.2 the real part of the optical conductivit
s1(v) obtained at 50 K is shown in Fig. 2. While increasin
the doping concentration tox50.2, the phonon response re
mains dominant; even at this high doping level, the phon
contribution to the optical conductivity exceeds the ele
tronic background by more than one order of magnitude. T
optical conductivities determined by far infrared ellipsom
etry are in very good agreement with earlier data obtain
from reflectance measurements on the same crystals.8

All modes contributing to the dielectric function fo
c-polarized electric fields can be described by Lorentz
profiles. Therefore we find no indication for an interaction
the phonons with the electronic continuum, which in ma
cases leads to an asymmetric profile of the phonon st
tures.

A. Assignment of the modes

In the low-temperature optical conductivity~Fig. 2! we
observe in total four phonon modes. We note that, contr
to our earlier reports,10,19for the Sr doped samples we do n
observe a splitting of the strongest mode at 235 cm21 . We
attribute this difference to a lower quality of the crystal us
in the previous work. This conclusion is supported by s
nificantly smaller line widths observed for the phonon mod
of the samples discussed in this work.

Based on the fact that the modes at 310 cm21 and 350
cm21 only appear in the low temperature spectra~see Fig.
1!, it has been concluded that they arise from the Brillou
zone folding produced by the orthorhombic distortion of t
crystal.10,19 Consistent with the small orthorhombic disto
tion, both modes have a small oscillator strength. The t
stronger modes at 235 cm21 and 500 cm21 are already
present in the tetragonal high-temperature phase and re
sent two of the three expectedc-polarized, infrared-active
A2u modes for the tetragonal phase~for the orthorhombic
phase six infrared-active modes havingc polarization, corre-

FIG. 2. Real part of the optical conductivitys1(v) obtained at
50 K for different doping concentrationsx ranging from under-
doped to overdoped.
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sponding toB1u symmetry, are predicted based on symme
considerations!.9 So far only two of the three modes ex
pected for the tetragonal phase and four of the six predic
for the orthorhombic phase have been detected in the in
red spectra forc polarization.10 Based on phonon calcula
tions, and on data obtained by inelastic neutron scatter
the ‘‘missing’’ modes are expected to have frequenc
smaller than that of the strong mode at 235 cm21.10,20

For samples in the underdoped regime (x50,0.1,0.12) we
observe at low temperatures a weak structure in the m
sured Fourier coefficients around 135 cm21, see Fig. 3,
which we attribute to the ‘‘missing’’A2u mode. The oscilla-
tor strength of this mode was predicted to be very wea10

The increased phonon lifetime at low temperatures, toge
with the small conductivity, allow this mode to show up
the Fourier coefficients. The mode may not be observable
the samples with higher doping because of the increased
ductivity and the concomitant noise. As a consequence of
nonlinear relation between the Fourier coefficients and
dielectric function, noise is strongly enhanced in the lo
frequency regime, a fact which makes it difficult to locate t
135 cm21 mode in the dielectric function. In a recent pu
lication Bazhenovet al.21 observed an indication for aA2u
mode at 175 cm21 in La2CuO4. However, the phonons
measured by this group are very broad, a fact which m
indicate a lower quality of their sample which is probab
affecting this feature. The frequency of 135 cm21 observed
by us is very close to the frequency of the correspond
mode in the relatedT8 structure; for Nd22xCexCuO4 a fre-
quency of 134 cm21 has been reported.22,23 By simulating
the ellipsometric Fourier coefficients we can estimate the
cillator strength of this mode to be approximatelyS50.025.

Because of the small orthorhombic distortion, the ‘‘mis
ing’’ B1u mode is expected to be even weaker than theA2u
mode found at 135 cm21. This may explain why we do no
see it.

Based on phonon calculations for the tetragonal pha
and on measured oscillator strengths, we have analyzed
eigenvectors of theA2u modes. The details of this procedu

FIG. 3. Fourier coefficientsa(v) andb(v) determined at 10 K
for the La1.9Sr0.1CuO4 sample. The arrows mark the weak stru
tures, which we attribute to aA2u mode at 135 cm21. From simu-
lations we can estimate the oscillator strength of this mode to
approximatelyS50.025.
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are described in a previous publication.10 The eigenvectors
extracted from this analysis are sketched in Fig. 4.

B. Temperature dependence of the phonon parameters

The temperature dependence of the TO frequency,
linewidth ~FWHM! and the oscillator strength for the infra
red active modes withc polarization is given in Fig. 5 for an
underdoped sample (x50.1), in Fig. 6 for the optimally
doped one (x50.15), and in Fig. 7 for an overdoped samp
(x50.2). The TO frequency, the linewidthG, and the oscil-
lator strengthS correspond to the Lorentz parameters o
tained from simultaneous least square fits of Lorentzian
shapes toe1(v) ande2(v). The temperature dependence
the modes observed is the same for all samples~independent
of the dopant concentration! and agrees with the temperatu
dependence found for the undoped compound.10

When analyzing the modes originating from the orth
rhombic distortion of the crystal structure one has to
aware of the fact that the temperature at which
orthorhombic-tetragonal phase transition takes place sh
from about 275 K forx50.1 to about 50 K forx50.2.9

Therefore the temperature dependence of these mode
strongly affected by the phase transition. In particular
oscillator strengths of these modes extrapolate to zero
temperatures close to that where the phase transition t
place. Especially for the overdoped samples, the mode
310 cm21 and 350 cm21 appear very weak only in the
measured low-temperature dielectric function. In fact, for
crystal with x50.2 the modes show up so weak, that th
cannot be reliably fitted. Therefore, for this sample the f
quency of the 350 cm21 mode has been determined fro
the maximum ine2(v). The observation, that these tw
modes seem to become weaker in the spectra with incre
doping ~see Fig. 2! has its origin in an increase of the line
width of these modes while the oscillator strength does
show significant changes.

The temperature dependence of the linewidths and the
frequencies of the modes of tetragonal origin at 2
cm21 and 500 cm21 follow the temperature dependence e
pected for an anharmonic decay of the TO mode into t

e

FIG. 4. Eigenvectors, obtained from phonon calculations of
infrared-active A2u modes, havingc polarization in tetragonal
La2CuO4. These eigenvectors have been discussed in more deta
Ref. 10. Note that the corresponding atomic displacements are
tained by dividing the vectors shown here by the square root of
corresponding mass.
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6298 56R. HENN, A. WITTLIN, M. CARDONA, AND S. UCHIDA
modes with equal frequencyvTO/2 and oppositek ~in order
to fulfill wave vector conservation!, as discussed for the un
doped compound.10

All modes, except that at 500 cm21, show a hardening
with decreasing temperature. This kind of behavior is usu
observed for phonons and corresponds, in part, to the
traction of the lattice parametersa andc. The mode at 500
cm21 behaves differently; for all doping concentrations th
mode softens slightly with decreasing temperature. This s
ening may result from specific structure in the two-phon
density of states involved in the anharmonic coupling in
energy range around the phonon frequency.24 Depending on
the energy of this structure relative to the phonon freque
one might expect either a frequency hardening or a sof
ing. In order to explain a softening a peak in the two-phon
density of states has to appear just below the phonon m
frequency. We are not aware of any published two-phon
densities of states for the La22xSrxCuO4 system. However,
the dispersion curves measured by inelastic neu
scattering,1 reveal some flat branches around 7.2 THz ('240
cm21), which may cause a peak in the two-phonon dens
of states just below the 500 cm21 mode. A two-phonon
density of states obtained from lattice dynamical calculati
should help to clarify the origin of the anomalous tempe
ture dependence of the 500 cm21 mode.

FIG. 5. Temperature dependence of the phonon parameter
tained for the underdoped La1.9Sr0.1CuO4 sample by fitting Lorent-
zian profiles simultaneously toe1(v) ande2(v). The critical tem-
perature (Tc528 K! is indicated by the dashed lines. The solid lin
indicate the temperature dependence expected for an anharm
decay process into two modes. The dotted lines indicate the
perature of the tetragonal→ orthorhombic transition. Note that th
oscillator strength of the modes at 350 cm21 and 310 cm21 tends
to zero as the temperature reaches the temperature of the p
transition.
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FIG. 6. Temperature dependence of the phonon parameters
tained for the optimally doped La1.85Sr0.15CuO4 sample by fitting
Lorentzian profiles simultaneously toe1(v) ande2(v). The critical
temperature (Tc537 K! is marked by the dashed lines. The dott
lines indicate the temperature of the tetragonal→ orthorhombic
transition. The solid lines indicate the temperature dependence
pected for an anharmonic decay process into two modes. Note
the oscillator strength of the 350 cm21 mode tends to zero as th
temperature reaches the temperature of the phase transition.
310 cm21 mode is too weak to see this trend.

FIG. 7. Temperature dependence of the phonon parameters
tained for the overdoped La1.8Sr0.2CuO4 sample by fitting Lorentz-
ian profiles simultaneously toe1(v) and e2(v). The critical tem-
perature (Tc530.5 K! is marked by the dashed lines. The dott
lines indicate the temperature of the tetragonal→ orthorhombic
transition. The solid lines indicate the temperature dependence
pected for an anharmonic decay process into two modes.~The
modes at 310 cm21 and 350 cm21 of the orthorhombic phase ap
pear too weak to be meaningfully fitted.!
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Contrary to the situation in the double-layer compou
YBa2Cu3O72d , where strong anomalies are observed in
temperature dependence of the frequency and the linew
of some of the infrared active,c-polarized modes,3–6 no
anomalies are detectable for the single layer compo
La22xSrxCuO4. Several arguments have been put forwa
why phonon anomalies should be very weak in the sin
layer compound La22xSrxCuO4, or why they should not be
present at all. Superconductivity induced anomalies of
self-energy were calculated by Zeyher and Zwicknagel us
weak-coupling as well as strong-coupling theory.25 Their cal-
culation described the self-energy related to excitati
across the superconducting gap, which are of even pa
within the free electron approximation. For the high-Tc cu-
prates having a center of inversion even parity correspo
to the symmetry of Raman-active modes only.26,27 However,
Tajima argues that this mechanism might account for
observed anomalies of the infrared active modes
YBa2Cu3O72d as well if one considers that the symmetry
broken by the structural disorder due to the oxygen d
ciency of the samples investigated.28 This interpretation im-
plies that no anomaly should be observed atTc for the per-
fect crystal structure. For the La22xSrxCuO4 system, where
La is partially replaced by Sr, one also has a disorde
crystal structure. For the scenario just described, one m
expect phonon self-energy effects to show up atTc for
La22xSrxCuO4 as well. They may, however, be small b
cause of the weak electronic background seen in the infra
absorption spectrum.28

The coupling of the infrared-active modes to charge fl
tuations between neighboring CuO2 planes in a double lay
ered compound provides a second mechanism to exp
phonon anomalies atTc in YBa2Cu3O72d . In a double-layer
compound the electronic coupling between two neighbor
CuO2 planes leads to two approximately parallel conduct
bands; one of them is even when parity applies, the o
odd. Odd vibrational modes, which correspond to
infrared-active phonons, couple to interband transitions
tween these bands, and thus experience a renormalizatio
their self-energy.29 This mechanism can account for th
anomalies observed atTc in several infrared-active modes o
double-layer compounds. For a single-layer compound,
La22xSrxCuO4, there is only one band crossing the Fer
surface and, as a consequence, there are no interband t
tions which can couple to the phonon modes. Independe
of the strength of the electronic background, one would
expect any superconductivity-induced anomaly of the inf
red modes atTc .

There is another argument which has to be conside
Since Tc for La22xSrxCuO4 is about 30% of that for
YBa2Cu3O7, we would expect the superconducting gap 2D
to be roughly 30% of that in YBa2Cu3O7 (2D'316 cm21

in YBa2Cu3O7 according to Ref. 2!. Since phonon shifts
only occur when the phonon frequency is close to 2D,30 and
no infrared-active modes are observed at such low energ
no pronounced phonon anomalies are expected. The fact
no anomalies are observed for theT structure agrees with th
results for theT8 structure, where for the Raman activ
modes no anomalies have been observed either.24

Anomalies in the phonon parameters observedabove Tc
for YBa2Cu3O72d have been related to the opening of a sp
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or pseudogap.4,7 The presence of a spin gap in underdop
La22xSrxCuO4 is still not clear.8,31 Our measurements d
not reveal any phonon anomaly possibly related to a spin
in La22xSrxCuO4. However, the absence of such anomal
does not necessarily indicate the absence of a spin gap.
can again argue that no anomalies are observed as a res
the weak electronic background forc polarization and not
because of the absence of a spin gap.

C. Dependence of the phonon parameters on doping

In the La22xSrxCuO4 system trivalent La31 ions are re-
placed by Sr21 ions which have an almost equal ion
radius32 and lead to an increase of the number of holes in
CuO2 planes. While the lattice parameterc is found to in-
crease with increasingx, the lattice parametera decreases.
Published values of the lattice parametersa andc for differ-
ent dopant concentrationsx are given in Table I.

The dependence of the phonon parameters on the do
level is displayed in Fig. 8. We find clear and systema
shifts of the TO frequencies with doping, which can in pri
ciple be used for the determination of the doping concen
tion. While the TO frequencies of the 235 cm21 and 350
cm21 modes increase with increasingx, we observe a soft-
ening of the TO frequencies of the 310 cm21 and the 500
cm21 modes. By analyzing the ellipsometric Fourier coef
cients, we observe also for the TO frequency of the 1
cm21 mode a tendency to decrease with increased dop
~from '135 cm21 for x50 to '133 cm21 for x50.12).

The softening of phonon modes is expected from the
pansion of thec-axis lattice parameter. In this connection w
can assume that the frequencies are approximately pro
tional to the inverse of the third power of the lattic
parameter.33 However, the different doping dependence
the a andc axis leads to deviations from this simple pow
law which is also observed in the experiment. For the mo
which soften we find that the frequency shift islarger than
predicted by the power law. Changes in the bond leng
and especially in the bond angles between atoms involve
the vibrations, may account for this phenomenon~a large
effect of the bond angles would imply a significant covale
contribution to the bonds!. Reduced restoring forces as

TABLE I. Lattice parametersa, b, and c for various dopant
concentrationsx obtained from different sources in the literatur
We have multiplied thea and b axis by A2 for the tetragonal
structures (* ) for easy comparison with the twice as large unit c
of the orthorhombic structure.

a b c
x @Å# @Å# @Å# Symmetry Source

0 5.357 5.389 13.175 Bmab Ref. 34

0.1 5.364* 5.364* 13.201 I4/mmm Ref. 35

0.15 5.345* 5.345* 13.226 I4/mmm Ref. 36

0.2 5.333* 5.333* 13.251 I4/mmm Ref. 37
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result of interaction of the phonons with the free carriers
not believed to be responsible for the strong softening si
the corresponding electronic optical conductivity rema
very small over the whole doping regime under investig
tion. In that case one would expect the oscillator strength
decrease systematically with increasing doping, which is
observed.

Considering that one replaces La atoms by Sr, wh
has a significantly smaller atomic mass than
(mLa5138.91;mSr587.62), and neglecting the different e
fective charges of these atoms, one might expect the mo
to which the La sites contribute to become harder with
creasingx. In the simplest picture, for a pure La vibratio
one would expect the mode frequency to scale with 1/Am,
wherem corresponds to the average mass on the La s
This relation certainly overestimates the expected ef
since other sites also have to contribute to the vibratio
mode in order to fulfill the conservation of the center
mass.6 However, even these crude assumptions clearly
ceeding the realistic influence of the mass replacement,
not fully account for the observed hardening. Therefore,
has to consider an additional mechanism. The analysis o
eigenvectors of the 235 cm21 mode, Fig. 4, suggests tha
the forces between the Cu ions and the in-plane oxygen
might play an important role for the dynamics of this mod
In such a case the frequency of this mode would scale w
the elementary cella axis instead of itsc axis. Then, with
increasing doping, the contraction of thea axis should result
in the mode hardening observed in the experiment. I
tempting to assume that a similar mechanism also works

FIG. 8. Dependence of the phonon parameters on dopingx ob-
tained for La22xSrxCuO4 from Lorentzian profiles fitted simulta
neously toe1(v) and e2(v). The crosses correspond to the 10
data, while the triangles indicate the 300 K results. All lines
guides to the eye.
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the 350 cm21 phonon. However, the eigenvectors of th
mode are not very well established since hardly any lat
dynamical calculations have been performed for the ort
rhombic phase.21

The differences in the dependence on doping of the
frequencies are attributed to the modes scaling with the
tice parameters along different crystal axes. Under this
sumption one can estimate from the observed freque
shifts and the changes of the lattice parameters the Gru¨neisen
parameters of the different phonon modes. Since the G¨n-
eisen parameter@g52] lnv/]lnV'2(Dv/v)(V/DV)# de-
scribes the change of the phonon frequency with the va
tion of the volume of the crystal, we have to relate t
change in volume to the variation of the lattice paramete
For a tetragonal crystal the volume of a unit cell is given
V5a2c. We shall consider two limiting cases for an empi
cal treatment of the tetragonal anisotropy:~1! the volume
changes because the lattice parametera varies, whilec is
unchanged (DV52acDa) and ~2! the volume changes be
cause the lattice parameterc changes whilea remains con-
stant (DV5a2Dc). Substitution ofDV by the corresponding
expression yields expressions for the two extreme cases
cerning the Gru¨neisen parameter:

ga52
1

2

Dv

v

a

Da

and

gc52
Dv

v

c

Dc
.

Applying these relations to the phonon modes assume
scale with the different axes leads to values for the co
sponding Gru¨neisen parameters in the order of two~see
Table II!, which fall within the typical range for this param
eter.

For all modes the linewidth seems to increase sligh
with increasing doping, a fact which is most likely related
the increasing disorder in the La layers because of the s
stitution by Sr.

e

TABLE II. Effective Grüneisen parameters calculated for th
modes scaling with thea axis (ga) and for the modes scaling with
the c axis (gc). The calculations have been performed with t
frequencies measured at 10 K.v, a, andc are given forx50. Dv,
Da, andDc represent the differences of the corresponding val
for x50.2 andx50, except for the 310 cm21 mode (* ) where the
differences are given betweenx50.15 andx50.

v Dv a Da c Dc
@cm21# @cm21# @Å# @Å# @Å# @Å# ga gc

236.2 7.7 5.373 20.040 2.19

318.5 25.5* 13.175 0.051* 4.45*

347.6 7.3 5.373 20.040 1.41

498.1 26.8 13.175 0.075 2.40
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IV. CONCLUSION

We have studied thec-polarized far-infrared response o
La22xSrxCuO4, with doping concentrationsx ranging from
the underdoped to the overdoped regime. We focused on
observed infrared-active modes and discussed their temp
ture dependence as well as their dependence on doping
temperature dependence of the observed zone-center o
phonons can be described in a first approximation by an
monic decay of these modes into two phonons, while
dependence on doping show that thec-polarized phonons
scale partly with thea and partly with thec lattice param-
eter. We do not observe any anomalies of the phonon par
S

f

B

m

o

r

i

he
ra-
he

ical
r-
e

m-

eters, which could be related to the opening of either a
perconducting gap or a spin gap or any other kind
pseudogap in the normal state for the underdoped c
pounds.
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