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Electron-phonon interaction in La2ÀxSrxCuO4 investigated by Raman scattering
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Using high-quality single crystals of La22xSrxCuO4, Raman scattering spectra in the~c,c! geometry have
been investigated in different Sr concentrations (x50,0.1,0.113,0,15,0.22) and in the wide temperature region.
It has been found that the apical oxygen vibration along thec axis shows the following anomalous behaviors
in the dependences of the Sr concentration and temperature. With the increase of the Sr concentration, the peak
intensity abruptly decreases fromx50 to 0.1 and its line shape becomes asymmetric. In the temperature
dependence, its energy is almost constant or slightly decreases with decreasing temperature, and also its
intensity decreases above 100 K universally in the doped samples. In addition, the background intensities
increase with increasingx, except forx50.113 at 6 K, where ‘‘1/8 problem’’ occurs. This increase shows that
the background response is caused by an electronic excitation because the magnetic one is forbidden in the
~c,c! spectra. The decrease of the background atx50.113 at 6 K is understood by the formation of charge
density wave. The asymmetric line shapes of the apical oxygen vibration are well explained by the Fano model,
which is based on the interference effect between the phonon and electronic excitations. Furthermore, the
abrupt decrease of the intensity fromx50 to 0.1 is also explained by the introduction of the electron-phonon
interaction. The correlation between the obtained electron-phonon interaction andTc has been found in the
Sr-concentration dependence.
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I. INTRODUCTION

Concerning the formation of a Cooper pair in conve
tional superconductors, the electron-phonon coupling pl
an important role. In the high-Tc cuprates, on the other han
it is usually accepted that a mechanism different from c
ventional superconductors generates the electron pairs
example, the magnetic interaction model. It is also cons
ered that the electron-phonon interaction makes few con
butions to superconductivity in the high-Tc cuprates. How-
ever, it is not revealed that the electron-phonon interac
gives no contribution to superconductivity.

In an early stage, extensive investigations were perform
in terms of the electron-phonon interaction. F
La22xSrxCuO4 ~LSCO!, the isotope effect was observed,1–3

but the results were too complicated to reach a conclus
about the contribution of the electron-phonon interacti
Despite the huge efforts to reveal the collaboration effec
spin and lattice, we think that superconductivity in the hig
Tc cuprates is not understood well. Therefore, we sho
have a new understanding about the electron-phonon in
action.

Among the high-Tc cuprates, the La2CuO4-based system
has a simple crystal structure because of a single CuO2 layer.
In addition, high-quality single crystals can be obtained
the wide carrier-concentration region. Thus, this crystal i
suitable system for a systematic investigation of the differ
carrier concentrations.

Up to this time, many Raman scattering studies have b
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carried out in the oxide superconductors, and the correla
between phonon and electrons states has been discusse
pecially in Y-Ba-Cu-O~YBCO! systems.4–6 To our knowl-
edge, however, there is no Raman scattering study focu
on the electron-phonon interaction in the wide carrier ran
for LSCO. From theoretical calculations, Krakaueret al.
have reported that the apical oxygen vibration along thc
axis has a large electron-phonon interaction
La1.85Sr0.15CuO4.

7 Thus a systematic Raman scattering stu
is necessary for LSCO with the different Sr concentratio
~x! in order to clarify the correlation between phonon a
electron states.

LSCO shows a structural phase transition from the tetr
onal phase~THT! of I4/mmm to the orthorhombic one
~OMT! of Bmabwith decreasing temperature. The structu
phase transition temperature (Td) descends with increasin
x. From a group theoretical analysis, the number of the
tally symmetric Raman-active phonons for each struct
is estimated asNR(THT)52A1g and NR(OMT)55Ag .
Phonons with total symmetry ofA1g or Ag appear in the
polarization spectra of~a,a!, ~b,b!, and~c,c!. The symbol~x,
y! denotes the polarization condition, wherex andy are the
polarization directions of the incident and scattered light,
spectively. Since two-magnon excitations are excluded fr
the selection rule in the~c,c! geometry, the~c,c! spectrum is
suitable to study the electron-phonon interaction. We h
mainly studied symmetry-allowed phonons for the tetrago
phase, where two vibrations along thec axis are Raman ac
tive: One is the in-phase motion between La and ap
oxygen at;230 cm21 (P1) and the other is the apical oxy
4142 ©2000 The American Physical Society
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FIG. 1. ~a! Sr-concentration dependence of the~c,c! Raman spectra in La22xSrxCuO4 at 6 K. Each spectrum is shifted vertically to avo
the overlaps.~b! Enlarged Raman spectra aroundP1 . ~c! Enlarged Raman spectra aroundP2 .
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gen vibration at;440 cm21 (P2).
In this paper a systematic study of~c,c! Raman spectra

has been carried out in the wide carrier range (x50 – 0.22)
and the wide temperature region. In Sec. II we describe
preparation of the single-crystal and Raman scattering m
surements. In Sec. III, the experimental results of the te
perature and Sr-concentration dependence of~c,c! Raman
spectra are presented. A discussion based on the elec
phonon interaction model is also presented.

II. EXPERIMENT

La22xSrxCuO4 (x50,0.1,0.113,0.15,0.22) single crysta
were grown by a traveling-solvent floating-zone method. A
ter the surface polish, the samples were annealed in a flow
O2 atmosphere at 920 °C for 50 h and 500 °C for 50 h
minimize the strains and to obtain the oxygen stoichiome
specimens.

In the Raman scattering measurements, a 514.5-nm
of an Ar1 laser with an output power of 15 mW was em
ployed as the incident beam. The nearly backward scatt
light was analyzed by a triple monochromator~JASCO, NR-
1800!, and the analyzed light was detected by a char
coupled device~CCD! multichannel detector~Princeton In-
struments!. For the measurements below room temperatu
the sample was put in the flow-type cryostat using liquid4He
e
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and the sample space was filled with a4He heat exchange
gas to cool the sample and to avoid local heating of
sample by the incident beam.

III. RESULTS AND DISCUSSION

The Sr-concentration dependence of the~c,c! Raman
spectra at 6 K is shown in Fig. 1, where~a! is the spectra in
the energy region between 0 and 600 cm21 and ~b! and ~c!
are the detailed spectra in the vicinity ofP1 andP2 , respec-
tively. In Fig. 1~a!, each spectrum is shifted vertically t
avoid overlaps. Two obvious phonons have been obser
for x50.22 and five phonons for the other crystals. Since
crystal withx50.22 belongs to the THT phase and others
the OMT phase at 6 K, the observed number of phon
agrees with the expected one from the group theoret
analysis. The peaks marked byP1 andP2 correspond to the
in-phase vibration between La/Sr and apical oxygen and
apical oxygen vibration along thec axis, respectively. The
other three peaks, except forx50.22, are the symmetry
allowed phonons in the OMT phase and their intensities
crease with the increase ofx. The present result forx
50.22 clearly shows that superconductivity appears eve
the tetragonal phase, since the crystal hasTc528.5 K.

The Sr-concentration dependence of the peak energy
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P1 andP2 at 6 K and room temperature is shown in Fig.
where the error bars denote the determination accuracy o
peak energy within61 cm21 and the solid lines are drawn t
guide the eye. The energy ofP1 decreases almost monoton
cally with increasingx at 6 K and room temperature, whil
that of P2 increases once and then decreases for both t
peratures. A similar decrease of the energy forP1 has been
also observed in the La22xSrxNiO4 ~LSNO! system and has
been explained by the decrease of the ionic interaction in
La-O layers by the carrier doping.8 The same mechanism
occurs also in the LSCO system. However, the upturn dep
dence forP2 is not the case, since the energy ofP2 in LSNO
is almost constant in the concentration region less than
Later we describe the details of the analysis using the F
model. Here, for comparison, the result estimated by
model for P2 is shown by the dashed line in Fig. 2. Th
electron-phonon interaction does not reproduce the con
tration dependence of the energy ofP2 . Thus the additional
ionic interaction due to the carrier doping is important forP2
in LSCO. Since such interaction is not derived separa
from our experiments, a normal-mode calculation based o
first-principles calculation is necessary in order to underst
the present result.

As shown in Fig. 2, the energy ofP1 increases with de-
creasing temperature for all concentrations. This is the o
nary behavior of phonons, since the bond length decre
with a decrease of temperature. However, forP2 in x
<0.15, its energy is almost constant or slightly decrea

FIG. 2. Concentration dependence of the energy ofP1 andP2 at
room temperature and 6 K. Solid lines are a guide to the eyes.
dashed line indicates the estimated energy forP2 from the Fano
analysis.
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with decreasing temperature. Furthermore, such anoma
temperature dependence changes to an ordinary one in
concentration region larger than 0.15, which is called
overdoped region.

The concentration dependence of the intensities ofP1 and
P2 is different, as shown in Fig. 1~a!. The intensity ofP2

dramatically decreases fromx50 to 0.1 and gradually in-
creases forx>0.1, while that ofP1 increases monotonically
The increasing rate ofP1 and P2 is almost similar forx
>0.1, as shown in Figs. 1~b! and 1~c!. Generally, the inten-
sity of the phonon is proportional to the displacement of
ions. Thus the intensity ofP2 is expected to be larger tha
that of P1 , since the displacement of the apical oxygen
bration is larger by about three times than that of La/Sr
P1, according to our previous calculation using the G
matrix method.9 This relationship, in fact, is held forx50
and Sr2RuO4.

10 The abrupt suppression ofP2 was once ex-
plained by the shielding effect by doped carriers in our p
vious report on La2CuO41d .9 However, the present resu
suggests that the shielding effect is not the origin of
intensity change, because the increasing rate of the inten
for P1 and P2 is similar fromx50.1 to 0.22. According to
the Fano effect, the peak intensity depends on the elect
phonon coupling. Forx50, the intensity of the uncoupled
phonon is large because ofV50, whereV is an interaction
parameter. Thus the abrupt decrease ofP2 is explained by
the introduction of the electron-phonon interaction forx
>0.1 and the concentration dependence is qualitatively
plained by the change of the electron-phonon interaction
rameterV, which is shown in Fig. 8, below. ForP1 , a simi-
lar mechanism cannot be simply applied, because the
shape is not so asymmetric in the~c,c! spectra. However, we
note thatP1 is anomalous in the~a,a! spectra, where the
intensity ofP1 is much weaker than that ofP2 and its energy
decreases by 10 cm21 for x50. A detailed report onP1 will
appear in our next paper.

As the representative temperature dependence of the~c,c!
Raman spectra, the result forx50.22 is shown in Fig. 3.
Each spectrum is shifted vertically to avoid overlaps of t
spectrum. The intensities ofP1 andP2 slightly decrease be
low Tc . However, the clear suppression atTc has not been
observed for other doped samples. Thus, to obtain the fi
conclusion experimentally, we need further precise meas
ments using different samples.

To understand the temperature dependence of the inte
ties of P2 , we employed the integrated intensity ratio
I (P2)/I (P1). The intensity ofP1 is taken as the referenc
for that of P2 to exclude the change due to experimen
conditions. Figure 4 shows the temperature dependenc
the integrated-intensity ratio ofI (P2)/I (P1) in a log-log dia-
gram, where the ratio of each Sr concentration is normali
to unity at the lowest temperature. In the estimation of
integrated intensities, the backgrounds were eliminated.
dashed line denotes the ratio estimated by the Bose fa
The Raman scattering intensity on the Stokes side is pro
tional to n11, where n represents the Bose factor. Fo
Sr2RuO4, which is the same layered perovskite structure
LSCO, I (P2)/I (P1) is well explained by the Bose facto
correction.9 The temperature dependence obtained

he
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I (P2)/I (P1) for doped LSCO is not explained by the simp
Bose factor correction.

Our previous report suggested that the temperature de
dence of the integrated-intensity ratio forx50.15 might be
caused by charge confinement.9 However, since the suppres

FIG. 3. Temperature variation of the~c,c! Raman spectra in
La1.78Sr0.22CuO4. Each spectrum is shifted vertically to avoid ove
laps.

FIG. 4. Temperature dependence of the energy-integrated
man scattered intensity ofI (P2)/I (P1) in a log-log plot for
La22xSrxCuO4. Each ratio is scaled at the lowest temperature. T
dashed line indicates the result estimated by the Bose factor.
n-

sion of I (P2)/I (P1) above 100 K is universal for dope
samples, a clear correlation between the charge confinem
and I (P2)/I (P1) has not been observed. Therefore, for t
suppression ofI (P2)/I (P1) above 100 K, a different consid
eration is necessary. The linewidth ofP2 at 6 K is twice as
much as that ofP1 , which is close to the instrumental limit
This fact implies that the apical oxygen vibration is not ful
coherent due to spatial disorder or randomness. Furtherm
the temperature dependence of the linewidth ofP2 is well
explained by that of the Debye-Waller factor for apical ox
gen measured by Bradenet al.11 These results denote that th
disorder of the apical oxygen increases at higher temp
ture. As related experimental evidence of the spatial disor
of the oxygen, we point out that the phonon of the exc
oxygen disappears above 220 K in La2CuO41d .9 That ex-
perimental facts suggest that the oxygen does not stay
certain position above 220 K. The suppression for theP2
intensity in LSCO reminds us of a similar mechanism due
randomness or disorder.

Next, we discuss the experimental results for the bro
background intensity. As shown in Fig. 1, the broad ba
ground intensity apparently exhibits a carrier dependen
The broad responses correspond to an electronic excitatio
principle, since the magnetic excitation is forbidden in the~c,
c! spectra by the symmetry selection rule for two-magn
excitations. Figure 5 shows the concentration dependenc
the total background intensity (I T) at 300 and 6 K. At 300 K,
the intensity increases monotonically with increasingx,
while that at 6 K is proportional tox except forx50.113,
where the superconducting temperature (Tc) is suppressed
and this phenomenon is known as the ‘‘1/8 problem’’ in t
La-cuprate system. The proportional increase of the ba
ground intensity tox concludes that the origin of the broa
response in the~c,c! spectra is electronic.

By carrier doping, the line shape ofP2 becomes asym-
metric as shown in Fig. 1. These asymmetrical line sha
are not explained by a multimode analysis. In order to
plain the asymmetric line shapes ofP2 , we have employed
the interference model formulated by Fano.12,13 This model
takes into account the interference between a sharp excita

a-

e

FIG. 5. x dependence of the total background intensity (I T) at 6
K and room temperature. The error bar for the horizontal direct
at x50.22 is caused by a deviation from the stoichiometric oxyg
concentration.
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and broad response. In order to fit the experimental res
we use the following line shape function ofS:

S5prTe
2 ~q1«!2

11«2 1I BG , ~1!

FIG. 6. Line shapes of theP2 are plotted in reduced units« for
various Sr concentrations at 6 K. The amplitudes are normalize
(S2I BG)/I Fq2. The solid line is a representative fitting by the Fa
function.
ts,

whereq, «, andG are expressed asq5Tp /prVTe , «5(v
2vp)/G, andG5prV2. Herer denotes the state density o
the electronic excitation,vp and V the uncoupled phonon
energy and electron-phonon interaction, andTp and Te the
transition probabilities of the phonon and electronic exci
tion, respectively. I BG means the background intensit
which is not directly related to the Fano effect. From t
fittings to the experimental line shapes using Eq.~1!, one set
of parameters ofq, G, vp , prTe

2 (5I F), andI BG is derived.
The representative fitted line shape at 6 K is shown in Fig.

6, where the vertical axis is the normalized value by t
formula of (S2I BG)/I Fq2 and the horizontal one is«. The
line shapes ofP2 are well explained by the Fano model a
shown in Fig. 6. The reduced (S2I BG)/I Fq2 seems to fall
onto the universal curve. However, a systematic change
pending onx has been obtained. With increasingx, the in-
tensity at the lower-energy side of the peak decreases
that at the higher-energy one increases. The Fano shap
LSCO are different from other oxide superconductors, sin
the dips exist on the low-energy sides for LSCO, but that
the higher-energy side for YBCO. This difference corr
sponds to the sign of the asymmetric parameterq. In the case
of LSCO, the asymmetric parameterq is positive, whileq is
less than 0 in YBCO.4,5 Above and belowTc , this remark-
able change has not been observed for the line shape ofP2 .
We note that the value ofrTe of LSCO is rather smaller than
that of other high-Tc cuprates. This is related to the lowe
conductivity of LSCO than that of YBCO.

y

-
rs
FIG. 7. Sr-concentration de
pendence of the Fano paramete
I F , q, vp , andG at 6 K and room
temperature. Solid lines inI F vs x
are guides to the eyes.
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Thex dependences of theq, G, vp , andI F obtained for 6
K and room temperature are shown in Fig. 7, whereI F is the
background related to the Fano contribution. The electro
contributionrTe increases with increasingx, since the asym-
metric parameterq decreases.I F increases proportionally
with increasingx, and the extrapolated carrier concentrati
at I F50 is very close to the lowest concentration whe
superconductivity appears. This agreement suggests a c
lation between the electron-phonon interaction forP2 and
superconductivity.

From each set of fitted parameters,V/Te can be calculated
by using the equationV/Te5AG/I F. The concentration de
pendence ofV/Te andTc is shown in Fig. 8. We regard tha
Te is independent ofx in the same Raman scattering geo
etry, sinceTe is the transition probability of the electroni
excitation. Thus the concentration dependence ofV/Te cor-
responds to that ofV. The present results show the corre
tion between the electron-phonon interaction andTc ; how-
ever, it is not clear whether the present electron-pho
interaction is the primary contribution to the pairing mech
nism or not.

We mention the low proportion ofI F to the total back-
ground intensity (I T) in Fig. 5. This implies that only a sma

FIG. 8. Sr-concentration dependence ofV/Te and Tc at 6 K.
Solid and dashed lines are the guide to the eyes. The suppress
Tc at x50.113 is shown by the dot-dashed line.
ic
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-
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percentage of the electronic response originates in the F
effect. The intensity of the electronic excitation in the Ram
spectra is the integrated value by wave vector for the wh
Brillouin zone, while P2 is the excitation at the Brillouin
zone center. Therefore, the present result shows that the
tion of electronic excitation at zone center is rather sm
We comment on the decrease of the total background in
sity (I T) of x50.113 at 6 K. This decrease corresponds
the reduction in the state density of the electronic excitat
in the whole Brillouin zone, sinceI F does not show an
anomalous decrease atx50.113 as shown in Fig. 7. We
believe that the present result ofI T is experimental evidence
of the formation of a charge-ordered state atx50.113.

Finally, we summarize the present results and the rem
ing problems. As described above, the apical oxygen vib
tion in the ~c,c! spectra shows many anomalous behavio
Among them, the abrupt intensity decrease fromx50 to 0.1
and the asymmetric line shape are well explained by
Fano interference model. Furthermore, the obtained elect
phonon interaction correlates withTc in the concentration
dependence. Recently, a neutron scattering study has
ported the importance of the electron-phonon coupling
La1.85Sr0.15CuO4.

14 However, the quantitative contribution o
the electron-phonon interaction to the pairing mechanism
mains unclear. In order to draw a final conclusion about
mechanism, a theoretical calculation in terms of the phon
side will be necessary. As other anomalous properties ofP2 ,
the concentration and temperature dependence of the en
of P2 is pointed out. To understand this, we emphasize ag
that a precise normal-mode calculation based on a fi
principles calculation is necessary.
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