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Lattice and charge excitations in La12xSrxMnO3
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We employ inelastic light scattering to study the dependence of the lattice and charge excitations in
La12xSrxMnO3 compounds on doping and temperature. The phonons reveal strong local lattice distortions in
the paramagnetic state, which gradually vanish below the ferromagnetic transition. We identify charge excita-
tions in the metallic state. They exhibit a dependence on the doping level and symmetry selection rules typical
for a plasmonlike excitation. Their energy scale of 100 meV requires a low-carrier-density component of the
plasma outlining the importance of electronic interactions in La12xSrxMnO3.
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I. INTRODUCTION

Complex phase diagrams are common to many stron
correlated systems like the cuprates, the organic super
ductors, and the manganites.1,2 In all those systems an im
portant issue is the influence of the phononic and electro
degrees of freedom on phenomena like high-temperature
perconductivity in the doped cuprates or colossal magn
resistance~CMR! in the doped manganites.2 Especially for
the manganites it has been argued that the traditional dou
exchange mechanism introduced by Zener to understand
ferromagnetic metallic state is not sufficient alone to acco
for the magnetic properties.3–5 The doped compounds sho
many features like charge ordering and, indeed, the C
effect itself, which are difficult to understand without takin
into account the Jahn-Teller coupling between the electr
and phonons.5–8 This view is further supported by the clos
relationship between the structural and electronic ph
diagrams.9,10 A detailed investigation of the electronic an
lattice excitations is therefore crucial for the understand
of the manganites.

Inelastic light scattering may occur from lattice, charg
and spin degrees of freedom.11 The crystallographic structur
can be revealed in the inelastic light scattering experime
as symmetry constraints leave a footprint in the Ram
allowed phonon spectrum. The higher the crystal symme
is, the fewer modes are Raman allowed. Ilievet al. and Gra-
nado et al. have provided a complete mode assignm
for the orthorhombic LaMnO3 and rhombohedra
La0.7Sr0.3MnO3.12,13

The coupling of light to plasmons is known from low
doped semiconductors.14 Here, an important symmetry con
straint follows from the fact that the Coulomb interaction
isotropic and, hence, plasmons occur only in configurati
including the fully symmetric scattering geometry. Oth
properties of plasmons include a square-root-like doping
pendence of the plasma frequency and a Lorentzian
shape.15
PRB 610163-1829/2000/61~2!/1193~5!/$15.00
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Raman scattering from spin excitations can occur as o
or two-magnon light scattering. The latter process is es
cially important for antiferromagnets.16,19 However, in most
manganites the exchange is ferromagnetic possibly w
some spin canting.17 Moreover, the antiferromagnetic en
members show a layered magnetic structure with ferrom
netic exchange in the MnO2 planes and antiferromagneti
exchange between them. Thus, one expects no direct m
netic scattering as long as the polarization vectors are in
MnO2 planes and for frequencies investigated by Ram
scattering.

In the following, we provide evidence for the strong co
pling between charge, lattice, and spin degrees of freed
We report on the presence of local Jahn-Teller-like latt
distortions in the paramagnetic state of the doped co
pounds, which gradually vanish around the ferromagne
transition. For the higher-doped compounds (x'0.2) this
also leads to a metallic state, indicating the release of
charges that were coupled to the lattice. However,
smaller doping levels (x'0.1) one still observes substanti
changes in the phonon spectra of the ferromagnetic insu
ing state. Furthermore, we observe a plasmonlike excita
in the metallic state of La12xSrxMnO3 due to a low-carrier-
density component. These results emphasize the import
of electronic interaction effects in La12xSrxMnO3.

II. EXPERIMENT

Polycrystalline samples have been prepared by solid-s
reaction techniques using stoichiometric high-purity m
tures of La2O3, MnO2, and SrCO3. The samples have bee
resintered to promote crystallite growth. Typical grain siz
are 535 mm2 decreasing with increasing doping level. Th
decreased size of the grains made polarized measurem
above x50.5 impossible. Measurements have been p
formed in backscattering geometry on a Dilor XY800 micr
Raman setup using freshly chipped off parts of the pelle
The light was focused on typical spot sizes of about 2mm
1193 ©2000 The American Physical Society
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1194 PRB 61P. BJÖRNSSONet al.
using laser powers of<100 mW. The low signal as the
result of the limited laser power in order to avoid structu
transition effects and heating made it necessary to use c
pensation optics for the window of a cold-finger cryostat. A
spectra displayed have been corrected for the thermal B
factor and the spectral response of the spectrometer us
double-Ulbricht sphere system of known spectral charac
istics. This corrected intensity is proportional to the Ram
response after correction for the scattering volume, wh
can be derived from the dielectric function.19 Measurements
using different incident photon energies assure that all
tures are Raman signals and not due to luminescence.
use the Porto notationz(x,x) z̄ in order to describe the polar
ization geometry. The first and last letters represent the
rections of the incoming and the scattered photons, whe
letters in brackets indicate the incoming and scattered po
ization.

III. RESULTS AND DISCUSSION

Even though there is a strong relationship between
changes of the lattice and charge degrees of freedom
focus first on the doping- and temperature-depend
changes in the phonon spectra since they have a m
straightforward discussion. Second, we outline the dopi
and temperature-dependent behavior of the charge-relate
sponse in the data. Finally, we discuss the interplay betw
lattice and charge degrees of freedom explicitly.

A. Lattice excitations

Figure 1 shows Raman spectra ofz(x,y) z̄ geometry in~a!

andz(x,x) z̄ geometry in~b! at 290 K and 30 K for doping
levels of x50.0 (TN5155 K), x50.1 (TC5200 K), and
x50.2 (TC5280 K). At 290 K all samples are parama
netic insulators~PIs!. At 30 K they are a canted antiferro
magnetic insulator~CAFI, x50.0), a ferromagnetic insulato
~FI, x50.1), and a ferromagnetic metal~FM, x50.2). The
x50.0 spectra are dominated by phonons around 620
480 cm21 which are the oxygen in-phase stretching a

FIG. 1. Raman spectra at 290 K~solid lines! and 30 K ~dots!
taken with a laser excitation energy of 2.41 eV for doping lev
and geometries as indicated.
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out-of phase bending modes of the MnO3 octahedra. Both
modes have been assigned by Ilievet al. and sit on a
continuum.12 In Fig. 1~a! we observe that the 620 cm21

phonon softens 20 cm21 below the the Ne´el temperature
(TN) in agreement with previous studies.13,18,20A compari-
son ofx50.0 andx50.1 compounds shows a strong wea
ening of the involved modes with doping at 290 K, althou
the spectra are qualitatively similar. However, it is rema
able that the 620 cm21 mode weakens strongly below th
transition to the ferromagnetic insulating regime as indica
by the 30 K spectrum. This trend is continued in the spec
of the x50.2 sample. Here, one observes at 290 K only
weak feature around the former phonon frequency and a
continuum in the regime of the ferromagnetic metal at 30
Figure 1~b! shows the phonon modes ofz(x,x) z̄ configura-
tion. The 30 K and the 290 K spectra for thex50.0 sample
are essentially similar, although the 480 cm21 mode softens.
The additional modes at 290 cm21 and 220 cm21 corre-
spond to rotations of the MnO3 octahedra,12 whereas the
broad feature around 1100 cm21 is most likely due to mul-
tiphonon scattering as indicated by its temperature dep
dence. For thex50.1 compound the changes with temper
ture are more dramatic. While the 290 K spectrum show
resemblance to thex50.0 spectra at the same temperatu
the 30 K spectrum shows a significant difference. First,
mode around 230 cm21 becomes much more enhanced an
second, a new mode appears around 420 cm21. This obser-
vation is again supported by thex50.2 compound, which
shows four modes already at 290 K. Two of the phono
i.e., the modes around 230 cm21 and 420 cm21, can be
attributed to phonons of the rhombohedral phase, which
the average crystallographic structure for thex50.2
compound.2,10,13 In contrast, the phonons at 480 cm21 and
620 cm21 are similar to the orthorhombic modes of the u
doped compound. The simultaneous observation of these
sets of phonons indicates the existence of a rhombohe
structure with pronounced local orthorhombic distortions
the MnO3 octahedra. Interestingly, the 30 K spectrum of t
x50.2 sample demonstrates that the orthorhombic dis
tions vanish at low temperatures and instead a well-orde
rhombohedral phase develops. Furthermore, it is evident
the multiphonon feature, visible as shoulder arou
1000 cm21, vanishes in the 30 K spectra. Moreover, o
can observe a broad hump in the 30 K spectrum cente
around 460 cm21. However, no evidence of a hump can b
seen in thez(x,y) z̄ data at 30 K of the same compoun
indicating theAg symmetry of this excitation. This excitatio
is most likely of electronic origin and discussed in detail
the next section.

To illustrate the changes of the Raman spectra for
CMR-regime compounds2 with temperature in detail, we re
fer to Fig. 2 showing thez(x,x) z̄ spectra of thex50.2 com-
pound from 370 K~ paramagnetic insulator! to 30 K ~ferro-
magnetic metal!. At 370 K orthorhombic modes
corresponding to those of the antiferromagnetic insula
dominate the data set, even though traces of the rhomb
dral modes are visible. Cooling down to 290 K sharpens
phonons and the spectrum consists of a superposition
modes corresponding to the two competing crystallograp
structures. Further cooling down to 210 K yields a stro
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increase of the scattering intensities of the modes
420 cm21 and 230 cm21, whereas the orthorhombic mode
nearly vanish. We emphasize that there is no sharp chan
the temperature dependence of the phonons in the inv
gated temperature range. Rather, we observe a contin
change of the relative intensities of phonons correspond
to rhombohedral order and orthorhombic distortions. T
can be understood as a gradual change from a h
temperature rhombohedral phase influenced by strong or
rhombic distortions to a low-temperature phase with har
any lattice distortions. As this change is strongest around
transition to the ferromagnetic metal (TC'280 K), it is
tempting to associate the local Jahn-Teller-like lattice dis
tions with polarons having the tendency to localize cha
carriers. Accordingly, the change in the orthorhombic dist
tions would imply the release of charges bound by the v
ishing polarons, leading to a metallic state. The latter ar
mentation seems to be well in line with the results of neut
diffraction experiments.10 However, consequently we woul
need to interpret similar crystallographic effects for the in
lating x50.1 compound as an enhancement of the car
concentration since the strength of the orthorhombic mo
decreases significantly below the ferromagnetic transit
This outlines that the carrier release forx50.1 is insufficient
to produce a metallic state. The latter could be a sign
additional interaction effects between the holes or the in
cation of a critical hole concentration needed to effectiv
induce percolation.

B. Charge excitations

The interpretation of the hump feature needs to be c
sidered with care. It is clear that the hump cannot be c
nected to spin excitations as they should not haveAg sym-

FIG. 2. Raman spectra taken with a laser excitation energ
2.41 eV for a doping level ofx50.2 for temperatures between 37
K and 30 K. Base lines are indicated.
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metry and should have already appeared in the insula
antiferromangetic and ferromagnetic regimes. In Fig. 3
follow the doping dependence of the hump at 60 K. T
hump shifts in a clearly nonlinear fashion with doping t
wards higher frequencies from 460 cm21 in the x
50.2–740 cm21 in thex50.35, and finally to 810 cm21 in
the x50.5 compound. The increase of the hump frequen
needs to be contrasted with the doping dependence of
phonons, which shift significantly towards smaller freque
cies. Hence, any lattice-related origin, like a multiphon
feature, can be ruled out.

This strongly suggests an electronic origin as already
dicated by the fact that the hump appears only in the meta
state. Possible scenarios for an electronic response are
larons, a collision-dominated response, or a plasmalike e
tation. However, polarons can be ruled out. First, the feat
shifts with increasing doping towards higher frequenci
This behavior is contrary to expectations for the polar
binding energy, which should decrease with increasing d
ing as the holes become more delocalized. According
Yoon et al.attributed a broad peak around 1200 cm21 shift-
ing with increasing doping towards smaller energies to
polaron.21 Second, polarons are expected to cause local
tice distortions. However, the low-temperature phase of
metallic compounds exhibits very few distortions, maki
polaronic origin even less likely.

Assuming a collision-dominated response, the Raman
tensity is given atT50 by

I ~v!}
BLvGL

v21GL
2

, ~1!

wherev denotes the frequency,BL andGL are related to the
channel-dependent Raman vertex and scattering rate.22 This
equation has a peak for Raman shifts of the order ofGL . So

of

FIG. 3. Raman spectra taken with a laser excitation energy

2.41 eV inz(x,x) z̄ geometry at 60 K for doping levels ofx50.2,
0.35, and 0.5. The signal-to-noise ratio of thex50.5 sample is
reduced due to the decreased grain size.



e

F
n-
s

te
io
r-
t

ar
ar
e

ca

th
k
he
fo
th

f the
p-

as-
ith
out
ergy
m-
ll
e at
the
tin-
ob-
our

ion-
ield
le in

th
ing
el
ed
act,
onic

in
ons

this
al
.
ent

gh-
ore
ing
por-
re-
ies.
ng
r-
ork

be-
in

y
e
ca

a
ze

ck-

the

1196 PRB 61P. BJÖRNSSONet al.
assuming an extremely anisotropic scattering rate betw
B1g (GB1g

'5 meV) and A1g (GA1g
'50–100 meV) one

might get the observed symmetry dependence shown in
1. However, unavoidably the width of the peak would i
crease dramatically with increasing peak frequency. Thi
again in clear contradiction to Fig. 3.

This leads to the remaining option that the hump is rela
to a collective plasmalike excitation. The symmetry select
rules follow naturally from the fact that the Coulomb inte
action is isotropic. Moreover, we would expect the feature
appear only in the metallic state shifting with increasing c
rier concentration towards increasing energy as cle
shown in Fig. 3. The Raman intensity of a plasmon is giv
as

I ~v!}
vp

2G

~v22vp
2!21G2

, ~2!

with G52vp /t andvp5A4pe2n/m. Here,t, n, andm de-
note the lifetime, carrier concentration, and mass of the
riers being responsible for the plasma excitation.

Figure 4 displays the temperature dependence of
hump excitation in thex50.35 compound. Since the pea
frequency of the hump is for this doping level well above t
energy range of the phonons, Fig. 4 allows the straight
ward observation of the temperature dependence of

FIG. 4. Raman spectra taken with a laser excitation energ
2.41 eV for a doping level ofx50.35 displaying the temperatur
dependence of the hump. Temperatures and base lines are indi
The insets give the hump energy and width derived from a fit
described in the text. Error bars are indicated by the symbol si
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hump. One observes a strong temperature dependence o
hump, which is dominanted by the increased thermal dam
ing and slight peak shift towards lower energies with incre
ing temperatures. At roughly 250 K the hump merges w
the incoherent background visible in the spectra through
the whole temperature range. The insets display the en
and width of the hump versus temperature using a fit e
ploying Eq.~2!. The increased lifetime of the hump fits we
with the expectation of a reduced electronic scattering rat
low temperatures. If we take the enhancement of
phonons as a measure that we still have a small but con
ued release of carriers with decreasing temperature, the
served frequency dependence appears to be in line with
expectations. Figure 4 demonstrates again that a collis
dominated response can be ruled out, as this would not y
a shift towards higher energies and a sharpening as visib
the temperature dependence of the hump.

Furthermore, if the carrier lifetime increases slightly wi
increasing doping, we could account for the small sharpen
of the hump visible in Fig. 3. Assuming that the doping lev
is proportional to the Sr content we end with the plott
doping dependence of the hump as shown in Fig. 5. In f
the doping dependence is quantitatively close to a plasm
square-root-like behavior as indicated by the solid line and
complete contrast to the doping dependence of the phon
from which especially the 230 cm21 mode seems to follow
the expected soft mode behavior.23 The key problem with
our assignment is the plasma frequency expected for
doping level. It should be found, in agreement with optic
spectroscopy, at frequencies of the order of 0.5–1 eV24

Therefore, we propose the existence of a two-compon
plasma with a low-carrier-density~LCD! component. The
optical spectroscopies would be dominated by the hi
carrier-density component, whereas Raman is much m
sensitive to the LCD plasmon as screening effects, hav
the tendency to suppress the plasmon, become less im
tant. An enhancement of the effective mass would not
move the discrepancy between the different spectroscop
A two-component plasma without the existence of stro
local lattice distortions directly points towards the impo
tance of strong electronic interactions beyond the framew
of a polaron-based picture.

IV. CONCLUSIONS

In conclusion, we have shown the close relationship
tween the spin, lattice, and charge degrees of freedom

of

ted.
s
.

FIG. 5. Sketch of the 60 K doping dependence of the ba
ground peak~solid symbols! and phonons~open symbols!. The
solid line displays a square root behavior and dashed lines guide
eye.
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La12xSrxMnO3. A gradual vanishing of the local Jahn-
Teller-like lattice distortions is observed concomitant with
the transition to the ferromagnetic metal in some of th
doped manganites. Similar, but slightly weaker effects lea
for the x50.1 sample to an insulating state. This indicate
that the mere existence of polaronic effects in the manganit
is not sufficient for the CMR effect to occur. Furthermore
we have found a feature in the metallic phase of the mang
nites which we assign to a plasmon originating from a low
carrier-density component of the plasma. The latter resu
r

n
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-
ts

point towards effects emphasizing the importance of inter
tions between the holes doped into La12xSrxMnO3.
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