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Optical conductivity of manganites: Crossover from Jahn-Teller small polaron
to coherent transport in the ferromagnetic state
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We report on the optical properties of the hole-doped manganites Nd0.7Sr0.3MnO3, La0.7Ca0.3MnO3, and
La0.7Sr0.3MnO3. The low-energy optical conductivity in the paramagnetic-insulating state of these materials is
characterized by a broad maximum near 1 eV. This feature shifts to lower energy and grows in optical
oscillator strength as the temperature is lowered into the ferromagnetic state. It remains identifiable well below
Tc and transforms eventually into a Drude-like response. This optical behavior and the activated transport in
the paramagnetic state of these materials are consistent with a Jahn-Teller small polaron. The optical spectra
and oscillator strength changes compare well with models that include both double exchange and the dynamic
Jahn-Teller effect in the description of the electronic structure.@S0163-1829~98!06848-9#
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I. INTRODUCTION

The discovery of colossal magnetoresistance~CMR! in
hole-doped ferromagnetic manganite materials of the fo
(Ln)12x(A)xMnO32d, where Ln is a lanthanide andA is an
alkaline-earth element, has revived interest in this comp
magnetic system.1 These systems crystallize in a pseudoc
bic perovskite structure. The electronically active orbitals
the Mn d orbitals and the number of electrons per Mn is
2x. Hund’s rule coupling implies that three electrons a
localized on thet2g orbitals forming a core spin ofSc5 3

2 ,
while the remaining 12x electrons go into a band derive
from theeg orbitals. When the material is doped in the ran
of 0.2,x,0.5, it undergoes a phase transition betwee
paramagnetic insulator and a ferromagnetic metal at t
peratureTc .

The double-exchange model proposed by Zener2 was the
mechanism first used to explain the paramagnetic to fe
magnetic phase transformation in these conducting mater
In this model the hopping probability between Mn sites
the electrons residing on theeg orbitals is maximal when
the core spins are parallel and minimal when they are a
parallel. Hence, the model provides a qualitative explana
for the metallic conduction belowTc ~spins well aligned!,
and insulating behavior aboveTc ~spins randomly aligned!.
However, recent theoretical as well as experimental
ports suggest that, within this model, the coupling betwe
the charge and spin is not enough to explain the hi
PRB 580163-1829/98/58~24!/16093~10!/$15.00
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temperature insulating phase. In particular, theoret
arguments3–6 indicate the need to include effects that a
related to the strong coupling between charge and the la
such as the Jahn-Teller~JT! effect associated with the Mn31

ions. In this picture a JT distortion lifts the degeneracy in t
eg orbitals causing a splitting into lower and uppereg levels
that is static for 0,x,0.2 and appears to be dynamic fo
x.0.2. Since the JT distortion is associated with the Mn31

ions it can localize theeg electrons in the paramagnet
phase of the alloys leading to insulating behavior, wher
the increasedeg band width in the ferromagnetic stat
quenches the JT effect and produces metallic conduct
Optical absorption studies of the stoichiometric parent co
pound LaMnO3 give evidence for static JT distortions
Analysis of the optical conductivity of LaMnO3 within the
local-spin-density approximation suggests that the obser
gap in the optical conductivity of about 1.0 eV correspon
to the optical process of promoting a hole between the
split eg bands on the Mn31 ions.7,8 Optical measurement
have also been reported for the series of compou
La12xSrxMnO3.

9–11 The results from optical reflectivity
studies of metallic samples (x.0.2) show large transfers o
spectral weight from high frequencies to low frequencies
the samples are cooled from the paramagnetic state thro
Tc into the ferromagnetic metallic state.9,10 In these studies it
is also concluded that a simple double-exchange pictur
not enough to explain the observed changes in the op
spectral weight over such a large energy scale compare
16 093 ©1998 The American Physical Society
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16 094 PRB 58M. QUIJADA et al.
kBT for all doping concentrations.9,10 Other recent experi-
mental results also suggest the presence of strong lattic
fects in these materials: shifts in the IR phonon frequenc
related to the Mn-O bonds in La0.7Ca0.3MnO3 near Tc
have been reported by Kimet al.;12 anomalies in the loca
structure of the MnO6 octahedron nearTc obtained from neu-
tron scattering studies of La12xCaxMnO3 have been inter-
preted in terms of Jahn-Teller distortion;13 a magnetic-field-
driven structural phase transformation was observed14 in
La12xSrxMnO3, for x50.170; thermopower measuremen
of La0.7Ca0.3MnO3 have also suggested the presence of sm
polaronic behavior aboveTc that is found to disappear below
the insulator-metal transition.15

Localization of theeg electron on the Mn31 ions in
the paramagnetic state of the doped manganites du
Jahn-Teller distortions is a self-trapping effect, i.e., a sm
polaron.5 If the carriers are localized due to this electro
phonon coupling, there should be an optical signature of
small polaron associated with photoinduced hopping of
carriers, as has been reported in systems such as TiO2.

16,17In
an earlier publication we reported evidence for the JT sm
polaron in Nd0.7Sr0.3MnO3.

18 In this paper we present a
extension of that earlier work by comparing the optical co
ductivity derived from transmittance and reflectance m
surements of La0.7Sr0.3MnO3, La0.7Ca0.3MnO3, and an oxy-
gen annealed Nd0.7Sr0.3MnO3 thin film as a function of
temperature and for photon energies up to 5 eV. As in
previous work, the optical conductivity on these new film
show large shifts in spectral weight from visible to infrar
frequencies as the temperature is lowered throughTc , dem-
onstrating broadband changes in electronic properties o

FIG. 1. Temperature dependence of the resistivity for the th
samples. The metal to insulator transition is apparent for the NS
and LCMO.
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energy scale several orders of magnitude larger thankBTc .
In the paramagnetic-insulating state of all three materials
optical conductivity at low energies is characterized by
broad maximum near 1 eV as we reported earlier
Nd0.7Sr0.3MnO3 and interpreted in terms of the photon in
duced hopping of the Jahn-Teller small polaron. Theref
these new experiments show that this feature is generic
the paramagnetic state of the pseudocubic manganites.
spectral feature is found to shift to lower energy and grow
optical oscillator strength as the system enters into the fe
magnetic state. It gradually transforms into a Drude-like
sponse well belowTc where the transport is metallic. Nev
ertheless, the polaron peak can still be identified
temperatures substantially belowTc .

At higher frequencies, the spectrum ofs1(v) indicates
the presence of a temperature dependent optical absor
feature centered at 3 eV and a large spectral feature at 4
which still has a weak temperature dependence. The 3
feature appears to be more prominent in the paramagn
state as is seen by looking at the difference in conductiv
Ds15s1(T)2s1(10 K). The energy position of this featur
suggests that it involves transitions between the Hund’s
spin-spliteg derived bands. The 4 eV feature is most like
related to a similar feature that is seen in the undoped m
rials where it has been identified as a charge transfer tra
tion between the O2p and the Mnd derived bands.11

We also present an analysis of the magnitude and t
perature dependence of the spectral weight*dvs1(v) and
of its relation to the spin wave stiffness atT50.3 This analy-
sis extends and corrects an earlier treatment by including
finite Hund’s rule splitting and a more realistic treatment
the eg bands.3–6

II. EXPERIMENT

A. Sample characterization

The samples used in this study were thin films
Nd0.7Sr0.3MnO3, La0.7Sr0.3MnO3, and La0.7Ca0.3MnO3 grown
on LaAlO3 substrates by pulsed laser deposition in an N2O
atmosphere19 ~in what follows we will refer to these sample
as NSMO, LSMO, and LCMO, respectively!. The films are
epitaxial as revealed by x-ray diffraction, and show 3 Me
He1 ion Rutherford backscattering channeling spectra wit
minimum yield of 3.8%, indicating a high degree of crysta
linity. Additional characterization of these samples was do
by performing resistivity and ferromagnetic resonan
measurements.20,21

Figure 1 shows the temperature dependence of the re
tivity for the three samples that we studied using stand
four-probe measurements. The temperature at which the
sistivity peaks,Tp , is 235 K for NSMO, 250 K for LCMO,
and 360 K for LSMO. These values are close to the Cu
temperatureTc in these samples. In addition to the observ
progression inTc , there is also a variation in the low
temperature value of the resistivityr. The values forr at T
510 K are 350mV cm for NSMO, 300mV cm for LCMO,
and 10mV cm for the LSMO sample. To the best of ou
knowledge, these are the lowest values for the resistivi
ever reported for these materials indicative of the high qu
ity of these thin-film samples. The observed low-tempe
ture resistivities correspond to conductivities greater th

e
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the Mott minimum conductivity ~sMott50.656(e2/h)n1/3

'500V21 cm21 if the carrier density is determined by th
divalent alkaline earth substitutionx/V0 , whereV0 is the
unit cell volume!. It is noteworthy that the low-temperatur
resistivities previously reported in the literature for bulk a
film samples generally correspond to conductivities bel
the Mott minimum conductivity, which suggests that tho
samples were not homogeneous. Our results imply that
vious reports do not reflect intrinsic behavior, perhaps
cause of sample inhomogeneity. We suggest that propo
of superunitary scattering22,23 be reexamined as the intrins
behavior becomes better determined.

B. Optical techniques

Transmittance and reflectance measurements were
formed using a Fourier transform spectrometer~BOMEM
DA3! to cover the investigated regions of 5–25 meV a
0.20–5 eV. These are the frequency ranges for which
LaAlO3 substrate is transparent. Measurements in this w
range of frequencies were accomplished by using differ
combinations of sources, beamsplitters and detectors.
uncertainty in the absolute transmittance obtained from
reproducibility in the different spectral ranges is62%. Like-
wise, the uncertainty in the absolute reflectance spectr
estimated at63%. Temperature-dependent measureme
were made possible by mounting the samples on the
finger of a continuous flow cryostat with room-temperatu
windows for optical access. The cryostat unit was plac
inside the sample compartment of the spectrometer. The
perature of the sample was stabilized by using a tempera
controller with a calibrated Si diode sensor mounted near
sample and a heating element attached to the cold finge
the cryostat.

FIG. 2. Frequency dependence of the real part of the opt
conductivitys1 for the three samples at different temperatures.
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At far infrared frequencies the real part of the optic
conductivity s1 is determined from the observed transm
tance given by

TFS

TS
5@~11Zs1!21~Zs2!2#21, ~2.1!

in the thin-film limit d/d!1, which is well satisfied in our
samples~hered5l/4pk, is the skin depth andd is the film
thickness!. TFS and TS are the transmittance of the film
substrate and substrate respectively,Z5Z0d/n11, whereZ0
is the free space impedance, andn the refractive index of the
substrate. Inverting Eq.~2.1! we can write

s15Z21FA TS

TFS
2~Zs2!221G<Z21FA TS

TFS
21G .

~2.2!

The final inequality becomes an equality whens2 /s1!1.
Terahertz measurements on a LSMO sample24 confirm that
s2 /s1!1 is a valid approximation in the regime of interes
0,v,100 cm21.

At higher frequencies, the optical properties of t
samples in the infrared-UV range are derived from the m
sured transmittance and reflectance by numerically inver
the Fresnel formulas for a thin film on a weakly absorbi
thick substrate. The interference~etalon! effects from the
substrate are averaged by using low spectral resolution in
measurement and by averaging over the interference frin
in the analysis.25 This procedure yields the index of refrac
tion and extinction coefficient of the thin-film materia
nf andk f , respectively, usingn andk for the substrate. The
results ofnf andk f are then used to derive the other optic
constants such as the dielectric function,e~v!, or the optical
conductivity s~v!.26 Since this technique does not rely o
Kramers-Kronig analysis it permits reliable measuremen
the optical conductivity up to the high-frequency cutoff
the optical equipment~5 eV!.

This analysis assumes that the index of refractionn andk
of the substrate are known quantities. In all of the substr
samples that we measured, we found the index to be rou
constant,n.2.0, and sample independent in the 0.2–5
range.27 Although the values for the extinction coefficien
were small in this same range 102321024, we found some
variation in k for different samples of LaAlO3, especially
near the cutoff frequency 0.2 eV. The differences are su
ciently large that it is necessary to use the values forn andk
for the substrate on which the film was grown in the analy
since the effect ofk in the substrate is similar to the effect o
s1 in the sample~;10%!. Therefore, after the film was mea
sured, it was removed from the substrate and the trans
tance and reflectance of the bare substrate were meas
This procedure ensured that the proper values ofn andk for
the substrate were used in the final inversion of the data

III. RESULTS: OPTICAL SPECTRA

The optical conductivity in the far infrared was estimat
as described in Sec. II B. Because of the narrow range of
transmission window of the LaAlO3 substrates and the fea
tureless transmissivity from 20 to 100 cm21 these data pro-
vide only a low-frequency data point to our broadband co

al
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16 096 PRB 58M. QUIJADA et al.
ductivity spectra shown in Fig. 2. It is interesting to compa
this far-infrared conductivity with the dc conductivity of th
same films. Figure 3 displays a comparison of the measu
dc conductivity and the derived conductivities at 20 cm21

using Eq.~2.2!. We noticed a reasonable agreement betw
the ac and dc values for LCMO and NSMO samples. Ho
ever, a striking disagreement is found for the LSMO samp
The measured dc conductivity in this sample is roughly
times larger than the ac values obtained at 20 cm21. Similar
results have been observed in another high conducti
LSMO film. However, typical LSMO films have a resistivit
of around 100mV cm in better agreement with the ac value
The observed discrepancy for the high conductivity films
particularly significant when it is recalled that the fa
infrared ac conductivity derived from Eq.~2.2! is an upper
limit of the true value. Therefore, the discrepancy is no
consequence of granularity in the film since this effect wo
lead to an effective dc resistivity larger than the intrins
value due to the higher resistivity of the grain boundari
We believe that the observed behavior may be explaine
terms of an anisotropic conductivity arising from strain e
fects in the films. Such effects may be expected in mater
with a strong coupling between the electrons and the lat
as we are reporting in this paper. Further studies of th
effects are in progress.

The results of the real part of the optical conductiv
s1(v) for the three samples measured at different temp
tures are shown in Fig. 2. The symbols near zero freque
are obtained from the far-infrared transmittance meas
ments as described above. The IR conductivity is seen
extrapolate reasonably to the far-infrared value except fo
downturn near the low-frequency IR cutoff. This effect
believed to be related to the difficulties in characterizing

FIG. 3. Comparison of the temperature dependence of the
~solid lines! and ac~circles! conductivities at 20 cm21 derived from
Eq. ~2.2!. The dc conductivity for the La0.7Sr0.3MnO3 sample~the
dashed curve! has been divided by 10 in order to fit the data in t
same scale.
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differences in the extinction coefficient of the substrates n
the IR cutoff as discussed earlier. Therefore we do not tr
the data below approximately 0.3 eV. In the results sho
in Fig. 2 we find that, near and aboveTc , the optical
conductivity for the three samples is dominated by a bro
maximum near 1 eV with a peak value of rough
600– 700V21 cm21, only slightly higher than the Mott con
ductivity. We also notice that the feature near 1 eV evolv
in temperature in very much the same way for the differ
alloys. These data indicate that this feature is universal in
hole doped pseudocubic manganites. In all the samples
broad maximum in the conductivity spectrum aboveTc shifts
lower in frequency and grows in oscillator strength as te
perature is decreased throughTc as can be seen in Fig. 2
The peak structure remains identifiable well belowTc , but
as the temperature is lowered further into the metallic ra
the low-frequency part fills in and eventuallys1(v) in-
creases with decreasing frequency forT!Tc . This indicates
a Drude response and coherent conduction at low temp
tures and low frequencies in all of the samples. The res
for the new oxygen annealed Nd0.7Sr0.3MnO3 sample differ
from the results on an unannealed sample, reported pr
ously, which did not show a Drude-like response even at
lowest temperature, although theT.Tc behavior was similar
to that observed here. The earlier sample had a lowerTc and
a much higher dc resistivity (sdc,sMott) than the presen
sample even at the lowestT and similar to values generall
reported in the literature on NSMO. Clearly, the differe
oxygen treatment of the two samples produced different
haviors in their dc transport and optical properties.

Throughout the infrared the reflectance and transmitta
of the films is dominated bys1 and is relatively insensitive
to e1 . Therefore our results fore1 are less reliable. Never
theless, we find thate1 remains positive down to at least 0.
eV despite the apparent free-carrier response ofs1(v) at
low temperature, which would be expected to produce
negativee1 characteristic of a metal. The observed behav
is not completely unexpected since interband transitions
tween the twoeg bands are expected in this spectral ran
Nevertheless, this behavior indicates that the spectral we
of the coherent component of the conductivity is only a sm
fraction of the total spectral weight in all of these sample

The other major spectral feature in the optical data is
strong peak in the conductivity near 4 eV. The noisy appe
ance of the conductivity data near the peak of this featur
a consequence of the very small transmittance of the fi
due to the strong absorption at the peak. Also, this fea
appears noticeably weaker in Nd0.7Sr0.3MnO3.

IV. DISCUSSION

A. Overview

In this section we discuss in more detail several of
striking features of the optical conductivity data shown
Fig. 2. There are three main peaks: at;1, 3, and 4 eV. A
qualitative picture of the states and optical transitions
shown in Fig. 4. The important orbitals are the Mneg and
O2p levels. Optical absorption is controlled by the elect
dipole matrix element and allowed transitions involve m
tion of a charge either from one Mn site to another or fro

dc
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an O to a Mn. Reference 28 argues that transitions from
eg orbital to another oneon the same siteappear in the op-
tical spectrum, but we believe these transitions have ne
gible oscillator strength because both the initial and the fi
states haved symmetry with respect to the same origin.

There are several important energies. One is theeg-O2p

charge-transfer energyD. Another is the Jahn-Teller energ
EJT: if a Mn site has oneeg electron then a local even-parit
lattice distortion that breaks cubic symmetry may occur; t
splits theeg levels by an amountEJT. A third is the breath-
ing distortion energyEB : at a Mn site with noeg electrons a
symmetric ‘‘breathing’’ distortion of the surrounding oxy
gens may occur: if~as occurs in an optical transition! an eg
electron is added on a time scale that is fast compared
phonon frequency~so the lattice does not have time to rela!
the final state is shifted up in energy byEB . In LCMO with
x50.5, the low temperature phase is charge ordered
both breathing and Jahn-Teller distortions occur.29 The am-
plitudes of these distortions are approximately equal, s
gesting EB;EJT. A fourth energy is the ‘‘HubbardU’’
repulsion30 between twoeg electrons on the same site. A
will be discussed below, available evidence suggests tha
effectiveU describing the low- (v,4 eV) energy physics o
the eg band is weak. A final energy is the Hund’s couplin
JH : each Mn has aS5 3

2 t2g core spin~not shown in Fig. 4!;
anyeg electrons may have spin parallel or antiparallel to
core spin; the ‘‘antiparallel’’ state is higher by an energyJH .

In the remainder of this section we shall argue that
1-eV feature involveseg-eg transitions within the paralle
spin manifold; the 3-eV feature is due toeg-eg transitions in
which the final state is antiparallel and the 4 eV feature is
eg-O2p transition.

FIG. 4. States and energies involved in optical transitions. T
central portion shows initial states left and right panels show
lowed optical transitions and final-state energies referenced to
Fermi energy. The initial states in the central panel are: a fi
oxygenp band and a Mn site with oneeg electron. The twofold
degeneracy of theeg levels is assumed split by a local Jahn-Tel
distortion. The level splitting~not indicated on the figure! is EJT.
The right-hand portion indicates the optical transition in which
charge is moved from an O or Mn site to a Mn site that is alrea
singly occupied. The final state energy is the sum of the Jahn-T
splitting EJT, the eg-eg Coulomb repulsionU, the charge transfe
energyD ~if the electron came from an O site! and the Hund’s
energyJH ~if the transferred electron has spin antiparallel to t
core spin!. The left-hand portion indicates an optical transition to
Mn that initially has noeg electrons. In this case theeg levels are
degenerate and the final-state energy is shifted by the brea
distortion energyEB ~andD andJH , if appropriate!.
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The most striking feature of the data in this energy ran
is the broad peak centered atv'1 eV ~;1.3 eV in the
LCMO and NSMO samples, and perhaps at a somew
lower energy in LSMO!, which is evident in the paramag
netic phase in all samples and that, asT is decreased below
the magneticTc , loses intensity and shifts to lower fre
quency, eventually evolving into the Drude-like response
served at very low temperatures. This feature was first
served by Okimotoet al.9 and was interpreted by them a
the ‘‘parallel’’ to ‘‘antiparallel’’ transition, implying aJH
;1.5 eV. However, as noted by Millis, Muellar, an
Shraiman the temperature dependence of the spectral w
of the 1-eV feature is inconsistent with this interpretatio
Because the electric dipole matrix element preserves s
the antiparallel final state is inaccessible if the material is
the fully polarized ferromagnetic ground state, so the os
lator strength in the antiparallel transition should decreas
T is lowered belowTc . However, as seen in Figs. 2 and
the intensity in the peak feature grows asT is decreased
below Tc , even as the feature broadens and shifts to low
energies, inconsistent with the antiparallel interpretati
We, therefore, believe it involves parallel spineg-eg transi-
tions only. However, the temperature dependence ofs(v)
nearv53 eV is consistent with transitions to aneg antipar-
allel final state. As can clearly be seen in Fig. 5, which d
plays the difference@s1(v,T)2s(v,T510 K)#, a peak at
v'3 eV grows in strength as the temperature is raised
the core spins are disordered.

Returning now to the 1 eV feature, we ascribe it toeg-eg
transitions. As will be discussed in detail in the next secti
the oscillator strength is consistent with that expected
dipole allowedd-d charge-transfer transitions between M
ions on different sites. The insulating nature of the param
netic phase and the peaklike shape of the absorption sug
that it arises from excitation of carriers out of bound stat
One possibility is localization due to disorder, as sugges
by Ref. 31. We think this is unlikely because of the univer
appearance of the feature in manganites of widely varying
conductivities.7,9,10 As noted by Junget al.,28 the character-
istic energy of the absorption feature in the paramagn
state of the doped materials is similar to that observed
insulating LaMnO3, where a;1.5 eV gap appears in theeg
manifold due to the presence of a long-range ordered Ja
Teller distortion. In LaMnO3 this feature is believed to be
due to theeg-eg transition shown in the right-hand panel o
Fig. 4; the gap of 1.5 eV corresponds to a band-cente
band-center energy difference of about 2.5 eV and we id
tify this energy asEJT1U for LaMnO3.

Doped materials in the paramagnetic phase w
predicted3 to have lattice distortions similar to those occu
ring in LaMnO3 ~but without the long-range order! and these
distortions~with amplitude approximately 70% of those i
LaMnO3! have recently been directly observed in neutr
pair-distribution-function13 and extended x-ray-absorptio
fine-structure~EXAFS32! experiments. We, therefore, inte
pret the 1-eV feature observed atT.Tc in our doped
samples as being due to the excitation of a carrier out o
bound state produced by a strong local lattice distortion~and
into a final state also modified by the lattice distortions!. Of
course, in doped materials theeg electron concentration is
less than one per site, so transitions such as those show
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16 098 PRB 58M. QUIJADA et al.
the left panel of Fig. 4 are also possible. The fact that o
one~broad! feature is observed suggests that the energy s
due to the breathing distortion,EB , is comparable to the
Jahn-Teller plus Coulomb energyEJT1U.

As the temperature is decreased belowTc , the 1-eV fea-
ture grows in intensity and broadens, and eventually evo
into the Drude-like response observed at very low tempe
tures. This behavior corresponds to the collapse of
Jahn-Teller small polaron as the system goes into the fe
magnetic state. It can be understood in terms of a mo
proposed by Millis, Mueller, and Shraiman3 that incorporates
double exchange and dynamic JT effects in the system
this model, the behavior of the system is controlled by
dimensionless effective coupling constantl defined as

l5
EJT

t^cos~u i j /2!&
, ~4.1!

where t is the hopping probability, andu i j is the relative
angle between neighboring spins. The temperature de
dence is controlled by thêcos(uij /2)& factor, which goes
from 2

3 in the paramagnetic state to 1 in the ferromagne
state. Within this model a qualitative description of the d
shown in Fig. 2 is as follows: In the paramagnetic statel is
larger thanlc , the critical value for the formation of a sma
polaron. The 1-eV feature corresponds to the photoioniza
of the small polaron at\v5EB1 1

2 EJT ~see Fig. 4!. As the
temperature is decreased, the spins become aligned al
decreases becoming smaller thanlc leading to a collapse o
the JT small polaron and coherent Drude-like conduction
low temperatures. The optical conductivity calculated with
this model show shifts in oscillator strength and linewidth

FIG. 5. Difference in optical conductivityDs15s1(T)
2s1(10K) for the three samples. Notice the feature at 3.0 eV t
shows up more prominently in the paramagnetic state.
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function of l that compare well to the experimental resu
shown in Fig. 2 below 2 eV.5 The behavior of the resistivi-
ties, the Curie temperatures and the optical properties
these materials indicate that LSMO, LCMO, and NSM
have a progressively increasing JT couplingl. We empha-
size that in all the samples the JT small polaron feature
mains for intermediate temperatures belowTc . This is con-
sistent with thermopower and EXAFS measurements
also suggest evidence for small polaronic behavior in
LCMO nearTc .15,32 The downward shift in the polaron fea
ture and the onset of metallic conductivity indicate a grad
transition from a small polaron to a large polaron and a c
responding gradual growth of the strength of the coher
conductivity.

Another aspect of the data shown in Fig. 2 is a lar
redistribution of spectral weight from optical transitions o
curring above 2 eV to below the 1-eV feature discuss
above. The temperature dependence ofs1(v) is seen to ex-
tend up to the upper limit of our measurements~5 eV!. In the
range from 2 eV to 5 eV the conductivity is dominated
the strong absorption atv.4.0 eV. The assignment of th
optical process involved in this transition is made by co
paring it with the result of the undoped parent compou
LaMnO3. In this material, a similar peak in the optical co
ductivity has been observed at this frequency and assigne
a charge-transfer transition between theO2p and theeg de-
rived bands.7,11 The T dependence of the 4-eV feature do
not, however, account for the missing spectral weight wh
the sample is warmed aboveTc as can be seen in Fig. 5. T
fully account for all the low-frequency oscillator strength
the ferromagnetic state it is clear that it will be necessary
include contributions up to and beyond the 5-eV limit of o
measurements. The temperature dependence of the sp
weight will be discussed further in the next section.

B. Comparison to theory: Magnitude and temperature
dependence of optical spectral weight

This section presents a more quantitative comparison
data to theory. The main results are as follows:~i! The eg
electron kinetic energy is largest~and effective electron-
phonon interaction weakest! in LSMO, while the kinetic en-
ergy is smallest~and electron-phonon interaction stronge!
in NSMO, with LCMO being intermediate.~ii ! In all com-
pounds at lowest temperature theeg kinetic energy is of the
order of the band theory value, suggesting that at this te
perature the effects of the electron-phonon and electr
electron interaction are relatively weak.~iii ! The change in
eg kinetic energy between the lowest temperature andTc is
too large to be consistent with models involving only doub
exchange, but is consistent with theories based on the in
play of double exchange and electron-phonon coupling.~iv!
There is a reasonable consistency between the optical
mates of the electron kinetic energy and the observed
temperature spin wave stiffness~our analysis here genera
izes and corrects statements made in Ref. 3!. ~v! The mag-
nitude of the change in optical absorption nearv'3 eV is
quantitatively consistent with the interpretation, given in t
previous section, of the 3-eV peak as transitions to the a
parallel final state.

t
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Because calculations ofs(v,T) including both a realistic
treatment of theeg band structure and the effects of th
electron-phonon interaction are not available, we focus
discussion on the spectral weightS(v) defined by

S~v!5
2

p E
0

v

dvs1~v!. ~4.2!

It is sometimes convenient to define an effective numbe
electrons per unit cellNeff(v) and a kinetic energyK(v) via

Neff~v!5
Vcellm

e2
S~v!, ~4.3!

K~v!5
a0

e2
S~v!, ~4.4!

whereVcell is the unit cell volume anda05Vcell
1/3 . If the inte-

gral in Eq. ~4.2! is carried out tov5` the familiar f-sum
rule implies one obtainsNeff(v5`)5N, the total number,
core plus valence, of electrons in the unit cell.S(v,`)
gives a partial sum rule that may give information abo
low-lying states of interest. For the manganites the low-ly
states of interest are theeg electrons; in the analysis tha
follows we will first present some theoretical results, th
determine anv such thatS(v) is a good estimate of the
spectral weight in theeg-eg transitions and finally use th
magnitude and temperature dependence of the determ
spectral weight to infer the results listed above.

We begin with theory. We assume the physics of inter
is determined by carriers hopping between Mneg-symmetry
d levels on sites of a simple cubic lattice of lattice const
a0 and interacting with each other, with the lattice, and w
core spins of magnitudeSc5 3

2 . The Hamiltonian is

Ĥ52 1
2 (

i d
ab

td
ab@eiA•ddiaa

† di 1dba1H.c.#

2JH(
ia
ab

Sci•diaa
† sabdiab1H INT . ~4.5!

Herediaa
† creates an electron with spina in eg orbital a on

site i, JH is the Hund’s coupling between the itinerant ele
trons and the core spins,H INT represents the other intera
tions, andtd

ab5td
ba represents the direction-dependent amp

tude for an electron to hop from orbitalb to orbitala on site
i 1d. A is the vector potential and conductivity is calculat
by linear response inA as usual. The calculated ban
structure33,34 is in fact well fit by atd

ab , which involves only
nearest-neighbor hopping that is only nonzero for one p
ticular linear combination of orbitals, and has the magnitu
t0.0.6 eV. The particular linear combination depends on
basis chosen for theeg doublet and on the direction ofd.
If basis statesux22y2& and u3z22r 2& are chosen then fo
d5 ẑ the only nonzero element oft is the one between
u3z22r 2& orbitals on the two sites. The analysis that follow
does not depend in any important way on the form cho
for td

ab , but the numbers of course do. In this model t
quantityK5K(v5`) defined in Eq.~4.4! is given by
e

f

t
g

ed

st

t

-

-

r-
e
e

n

K5
1

6Nsites
(
i d
ab

td
ab^diaa

† di 1dba1H.c.&. ~4.6!

Here ^& stands for a quantum and thermal expectation va
in the ensemble of eigenstates ofĤ. Note that becauseĤ
involves only a subset of all orbitals~in the present case
only the eg-symmetryd levels! the total optical oscillator
strength in transitions described byĤ is less than the full
f-sum rule valueNe2/m and indeed is given by the expect
tion value of an operator~in the present case, the kinet
energy!. This expectation value may depend on temperat
and interaction strength. The missingf-sum rule oscillator
strength comes from transitions betweeneg orbitals and
other orbitals not described byĤ; these transitions will have
oscillator strengths that also depends on temperature an
teraction. We are not aware of theoretical results indicat
which transitions are most important in restoring the spec
weight. Interestingly, the data in Fig. 5 suggest that in
manganites theeg-O2p transitions are not the ones primari
responsible for restoring the spectral weight. IfH INT50, the
noninteracting valueK0 may be evaluated atT50. For x
50.3 we find

K050.46t0>0.28 eV. ~4.7!

K050.28 eV implies the effective carrier densityNeff
50.54.

If H INT50 and a fully polarized ferromagnetic state
assumed for the core spins then the free energy is given
extremizing the kinetic energy, which is the operator who
expectation value yieldsK. Spin disorder or inclusion of
H INT will therefore change the wave function to one th
does not optimize the kinetic energy.K0 is thus an upper
bound to the optical spectral weight of the model specifi
by Eq. ~4.5! and would be a reasonable estimate for t
low-T oscillator strength in the manganiteeg bands if inter-
action effects were not important. Some caution is requi
because the Mn-Mn hopping amplitude is a very sensit
function of the length and degree of buckling of th
Mn-O-Mn bond, so the valuet050.6 eV obtained by fitting
band calculations for ideal materials may not be exactly c
rect for the variously doped materials that have slightly d
ferent unit-cell sizes and crystal structure.

In order to compare the observed oscillator strength to
band theory estimate, we must identify theeg contribution to
the absorption. In the previous section the peak atv'4 eV
was identified as coming from Mn-O transitions. From t
T510 K curves in Fig. 2 one sees that in the LSMO a
LCMO samples the Mn-O transition dominates the abso
tion for v.2.7 eV. For the NSMO sample the Mn-O trans
tion is not so clearly separated. For all three samples
estimate theeg kinetic energy atT50 by integrating the data
up to v52.7 eV ~see Fig. 6!; this yields the values for
K(2.7) shown in Table I. The trend in kinetic energies
reasonable. Within the double-exchange and the Jahn-T
pictures these kinetic energy trends predict the correspon
Tc in these materials. LSMO has the highestTc and is the
most metallic, consistent with its relatively large optical
determined kinetic energy, while NSMO has the lowestTc
and is the least metallic, and also has the smallest kin
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energy. All of the observed kinetic energies are less t
those estimated from band theory; the Ca and Nd/Sr part
lary so. The discrepancy could be due to an incorrect ide
fication of theeg contributions tos. However, our analysis
of the temperature dependence of the spectral weight, w
will be discussed below, leads us to believe that we h
correctly identified the eg transitions, and that in
La12xCaxMnO3 and Nd12xSrxMnO3 the kinetic energy is
simply less than the band prediction. However, in view
the uncertainties involved we regard the correspondence
tween the data and band theory as reasonable. The ana
suggests that at lowT any renormalizations of the kineti
energy due to electron-electron and electron-phonon inte
tions are not very large.

We now consider the temperature dependence of the s
tral weight, which is obviously large and provides furth
information regarding the relevant energy scales. As the t
perature is raised from zero the core spins cease to be
fectly aligned, causing the kinetic energy to decrease.
explained in Ref. 4 the decrease in bare electron kinetic
ergy increases the effective electron-phonon coupling, ca
ing a further decrease in theeg kinetic energy. Additionally,
the core spin disorder means that optical transitions in wh
aneg electron goes from parallel to the core spin on one
to antiparallel to the core spin on another becomes poss
The final-state energy in this antiparallel transition
'JHSC . In theJH→` limit the antiparallel transitions may
be neglected; in the actual materialsJHSC is large enough
that the parallel and antiparallel absorptions are well se
rated in energy and may be discussed separately. AtT50,
the core spins are fully aligned and only parallel transitio
are possible; asT is increased the spectral weight in th

FIG. 6. Integral of the real part of the optical conductivi
s1(v) as a function of photon energy. The results are expresse
terms of kinetic energy and the carrier densityNeff /f.u.
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parallel spin transitions decreases both because the tota
netic energy decreases and because some of the rema
spectral weight is transferred to the antiparallel transitions
detailed theoretical analysis of the temperature depende
of the spectral weight including finiteJH and realistic band
structure is not yet available, but results forJH5` and a
simplified band structure are given in Ref. 5. For finiteJH

and more realistic band-structure statements can be m
about the changes in spectral weights fromT50 to T.Tc ,
where the core spins may reasonably be expected to be c
pletely uncorrelated from site to site. Calculations using
noninteracting model, Eq.~4.5! with H INT50, show that if
the parallel and antiparallel absorptions are well separate
energy then as the temperature is raised fromT50 to T
.Tc , the change in spectral weight in the parallel spin tra
sitions is given to good accuracy by the results of theJH

5` limit, while at T.Tc the ratio of antiparallel to paralle
spectral weights is approximately 2t0/1.4JHSc'

1
3 ~using t0

50.6 eV andJHSc'3 eV, which is estimated as the differ
ence between the energies of the parallel and antipar
absorption bands!. We believe that these conclusions, whi
have been verified in the noninteracting limit, apply also
interacting models. We therefore analyze theT.Tc data by
comparing the parallel spin spectral weight to theJH5`
calculations and the antiparallel weight to13 the parallel
weight. The parallel-spin spectral weight is most conv
niently addressed by considering the change in oscilla
strength between lowestT and T.Tc . In double exchange
only models such as Eq.~4.5! with H INT50, the oscillator
strength decreases by13, i.e., DK5K(T50)2Kpar(T.Tc)
5 1

3 K(T50). Models involving the interplay of double
exchange and electron-phonon coupling can produce a la
DK/K(T50) because of a feedback effect: decreasingKpar
by increasing spin disorder increases the effective elect
phonon coupling which decreasesKpar still further. In Ref. 5
weak, intermediate, and strong electron-phonon coupli
were distinguished. The intermediate coupling regime w
argued to be relevant to CMR; in this regime the phon

in

TABLE I. Observed kinetic energies~in meV! and some kinetic
energy ratios for the three samples, obtained by integrating the
served conductivities and using Eqs.~4.3! and ~4.4!. K(2.7)
[KT50(v52.7 eV) is obtained by integrating the observed co
ductivity at lowest temperature up to 2.7 eV;Kpar[KT.Tc

(v52.7 eV), the spectral weight associated with parallel spin tr
sitions, is obtained by integrating the observed conductivity at
highest temperature up to 2.7 eV.Kanti , the conductivity associated
with the antiparallel transitions, is obtained by integrating the d
ference in conductivity between highest and lowest temperat
from 2.2 to 4 eV.

LSMO LCMO NSMO

K(2.7) 260 220 200
Kanti 34 31 30
Kpar 125 100 100
Kanti

Kpar
0.27 0.31 0.30

Kpar

K(2.7)
0.48 0.45 0.50
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renormalization of the kinetic energy is small at lowT
~where the behavior is metallic! but significant at highT
~where the interaction has localized the electrons!. This leads
to DK> 1

2 K(T50).
Table I presents the measured values ofKpar(T.Tc), ob-

tained by integrating the observed conductivity up to 2.7 e
These values lead toDK' 1

2 K(T50), in good agreemen
with theory. Further, the observed magnitude ofDK supports
the correctness of our estimate forK(T50); different esti-
mates of K(T50) would lead to different estimates o
DK/K, in disagreement with theory.

Now we turn to the antiparallel absorption. Taking t
3-eV feature in Fig. 5 to be the antiparallel transition a
integrating the difference in conductivity between the high
and lowest temperatures from 2.2 to 4 eV we find spec
weightsKanti given in Table I for the three compounds. Th
parallel spectral weightsKpar also shown in Table I are ob
tained as before by integrating up to 2.7 eV. This leads
ratios of the antiparallel to the parallel spin absorptions
approximately1

3, in reasonable accord with the theoretic
estimates.

We finally turn to the spin-wave dispersion that at smaq
has the formvmagnon5Dq2. The value ofD is of interest
because in double-exchange materials the spin stiffnes
related to the amplitude for conduction electrons to hop fr
one site to the next, and as we have seen this is given by
conduction-band optical spectral weight. One therefore
pects a relation between the optical spectral weight and
spin wave stiffness. To derive this relation ship more p
cisely, we consider the energy costDE(q) of imposing a
static distortion of wave vectorq. The long-wavelength limit
of this energy cost is related to the spin wave stiffness
factors involving the quantum-mechanical spin dynami
For double exchange materials the relationship is3

D5
1

S*

d2

dq2
DE~q!uq50 . ~4.8!

Here S* 5Sc1 1
2 (12x)>1.85 is the magnetic momen

per site. To calculateDE(q) we suppose that on each site t
core spinSc

i is characterized by polar angles (u i ,f i) and that
u i is small, so we are near the fully polarizedu i[0 state. On
each site we rotate theeg electron basis so that it is paralle
to Sci . The rotation matrix that does this isRi5cos(ui/2)1̂
1 i sin(ui/2)n•s wheren5(nx ,ny) with nx5cosfi and ny
5sinfi . We now calculateE(u i)2E(u50) by second-
order perturbation theory. The perturbation Hamiltonian i

Ĥp51 1
2 (

id
ab

abg

td
ab@~ 1̂2R

i
ga
†

R
i 1d
gb !diaa

† di 1dba1H.c.#.

~4.9!

Now (12Ri
†Ri 1d) has a term of orderu, with which we do

second-order perturbation theory, and a term of orderu2,
with which we do first-order perturbation theory. For firs
order perturbation theory we take the ground-state expe
tion value ofĤp , obtaining (mi5u in)
.

t
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o
f
l

is

he
x-
he
-

y
.

a-

E15
K

16 (
id

~mi2mi 1d!2 ~4.10!

~note the term in 1ˆ 2R†R proportional tosz vanishes by
symmetry!. Now turn to second-order perturbation theo
~neglected in some previous work3!. The second-order per
turbing Hamiltonian is

Ĥp852
i

2 (
id
ab
ab

td
ab@~mi2mi 1d!•s#~diaa

† di 1dba2H.c.!.

~4.11!

This is basically the current operator convolved with the g
dient of the magnetization. In the limitJH→0, the up and
down eg bands become equally populated and for lon
wavelength spin fluctuationsĤp8 becomes identical to the
current operator; asq→0 the second-order perturbation co
tribution cancels the first-order one just as do the param
netic and diamagnetic parts of the optical conductivity a
the stiffness vanishes. In the limitJH→` the contribution
from Ĥp8 vanishes. We have calculated the orderq2 term in
the magnon dispersion to order 1/JH using Eq.~4.5! with
H INT50 and find

D5
Ka0

2

4S* F12
at2

JHScK
G , ~4.12!

with a51.04. A similar result was obtained by Furukawa35

using a simpler electron dispersion and the dynamical m
field method. We expect a very similar result for gene
interacting models, but with a possibly different value ofa.

The band structure estimatest50.6 eV andK50.28 eV,
along with the experimental valueJHSC52 eV gives D
50.16 eV Å2. Use of the observedK along with appro-
priately rescaled t(t/tband5Kobserved/Kband) gives D
50.18 eV Å2 for NSMO and LCMO andD50.17 eV Å2

for LSMO. The very weak dependence onK occurs because
near K50.5 the variation in first and second terms in E
~4.12! almost exactly cancels.

Our estimates forD are in excellent agreement with th
experimental values ofD50.19 eV Å2 for LSMO ~Ref. 36!
and 0.17 eV Å2 for both LCMO ~Ref. 37! and NSMO.38

Also, the weak material dependence predicted by the the
is consistent with the experimental finding. However, th
close agreement may be somewhat fortuitous since the
rameters are not accurately known and the second order
rection toD in Eq. ~4.12! is not very small compared with
the first-order term. Nevertheless, these results suggest
other effects that may be expected to affect the spin w
stiffness may not be significant. One such effect proposed
Solovyev, Hamada, and Terakura8 is that in addition to the
double-exchange ferromagnetic coupling there is a wea
antiferromagnetic coupling between the core spins. T
would act to weaken the spin stiffness, and according to
calculations of Ref. 8 its magnitude depends sensitively
the buckling of the Mn-O-Mn bond. Also, the electron
phonon coupling might affect the second term in Eq.~4.12!.
Therefore the issue warrants further investigation.
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V. CONCLUSIONS

We have measured and analyzed the optical conduct
of several manganite materials. We have identified the ph
cal origin of the various features in the absorption spectr
and determined their variation with temperature and ma
rial. The temperature dependence of the spectral we
agrees quantitatively with theory and provides evidence
favor of the importance of the electron-phonon couplin
Also, the qualitative variation ofTc with the spectral weight
of the different materials is consistent with the theory. T
kinetic energy of theeg electrons is found to be 10–20 %
larger than predicted by band theory; in view of the unc
tainties in both calculation and measurement we believe
ity
si-
m

te-
ght
in

g.

e

r-
his

constitutes good agreement. The relation between the op
spectral weight and the spin wave stiffness was examin
Excellent agreement was found.
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