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Temperature-dependent scattering rate and optical mass of ferromagnetic metallic manganites
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~Received 1 September 1999!

We report on the optical properties of the hole-doped manganites La0.7Ca0.3MnO3 and La0.7Sr0.3MnO3.
Transmission and reflection of thin films are measured in the infrared at temperatures from 10 to 150 K using
Fourier-transform spectroscopy. The scattering rate and optical mass are obtained by fitting the far-infrared
transmission data to a Drude model. The scattering rate shows aT2 dependence with temperature. The optical
mass enhancement differs only slightly from specific heat results. In addition, we compare the infrared spectral
weight to band-structure calculations.@S0163-1829~99!52144-9#
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The recent discovery of colossal magnetoresista
~CMR! in hole-doped manganites of the form La12xAxMnO3
where La is a lanthanide andA is an alkaline-earth elemen
has renewed interest in this complex magnetic system.
doping concentrations in the range 0.2,x,0.5, this material
undergoes a phase transition from paramagnetic insulato
ferromagnetic metal at the Curie temperatureTc . The
double-exchange model~DE! first proposed by Zener1 ex-
plains the phase transition in terms of the Mnd electrons,
namely, the strong Hund’s coupling between the three e
trons localized in thet2g orbitals and the 1-x electrons in the
eg orbitals. While DE qualitatively describes the meta
insulator transition at Tc , recent experimental2–4 and
theoretical5 work indicates the importance of coupling b
tween charge and the lattice, specifically the dynamic Ja
Teller ~JT! effect. Below Tc , itinerant conduction results
from ferromagnetic ordering increasing the width of theeg
band and suppressing the JT effect. Evidence for charge
orbital ordering at different doping concentrations sugge
the ground state may be the result of competition betw
interactions with the lattice and different types of orderin
ferromagnetic, charge, and orbital. At present, the exact
ture of the low-temperature state is not fully understood.

Optical conductivity studies2,3,6–9 have shown a shift in
spectral weight from the visible to the infrared as the te
perature is lowered belowTc . In the ferromagnetic state, th
low-frequency optical spectrum is characterized by Dru
like conduction. Several groups have reported an ano
lously small Drude weight in both La0.7Ca0.3MnO3 ~LCMO!
and La0.7Sr0.3MnO3 ~LSMO!.6–8 Interpreting the small Drude
weight in terms of an enhanced optical mass, the effec
mass values reported in these optical studies are m
greater than the results from specific heat measurements10,11

Small apparent Drude weight may also be understood
terms of charge ordering. A charge density wave open
partial gap in the density of states at the Fermi levelN(Ef),
increasing the optical mass while decreasing the specific
mass. However, recent findings have cast doubts on t
small Drude weights.9,12

In this paper, we concentrate on the optical conductiv
scattering rate, and mass enhancement of thin-film man
ites at temperatures belowTc . At these temperatures, th
low-frequency conductivity exhibits a Drude-like behavio
We find an optical mass which is comparable to the spec
PRB 600163-1829/99/60~24!/16263~4!/$15.00
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heat mass, a result which is inconsistent with strong cha
ordering in these optimally doped materials. The results s
gest that the metallic state of the ferromagnetic manganite
a Fermi liquid.

Thin films of LCMO and LSMO are grown on LaAlO3
~LAO! substrates using pulsed laser deposition. The LCM
film was subsequently annealed in an O2 environment.13

Low residual resistivityr(T54 K!, and high resistivity peak
temperatureTp indicate the excellent quality of the films. Fo
LCMO, r(T54 K)5124 mV cm andTp5275 K, and for
LSMO, r(T54 K)515 mV cm andTp.350 K.

TransmittanceT(v) and reflectanceR(v) measurements
of near-normal incidence light are performed using
Fourier-transform spectrometer.2 Temperature-dependen
spectra from 10 to 150 K (T,Tc) are obtained. We focus on
two frequency ranges: the far-infrared~far-IR! 2.5–15 meV
and the midinfrared~mid-IR! 0.2–1.2 eV. The spectral ga
between 15 and 200 meV is due to the opacity of LAO
this spectral range. Determination of the film conductivity
both frequency ranges requires knowledge of the index
refractionn and extinction coefficient of the substrate, whic
is measured separately.

In the far-IR, the thin-film transmittance~transmission of
the film/substrate divided by transmission of the bare s
strate! is given by

T ~v!'
1

u11Z~v!s~v!u2
; Z~v!5

Z0df

n~v!11
, ~1!

whereZ0 is the impedance of free space,df is the film thick-
ness, ands(v) is the complex optical conductivity.@Note
that while not explicitly expressed in Eq.~1!, multiple reflec-
tions are included in the analysis.#

Given the Drude-like low-frequency behavior of the co
ductivity belowTc observed in these materials,2,6,9 we fit the
measuredT with a simple Drude model

s~v!5
1

4p

vp*
2

g* 1 iv
, ~2!
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whereg* is the effective scattering rate andvp* is the effec-
tive plasma frequency or spectral weight of the Drude c
ductivity.

Transmittance curves in the far-IR~solid lines! and fits to
a Drude model~dashed lines! for several temperatures ar
shown in Fig. 1. The low-frequencyT increases with tem-
perature corresponding to a decrease in the conductivity
higher temperatures,T deviates less from the limiting valu
~dotted lines! where g* →`. In the infinite scattering-rate
limit, s(v)→s0 and therefore the frequency dependence
the limiting case is due to then(v) of the LAO substrate.
The slight upturn of the data relative to the fit curves~dashed
lines! above 100 cm21 appears independent of temperatu
~note that uncertainty inT increases as the frequency nea
the substrate cutoff around 120 cm21).

Fitting the measuredT with Eq. ~2!, we show the tempera
ture dependence of the resultingg* and vp* in Fig. 2. The
scattering rate has aT2 temperature dependence and is
~solid line! with g* (T)5g0* 1(kBT)2/W, where the fitting
parameters are the defect scattering rate at zero temper
g0 and the characteristic energy for inelastic scatteringW,
and kB is Boltzmann’s constant.W values for LCMO and
LSMO are listed in Table I. As temperature increasesT
approaches the limiting value and the uncertainty in de
mining bothg* andvp* increases. Figure 2 shows error ba
for g* in ~a! andvp* in ~b!. g* falls below theT2 fit at the
highest temperatures~140 and 150 K for LCMO and 150 K
for LSMO!. At this time, we are uncertain as to the cause
this apparent decrease in the scattering rate and wheth
continues above 150 K. Whileg* exhibits a strong tempera
ture dependence,vp* remains relatively independent of tem
perature.

Having obtainedg* and vp* , we determine the zero
frequency resistivity

FIG. 1. Transmittance of LCMO and LSMO as a function
photon energy for several temperatures. Solid lines are data, da
lines are fits to a simple Drude model, and dotted lines are Dr
fits in the limit, g* →`.
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. ~3!

Temperature dependence ofr is shown in Fig. 2~c!. Both the
far-IR values~solid circles! derived from Eq.~3! and the dc
values ~lines! from standard four-probe measurements
plotted for comparison. dc and far-IR resistivity agree re
sonably well in LCMO, however, the dc value for LSMO ha
been scaled by a factor of 9. Similar results for LSMO film
were reported earlier2 and attributed to an anisotropic con

ed
e

FIG. 2. Temperature dependence of the scattering rateg* ~a!,
plasma frequencyvp* ~b!, resistivity r ~c!, and mass enhancemen
m* /mB ~d! obtained from fitting the far-IR transmittance using
Drude conductivity.g* is fit ~solid line! to T2. The dc resistivity in
~c! is plotted for comparison~note for LSMO the dc resistivity is
multiplied by a factor of 9!. Error bars are shown explicitly in~a!,
~b!, and~d! and are nominally the size of the solid circles in~c!.

TABLE I. Mass enhancements from optics (T510 K! and spe-
cific heat and characteristic scattering-rate energies.

m* /mB

Sample Optics Specific heata W ~meV! v0 ~meV!

LCMO 2.860.2 4.0560.09 3.0 <76
LSMO 3.060.3 3.0660.14 3.3 <87

aReference 10.
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ductivity resulting from substrate induced strain. Uncertai
in the far-IR r ~error bars are nominally the size of th
points! results from uncertainty in the film thickness an
detector noise.

The optical mass enhancement is defined by

m* /mB5~vp
B/vp* !2511l, ~4!

wherel is the mass enhancement factor and the plasma
quencies,vp

B andvp* , are obtained from band-structure ca
culations and far-IR measurements, respectively. Pickett
Singh16 predictvp

B51.9 eV for LCMO. A tight-binding pa-
rametrization of the band structure with hopping parame
t050.6 eV, givesvp

B52.1 eV.2 Taking vp
B51.9 eV, mass

enhancement as a function of temperature is shown in
2~d! and found to be approximately 3 for both materials.

The T2 temperature dependence ofg* suggests thatg*
may also be frequency dependent. The analysis prese
above assumed a frequency independentg* and vp* . A
modification to the Drude theory is necessary to conside
frequency dependentg* . To obtain an optical conductivity
that is a proper response function satisfying Kramers-Kro
relations, a frequency-dependent scattering rate must inc
a real and imaginary part,g(v)5g1(v)1 ig2(v), where
g2(v)5vl(v). This leads to the extended Drude mode17

with a renormalized scattering rate,g* 5g/(11l(v)), and
a renormalized plasma frequency,vp* 5vp /A11l(v).
Thus, the frequency-dependent scattering gives rise to a
comitant frequency-dependent mass enhancement,m* /
mB(v)511l(v).

In order to obtainm* /mB(v) for these transmission mea
surements, we must assume~since we cannot measure d
rectly! a form for the frequency dependence ofg. The T2

dependence ofg* implies a similarv2 dependence at low
frequency.18 This gives the full temperature- and frequenc
dependent scattering rate,g* (v,T)}v21(ppT)2. Gurzhi
calculatedp52 for electron-electron scattering.19 For heavy
fermion systems, Sulewskiet al.18 found that the experimen
tal data was consistent withp<1. They proposed a simpl
phenomenological model,g(v)5g01l0vv0 /(v2 iv0),
which satisfies thev2 behavior at low frequencies and sat
rates at a characteristic frequencyv0. Using W from theT2

fits to g* ~see Fig. 2! and a value forp, v0 may be deter-
mined. Takingp51, we find less than a 15% effect on th
mass enhancement andv0@15 meV, the high-frequency
cutoff of our far-IR measurements (v0 values forp51 are
shown in Table I!. Thus, in the far-IR, the frequency depe
dence ofg* andm* /mB is not significant.

TheT2 dependence ofg* and relativeT independence o
m* /mB differs with results reported on a LCMO polycrys
talline sample.6 We believe that the discrepancy is due to t
effects of surface damage introduced during the polishing
the bulk samples. Recently, Takenakaet al.12 and Leeet al.9

discussed the importance of polishing and surface scatte
effects in measuring bulk reflectivity for polycrystalline an
single-crystal samples. They found the optical properties
these materials are sensitive to surface preparation. Spe
cally, polishing produced a decrease in mid-IR reflectiv
and the apparent spectral weight. Cleaving or annealing
polished surfaces removes these effects, bringing the re
on bulk samples in reasonable agreement with thin films
y
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It is interesting to compare the mass enhancement
tained from optical measurements reported here with spe
heat results. The low-temperature (3,T,8 K! specific heat
is CH5gelT1dT3/21bT3 where the three terms arise from
charge carriers, magnons, and phonons, respectively.11 The
coefficient of the linear ~electronic! term is gel
5p2kB

2N(Ef)/3}m* . For LCMO and LSMO,gel is 4.5
60.1 and 3.460.15mJ/mole K2, respectively. Relating the
experimentalgel to band theory predictions gives the speci
heat mass enhancement,m* /mB5gel /gel

B 511l, analogous
to the optical enhancement in Eq.~4!. Pickett and Singh16

predict N(Ef)50.47 states/eV for the majority spin ban
giving gel

B 51.1 mJ/mole K2. Mass enhancements calculate
using thisgel

B are shown in Table I. Including theN(Ef) for
the minority spin bands~smaller than majority by approxi
mately a factor of 2! increasesgel

B and vp
B2 . This tends to

reduce the specific heat mass enhancement while increa
the optical mass enhancement. However, minority carr
are expected to be localized by cation disorder16 and are not
included in this report. A comparison ofm* /mB from optics
(T510 K! and specific heat as shown in Table I indicat
reasonable agreement between the two values. This ag
ment contrasts with the earlier results on LCMO~Ref. 6! and
LSMO ~Refs. 7 and 8! bulk samples where large optica
masses are reported. Thus, the agreement we find betw
the two mass enhancements suggests that charge ord
correlations are not strong in the CMR manganite alloys
x50.3 doping.

The strength of the inelastic scattering is large as is in
cated by the small value ofW in Table I:W!Ef'1 eV. For
electron-electron scattering,W is typically on the order of
Ef . This is consistent with the relatively large mass enhan
ment in these materials in comparison with conventio
metals. The value of the characteristic frequencyv0 is in
reasonable accord with the expectations of electron-pho
interaction wherev0 would be somewhat larger than th
average phonon frequency of the system. Explanations
the temperature dependence of the scattering rate inc
magnons20 and phonons.21 However, the origin of theT2

scattering is not currently understood.
In the mid-IR, the FresnelT andR formulas for a film on

an absorbing substrate14 are inverted numerically to obtain
optical constants, such ass(v) or the dielectric constan
e(v), without the need for Kramers-Kronig analysis.15 Fig-
ure 3 shows the real part of the optical conductivitys1 and
the real part of the dielectric constante1 ~inset! in the mid-IR
for LCMO. The observed negativee1 is characteristic of a
metal. ForT,150 K, s1 exhibits negligible temperature de
pendence and consequently we present only theT510 K
data~solid line!. In this spectral range,s1 increases at low
frequency and eventually must extrapolate to the far
value ~solid circle!. For comparison, the Drude conductivit
resulting from the fit parameters,g* andvp* , is shown as a
dotted line. The extrapolated conductivity associated w
the Drude model is less than the observed mid-IR value.

While the mass enhancement analysis does not show
anomalously small Drude weight, it is interesting to compa
the observed far-IR Drude weight with the total spect
weight from both mid-IR measurements and band-struct
calculations. In order to compare these spectral weights,
introduce the kinetic energy
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K~v!5
a0

e2
S~v!5

a0

e2

2

pE0

v

s1~v8! dv8, ~5!

where a0 is the lattice constant andS(v) is the spectral
weight. If v is chosen to include all the optical transition
within the eg bandsK is the kinetic energy of the Mneg
electrons. As discussed previously,2 the eg contribution to
the conductivity in these materials is identified to occur
the frequency range 0–2.7 eV. The measured mid-IR c
ductivity for LCMO is combined with data from an earlie
sample in the range 1–2.7 eV. To estimateK, a linear inter-
polation from the far-IR data to 0.2 eV is used (K is not
sensitive to the choice of interpolation as the frequency ra
of the spectral gap is small!. The observedK for LCMO is
280 meV, which agrees with the band theory predicti
K050.46t0'280 meV.2 Considering only the contribution
from the Drude conductivity, Eq. 5 givesKDrude

5a0 /(4pe2)vp*
2 . Thus,KDrude from the far-IR is 28 meV,

smaller than the band-structure value of 77 meV by the m

FIG. 3. Frequency dependence of the real part of the condu
ity s1(v) for LCMO. Simple and extended Drude conductivity a
shown as a dotted and a dashed line, respectively. Inset show
real part of the dielectric constante1(v).
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enhancement factor 11l. By definition, including
frequency-dependent scattering in the extended Drude m
to recover the intraband spectral weight leads to the re
shown as a dashed line in Fig. 3. However, as is clear fr
Fig. 3, the Drude conductivity alone, even including the
fects of inelastic scattering, is not enough to account for
large mid-IR conductivity. Only about 1/4 of the spectr
weight is predicted to be contained in the Drude term. T
remaining spectral weight is most likely coming from inte
band transitions occurring between the two Mneg bands.
The total infrared conductivity is then the sum of a Dru
and interband contributions,s5sDrude1s IB .

We have measured the optical properties of LCMO a
LSMO thin films and obtainedg* andm* /mB as a function
of temperature.m* /mB exhibits little temperature depen
dence whileg* shows a strongT2 behavior. The optical
mass enhancement differs only slightly from the specific h
mass enhancement, indicating that charge ordering corr
tions are not strong in these materials. Comparing the Dr
weight with the measured total spectral weight, we fou
that the infrared conductivity is in reasonable accord w
conventional contributions from both intraband and int
band transitions.

Note added in proof.Since this paper was submitted
calculation of theeg interband optical conductivity including
the on site Coulomb interaction effects to lowest order
perturbation theory has come to our attention@A. Takahashi
and H. Shiba, Eur. Phys. J. B.5, 413~1998!#. The calculated
optical conductivity for smallU/6t0 extends tov54t0
>2.4 eV, has a broad maximum atv>3t0>2 eV, and is
otherwise relatively featureless. The experimental data
ported here and in Ref. 2 is in good qualitative and se
quantitative agreement with the calculated conductivity s
gesting that the Coulomb effects are small.
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