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PHYSICAL REVIEW B, VOLUME 63, 060402~R!
Strong oxygen-isotope effect on the intrinsic resistivity in the ferromagnetic state of manganites

Guo-meng Zhao,1,2 D. J. Kang,1 W. Prellier,1,* M. Rajeswari,1 H. Keller,2 T. Venkatesan,1 and R. L. Greene1
1Center for Superconductivity Research, University of Maryland, College Park, Maryland 20742

2Physik-Institut der Universita¨t Zürich, CH-8057 Zu¨rich, Switzerland
~Received 2 August 2000; published 29 December 2000!

Oxygen-isotope effects on the intrinsic resistivity have been studied in high-quality epitaxial thin films of
La0.75Ca0.25MnO3 and Nd0.7Sr0.3MnO3. We found that the residual resistivityro increases by about 15~3!%
upon replacing16O by 18O. Furthermore, the temperature dependent part of the resistivity at low temperatures
consists of anAT4.5 term contributed from two-magnon scattering, and aBvs /sinh2(\vs/2kBT) term which
arises from scattering by a soft optical phonon mode. The absolute magnitudes of the coefficientA and the
phonon energy\vs for both isotope samples are in quantitative agreement with theoretical predictions.

DOI: 10.1103/PhysRevB.63.060402 PACS number~s!: 75.30.Vn, 71.38.2k, 73.50.2h, 74.20.Mn
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The magnetic properties of the manganite perovsk
R12xAxMnO3 (R5a rare-earth element, andA5a divalent
element! have attracted renewed interest because of the
servation of colossal magnetoresistance~CMR! in thin films
of these materials.1 Despite tremendous experiment
efforts,2 the basic physics and the microscopic mechan
for the colossal magnetoresistance in these materials re
controversial.3–5 In particular, the very nature of the charg
carriers and the electrical transport mechanism in the l
temperature metallic state have not been fully understoo

At low temperatures, a dominantT2 contribution in resis-
tivity is generally observed, and has been ascribed to e
tron-electron scattering.6 In contrast, Jaimeet al.7 have
shown that the resistivity is essentially temperature indep
dent below 20 K and exhibits a strongT2 dependence abov
50 K. They proposed single magnon scattering with a cu
at long wavelengths to explain their data. In their scenar7

they considered a case where the manganeseeg minority
~spin-up! band lies slightly above the Fermi level~in the
majority spin-down band! with a small energy gap of about
meV. This appears to be in contradiction with the optic
data8 which show that the minimum band gap between theeg
minority and majority bands is even larger than 0.5 eV a
that the size of the gap strongly depends on the chem
pressure. Alternatively, Zhaoet al.9 have recently shown tha
the temperature dependent part of the resistivity at low te
peratures is mainly due to scattering by a soft optical pho
mode.

Various CMR theories3–5 predict different natures o
charge carriers in the ferromagnetic state. In a theory of
exandrov and Bratkovsky,5 polarons are considered as th
carriers even in the low-temperature metallic state, wh
others3,4 believe that polaronic effects might not be importa
at low temperatures. The clarification of the nature of cha
carriers in the ferromagnetic state can discriminate those
oretical models. One of the effective and clear ways to
dress this issue is to study the isotope effect on the effec
carrier mass.

It is well known that the renormalized effective mass
carriers is independent of the ion massM in ordinary metals
where the Migdal adiabatic approximation is believed to
valid. However, if the interactions between electrons a
nuclear ions are strong enough for electrons to form
0163-1829/2000/63~6!/060402~4!/$15.00 63 0604
s

b-

ain

-

c-

n-

ff
,

l

d
al

-
n

l-

e
t
e
e-
-
e

f

e
d
-

larons, their effective massmp* will depend onM. This is

because the polaron massmp* 5m exp(gEp /v),10,11 wherem
is the band mass in the absence of the electron-phonon i
action,g is a constant (,1), Ep is the polaron binding en-
ergy which is independent ofM in the harmonic approxima
tion, and v is a characteristic optical phonon frequen
which depends on the masses of ions. Hence, there is a
isotope effect on the polaronic carrier mass, in contrast to
zero isotope effect in ordinary metals.

Here we report studies of the oxygen-isotope effect on
intrinsic low-temperature resistivity in high-quality epitaxi
thin films of La0.75Ca0.25MnO3 and Nd0.7Sr0.3MnO3. The re-
sidual resistivity of these compounds shows a strong dep
dence on the oxygen-isotope mass. Our quantitative d
analyses may suggest that the nature of the charge carrie
the ferromagnetic state of doped manganites should be
laronic.

Epitaxial thin films of La0.75Ca0.25MnO3 ~LCMO! and
Nd0.7Sr0.3MnO3 ~NSMO! were grown on^100& LaAlO3
single crystal substrates by pulsed laser deposition usin
KrF excimer laser.12 The film thickness was about 190 nm
for NSMO and 150 nm for LCMO. Two halves were cu
from the same piece of a film for oxygen-isotope diffusio
The diffusion for LCMO/NSMO was carried out for 10 h a
about 940/900 °C and oxygen pressure of 1 bar. T
18O-isotope gas is enriched with 95%18O, which can ensure
95% 18O in the 18O thin films. The resistivity was measure
using the van der Pauw technique, and the contacts w
made by silver paste. The measurements were carried o
a Quantum Design measuring system.

Figure 1 shows the resistivity of the oxygen-isoto
exchanged films of La0.75Ca0.25MnO3 ~LCMO! and
Nd0.7Sr0.3MnO3 ~NSMO! over 100–300 K. It is apparent tha
the 18O samples have lower metal-insulator crossover te
peratures and much sharper resistivity drop. The Curie t
peratureTC normally coincides with a temperature whe
d ln r/dT exhibits a maximum. We find that the oxygen
isotope shift ofTC is 14.0~6! K for LCMO and 17.5~6! K for
NSMO, in excellent agreement with the results for the bu
samples.13

In Fig. 2 we plot the low-temperature resistivity of th
oxygen-isotope exchanged films of~a! LCMO and ~b!
©2000 The American Physical Society02-1
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GUO-MENG ZHAO et al. PHYSICAL REVIEW B 63 060402~R!
NSMO. In both cases, the residual resistivityro for the 18O
samples is larger than for the16O samples by about 15%
We have repeated the van der Pauw measurements at
several times with different contact configurations. W
checked that the uncertainty of the difference inro of the
two isotope samples is less than 3%. We also found that
isotope effect is reversible upon isotope back exchange.
worth noting that thero for our LCMO 16O film is similar to
that for a single crystal with a similarTC ,14 while thero for
our NSMO 16O film is about 40% higher than those fo
single crystals.14,15This indicates that the electrical transpo
observed in our LCMO films is intrinsic. On the other han
a largerro and a small upturn in the low-temperature res
tivity of our NSMO films are most likely to arise from carrie
localization when the low-temperature resistivity is larg
than a critical value of about 300mVcm.15 The largerro in
our NSMO films might be caused by a contamination
impurities~e.g., Al! that may diffuse from the LAO substrat
during the high-temperature annealing. We should men
that the intrinsic resistivity cannot be obtained from ceram
samples where the boundary resistivity is dominant. T
one cannot use ceramic samples to study the isotope e
on the intrinsic resistivity. Moreover, the van der Pauw te
nique is particularly good to precisely measure the resisti
difference between the oxygen-isotope exchanged fi
which have the same thickness. Thus the data shown in
2 represent the precise measurements on the intrinsic r
tivity of the isotope substituted samples.

It is known that the residual resistivityro}m* /nto . Here
\/to is the scattering rate which is associated with the r
dom potential produced by randomly distributed trivale

FIG. 1. The resistivity of the oxygen-isotope exchanged films
~a! La0.75Ca0.25MnO3 and ~b! Nd0.7Sr0.3MnO3.
06040
K

he
is

,
-

r

f

n
c
s
ct

-
y
s

ig.
is-

-
t

and divalent cations,16 and/or with impurities;m* is the ef-
fective mass of carriers at low temperatures, andn is the
mobile carrier concentration. If the chemical potential is
above the mobility edge,ro}(m* )2, that is,\/to }m* . This
is what one expects from the simple Born approximation.
the other hand, one can show17 that ro}m* if the chemical
potential is slightly above the mobility edge. Since these m
terials are close to the Mott-Anderson transition, the che
cal potential in these materials should not be far away fr
the mobility edge so thatro}(m* )b with b.1. Therefore,
the large oxygen-isotope effect onro implies that the effec-
tive mass of the carriers strongly depends on the oxy
mass.

In order to gain further insight, it is important to mak
more quantitative analyses on the temperature dependen
the resistivity for two isotope samples. If the charge carri
at low temperatures are polaronic, the temperature dep
dence of the resistivity should agree with polaron meta
conduction. This is indeed the case as recently demonstr
by Zhaoet al.9 There are three contributions to the resist
ity: the residual resistivityro , the termAT4.5 contributed
from two-magnon scattering,18 and the term Bvs /
sinh2(\vs/2kBT), which arises from polaron coherent motio
involving a relaxation due to a soft optical phonon mode t
is strongly coupled to the carriers.9 Herevs is the frequency
of a soft optical mode. The temperature dependent part of
resistivity is then given by

r~T!2ro5AT4.51Bvs /sinh2~\vs/2kBT!. ~1!

It was shown that the parameterB is proportional to
m* /n.9 This implies thatB and ro should have a similar

f
FIG. 2. The low-temperature resistivity of the oxygen-isoto

exchanged films of~a! La0.75Ca0.25MnO3 and ~b! Nd0.7Sr0.3MnO3.
2-2
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relative change upon the isotope substitution ifro}m* . Al-
though the first term in Eq.~1! was derived for a free carrie
system, the theory should be also valid for polaronic carr
which can propagate in the Bloch states at low temperat
like heavy fermions scattered by magnons, phonons, im
rity potentials, and themselves.19 The coefficientA has an
analytical expression in the case of a simple parabolic b
~occupied by single-spin holes!.18 In terms of the hole den
sity per celln, the average spin stiffnessD̄, and the effective
hopping integralt* , the coefficientA can be written as18

A5S 3a\

32pe2D ~22n/2!22~6p2n!5/3S 2.5210.0017
D̄

a2t*
D

3H a2kB

D̄~6p2!2/3~0.52/32n2/3!
J 9/2

. ~2!

Here we have used the relations:akF5(6p2n)1/3 ~where
\kF is the Fermi momentum, anda is the lattice constant!;
EF5t* (6p2)2/3(0.52/32n2/3) ~where the Fermi energyEF is
measured from the band center!; and the effective spinS*
522n/2. The value oft* can be estimated to be about 4
meV from the measured effective plasma frequency\Vp*

51.1 eV andn;0.3 in La0.7Ca0.3MnO3.20 SinceD̄ is about
100 meV Å2 ~see below!, one expects that the term
0.0017D̄/a2t* !2.52, and thus can be dropped out in Eq.~2!.
We should mention that by considering realistic polaro
band structure and the random potentials, Eq.~2! should be
modified. However, we believe thatA should be still propor-
tional to (T/D̄)4.5 but with a different numerical coefficient

From Eq.~2!, one can see that there are two parameten

and D̄ that determine the magnitude ofA. In doped manga-
nites,n should be approximately equal to the doping levex.
The average spin stiffnessD̄ should be close to the long
wave spin stiffnessD(0) if there is negligible magnon soft
ening near the zone boundary. On the other hand,D̄
,D(0) if there is a magnon softening near the zone bou
ary as the case of low-TC materials.21 In any cases, one
might expect that the averageD̄ should be proportional toTC

so thatD̄/kBTC is a universal constant in the manganite s
tem. Since the magnon softening becomes unimportant w
the TC is higher than 350 K,21 then D̄.D(0) in the com-
pound La0.7Sr0.3MnO3 with the highestTC5378 K.22 Thus,
the universal value ofD̄/kBTC should be close to the valu
of D(0)/kBTC in La0.7Sr0.3MnO3, which was found to 5.8
60.2 Å2.22

Now we fit ther(T)2ro data below 100 K by Eq.~1! for
the LCMO 16O and 18O samples, as shown in Fig. 3. It
striking that the fits to the data of both isotope samples
very good. In order to see more clearly the quality of the fi
we plot in Fig. 4 the relative differenceDr/r between the
data and the fitted curves. It is clear that there is a neglig
systematic deviation below 100 K. We exclude the d
above 100 K in the fitting sincen/m* above 100 K become
temperature dependent.20 The fitting parametersA, B, and
\vs are summarized in Table I. Since the fits are excelle
06040
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the uncertainties in the fitting parameters are very small~see
Table I!. On the other hand, since there is a small upturn
the low-temperature resistivity of the NSMO films~see Fig.
2 and discussion above!, one needs three additional param
eters in order to fit the low-temperature upturn. Therefo
we did not attempt to fit the NSMO data with six paramete
but gave the values of the resistivity at 5 K for both isoto
samples in Table I.

From Table I, one can see thatro increases by 15~3!%,
andB by 17~3!%. This provides additional evidence thatro
}m* , in agreement with the above argument. Thus the
served large oxygen-isotope effects on bothro andB consis-
tently suggest that the effective mass of carriers should
pend strongly on the oxygen-isotope mass. This canno
explained by any conventional models.

FIG. 3. r(T)2ro for the 16O and 18O films of
La0.75Ca0.25MnO3. The solid lines are fitted curves by Eq.~1!.

FIG. 4. The relative differences between the resistivity data
the fitted curves for the16O and18O films of La0.75Ca0.25MnO3. The
systematic deviations are very small.
2-3
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TABLE I. The summary of the fitting parametersA, B, and \vs /kB for the 16O and 18O films of
La0.75Ca0.25MnO3 ~LCMO!, and the summary of theTC and ro values for the LCMO films and the
Nd0.7Sr0.3MnO3 films ~NSMO!. The uncertainty inTC is 60.3 K. The uncertainty inro is discussed in the
text.

Compounds TC r0 A B \vs /kB

~K! (mV cm) (mV cm/K4.5) (mV cm/K) ~K!

LCMO(16O) 231.3 122.4 1.20~2!310211 0.370~3! 74.4~2!

LCMO(18O) 217.3 140.5 1.89~2!310211 0.434~3! 66.8~3!

NSMO(16O) 203.9 248.2
NSMO(18O) 186.4 289.2
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In addition,vs decreases by about 10~1!% upon replacing
16O with 18O. This may imply that the soft mode might b
associated with the motion of the oxygen atoms and ha
large anharmonicity. It was shown that the tilt/rotation mo
of the oxygen octahedra in cuprates has a strong elect
phonon coupling ~quadratic coupling! and a large
anharmonicity.23,24The large anharmonicity of the mode ca
possibly lead to a decrease ofvs by 12.5% upon replacing
16O with 18O.23 In a similar perovskite superconducto
Ba(Pb0.75Bi0.25)O3, both neutron and tunneling exper
ments25 show that a soft mode with\vs /kB570 K is related
to rotational vibrations of the oxygen octahedra, and ha
strong electron-phonon coupling. Moreover, the frequency
the rotational mode in Ba(Pb0.75Bi0.25)O3 is nearly the same
as that of the soft mode (\vs /kB574 K) in the
La0.75Ca0.25MnO3

16O film. Both the frequency of the sof
mode and its isotope dependence can be quantitatively
plained if the soft mode in the manganites is also associ
with the rotational vibrations of the oxygen octahedra.

Now we turn to the discussion on the magnitude of
parameterA and its isotope dependence. From Eq.~2!, one
can see thatn and/orD̄ should be isotope dependent in ord
N

t

06040
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e
n-
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f

x-
ed

e

to explain the large isotope effect on the parameterA. As
discussed above, theD̄ in Eq. ~2! should be proportional to
TC . Then one can obtainD̄ values from theTC values using
D̄/kBTC55.8 Å2 ~see the above discussion!. Substituting the
D̄ and A values ~see Table I! into Eq. ~2!, we find n
50.235 for the La0.75Ca0.25MnO3

16O film, andn50.240 for
the La0.75Ca0.25MnO3

18O film. The fact thatn.x for both
isotope samples is consistent with the above interpretatio
the isotope dependence ofro being caused only bym* . The
AT4.5 term in our resistivity data is in quantitative agreeme
with the two-magnon scattering theory.18

In summary, the oxygen-isotope effects observed in hi
quality epitaxial thin films of La0.75Ca0.25MnO3 and
Nd0.7Sr0.3MnO3 suggest that the charge carriers in the fer
magnetic state should be polaronic. Moreover, the temp
ture dependent part of the resistivity at low temperatures i
quantitative agreement with a transport mechanism wh
the resistivity is due to two-magnon scattering18 and to the
scattering from a soft optical phonon mode.
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