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Comment on “Evidence for the immobile bipolaron formation in the paramagnetic state
of the magnetoresistive manganites”
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Recently, Zhacet al. [Phys. Rev. B62, R11 949(2000] reported that bipolarons are formed in the high-
temperature paramagnetic phagdove the metal-insulator transition temperatlig in oxygen-isotope-
diffused epitaxial thin films of Lg;<Ca ,gMNOz and Ng ;551 ,gMNO5. But many earlier observations indi-
cated the formation of small polarons in the said temperature range in different manganites. We have confirmed
that the transport properties in the high-temperature phaseTr() of the above manganites can be well
explained by a small-polaron hopping mechanism and the consideration of bipolaron formation is inadequate.
We have presented an explanation of the O-isotope effect on the transport properties of the same manganite
sample studies by Zhaet al.
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The electrical resistivity 4) is directly related to the intimately linked with the correlated barrier-hoppin@BH)
double-exchange(DE) mechanisth between the parallel type mechanisn®> From recent work on the
spins of neighboring Mn ions by the arbitration of O ions in Lay £go.3-y)NaMnO; (y=0.0-0.3) series of sampfeand
La;_ A,MNnO; manganites. However, the conduction similar other works on La-Ca-Mn-®&we find that small-
mechanism in these mixed valence materials is a compleRolaron theory can very well explain the conductivity and
interplay between magnetic spin, charge ordering, and struclEP data in the high-temperatur&x T;) PM phase. Actu-
tural changé.On the other hand, the DE mechanism alone@lly the existence of BP's is mainly observed in strongly
cannot explain the resistivyand small polarons play a ma- qorrelatgd electrpn systems of highly _d|sordered materials
jor role in the conduction mechanism in the high-temperaturd® Sémiconducting glasses, chalcogenide glasses, polymers,
(T>Tp) regime®S Hall effect study also indicated small po- €t The CBH mechanism was first used by Pike to explain
larons in manganitesBut some of the research groups re- the flrsequency-de_per_lden(ac) conducthn i scandium

. . . oxide:” Later application of the BP hopping model was pro-
ported in favor of the formation of large polarons or bipo- posed by Elliot to explain the ac conductivity of chalcogen-
larons to explain the high-temperature TXTp)

ductivie? Zhao et al® h died th . ide glassed!*? Pramaniket al. applied the CBH mechanism
conduclivity. zhaoet a.” have studied the oxygen I1SOlope ;, 1he case of chalcogenide film$Further, recently Brahma
effect on the resistivity of epitaxial thin films of

etal. also used the BP hopping mechanism in
Lag.74C8.29MIN0; (LCMO) and Nd7551,29VIn05 (NSMO)  1ycrystalline-antimony-oxide-doped barium hexaferries.

grown on(100) LaAlOj3 single-crystal substrates by the laser Thjs s quite justified since in the said system two different
deposition technique, while the thermoelectric poWEEP)  groups of ions (Sh'/SEBP* and F&*/Fe®*) coexist, which
measurements were carried out on isotope-dependent LCM&e responsible for the creation of two different types of de-
ceramic pellets. These authBrsoncluded that small po- fect centerd® But the colossal magnetoresisti€MR)
larons formed localized immobile bound paiilsipolaron$  manganites of present interest are not so much highly disor-
in the high-temperatureT¢>Tp) paramagneti¢PM) phase.  dered material as indicated by small electron-phofedph)

The same authors also argued that the coexistence of smalbupling constant compared to the usual amorphous/
polarons and bipolarons in the PM state might lead to alisordered oxide semiconductors. Again, in the manganite
dynamic phase separation into the insulating antiferromagsystem, lattice distortion arises due to the localization of the
netically coupled region where the bipolarons resided ane, electron of Mri* ions only*® Hence one can say that in
the ferromagnetically coupled region where the small potare-earth manganites only one type of defect center exists,
larons sat. But it is to be pointed out that the use of thewhich does not support the formation of bipolarons. Thus the
bipolaron(BP) model is not possible in the present system.transport data, particularly in the high-temperature semicon-
Bipolarons are formed in a system when two different defectlucting regime of the present system of interest, could only
centers(site) are responsible for the localization of charge be explained by the small-polaron hopping mdfjedn the
carriers?™ In turn, this implies the charge carriers to be two other hand, the bipolaron hopping mechanism is inadequate
electrons in association and the BP hopping model assumes apply for the present system.

that carrier motion occurs by means of hopping over the This is also confirmed from the analysis of the resistivity
potential barrier separating these two defect siteShe (p) and TEP(S) data of Zhacet al® in the PM phase using
Columbic correlation between these charged defect centethe small-polaron transport mechanism. In this Comment, we
results in a correlation between the barrier height and théave replotted the resistivityp] and TEP datgof Ref. §
intersite separation, and thus the bipolaron hopping model iand found that the small-polaron hopping mddekll ex-
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60 TABLE |I. Some important physical parameters of the samples

501

LCMO-16
LCMO-18

(Ref. 8 and the best-fit parameters obtained from fitting with Egs.
(1), (4), and(5). Other relevant parameters are obtained from the
conductivity data.

Parameters LCMO-16 LCMO-18 NSMO-16 NSMO-18

40}
Tp ()
tp (K)
Vph (H2)
Wy (meV)
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Wy (meV)
Wp (meV)
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231.5
510.2
1.06x 103
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FIG. 1. Temperature-dependent resistivity curves of oxygen iso

tope exchanged filmgRef. 8 of (a) Lag7:Ca,gMNO; and (b)

plains the transport data of Zha al. as discussed below.
The *0- and®0-diffused La ;:Ca, ,qMInO; sample& are re-

a' —-0.47 —0.63 - -
¢ (meV) 21.00 - - -
J (meV) 2.98 - - -
W,,/3 (meV) 19.87 - - -

density data R is the average intersite spacing obtained
from the relationR=(1/N)¥3, C is the fraction of sites oc-
cupied by a polarong is the electron wave function decay
constant, andr,, is the optical phonon frequencyy, is the
activation energy given, by the relatidis W,,=W,
+Wp/2 for T> 6p/2 andWy, =Wy for T> 0p/4 whereW,,

is the polaron hopping energy given by,=W,,— E, (dis-
cussed latgr Wy, is the disorder energy, arg, is the Debye
temperature. Resistivity data are replotted as Ws 1/T in
Fig. 2. It is customary to determing,/2 from the tempera-
ture, where deviation from linearity occurs in the high-
temperature region of the tnvs 1/T curve (Fig. 2). Since
the complete range of data is not available from Fig. 1 of

ferred to as LCMO-16 and LCMO-18, respectively. Simi- Ref. 8, no such deviation is observable from the resistivity

larly, the %0- and ®0-diffused Ng ;551 ,dMnO; sample®
are referred to as NSMO-16 and NSMO-18, respectively.

Figure 1 represents the temperature-dependent resistivif

data. We have takefi, =510.2 K for the LCMO-16 sample
(Table ) from our recent work on LgCgg3-y)NaMnOg
=0.0-0.3) series of samplés-ere we should mention

(p) of the LCMO-16. LCMO-18. NSMO-16. and NSMO-18 that for most of the CMR material&D lies within 400-500

samples of Ref. 8. The reported Curie temperaturgs (

~T,) of the samplésare given in Table I. It is noteworthy
to mention that the curves reported by Zhetoal® showed

K. This means that the phonon frequenay,) is almost
same (10" Hz) for all CMR materials. The corresponding
value of the disorder energy and phonon frequengy,) is

the thermal variation of resistivity only above the respective®!S0O estimated for this sample from the relation,
Curie temperatures. However, the signature of the small=Kefpb and given in Table |. Almost similar values of the
polaron hopping(SPH conduction mechanism is observed Phonon frequency are also obtained from the infrafié)

from the temperature-dependent resistivity data as discuss

below. It is perceived that the resistivity datean be well

Sspectra of the samplésThe nature of these curvéBig. 2)

confirms the applicability of Mott's small-polaron hopping

fitted with the thermally activated small-polaron hopping Mechanisnimode) (Ref. 17 in the insulating'semiconduct-

model?’ similar to many other samp&s'®of the CMR fam-
ily. According to this model’ the expression for conductiv-

ity (o) is given by
Osp= Oosp exp(—Wy /kgT), (1)
whereoo=[v,,Ne’R?C(1—C)]/kgT]exp(—2Ra), kg is the

Boltzmann constant, an@l is the absolute temperatund.is
the number of ion sites per unit volumealculated from

ing) region(aboveT ), predicting a temperature dependence
of the activation energy in this region. The estimated values
of the activation energy Wy) for LCMO and NSMO
samples studied by Zhaa al® are given in Table I. We also
use the same values of the activation energy for fitting the
conductivity data.

But in the case of bipolarons, two different defect centers
(with energy differencé\), as mentioned above, are coupled
together and the effective potential barriéf over which
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1T(K" arising due to Coulombic interactions between two different
defect sites plays a major role. Further, the preexponential
0430 25 20 15 -1.0 factors in the two processes,s, ando oy, [Egs.(1) and(3)]

are also quite different. So from precisely fitting the experi-
mental resistivity data one can unambiguously indicate the
nature of polarons.

It is well known'’ that conductivity data of semiconduct-
ing oxide systems in the low-temperature regifielow
0p/2) follow Mott’s variable-range hopping/RH) model of
charge carriers. Recently, working with similar manganite
systems, like La-Sr-Mn-Cu-O and La-Ca-Mn-0, different re-
search groups?2applied the VRH model to fit the conduc-

. 36 tivity data for the entire high-temperaturd % T,) range.
e Thus, for the present series of samplese have also tried to
* 40 fit the conductivity data with the VRH model in the given
© _'2_'5 temperature. In the three-dimensioii@D) case, the dc con-

ductivity data according to the VRH model follows the
equatiort’

o=ag exp(—[To/THY4 (4)

whereT, is a constant 16a°/kgN(Eg) andN(Eg) the den-
sity of statesDOS) at the Fermi levelT, is obtained from
the slope of the I vs T~ Y* curve(Fig. 3). The straight line
of Fig. 3 gives the best-fit line obtained from fitting the con-
ductivity data with Eq(4). From the values of;, we have
also calculated the DOS at the Fermi lewd(Eg) (Table |,
usinga=2.22 nm ! (Refs. 23 and 24 estimated earlier for
similar CMR oxide samples.

Let us now consider the most important result of
» temperature-dependent thermoelectric po(@eifor two Ca-

VT(K) doped samples, viz., LCMO-16 and LCMO-18, shown in

FIG. 2. Variation of Ino- as a function of inverse temperature Fig. 4(b). Recently extensive efforts have been made to dis-

(1T) of (@ LCMO-16 and LCMO-18 andb) NSMO-16 and  CUSS the polaronic transport in the high-temperatufe (
NSMO-18. >T,) PM phase of the CMR system$We also notice that

like resistivity at high temperature, TEP data can also be

carriers must hop is the random variable and variations in thétted very well with Mott's equatiolf of the Seebeck coef-
W arise from the variations in the distanBeseparating the ficient (S) which has the form
two centers**W,, is the potential energy associated with a ,
defect site, which actually represents the energy needed for a S=kg/e[Es/kgT+a’]. ®)
bipolaron o migrate between centers of infinite A simjlar model was also used by Zhabal® to fit their TEP
separation$-*>'*The Coulombic interaction between tWo gata, but they did not estimate’ which gives the condition
neighboring sites lowers the binding eneMg, and the ef- 4t small-polaron or bipolaron formation. In E€), Es is the
fective barrier heigh is }Q‘ﬂ] related to the intersite sepa- activation energy obtained from the TEP data, which is the
ration R via the equatiott** same as observed by Zhabal® o’ is a constant of propor-
_ ) tionality between the heat transfer associated with electron

W=Wy —4e/eR;, 2 and the kinetic energy of the eIectron2.5 It has begn shown
where € is the effective dielectric constant arRl, is the th,eorencally by Austin and Mot} Appel® and Motf® that
critical percolation radius given bR,=(2.7x 3/4mN) Y3 a'>2 for large polarons, whereas for small-polaron forma-

Thus the conductivity equation for the bipolaron is givention @’<Z1. Qualitatively, one can argue that for narrow-

S0 0 3530 2520 1510

pytL13-15 band semiconductors with small-polaron formation, the po-
laron bandwidth is very much smaller th&aT. Due to
Thp= Tobp EXH — (Wi —4€?/ €R,) kg T], (3) localization of electrons, the heat transfer associated with

electrons should be small compared Wi and as a con-
whereo = N?(Ry— Ryi)/15, andRp, is the lower bound  sequence the constaat should be less than (Ref. 27.
for the hopping distance and is given bR, On the other hand, according to Heik&the terma’ is of
=2e%/meegW), (€, is the free space permittivity It is  the forma’=AS'/kg, whereAS' is the change in the en-
clearly observed that,,, is largely controlled by the barrier tropy of the ion(lattice) due to the presence of an electron on
height at the critical percolation radius; i.e., the correlationthe transition-metal sit€”?%?® This must be due to the
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O FIG. 4. (a) Variation of thermopowes (Ref. 8 as a function of
35} inverse temperature T/for LCMO-16 and LCMO-18. The solid
lines indicate the best fit with Mott's SPH model of thermoelectric
power[Eg. (5)]. (b) Thermal variation of the Seebeck coeffici¢st
(b) for the same samples.

et al® The values ofE obtained from TEP measurements
are nearly one order of magnitude smaller than tha§g (
Table ) obtained from the resistivity data. The reason for
18 such a difference, as originally pointed out by Mott and
0 Davist’ and also recently supported by oth&tss due to the
thermally activated nature of hopping transport at high tem-
perature. This large difference is also an indication of the
T (K'”4) small-polaron hopping mechanism. The estimated value of
the hopping energWy (=W, —Ey) is presented in Table I.
FIG. 3. Plot of Ino vs T~ for the samples ofa) LCMO-16 We have further attempted to estimate the dimension of
and LCMO-18 andb) NSMO-16 and NSMO-18. The solid lines  the polaron. According to Mott and Davié small polarons
indicate the best fits with Mott's VRH modgEq. (4)]. should exist if the conditiod<W,/3 is satisfied. The value
of the polaron bandwidthl is calculated independently from
change in the vibrational frequency¢) of the surrounding  the model proposed by Mott and Davisyiz.,
atoms due to the presence of an electbbetail calculation

0.240 0.248 0.256

shows tha’ J~e[N(Ep)/e3]"2 (6)
AS'Ikg=Awo/wo=3\W, /E,, ;Zer\ella::igﬁ of the dielectric constaeyf are calculated from
whereAwg is the change in vibrational frequencwy), E, WH=62/46p(1/rp— 1R), @)

is the energy required to displace an atom, &g is po-

laronic energy €2W,,, whereWy, is the polaron hopping where the polaronic radius, and R, the average intersite
energy.t”?° Now sinceE,~eV (Refs. 20 and 26andW,,  spacing, are estimated to have the same value of our recent
~100 meV (discussed later o’ should be less than unity reported work on the La Caos-yyNaMnO;  (y

for small polarons. The solid line in th@vs 11T plot [Fig. = =0.0-0.3) series of samples and the obtained valug, @

4(a)] gives the best-fit curve to E¢b). From the slope of the 12.81. Here we should mention that there is some uncertainty
curve we obtairEg, the activation energy from the TEP data in the estimation ofe, indirectly from Eq.(7). We noticed

for two typical samples studied by Zhao al® and are given that for the manganite samplesg varies from 5 to 15, for

in Table I. The parameter’, obtained from the fitting of the which J values vary from 2 to 10 me\(approximately.
curves, is shown in Table I. Further, a similar small negativeThese values o, agree with those obtained from IR reflec-
value of @’ has also been obtained by other research groupion spectra. However, all thesevalues satisfy the condition
(Ref. 27 and references thergiffrom the calculated values of small-polaron hopping discussed below. Putting the values
of «’ (Table ), it is seen thair’<1. This again strongly of N(Eg) ande,, the independently calculated value bis
supports the validity of the small-polaron hopping 2.98 meV (Table . Comparing the values diV,/3 andJ
conductiofd® for the system of samples under investigation ingiven in Table I, we found that<W,, /3. Hence the hopping
contrast to the immobile bipolarons as reported by Zhaas actually due to small polarons, which is also observed
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from the TEP data discussed above. Here also we do not finithe corresponding increase of electron-electron and spin-spin
evidence of large polarons as in the case of thermoelectrimteractions, leading finally to the metallic state. Dynamic
power data. This signifies that hopping is actually due tophase separation in the PM state as pointed out by Zhao
small polaron® in the system studied by Zhaa al® et al® might appear due to the freezing of small polarons and
An attempt has also been made to confirm the naturgne formation of both ferromagnetic and antiferromagnetic
of small-polaron hopping conduction for the presentdomains depending on the strength of exchange interaction
sampled from Holstein's conditior" According to this con-  \yhich increases with the freezing of the small polarons. The
dition, _th(?sl polaron  bandwidthJ should satisfy the estimatedy, values are of the same order of magnitude re-
inequality’>** 3> ¢ (for adiabatic hopping conductio@nd  horted earlier for similar sampl@8 which further supports
J< ¢ (for the nonadiabatic hopping conductjomhere the theory of lattice distortiglrg and, hence, the formation of
_ 1/4 112 small polarons. They, for the*®O diffused system is smaller
¢=(2ke TWi /) (hwp/m) 5 ® than thé®0-diffused gystem. This means that the isotope ef-
The value of¢ calculated from Eq(8) for LCMO-16 is  fect plays a dominant role in the electron-phonon interaction.
found to be 21.00 meVTable ). Comparing these values of The isotope effect is related to the electron-phonon interac-
J and ¢ (Table ), it is observed that for the LCMO-16 tion constant ), since the polaron effective mass) is
sample,J<¢; i.e., the nonadiabatic hopping condition is proportional to expf,).
strictly satisfied. LCMO-18 and other samples also behave Finally, from the above discussion, we may conclude that
similarly. the hopping mechanism in the LCMO-16, LCMO-18, and
We have also made an effort to calculate the small-other samples is actually due to small polarons; consider-
polaron coupling constant, which is a measure of the el-ph ation of bipolarons as reported by Zhabal8 is inadequate.
interaction strength for these samples, using the refétion We further affirm that the isotope effect is actually associated
Yp=2Wy/hvy,. The estimated values of, are given in  with the polaron effective mass—i.e., the electron-phonon
Table I. The values ofy, are less than the strong electron- interaction term. The SPH model discussed above is also
phonon coupling limit, for whichy,>4 (Ref. 20. This in-  valid for all other manganites and related materials in the
dicates the freezingor melting of the small polarons and form of both bulk and thin films.
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