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Recent research suggests that the charge carriers in the paramagnetic state of the magnetoresistive manga-
nites are small polarons. Here we report studies of the oxygen-isotope effects on the intrinsic resistivity and
thermoelectric power in several ferromagnetic manganites. The precise measurements of these isotope effects
allow us to make a quantitative data analysis. Our results do not support a simple small-polaron model, but
rather provide compelling evidence for the presence of small immobile bipolarons, i.e., pairs of small polarons.

The discovery of “colossal” magnetoresistan@@MR) in Epitaxial thin films of La ;:C&,gMnO; (LCMO) and
thin films of R, ,A,MnO; (R = a rare-earth element, and Nd,;Sry MnO; (NSMO) were grown on{100) LaAlO;
A = a divalent elemet has stimulated extensive studies of single-crystal substrates by pulsed laser deposition using a
magnetic, structural, and transport properties of thesgr excimer lasef® The film thickness was about 190 nm
mater_ialsz. The physics of manganites has grimarily beenty, NSMO and 150 nm for LCMO. Two halves were cut
described by the double-exchan(aE) model” Recently, from the same piece of a film for oxygen-isotope diffusion.

several theoretical investigatichS indicated that, in addi- e .
tion to the DE interaction, a second mechanism such as th-ghe diffusion for LCMO/NSMO was carried out for 10 h at

formation of small polarons in the paramagnefiV) state f;lbol%t 940/900 °C and oxygen pressure of 1 bar. The
should be involved in explaining the basic physics of doped' O-isotope gas is enriched with 95480, which can ensure
manganites. On the other hand, Alexandrov and Bratkdvsky95% 20 in the %0 thin films. The ceramic'®0 and %O
showed that, in order to explain CMR quantitatively, onesamples of Lg;Ca ,gMinO; were the same as those re-
needs to consider the formation of small bipolar@uairs of  ported in Ref. 16. The resistivity was measured using the van
small polaronsin the PM state. der Pauw technique, and the contacts were made by silver
~ Experimental evidence for small polaronic charge carriergaste, The measurements were carried out in a Quantum De-
in the PM state was provided by transport measurentelfts. sign measuring system. The thermoelectric power was mea-
was found that the activation ener@y, deduced from the g o4 ysing an apparatus modeled after a seesaw tecttique.

conductivity data is one order of magnitude larger than th o
activation energyeg obtained from the thermoelectric powererhe absqlute une ertainty is less than 02¥/K and the
systematic error ist 0.1 uVIK.

data. Such a large difference in the activation energies is the/ =" I ,
hallmark of the small-polaron hopping conduction. The giant Figure 1 shows the resistivity of the oxygen-isotope ex-
oxygen-isotope shifts of the ferromagnetic transition tem-changed films of LCMO and NSMO above Td. TheT¢
peratureT . give clear evidence for the presence of polaronicvalues for these films are summarized in Table |. The
charge carriers in this system® Moreover, the fast and lo- 0Xxygen-isotope shift of ¢ for the LCMO films is 15.06) K,

cal techniques have directly shown that the doped chargé excellent agreement with the results for the bulk
carriers are accompanied by local Jahn-Tellersamples? From the figure, one can see that there is a large
distortions'*~**However, all these experiments cannot makedifference in the intrinsic resistivity between the two isotope
a distinction between small polarons and small bipolaronsamples. Such a large isotope effect is reversible upon the
since both are dressed by local lattice distortions. Small bioxygen isotope back exchange. We should mention that the
polarons are normally much heavier than small polarons, anthtrinsic resistivity of the compounds can be only obtained in
should be localized in the presence of small random poterhigh-quality thin films and single crystals. Our LCMO films
tials. In order to discriminate between polarons and bipol-even have lower residual resistivigy, than the correspond-
arons and to place constraints on the CMR theories, we studRg single crystal$® indicating a high quality of the films.

ied the oxygen-isotope effects on the intrinsic resistivity inWe also checked that the resistivity for a ceramic sample of
the high-quality epitaxial thin films of Lg:sCa ,gMNO; and  Lag B8y 34MNO;3 is very different from that for the corre-
Nd, 7St sMnO;. We also measured the thermoelectric powersponding single crystal; the activation energy for the

for the oxygen-isotope exchanged ceramic samples diormer is about three times larger than for the latter. The
Lag 7:Ca »,MnO;. The data cannot be explained by a simpletemperature dependence of the resistivity obtained in the ce-
small-polaron model, but are in quantitative agreement wittramic samples does not represent the intrinsic behavior of the
a model where the formation of small immobile bipolarons isbulk, and thus one cannot use ceramic samples to study the
essential. isotope effect on the intrinsic resistivity. Moreover, the van
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150 _ FIG. 2. A schematic diagram of the polaron band and polaron
trapping into impurity(IP) states(a) (Ref. 21, or into localized
bipolaron(BP) states(b) (Ref. 7). The bipolaron binding energ
100 . is isotope-mass dependdRef. 22, while E, is independent of the
isotope mas#/ (Ref. 21).
50 - ) _ ) ) o
I mainly reside on the oxygen sité3w, is the characteristic
ol T oo L optical phonon frequency;E,=(7E,/2)f(T)—t; f(T)
1.1 12 13 14 15 16 17 =[tanh@wy/4kgT) ]/ (hwo/4kgT)  for  T>7fiwo/4kg=200

T K;?! E, is the polaron binding energy;is the “bare” hop-
c ping integral; n<1.*%In the harmonic approximatiork,,
FIG. 1. The resistivity of the oxygen-isotope exchanged films ofiS independent of the isotope mads
Lag 72Cap ,MnO; and Ng St MnO3. The maximum temperature The mobile polaron density can be calculated for the
of the data points for thé®O film of Lay;:Ca,,qMnO; is 380 K.  two possible cases shown in Fig. 2. If we assume a simple
The solid lines are the fitted curves by E@). As in Ref. 8, we  parabolic band, them=2(kgT/1.05?W, )3/2exp(—E IkgT)
excluded the data points below Td for the fitting. for T<W,/kg. 721 Here W, is the polaron bandwidthE
=E, if polarons are trapped into impurityP) states’* while
der Pauw technique is particularly good to precisely measurg A/z if polarons are bound into localized bipolar(@P)
the resistivity difference between oxygen-isotope exchangegtat957 The bipolaron binding energg=2(1-T)E,~V,
films whose thicknesses are identical. Thus the data shown i InW , WwhereV, is the Coulombic repulsion between bound
Flg 1 represent DTECISG measurements on the intrinsic I’eSI§0|aronS and’ is a constant{1). 221 fact, the aboven(T)
tivity of two isotope samples. expression is the same as that for semiconductors when the
Now we try to understand the origin of such an isotopechemical potential is pinned to the impurity levels. Using the

effect. It is known that the resistivity can be generally ex-aboven(T) expression and Ed1), we finally have
pressed ap=1/o0=1/new, wheren is the mobile carrier

concentration ang is the mobility of the carriers. For adia-

C
batic small-polaron hopping, the mobility is given'By p= NG exp(E, /KgT), 2
el hw,
P kT (1) whereE,=E,+E;, andC=(ah/e®\kg)(1.09W,) Y% w,.

The quantityC should strongly depend on the isotope mass
Hered is the site to site hopping distance, which is equal toM and decrease with increasimg This is becaus#V, de-
a/\/2 in manganites since the doped holes in this systensreases strongly with increasing! according to W,

TABLE |. Summary of the fiting and measured parameters for #® and %0 films of
Lag 7:Ca ,gMNO; (LCMO) and Nd ;Srp sMnO; (NSMO). The errors of the parameters come from the fitting
and from the van der Pauw measurement. The absolute uncertainty of the thickness of the films was not
included in the error calculations since it only influences the absolute values of the resistivity.

Compounds LCMO{EO) LCMO(*®0) NSMO(*¢0) NSMO(*0)
Te (K) 231.53) 216.53) 204(1) 186(1)
C (mQ cm K%9) 17.35) 12.93) 23.28) 16.27)
E, (meV) 72.92) 86.01) 78.84) 92.94)
E, (meV) 13.23) 18.73)

W, (meV) 49.009) 38.97) 60(2) 45(2)
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T(K) function of 1T for the %0 and %0 samples of
30 490 . 250 200 . Lag 75C& 29MNOs. Both T¢'s and the isot(_)pe shift of the ce-
' ' ' ramic sample¥ are the same as those in the corresponding
] thin films. Since the grain-boundary effect 8iis negligible,
%0 the thermoelectric power obtained in ceramic samples should
180 | be intrinsic. From the slops of the straight lines in Fig. 3, we
find Eq=13.2+-0.3 meV for the!®0O sample and 1870.3
meV for the 80. The isotope shift iSSE=5.5+0.6 meV,
which is about half the isotope shift &,. The observed
3 A: | oxygen-isotope effects on bot, and Eg do not support a
| simple small-polaron modét, but provide evidence that
E =13.2 meV small polarons are bound into localized bipolaron states.
s 1 We can use the values of the paraméldo calculate the
, . . . , polaron bandwidth W, according to the relation:C
2 3 4 5 6 =(ah/e2\/k—B)(1.05Np)f5/ﬁwo. The calculatedw,, values
1T (10°%K"") are listed in Table I. In the calculation, we have takan,
=74 meV for the®0 sampleg? and assumed w, for the
FIG. 3. The thermoelectric powe(T) of the oxygen-isotope 2O samples is 5.7% lower than for tH8O samples. From
exchanged ceramic samples ofya&Ca, ,gMnO;. the W, values(see Table ), one can see that for our data
T<W,/kg, which justifies the use of E¢2). We would like
xexp(—TE,/fiw,) = exp(-g?).*>** We would like to men-  to point out that largew,, values for the NSMO films might
tion that Eq. (2) is valid ony if T<W,/kg. For T be an artifact since the residual resistivity of our NSMO
>Wp/kBi the prefactor in Eq(2) should be proportional to films are more than 40% larger than that of the best single

20 + Es= 18.7 meV

a
a -
a

000

S (WV/K)
b

Tw, .8 crystal?*
The thermoelectric power is given By Furthermore, one can quantitatively explain the isotope
dependence oEg if small polarons form localized bipol-
S=Es/eT+S;, (3)  arons. In this scenarfd, SA=—6W,. From Table I,6W,

whereS, is a constant depending on the kinetic energy of the _ 11.2+1.6 meV for L@_75Cao_25Mr_103. SO. 5E.S: OA/2
polarons and on the polaron dengiyOne should note that — -6+ 0-8 meV for La ;L& ,MnO;, in quantitative agree-
Eq. (3) is valid only if there is one type of carrier.g., ment Wlth the value (550.6 meV\j deduced from the ther-
holes. moelectric power data. _

In summary, we have observed large oxygen isotope ef-
ects on the intrinsic resistivity in high-quality epitaxial thin
films of Lay 7:Ca ,gMNnO; and Ng Sy sMnO;, and on the

One can make a distinction between the two cases show,
in Fig. 2. If small polarons are bound to impurity centers,
there will be no isotope effect dBg sincek; is independent ; X ;
of M2t On the other hand, if small polarons are bound totN€rmoelectric -~ power in the ceramic —samples of
localized bipolaron states, bol), andEs in Eq. (2) and Eq. L2g76C2 2MNOs. The data can be quantitatively explalned
(3) will depend onM due to the fact thad is M dependent. by a sce.narlb where the small poIarons_ form localized
In general, the isotope shift d&, will be larger than the bqund pairs(bipolaron3 in the paramagnetlc ;tate. The co-
isotope shift ofE,. This is becaus&, = (7E,/2)f(T)—t, existence of small pol_arons and blpola_lron_s in the _PM state
and f(T) = [tanh(iwy/4kaT) |/ (i wy/dksT), whipch may de- may lead to a G!ynamm phase separation into the _msulatmg
pend onM if the temperature is not so high compared with ant!ferromagnetmally coupled region where the plpolarons
g IKg . reside, and into thg ferromagpetlcally coupled region \(vhere

\7Ve now fit our data by Eq2) (see solid lines in Fig. 1 the polarpns sit. This simple plcFure can na.turally explain the
It is apparent that the fits are quite good for both isotopeObserVatlon of the ferromagnetic clusters in the F_>M_52t5ate.
samples. The fitting parameters are summarized in Table ithough we cannot completely rule out the p(_)SSIbIlIty that
From Table I, one can see that, upon replacif@ with 20, _he other models might al_so be at_)le to explain the present
the parameterC for LCMO/NSMO decreases by &/ isotope effects, we would like to point out that the agreement

40(7)%, while E, increases by 13(3)/14.28) meV. The between theory and experiment should be quantitative.
huge oxygen-isotope effect on the paramélds consistent We would like to thank A. S. Alexandrov and A. M.
with Eq. (2). Bratkovsky for useful discussions. We also thank X. M.

We can obtain the isotope shift & by measuring the Zhang for helping with resistivity measurements. The work
thermoelectric power for two isotope samples according tavas supported by the NSF MRSEC at the University of
Eq. (3). In Fig. 3, we plot the thermoelectric pow&as a Maryland and the Swiss National Science Foundation.
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