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Small-polaron hopping conduction in bilayer manganite Lg »,Sr; gMn,0;
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We report anisotropic resistivity measurements on a,8g gMn,O; single crystal over a temperatuiie
range from 2 to 400 K and in magnetic-fielHsup to 14 T. ForT=218 K, the temperature dependence of the
zero-field in-plane resistivity,,(T) obeys the adiabatic small polaron hopping mechanism, while the out-of-
plane resistivityp.(T) can be ascribed by an Arrhenius law with the same activation energy. Considering the
magnetic character of the polarons and the close correlation between resistivity and magnetization, we devel-
oped a model which allows the determinatiorpgf, .(H,T). The excellent agreement of the calculations with
the measurements indicates that small polarons play an essential role in the electrical transport properties in the
paramagnetic phase of bilayer manganites.
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Elucidating the nature of the paramagnetic-insulating statés still incomplete and challenging. The resistivity is
is crucial to understand the correlation between the electricademiconducting-like in the highi- paramagnetic state. On
transport and magnetic properties ofl 3ransition-metal cooling, it reaches a maximum followed by a metallic behav-
manganese oxides. Most previous studies of the manganiter. When an external magnetic field is applied, this metal-
perovskites R; _,A,MnO; films (R=rare-earth ion and insulator transition shifts to higher temperatures, the ferro-
A=divalent ion reveal that the high-temperature resistivity Magnetic transition broadens significantly, and a large

follows the adiabatic small polaron transpbftThe effect of reduction of electrical resistivity appears. It is highly_ desir-
an applied magnetic-fielt on the resistivity and thermal able to understand the mechanism responsible for this charge

expansion above the Curie temperatligeindicates that the dissipation and to develop a quantitative description of these

polarons have magnetic charactihe existence of polarons behawors._This is also essential to the understanding of the
microscopic origin for the CMR effect.

:?a thesr pa:\e/lerggn(e)t(ii 0 Z)h a;‘saes bgfen l?silljayeorrte(rjn%ng;r;iga_s In this paper we address'the above issues ihrough magne-
2= 2x 2L+ 2x T2 f PP y i5 totransport measurements in a;Lar, gMn,0O; single crys-
surements of Raman speclra,ray, and neutron scattering, 5 “oyr data show that adiabatic small polaron hopping
optical conductivity spectrd and thermoelectric powér. yominates the electrical transport of this bilayer manganite.
However, there are no magnetotransport measurements tI'@gecifically, all the main characteristics of charge transport,
support the presence of polarons in the paramagnetic state P& theT and H dependence of both in-plang,, and out-
these materials. of-plane p. resistivities, the resistivity cusp, its shift to
Recently, bilayer manganites 4&,Sr,,Mn,0; have  higherT with increasingH, and the decrease of the resistivity
attracted considerable attention sinGg:the physical prop- with increasingH, are extremely well reproduced by our
erties along theb plane anct axis are strongly anisotropic, analysis based on the small polaron hopping, the existence of
which should yield important insight into the colossal mag-ferromagnetic clusters in the paramagnetic phase, and the
netoresistancéCMR) effect, (i) they can be viewed as an close correlation between the resistivity and magnetization.
infinite array of ferromagnetic metaFM) - insulator(l) - Single crystals of La,Sr; gMn,O; were melt grown in a
FM junctions? (iii) both the in-plane and out-of-plane mag- floating-zone optical image furnace in flowing oxygen. The
netoresistivities are sensitive to even small magnetic f#€lds, crystal used here was cleaved from a boule that was grown at
pointing to their possible device applicatioris;) they dis- a rate of 4 mm/h and had the lowest impurity phase
play a rich magnetic phase diagram that depends strongly ceontent:? We used a multiterminal lead configuratidrior
the doping levelx,'! and (v) they are good candidates for the simultaneous measurementmj, and p. on the same
systematic investigations of the electrical resistivity in thesingle crystal, over a temperature range from 2 to 400 K and
paramagnetic regime over a broad temperafurange due magnetic fields up to 14 T applied along thb planes. The
to their relative lowT compared to the manganite perovs- electrical current was always applied along one of the crystal
kites. faces, while the top and bottom face voltages were measured
The understanding of electrical transport in the paramagsimultaneously.
netic state and in the presence of an applied magnetic field, Figure 1 shows,,(T) andp.(T) measured in zero field
and of the enhanced CMR effect in bilayer manganitesand in several magnetic fields up to 14 T. The trends fol-
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FIG. 2. Plot of Inp,,/T) and resistive anisotropy./p.,, mea-
sured in zero field, vs 1000/for a La, ,Sr; gMn,O; single crystal.

To examine the polaronic nature of the high-temperature
resistivity of Lg »Sr, gMn,0-, we plot zero-field Ing,,/T) vs
10007 for T=140 K in Fig. 2. The adiabatic polaron model

10_2:, T ,: of Eq. (1) gives a convincing fit to the in-plane resistivity
0 100 200 300 400 data forT=218 K, with a zero-field activation energgs
TiK) =93.8 meV and a prefacto€=2.0x10"¢ Q cm/K. The

FIG. 1. In-planep,, and out-of-plane, resistivities as a func- fact that Eq.(1) is valid for T_>D/2 |nd|cate_s that the
tion of temperaturd of a La, ,Sr, gMn,O; single crystal for various Debye-temperatur®,~430 K in the present bilayer com-
magnetic fields. pound. Indeed, recent specific-heat measurements have

shown tha® , =425 K in this compound’ We note that the
lowed by these data are in good agreement with previougctivation energyEy of 93.8 meV determined from the
reports}o though our single crystal has lower resistivities. above resistivity data is much larger than 18 meV determined
The metal-insulator transition temperatufe, =130 K is  from thermoelectric power measuremetitdhis large dif-
found to be slightly higher thafic=125 K. We also found ference indicates that conventional band theory does not oc-
that T30 =T¢,, in the magnetic fields studied. Bofh,, and ~ Cur aboveTc and is a characteristic signature of polaronic
p. decrease with increasing, the cusp becomes less pro- transport. o
nounced, and,, shifts to higher temperatures. Recently, we W‘j estimate a characteristic frequency=2.24
found that bothp,,, and p. follow a T%? dependence in the * 10 Hz for Lay ;S gMn,O; by using Eq.(2) with the ex-
metallic regime (50 KKT<110 K) and that both in-plane perimentally determmgd prefacto€, the dopmgﬁslevel
o4, and out-of-planes, conductivities obey a¥? depen- X=0.4, and th_e7 lattice parametera=3.87xX10 * cm
dence at even loweF (T<50 K). These results are consis- ahd €¢=2.0<10"" cm taken from neutron-diffraction
tent with two-magnon scattering and weak localization ef- measurement®. This value of» is in good agreement with

fect, respectively? the phonon peak frequency in optical conductivity spetfra,
The resistivity as a result of hopping of adiabatic smalProviding strong evidence for small polaronic transport in
polarons is given by the ab plane of bilayer manganites.

Figure 2 shows also the plot of the resistive anisotropy

pelpap VS 10001 for La; ,Sr gMn,O; for T=140 K and

p=CTexp(E) 1 20 field. Note that, for 156 T=<400 K, there is the follow-
kgT/" ing relationship between resistivities measured in zero field:
v=p:lpap=A+B/T, with A=-148 and B=2.63

HereE, is the activation energy arid; is Boltzmann’s con- x10° K, Since pay(T) is well described by Eq(l) for T
stant. In the adiabatic limit, the electron motion is assumed™ 218 K, it follows thatp.(T) is described by an Arrhenius-
to be much faster than the ionic motion of the lattice. In thelyP€ behavior with the same activation enekgyaspay(T),
approximation that all correlations except on-site Coulomyf the preexponential factoy is taken into account. Hence,

repulsion are ignored, one can express the prefatas1®

Ea

kBQ pCZC’yT exp{ kB—T> . 3
C=r — (2)
x(1—-x)ea“v .
In the case of magnetic polarons, there is a magnetic ex-
Above, Q) is the unit-cell volumex is the fraction concen- change contribution to the activation energy. In the presence
tration of occupied sites is the site to site hopping distance, of a magnetic field, the activation energy in E¢b. and(3)
andv is the frequency of the longitudinal optical phonons. has to be replaced by
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Ea=ER(1—(cost;)), (4) 100 s
where ¢;; is the angle between the spins of the two Mn ion 80
cores between which the, electron hops. If the azimuthal = -
angle ¢; is randomly distributed and if;, the angle the < 60
spins make with the applied field, is uncorrelated, then, by £ -
averaging over; , it can be shown thaosé;)=(cosé)>* u© 40
The local magnetizatioM can also be expressed as a func- [
tion of 6;, i.e., M=Mg(cosé), whereMg is the saturation 20
magnetization. Then, E@4) becomes 0 i
o M \2 1.0 F
Ea=Eql 1 (Ms) : (5) . osl
= -
This equation shows that the magnetic field affects the acti- Q:‘z 0.6 .
vation energy through the magnetization. At present, there is < o0af
no agreement on the proposed theories regarding the mag- F
netic properties of manganites. It has been sH8w# that 0.2
the Brillouin functionBg(\) provides a quantitative descrip- 0ok
tion of the reduced magnetizatidl/M observed experi- s
mentally. It is, therefore, reasonable to takéM ;=B (\) 1.0 |
with . 08f
EQ-Q F
2S+1  [2S+1 1 1 08¢
Bs(\)= S \,otl'< S )\)—Z—Scotr(2—5)\). (6) 04 f
Here S is the average spin, which varies with doping &s 02 [ e,
=3/2+(1—x)/2, andA\ is the exchange coefficient. We use oot el b b TUTRER
an empirical modéf to determine the magnetic field and 100 150 200 _?5}? 300 350 400
temperature dependence of magnetization via the self- (K)
consistent equation FIG. 3. Temperatur@ dependence ofa) the activation energy

E,, and calculatedsolid lineg and measuredopen circley (b)

uH S T. M normalized in-plane resistivity,, and(c) normalized out-of-plane
)\:ﬁ+3ﬁTM_’ (7) resistivity p. in a La ,Sr gMn,O; single crystal for various
B s magnetic-fieldsH. Inset, plot of mean number of spins per cluster
DvsT.

where the effective magnetic-moment ug=9gS, with ug
being the Bohr magneton ampthe gyromagnetic ratio. ropy y(T,H) and the already calculated,,(T,H). These

We note that, when using the mean-field expression foresults for magnetic fields of 1, 3, 6, 10, and 14 T are shown
M/Mg to analyze their measured magnetization data ofn Figs. 3a)—3(c) along with the experimental data of the
pseudocubic manganese-oxide perovskites, Sural>®  resistivities for comparison. In these calculations, we took
found thatu/ug=gS should be replaced by/ug=DgS, g=2, S=1.8 (valid for x=0.4), Tc=125K, E,(l
whereD is the mean number of spins per cluster. The ferro-=93.8 meV, andC=2.0x 10" Q cm/K. There is an excel-
magnetic character in the paramagnetic phase ofent agreement between the calculated and experimental re-
La; ;Sr; gMn,0; has already been revealed by magnetizatiorsults in the paramagnetic state.
measurement$2*and other experiments.Moreover, it was As Fig. 3a) shows,E, decreases slowly with decreasing
suggestetithat the number of spins per cluster correlatesT and suddenly drops nedif,, . This characteristic behavior
with the magnetic correlation lengtj, which increases is responsible for the resistivity cusp shown in Figd)&nd
slightly with decreasing temperature from the high-3(c). With increasing magnetic fiel& , is suppressed and its
temperature paramagnetic side and suddenly diverges ghset shifts systematically to high temperatures. This is the
Tc.**°Thus, the temperature dependenc®ahould reflect  origin of the decrease of the resistivity as well as the shift of
this behavior. We determined tH(T) values from the iso- the resistivity cusp to high€eF with increasingH.
thermal p,,(H) curves. The temperature dependence of In summary, the small polaron model and the existence of
D(T) can be expressed aD=2.7+2"3%csch{(T  ferromagnetic clusters in the paramagnetic phase reproduce
—T.)/320], which is shown in the inset to Fig(&. extremely well theT andH dependence b, . for bilayer

We calculated thél and H dependences dE, andp,,  manganite La,Sr gMn,O,. Moreover, the present model
from Egs. (5)—(7) and Eq.(1), respectively.p.(T,H) was also accounts for the resistivity cusp, its shift to higfer
then determined from the experimentally measured anisowith increasingH, and the decrease of the resistivity with
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increasingH. Hence, this work provides direct evidence of  This research was supported at KSU by the National Sci-
the presence of adiabatic small polarons in bilayer mangarence Foundation under Grant No. DMR-0102415. The work
ites and their essential role in both the electrical transporat LANL was performed under the auspices of the U.S. De-
and the CMR effect. partment of Energy.
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