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The resistivityp has been measured up to 900 K in LaSr,MnO; (0<x=<0.15) single crystals to inves-
tigate the nature of charge transport phenomena both above and below the cooperative Jahn-Teller orbital-
ordering temperatureT(7). At high temperatures abové;r, p is almost temperature independent for
LaMnO; whereas exhibits a strong temperature dependencexfe® samples. In the orbitally ordered state,
p can be described well by a small-polaron hopping model w{th) = p, expE,/KT). We observe that both
above and below ;7 the resistivity can be fitted with the same activation end&gyput with different prefactor
po for x>0 samples. Thougp decreases monotonically with increasing doping concentraigris almost
independent of Sr concentration upxe0.10 and then decreases rapidly above this valuwe of
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The richness of the phase diagram of divalent doped coMn-O bond lengths become almost isotropic. Zhou and
lossal magnetoresistivé€CMR) compoundsR; _,A,MnO; Goodenough? investigated temperature dependence of trans-
(R: rare-earth ionsA: divalent ion$ is an outcome of in- port and magnetic properties of LaMaoth above and
triguing competition between the ferromagnetic double exbelow T,r. They observed almost-independent metallic-
changeDE) interaction and orbital/charge ordering. The par-like conductivity with an isotropic ferromagnetic interaction
ent compound LaMn@ is an A-type antiferromagnetic aboveT;r. To understand the interplay between magnetic,
(AFM) insulator in whichdg,. 2 anddsy2 2 €, orbitals are transport, and structural properties and to decipher the role of
alternately ordered in thab plane due to the cooperative different mechanisms in this family of compounds one needs

Jahn-Teller(JT) interaction. This particular orbital arrange- experimental data as a function of holg concentration, tem-
ment is responsible for strong ferromagne) coupling perature, and structural features. Despite intense research ac-

in the ab plane and weak AFM coupling along theaxis tivity in t.h|s field, there is no detailed resistivity gnaly&;
) . : . over a wide range of doping and temperature, particularly in

which has been established in the remarkable experlmentﬁI]e vicinity of structural transition and beyond. In this paper

work by Wollan and Koehlet. ' ;

i . _ . we report the high-temperature resistivity behavior of
With the+progress Ef hole doping, the DE interaction be'Lal,xSiMnog (Osgso.lg) single crystals b)(/)th above and
tween Mrf* and Mrf™ through electron transfer becomes yqjow the structural phase transition temperature. We show
prevalent. The coherent hopping of carriers with spingat poth above and beloW,; the conduction mechanism is
memory favors the FM metallic state and weakens the Orb'tgovern by the hopping of small polarons with the same ac-
ally ordered AFM insulating state. Sr-doped LaMn®e- tjvation energy. Several important parameters related to the
comes FM at arounat=0.10 and over a narrow range of hopping conduction an@-p coupling have been deduced
doping around=0.125 a sequence of transitions occur as &rom the resistivity analysis.
function of temperature due to the competition between DE We have grown La ,Sr,MnO; single crystals by the
and other interactions favoring charge localizatiohAs a floating zone method using an image furnas&C SC-M15
result metalliclike conductivitydp/dT>0) is observed over HD) in a flow of Ar for 0 <x=<0.10 and in air forx>0.10.

a narrow temperature range just below the FM transitiorThe typical growth rate was 5 mm/h with a speed of rotation
temperature T;) and at low temperatures a charge localized30 rpm. The polycrystalline ceramic rods of several cm in
state dominates conductivity. FM and the metallic groundength and about 5 mm in diameter were prepared by react-
state appears only aboxe=0.18. Traditionally, all the phys- ing high-purity (=99.99%) LaO;, SrCQ;, and MO, in

ics controlling the basic properties of these systems werappropriate ratios at high temperatures. Forxkeéd sample
believed to be included in the DE model. Close to the “op-all the heat treatments were done in the presence of Ar flow
timal doping” region k~0.3-0.4) the DE model explains to keep the oxygen stoichiometry close to 3. Both x-ray pow-
most of the basic properties of CMR system. However, reder diffraction and Laue photography were used to determine
cent experimental results and theory show that in the sothe structure and verify the crystal quality. The high-
called “lightly doped” region <0.18) DE alone cannot temperature resistivity was measured in Ar %s£0.125 and
explain many interesting featurés'' Additional ingredients  in air for x>0.125 using a homemade apparatus.

such as electron-phonore-f) interaction causing the JT The temperature dependence of resistivipy for the x
splitting of ey levels, and the on-site Coulomb correlation =0 sample is shown in Fig.(4). p shows a sharp decrease
play important roles in this doping regime. of two order of magnitude at the JT transition temperature

Recently it has been shown from the neutron diffractionT ;=750 K and the width of the transition is about 2 K. At
study that LaMn@ undergoes a structural phase transitionlow temperatures beloW;t, a large hysteresis between the
from the orbitally ordered’-orthorhombic to orbitally dis- heating and cooling cycles has been observed similar to that
orderedO-orthorhombic state & ;=750 K.AboveT;rthe  reported earlier by Zhou and Goodenodgfhey suggested
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10% — . . From the figure it is clear that in both the cageshows
Arrhenius behavior over a wide range of temperature well
10 below T;r. However, the data do not fit with the Mott
. variable-range-hopping expressigrot shown. A significant
£ 10 upward curvature is observed in this case. We observed that
g p can be fitted well withhn=1 and 3/2 over the same tem-
[=%

perature range. The fit is insensitive to the small difference in
theT dependence of the prefaciag in Eq.(1). This is due to
the presence of the exponential temperature-dependent factor
with large E,. However, an indication about the nature of
hopping as to whether it is adiabatic or nonadiabatic, may be
obtained from the value op,. The hopping is termed as
adiabatic when the prefactqs, approaches to the value
1.43x10 % Qcm atkT=hw, and it is nonadiabatic i, is
much larger than this critical valué.The values ofp, are
0.12 and 2.0Q0cm at 300 K withn=1 and 3/2, respectively.
Such a large value g, suggests nonadiabatic hopping of
polarons. This behavior is different from that observed in the
case of the Gd-doped (La,Gd,),+Ca;sMnO; (LCMO)
system where the hopping is adiabatic due to the much
smaller value ofp,.'* The value of activation energg,
calculated from the linear part of the lgg(®?) — 1/T curve
below T ;7 is about 0.3 eV, which is two to three times larger
FIG. 1. (8 T dependence of for LaMnO. sample(b) p of the than that found in other manggnites close _to the optimum
LaMnO; se(m)mle p‘I)otted in thq(!af adiabat(sglsid Iine? ar(1d) gonadia- dOp'ngXNO"?"l‘lfl?’lBThe adiabatic value dt,, is about 5%
batic (dash ling limits. smaller than this. The slope of lqg(") vs 1/T in the linear
region in Fig. 1b) is the same for heating and cooling cycles.
jhis suggests that in the orbital ordering state and far away
f

sample at high temperatures. From the value of thermopowdfoM Ta, the oxygen content in the sample does not change

they estimated that the fraction of Kih created due to the during the measurementgy in Eq. (1) is 1 for nearest-
oxidation is very small £0.001). It has been observed that N€ighbor hopping of polarons. The valuegyf can be larger

the hysteresis decreases with the decrease of the highdkt (e next-nearest-neighbor —hopping probability is
gnificant.” Jaime et al.™™ used the Mn-O-Mn spacing

measuring temeperature. This suggests that small oxidatiof] X ) ;
of the sample at high temperature may be the origin of suck3:2 A) as the jump length in the LCMO system to analyze

hysteresis. After a few cycles of heating and cooling thell€ resistivity data. If we take Mn-O-Mn spacing as the hop-
dgy=1 in these Sr-doped samples then the

hysteresis becomes negligible. Howeves; is unaffected PiNg lengtha an ot , :
by thermal recycling. In the orbitally disordered Value Of g is ~2X 10" Hz at 300 K in the heating cycle
O-orthorhombic phase aboveyr, p is almost temperature which is about two orders of magnitude smaller than the
independent and shows no hysteresis between heating aRgonen frequency calcu[zalted for the LCMO system and the
cooling cycles. Zhou and Goodenough suggested that thidaman shift of~600 cm * for optical Mn-O modes.

peculiar conductive phase with neaflyindependenp and _Althoggh the width of th_e JT transition is small a syitem-
isotropic ferromagnetic interaction aboWay is due to the &UtC deviation from the linear behavior in the lpgl’)
charge transport by the vibronic carriéfsin manganites . 1/1 Curve starts at temperatures well beldyr. The de-
ssmall polarons” are formed and at high temperatures theywatlon from linearity increases as one approaches towards

hop from site to sitd In the case of small-polaronic con- 1s7- The large downward curvature in the vicinity @hy ,
duction the resistivity is given B~ and below suggests an excess conductivity appears. The ori-

gin of such excess conductivity may arise from the local

1000/T(K™)

that this hysteresis may be due to the small oxidation of th

Mn-O bond fluctuations. In the orbitally ordered state Mn-O
p(T) = po eXHE, /KT) = ak;r“ exp(E, KT), (1) bonds are highly anisotropic due to JT _interaptiop. Thoqgh
gg€“vo the mean Mn-O bond length changes little with increasing
temperature, the orthorhombic distortion changes signifi-
wherea is the jump distance of the polaroB,, is the acti-  cantly in the vicinity of T;;.*?
vation energy of the polarony, is the characteristic phonon In the case of hopping transport the activation energy con-
frequency of the system, amyj is a constant that depends on tains three parts: hopping energy/() of polarons and the
the lattice structuren=1 in the case of adiabatic hopping of activation energy due to the disordéi§) and the polaron
polarons and for the nonadiabatic casis 3/2. To elucidate bandwidth (Vg).*® At high temperatures and in the nonadia-
the nature of charge transport both above and bélgywve  batic limit the contributions fromWV, and Wz may be ne-
have plotted log¢/T) and logp/T®?) vs 1/ in Fig. 4b).  glected and the polaron binding energy is given by
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FIG. 3. The temperature3,;; and Tor, Wherep-T shows an
anomaly due to the structural phase transitigee text are plotted
as a function of doping (solid symbol$. Forx>0.15 the data have
been taken from Refs. 2, 4, and@pen symbols

the pure system, however, a weak hysteresis has been ob-
served in the high-temperature orbital disordered phase and
becomes reversible after thermal recycling. Thus unlike the
pure system the orbital disordered stateXorO samples is
sensitive to a small change in the oxidation state of the Mn
ion. It is also evident from these figures thatis not T
independent in this high-temperature region. In fact we ob-
serve that the slope of the lgg()-1/T curve at high tem-
peratures is almost same as that in the low-temperature re-
gion. This suggests the same transport mechanism both
above and belowl;r. Thus the presence of Mf has a
dramatic effect on the charge transport mechanism above
T;1. Also the sharpness of the transition is reduced consid-
erably due the presence of Khions. One can compare this
behavior with the broadening of the magnetization vs tem-
perature curve of a ferromagnet closeltoin the presence of
external magnetic field. The FM transition temperature and
the anomaly in resistivity around, for x=0.10 are similar

to that reported earliér®>’1°For x=0.05 and 0.075 samples

. p shows anomaly both &f;; and around the orthorhombic
1000/T(K") to rhombohedral structural phase transition temperature
(Tor) but the anomaly is much weaker in the later ddsg.

2(a)]. Beside the usual anomaly atyg=370 K an addi-
tional feature appears ip at around 500 K in the heating
gycle for thex=0.15 sample. Though we do not know its

log(p/T)

log(p/p,)

FIG. 2. p of the La _,Sr,MnO; samples plotted in the adiabatic
limit for different x: (a) x=0.05 and 0.075(b) x=0.10,0.125 and
0.15,(c) x=0 to 0.15.p for x=0.10 and 0.125 samples {b) has

been shifted upwards by 2 and 1 units, respectively. Inset: The”Z.”. . . .
anomalous behavior gf(T) in the vicinity of O-orthorhombic to origin, this behavior has also been observed in other samples

rhombohedral structural phase transitioof) for the x=0.05  taken from the different parts of the same crystal. The same
sample. In(c) p has been scaled by the prefactgrin Eq. (1). slope of logp/T) vs 1T both above and below ;7/Tor
suggests thatg is scaled on crossing;t andTog. Another

=2Wy~2E,=0.6 eV. The large value of polaron binding remarkable feature is that the activation energy for the
energy also indicates small-polaron hopping. Normally, posamplesx<0.10 is close to 0.3 eV as that for LaMp®ut
laron binding energy is calculated using the hopping energglecreases above=0.10. This is evident from the logfpo)
from the Hall mobility. According to the theory the hopping Vs 1/T plot in Fig. Zc). Though all the curves for<0.10 do
energy in the Hall mobility is about 2/3 the conductivity not collapse onto a single curve the dispersion is quite small.
activation energy® In LCMO an excellent agreement be- Thus the large increase of conductivity with increasing
tween theoretical prediction and experiment has beedoes not affecE, but p, decreases rapidly.
reported:® If this prediction works for other manganites and  In Fig. 3 we plot the variation of structural phase transi-
with different doping levels then the value W reduces to tion temperature3 ;+ and Tg determined from the resistiv-
0.4 eV which is comparable with polaron binding energy inity anomaly as a function ok along with the data from
transitional metal oxide¥ previous reports*” for x>0.15 samples. Botfi ;1 and Tog

In Figs. 4@ and 2b) we plot logp/T) vs 1T for x decrease with increasing T ;1 shows a small but sharp drop
=0.05 samples. Similar t&=0 these samples show a hys- at aroundx=0.10 where the system becomes ferromagnetic.
teresis between the heating and cooling cycles. In contrast #o the vicinity of the insulator to metal transitior=0.18, a
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similar feature has been observed figr. For x=0 and between electron and JT phonon. This ratio is about 9 for the

0.10-0.15 samples the structural phase transition tempera=0 sample if we assumeA=0.6 eV. The strength of

tures determined from the resistivity measurements are iB-p interaction can also be estimated from the polaron bind-

good agreement with earlier repoftd’*2'3 Dabrowski ing energy (V). In the case of hopping of polarons the ratio

et al. investigated the relationship among transport, mag-y=W/hw, definese-p coupling strengti® If we assume the

netic, and structural properties in the;LaSr,MnO; system  Raman shift of~600 cm * for optical Mn-O vibration then

for 0.10=x=<0.20 over a close range of and found that y~7.5. This value is typical for small-polaronic conduction.

abovex=0.145 the coherent JT distortion is suppressed by In conclusion, we have analyzed tiiedependence op

the long range FM ordering but the incoherent JT distortiorover a wide temperature range for the lightly doped insulat-

increases initially and then decreases as the system beconiag system La_,Sr,MnO; with 0<x<0.15. Except for the

metallic close tax=0.18. x=0 sample, the electrical conduction is dominated by the
In conventional BCS superconductors the ratio of energyhopping of small polarons both above and beldyy with

gap (2A) and superconducting transition temperature is a&he same activation energy. The=0 sample shows hopping

measure of electron-phonon interaction strength. Similarly irconduction only in the orbitally ordered phase huts al-

the case of collective excitation such as charge density wavgost T independent abovE,;. Though the conductivity in-

(CDW) and spin density wavéSDW) ordering the ratio of creases dramatically with Sr dopirfg, remains independent

energy gap and transition temperature defines the strength ef x up tox=0.10 and then decreases with further increase of

interaction. We do not know much about the order parametex. Our results show that the electron-phonon coupling plays

of the orbital ordering, but similar to superconductivity, an important role in the lightly doped regime.

CDW, and SDW, we can define the ratid 2 /kT;7, where

2A 7 is the energy gap between the teyorbitals due to the We are grateful to A. K. Pal for technical help during the

cooperative JT interaction, as a strength of the interactiomeasurements at high temperatures.
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