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Abstract

The transport properties and conduction mechaimshag Sty 4Mn;.2FeCrO3 (0 < x < 0.3)
have been investigated. The undoped samples shaal-ms=miconductor transition with a
peak of resistivity at a temperaturg, Whereas for all doped compounds, the semiconducting
behavior persists in the whole temperature range.ifisertion of Gf and F&* ions leads to
the increase of resistivity because the simultaneistitution of F& and Cf*for Mn**
reduces the number of available hopping sites lier Min g, electron and suppresses the
double-exchange mechanism. It was found that taesport mechanism for substituted
samples is dominated by the variable range hoppingmall polarons between localized
states model where the various parameters estinficedMott's relation obey the variable

range hopping (VRH) mechanism.
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1. Introduction

Since the discovery of many interesting phenomergerovskite manganites such as colossal
magnetoresistance (CMR), charge ordering, andadrbitlering, a great amount of effort has
been devoted to understanding the unusual electrand magnetic properties of these
materials[1-5]. The Mn ions in mixed valence manganites, RMnO;z; (R-Rare earth
elements, A-alkali or alkaline elements) play a @mu®le in shaping the magnetic properties.
The effect of Mn site doping by other transitioerakents (T = Ti, Cr, Fe, Co, Ni, Cu, Ru, etc.)
or non-magnetic impurities like Al, Ga, i.e. L&,)Mn1,T,O3, has been studied by several
groups of authors to understand the nature of niegimeeraction[6—16]. The doping at Mn
site by other transition elements gives rise tongea in MA*/Mn** ratio, which leads to
complicated and interesting magnetic and electti@asport behavior and offer an unusual
research opportunity for condensed matter phySash doping shows the following three
effects: first, the doping ions reduce the numbiehapping sites, and create cuts in the
conduction path; second, the doping ions (or theindppon and Mn ion) couple by
superexchange, antiferromagnetically to the ferigmetic Mn host lattice; and third, when
the Mn sublattice is destabilized by substituting Bl the other elements, the compounds
result in inhomogeneous magnetic systems.

In this work, the choice of €tis based on the fact that its electronic strucisitbe same as
that of Mri™ ([Ar]3d?). Its ionic radius (0.62 A) is smaller than theeaf Mr?* (0.65 A). For
the FE€* ion, its ionic radius is close to the Mrionic radius[17]. Fe and Cr are the nearest
neighbors of Mn in the Periodic Table and they moe-Jahn—Teller ions. Xiao et 4l8]
suggest that there exists a poor DE interactiowden Mri* and CF* at high temperature so
that CF* cannot play the role of Mfiin the M*—O—CP" interaction. Correspondingly, €r
partially plays the role of Mt in the low temperature range. However, other asthogued
that Mr**—O—CP* exchange interaction is super- exchange rather@g[19, 20] Regarding
the identical ionic radii of B& and Mrt*, Fe doping on the Mn-site can be selected in daler
avoid lattice distortion. Thus the number of MMn** is reduced, which hampers the DE
mechanism forcing the change in electrical propsréind influencing the polaronic transport.
The electrical transporjgT), have been studied extensively for the mangafites25] The
conduction mechanism in these materials is a mafteontroversy as different schools of
thought propose different conduction models. Faoangple, in the semiconducting region,
data on certain compounds were fitted with puretwated law[26- 28] While some authors

proposed small polaron hopping conduction mechar{SRH) over extended temperature



ranges[29-33], at the same time, Mott and Davi@gl, 35] used the variable range hopping
mechanism (VRH) for the whole temperature range.

Recently, we studied the structural and magnetmpgmnties of LaeSt /MnioFeCrOs
samples and the transport mechanisms were poaidyest[36]. In this paper we present the
studies of electrical properties in these sampiesvae examine every transport model with

more explication and details.

2- Experimental details

Powder samples of k@St 4Mn1.FeCrO3 were prepared using the solid-solid state reaction
by mixing La0Os;, Mn,O3, Fe&O3 and CpOs. The starting materials were intimately mixed in
agate mortar for 1 h, and then heated in air a0 T@for 30 h. The powders were reground,
pressed into pellets (of about 2 mm thickness anth6diameters) and fired at 1200 °C for
30 h. This process was repeated at the same comglith ensure a complete reaction. Finally,
the powders are reground and sintered at 1280 & ifor 96 h with intermediate grinding.
The X-ray powder diffraction (XRD) patterns wereoeded with a “PANalytical X’ert Pro”
diffractometer with filtered (Ni filter) Cu radiain and 20% 6 < 120°.The magnetization was
measured under a magnetic field of 0.01T using gemuponducting quantum interference
device (SQUID) MPMS-XL5 (X T < 400 K). The temperature dependence of electrical
resistivityp was measured by a conventional four-probe methaldd temperature range 78—
350 K with a typical sample size of 5 mm x 5 mm m.

3. Results and discussion

3.1. General

X-ray diffraction data confirm all the samples asgte phase materials without detectable

secondary phases or impurity phases. The XRD detasaccessfully indexed with a

rhomboheral R3c) structure. Fig. 1 shows an ordinary (observedDXfttern of x = 0.10
and x = 0.15 samples along with its Rietveld refiome and a curve showing the difference
between both the patterns. As shown in Fig. 2, tagmatizations of samples with x = 0, 0.10,
0.15, 0.20 and 0.25 measured under an applied 6&ld.01T exhibit a ferromagnetic to
paramagnetic transition at: Temperatures of 352, 215, 165, 125 and 100 Keas/ely.

We note that the Curie temperatures hiave been determined from the intersection of the
tangent to the inflection point of the M—T curvethwits horizontal asymptote. As the Fe and
Cr concentrations increase, the Curie temperatyrdetreases. This remarkable decrease of
the Curie temperaturecfrom 352 to 100 K in the presence of 25 % of Fé 25 % of Cr is

related to the decrease of rate of Mions and the increase of concentration of Bad CF*
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ions. The partial substitution of Nh simultaneously replaced by ¥rand F&', causes a
decrease of the Mi{Mn** ratio and decreases the number of hopping electeon the
available hopping sites between ¥iand M, thus greatly weakening the double-exchange
interaction of MA'—O— M. In the case of the partial replacement of°Mby Cr*, the
Mn**—O-Cf* super-exchange ferromagnetic interaction is wegtk@n the double-exchange
interaction of MA"™—O-Mr"". In addition, there exists an anti-ferromagneti¢*@0—Cr*
interaction[37]. On the other hand, when Ninis partially substituted by e Mn ions can
couple with neighboring Mn and Fe ions simultanégudue to the strong antiferromagnetic
Mn—Fe interaction. So the partial replacement of Miy F€* can greatly weaken the double-
exchange interaction of MR-O-Mr"" and, therefore, the magnetic transition tempeeafur
decreases.

Fig. 3 presents the temperature dependence offieéulaesistivityp for all the samples from
78 to 350 K. The undoped sample exhibits a ferrareig-metallic to paramagnetic—
semiconductor transition at-'E 315 K. For all the doped samples, the resistivitreases
exponentially with decreasing temperature and shesasmiconducting behavior in the whole
temperature range.

It can also be noticed from Fig. 3 that the registincreases with the coupled substitution of
Mn** for C** and F&". This decrease in conductivity with Fe and Cr dgps considered to
be associated with the decrease of the ratid"”Mm**, which greatly weakens the influence
of Mn**~O-Mr** double exchange (DE) interactiofg8, 39] The behavior of the samples
can be explained by considering the electronic batrdcture of the material. The
configuration of d electrons in transition metalides is determined by the internal crystal

fields. In an octahedral field, the d levels spiitto t4f, €1, togl and g|. The electronic

configuration for MA" is t;‘g 1 e; t and for Mi" is t;‘g 1, and electronic configuration for

Fe¥* is ty, 1 and € 1. Thus, the g band of Mn is electronically active, where elentro

hopping occurs between Mhand MA*. Simultaneous existence of FeMn** and Mr*
indicates that the Feye band is full and the Mng¢ band is half filled. The Fegt band
remains fully filled only if the Mn g band has charge carriers. This implies that thimo
of the Mn g1 band should be at the same level as, or higher tha top of the Feye band.
Consequently, the F& cannot participate in electron hopping from Mn.eTdoping of Fe
results in depletion in the number of hopping etats and available hopping sites. Ahn et al.
[40] and Jin et al[41] suggestethat Fe ions act as trapping centers for thelectrons and

block the percolative hopping of thg electrons between the Nnhand Mri* ions. The



trapping centers perturb the double exchange mesanin addition, the presence of*Fe
encourages the super-exchange interaction{Be-Mri"*, Fé*—-O—Mr’* and F&'—0O-F¢&")
against the double-exchange interaction {M®-Mri'"), hence weakens the DE interaction,
suppressing the metallic conduction and enhantiagémiconductor behavior. On the other
hand, when the rate of substituted’Gons increases, the antiferromagnetic couplingvbet
cr’—Cr*, cr"-Mn™ and Mi*—Mn** should be taken into consideration. Accordinghe t
work of Goodenough et al[42], we expect a weak antiferromagnetic superexchange
interaction between two ions having an empty otl@§aWith the increase of €tions, the
number of MA" is reduced appreciably and the ferromagnetic doethange interactions
between MA" and Mri* ions are weakened, while the antiferromagnetierattions between
Mn** and Crf* are reinforced. In addition to these antiferrometigninteractions, there is a
canting of the magnetic moments of the Fe and @s,ias observed in LaNd«Fey sCros03
[43].

Concerning the present work, the effect of Fe andi@ping is the direct and simultaneous
replacement of M# ions by F&" and CF* with a same content x. The increasing importance
of the antiferromagnetic interactions fO-Fé*, Mn*-O-Fé&*, Fé"-O-Fé&*, Cr*-0O-
Mn** and CF*-O-Cr*, Fe'—O-CrF" and the disorder introduced by the charge transfer
weakens the double exchange interaction, enhartbi@gsemiconducting behavior, which
leads to the increase of resistivity.

3.2. Conduction mechanism

3.2.1. Metallic behavior for x =0

In the metallic region (T <gd the following equations are generally used tdHé electrical
resistivity data in case of the manganites,

p=potpzT 1)
p =po+p2sT>® )
p=potpa TP+ pasTH (3)

wherepg is the resistivity due to grain/domain boundarg @oint defects scatterifig4,45]
p>T? in Egs.(1) and (3) represents the electrical tigitis due to the electron—electron
scattering[46]. On the other hang, sT>is the electrical resistivity due to electron—magno
scattering process in the ferromagnetic phi@sd. The termp,sT*° is a combination of
electron—electron, electron—-magnon and electron-g@oh@cattering process@48, 49] The

T < Tp experimental data for x = 0 sample was fittedhe above three equations and the
quality of these fittings, in general, is evaluateyl comparing the square of correlation

coefficient (R) obtained for each equation. The fit values (sguaf the correlation
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coefficient, R) for equations (1)-(3) are given in Tablel. Bestults are obtained using Eq.
(3). The data and their corresponding fit basecequiation (3) are shown in Fig. 4. The fit
parameters obtained from Eq.(3), p2 andpss, have values of 0.001G cm, 3.117 x 18Q
cm K?, -8.4094 x I8 Q cm K*>, respectively.

3.2.2. Semiconducting behavior for all doped sampde

Many attempts were made to explain the variatiothefelectrical resistivity with temperature
in the case of manganites. In the semi-conductgione thermal activatiorj26] process,
hopping motion of small polarorj29] and variable range hopping mechani{&d] etc., can

fit the resistivity.

3.2.2.1. Thermal activation model (TA)

For crystalline semiconductors with a well-defiretergy gap, the activated character may be
determined by the thermal activation of electromsnf the valence band to the conduction
band (intrinsic conductivity) or from the impuritgvels (impurity conduction). Thermally
activated hopping transport may also occur whercéngers are lattice vibrations or magnetic
polarons[51]. If the thermal energy is sufficient to overconie tbandgap the electron
becomes free to conduct. The expression for rejstian be written in the following form:

p = poexp EaksT) , (4)

whereT is the absolute temperatugg,the value of resistivity at infinite temperatuk, the
activation energy anki the Boltzmann’s constant, i.e., for the bandgapl@hthe graph must
exhibit Arrhenius temperature dependence (strdigbtbehavior between lggand 1T). Our
experimental data for all doped samples (x = 00105, 0.20 and 0.25) were fitted using eq. 4
(Fig. 5).The R correlation factor and the activation endfgyor the TA model are given in
Table 2.The thermal activation model poorly describes asults in the semi-conducting
regionfor all samples and hence we conclude that thenthleactivation model is insufficient
to explain the conduction process of this material.

3.2.2.2. Small polaron hopping model

Our experimental data were also fitted using adiab@earest-neighbor hopping of small-
polarons (Holstein polaron) model (ANHSP), whictade to a mobility of a thermally

activated form. In the adiabatic regime the chargeier motion is faster than the lattice

o . L 3ed., U -W E
vibrations, and the drift mobility is given by = 0 _)expt—>) where. = —2,
y is given by = ( 5 )(MBT) p\kBT) Py

E, denotes the polaron formation energy, (t) the tedacc transfer integral, vf) the



longitudinal optical-phonon frequency) (the hopping distance, ang) the electronic charge.
Adiabatic nearest-neighbor hopping of small-polarorode[52] is given by:

p =pol exp EnopksT) (5)

whereEnq is the hopping energ¥s the Boltzmann constant apgthe resistivity coefficient
and is given by:

po = 2kg/3ngaly (6)

heree is electronic chargey is number of density of charge carrieadgs site-to-site hopping
distance, and is longitudinal optical phonon frequency.

Further, in order to check whether the conductiomcess obeys ANSPH, a graph is plotted
with log (o/T) on theY — axis and I¥ on the X— axis (figure 6). We should notice that there is
an apparent change in the slope of the resistheyr the magnetic ordering temperatuge T
(Tc= 215, 165, 125 and 100 K for x = 0.10, 0.15, (aRd 0.25 respectively) (Fig. 6), which
indicates a close correlation between the magrstite and the transport behavior and
justifies that the onset of the ferromagnetic exgainteraction promotes the transfer of
charge carriers. A change in the slope was alserebd in LaMna.CrOs; [53] and
La;.xNdxMno Cro 203 [54]. From such fits we obtain the hopping energy,Bhe resistivity
coefficientpy and the correlation factor R (see Table 2 forANHSP model). Fig. 6 shows
the results for this model, in which the straighes are fits to the adiabatic small polaron
hopping model. From Table 2, we find that g, increases with increasing while the
resistivity coefficienfpo shows a complex correlation as a functionxpfirst decreasing from
0.555 10 to 0.453 10 Qcm/K (from x = 0.10 to x = 0.15) and then increasimp to 9.02 19
Qcm/K for x = 0.25. It is possible thag varies with Fe and Cr doping due to the variation
eithern (the polaron concentration) ar(the hopping distance). In fact, replacing Jahtiele
Mn** ions by non-Jahn-Teller Feand CF* ions will lead to a decrease in the polaron
concentratiom [55, 56] As the g shell of F&* is completely filled, the charge carriers
cannot pass through the*fsites due to the strong Coulomb repulsion. HeRedpns act as
trapping centers for they @lectrons and block the percolative hopping of éhelectrons
between the Mfi and Mrf* ions. In addition, the presence of *Crgenerates
antiferromagnetic interactions through®G®O-Cr** and CF*-O-Mn** which cannot participate
in double exchange mechanism. In this case, theecamust detour or hop over these
enhanced barriers due to Fe and Cr doping, sovirage hopping distanca)(increases with

x. Forx = 0.10-0.15, the change of polaron concentratignrelatively small, so the decrease
of pp with x is due to the increase of the hopping distaade However, when the doping

level is high enough (x = 0.20, 0.25), the changéhe carrier concentration overcomes the
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effect of the increasing hopping distance becaayehds an upper limit due to the finite
activation energy of the polaron. As a consequeneg,drops down even ifa) grows,
causingpo to increase. These results are similar to othectetal studies for substituted
manganites in B sith5, 57}

As we said above, the polaron would hop to sitethéuraway than nearest neighbors if there
are enough on-site barriers due to the Fe and @ingoBecause of random distribution of
polaron and disorder introduced by the presendérand Fe ions, the dominating transport
process in the l@Srh MniFeCrOs (X = 0.10, 0.15, 0.20, 0.25) samples could be a
combination of polaron nearest-neighbor hopping ramttnearest-neighbor hoppifep, 57}
This means that the present adiabatic nearest-raighdipping model of small polarons
(Holstein theory) is not satisfactory to explain gectrical behavior of our doped samples.
Indeed, the Holstein theory of small polaron basedthe molecular-crystal model was
originally proposed for an ordered situation in @vhill the lattice sites were energetically
equivalent, a situation which is not satisfied ia St 4Mn;.oFeCrO3; due to the strong
electrical and magnetic disorder induced by Fend CF* doping. In our case, the thermal
energy is not large enough to allow electrons to toctheir nearest-neighbors and it becomes
more favorable for the electrons to hop furtherfited a site with a smaller potential
difference. Thus, this model, known as the variablege hopping model of small polarons
(VRH) [58], seems to apply better to our case, as we diselss b

3.2.2.3. Variable range hopping

Assuming now that the electrical transport in taegonducting phase proceeds via the Mott
VRH variable range hopping mechanidmthe case of the disordered magnetic phase when
the carriers are localized by random potentialttiations, the temperature dependence iaf
zero field is explained mainly by Mott’'s VRH expsésn [50]:

T 1/4
p-nen(?) »

where, p,depends on the assumption made about the electronep interaction and is

considered as a constant in most of the casesuglhslightly affected by temperatur€, is

the characteristic temperature of the compound, plarameter is proportional to the Mott
localization energy and is expressed functionaly a

Aa®

T T ION(E,) ®)



where A(C 18) is a dimensionless constah(Ef) is the density of states andtorresponds to

the inverse of localization length {L/Figures 7 show the plots of Lag~ (1/T)Y* revealing
good concurrence with VRH model. As shown in Tablth2 VRH mechanism gives the best
fit and the best correlation factor R among all eledreated in this work. These results
suggest that the dominant transport mechanisnvéiable range hopping. Furthermore, the
correlation factor R increase while increasing #e& and Cr concentration and reaches
0.99995 forx = 0.25, this indicate that the replacement of*Msites by Fe and Cr ions
promotes the VRH model in these samples.

The density of states at Fermi leWEr) is calculated from the slope of Lagys. T plot.
While making these calculations, value was taken as 2.22 1infi59-61] The estimated
values ofTy andN(Er) are given in Table 1. It can be seen from theetdivht the calculated
values ofN(Er) are found to be very close to the reported ¢82k It is also clear from Table

2 and inset in figure 7 that the values gfafe found to increase. Obviously, when adding Fe
and Cr, the gelectrons of Mii" ions become localized, which increases the Matilipation
energy as well as T This is due to the decrease of ¥ions and weakening of double
exchange interactions as well as the magnetic dissawvhich becomes stronger by increasing
the rates of Fe and Cr. The magnetic disorderduited by the random distribution of Fe and
Cr ions prevent the electrons transfer to theirestaneighbors, which are on-site barriers due
to the Fe and Cr doping, destroying the way okitmt electron between Mnand Mr*. In
this disordered situation, the sites are not eniealy equivalent and it becomes more
favorable for the electrons to hop further thige &iairrier to find a site with a smaller potential
difference. Hence, this mechanism is called vagiadhge hopping (VRH).

We now consider two other parameters: the averagpihg distanced) and the average
hopping energyW), given by[63]:

N—————
8mak,T N(E,)

W= {%} (10)
478°N(E, )

This formula can be written also in a universal fom= K T ¥*T,"".

Using formula (10), the estimated values of W for 8.10, 0.15, 0.20 and 0.25 are shown in
Fig. 8(a) as a function of temperature. The incredsk and the decrease NMEr) with the
Fe concentration (Table 1) lead to the increasehefaverage hopping enerdy. In fact,

when adding Fe and Cr, thg @ectrons of MA" ions become localized, since theé’Fns
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act as barriers to the charge carriers, thus isargaV. When the rate reaches 25 % Fe and
25 % Cr, the g electrons of the MH ions are more localized and the hopping energy
becomes very large. In this case, it is energéyi¢atorable for a localized carrier to hop to a
site beyond the nearest-neighbor centers, whichoarsite barriers due to the Fe and Cr
doping. Then the average hopping length exceedavwbkage distance between the sites and
consequently, the hopping distaneg ihcreases with increasing Fe and Cr doping, as/sh

in Fig. 8(b) when using formula (9). At room temgieire, the average hopping distanag (
values are 1.46, 1.82, 2.55, 2.67 nm (figure 8(®3pectively for x = 0.10, 0.15, 0.20, 0.25.
Since, for variable range hopping model, the hoppgiistance must exceed Mn-Mn distance
(In our case, Mn-Mn distance obtained by Rietveidlgsis is 0.33 nm for undoped sample)
and should be several times greai#6], thus, these numbers of hopping distance are
physically plausible and compatible with convenéibwmariable-range hopping. Similar results
are obtained by viret et §46] where the average hopping distance are 3—4 tineeMh-Mn
separation. As shown in Figure 8(b), the hoppingtatice &) decreases with increasing
temperatures. On the other hand, the hopping endrdgure 8(a)) increases with increasing
temperature. This indicates that disorder playsyark& in the high temperature (T )T
conduction process, that is, the conduction meshann the semiconducting phase is
dominated by the VRH mechanig64]. Furthermore, Wherug) > 1 andW >> kT the VRH

is always to be expectd@5]. Thus, all these results: increase if ahd decrease in the
density of states at the Fermi level, increaseha dverage hopping enerdly and of the
hopping distanca when increasing the Fe content, show that the amesim of conduction in

these samples obeys to the variable range hopWiRbl)Y between localized states.

4. Conclusion

Single phases of LaSr.sMn;.2FeCrO3 (0 < x < 0.25) have been prepared using a ceramic
method. The low temperature resistivity measuremarttse temperature regime were carried
out. The undoped sample exhibits a ferromagneti@liiceto paramagnetic— semiconductor
transition. The resistivity shows semiconductingtdess for all doped compounds. The
insertion of C¥* and F&" ions in the parent compounddéSr, sMnO; leads to an increase of
the resistivity. This may be due to the reductiomwdilable hopping sites number for the Mn
gy electron and suppression of double-exchange meshaifhe data thus obtained for x =
0.10, 0.15, 0.20, 0.25 were fitted systematicatlycheck the dominance of one particular
mechanism over another viz. thermal activation (TAddel, adiabatic nearest-neighbor

hopping of small-polarons (Holstein polaron) (ANH3Rodel and the variable range hopping
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(VRH). The fits show that the electronic transparsemiconducting LaSt sMn1.oF6CrOs
(x = 0.10, 0.15, 0.20, 0.25) is well described aodninated by the variable range hopping
mechanism where the various parameters estimated Mott's relation obey the VRH

mechanism.
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Table 1: Correlation coefficient (B in the ferromagnetic region for x = 0, based quations
(2) through (3).

Equation (1) (2) (3)

(R%) 0.64473 0.56413 0.99997
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