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Variable-range hopping conductivity and absence of a true metal–insulator
transition in La 0.7Àd Ca0.3Mn1ÀyFeyO3
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Resistivity of La0.72d Ca0.3Mn12yFeyO3 ~LCMFO! with y50 – 0.05,d50 and 0.017 is investigated
between 4.2–350 K, showing that La vacancies increase the effect of Fe doping by influencing
electronic states through additional microscope disorder. The Shklovskii–Efros variable-range
hopping conductivity, governed by generation of a soft parabolic gap in the spectrum of localized
states due to Coulomb interaction between charge carriers, is observed both above and well below
the ferromagnetic-to-paramagnetic transition temperature. Our results give evidence for absence of
a true metal–insulator transition both in undoped material and in LCMFO. ©2002 American
Institute of Physics.@DOI: 10.1063/1.1448300#
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The mixed-valence manganite perovsk
La12xCaxMnO3, briefly LCMO, containing Mn31 and Mn41

shows the ‘‘colossal’’ magnetoresistance~CMR! near the
paramagnetic~PM! to ferromagnetic~FM! transition tem-
perature, TC .1 Attention has been paid also t
La12xCaxMn12yFeyO3 ~LCMFO! where due to similar ionic
radii of Mn31 and Fe31 only minor lattice distortions are
expected by the substitution.2 At a low doping level, y
50.01– 0.05, Fe31 ions diminish slightly the concentratio
of Mn41, i.e., c, and introduce additional antiferromagnet
interactions in the system.3 However, the strong influence o
transport and magnetic properties2,4 is incompatible with the
small decrease ofc. This suggests a substantial increase
interatomic disorder by Fe doping. To verify this conjectu
we have introduced additional disorder to LCMFO by c
ation of a small amount of La vacancies~for c'x'0.3 the
concentration of vacanciesd;0.01 increasesc by 3d;0.03
!c!.

Samples of La12x2dCaxMn12yFeyO3 with x50.3, y
5d50 ~sample # 3-0! and x50.3, d'0.017, y50.01
~sample # 3-1! andy50.05 ~sample # 3-5! were synthesized
with standard ceramic procedure, having the same cu
structure as the undoped material.5

The dependencies ofx(T)5Mdc(T)/B, measured in the
field of 2 G in zero-field cooled~ZFC!, field-cooled~FC! and
in the thermoremanent magnetization~TRM! regime, are ba-
sically similar to those shown in Fig. 1 for # 3-1, withTC

5259 K, 236 K, and 164 K for # 3-0, 3-1, and 3-5, respe
tively. Deviation ofxZFC(T) from xFC(T) reflects frustration
of the magnetic state belowTC as in LCMO.5 The sharp peak
of xFC(T) just belowTC is attributed to the onset of charg
ordering.6

As evident from Fig. 1r(T) has atTm'TC a maximum
and increases drastically for # 3-1 and # 3-5 with respect
3-0. At the same timeTm is shifted to a lower temperature. I
comparison with the existing data ford50 and similarx,2,4,7
7400021-8979/2002/91(10)/7400/3/$19.00
f

-

ic

-

#

in our LCMFO samples the shift ofTm with y is larger and
the ratio r(Tm ,y)/r(Tm,0) is increased by 2–3 orders o
magnitude. Hence, creation of La vacancies increases
effects of doping with Fe.

Below we distinguish between two types of disorder
CMR materials. The mechanism proposed by Varma8 treats
the PM–FM transition in La manganites by considering t
localization of charge carriers, due to slow fluctuations
spin configuration and Coulomb interactions, inside a ba
of width W. According to this modelkTC'0.05 Wc(1
2c). The disorder introduced by Fe favors the localizati
of the carriers by decreasing the localization radiusa, result-
ing in narrowing ofW and, consequently, in decrease ofTC

when y is increased. Takingc'0.3(d50) and '0.35 ~d
50.017!, we obtainW'2.1 eV, 1.8 eV, and 1.2 eV for # 3-0
3-1, and 3-5, respectively. Another type of disorder co

FIG. 1. Results ofr(T) for # 3-0, 3-1, and 3-5 andx(T) for # 3-1 ~inset!.
0 © 2002 American Institute of Physics
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nected not toa but to random energy barriers generated
the noncollinearity of the spin system, was proposed by V
et al.9 In zero field it becomes important belowTC due to
appearance of local magnetization,M, which reduces the av
erage height of the random barriers and decreasesW.9

It is generally believed that in CMR materialsr(T) is
governed aboveTC by hopping of small polarons connecte
to local Jahn–Teller distortions, and that the large drop
r(T) close toTC at x'0.33 is due to the metal–insulato
transition.10 When hopping of charge carriers beyond t
nearest sites is energetically favorable, the variable-ra
hopping~VRH! conductivity sets in,11 leading to the resistiv-
ity

r~T!5r0~T!exp@~T0 /T!p#, ~1!

with T05Qa121/p. When the Coulomb interaction betwee
the hopping carriers is unimportant, we havep51/4 andQ
5a/@kg(m)#, wherea518, g(E) is the density of localized
states~DOS! at the energyE, and m is Fermi level ~the
Mott–VRH!.11 In the opposite case the Coulomb interacti
creates a soft parabolic gap with widthD in the DOS around
m, that givesp51/2 @the Shklovskii–Efros~SE! VRH#.12 If
D,W, we haveQ5b1e2/(kk), D52e3g0

1/2/k1/212 and the
value of DOS outside the gap isg05N0 /(W22D/3), where
b152.8,12 k is the dielectric permeability andN0 is the con-
centration of the localized states. In the case ofD.W,
means thatg(E);(E2m)2 inside the whole band, we obtai
Q5b2W/(N0

1/3k), whereb251.2.
For G[@kT(T0 /T)pa/(2\s)#2!1 ~s is the sound veloc-

ity!, the dependence ofr0 on T is weak and can be
neglected.12 For G@1 we find r0(T)5ATm, where A
5(C/2q)a11T0

(71q)p , C59psdk2k8/(256E1
2e6s3\4), s

52p(12p), d is the material density andE1 is the defor-
mation potential constant. For a conventional wave funct
of localized carriers,C(r );exp(2r/a), we haveq50 and
m525/4 and 9/2 forp51/4 andp51/2, respectively. How-
ever, the microscopic structural defects introduce an a
tional short-range potential, changingC(r ) to C(r )
;r 21 exp(2r/a)12 that givesq54 andm521/4 and 5/2 for
p51/4 andp51/2, respectively.

Assuming constantr0, we obtain aboveTC the values of
G between 20–80~s56.83105 cm/s for LCMO13!. Then the
dependence ofr0 on T cannot be neglected for both VRH
regimes. To determinep andm in this situation, we presen
the local activation energy.12 Ea(T)[d ln r(T)/d(kT)21, in
the form ln@Ea(T)/(kT)1m#5ln p1p ln T01p ln(1/T). In this
equationm is varied and the functionsp(m) are determined
from the slopes of the plots ln@Ea(T)/(kT)1m# vs ln(1//T). As
shown in Fig. 2, the plotp(m) for each sample gives a sing
pair of (p,m) for different types ofC(r ) and VRH regime.
For all samples the value ofp'0.5, corresponding to the
SE–VRH, is found, whilem'4.5 for # 3-0 is changed to
m'2.5 for # 3-1 and 3-5. This gives evidence that dop
with Fe influences the electronic properties of LCMO
inducing microscopic structural disorder.

AboveTm the plots of ln@r/T m# vs T21/2 shown in Fig. 3
are linear functions givingA52.7310220 V cm K29.2, 2.8
310214 V cm K25/2, and 5.3310215 V cm K25/2 and T0

58.13104 K, 1.23105 K, and 1.33105 K for # 3-0, 3-1,
y
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and 3-5, respectively. The values ofD50.44 eV, 0.54 eV, and
0.59 eV for # 3-0, 3-1, and 3-5, respectively, are obtain
with equationD'k(T0Tv)1/2,12 where Tv5319, 344, and
'350 K is the temperature of the onset of the SE–VR
regime. Using the values ofT0 , A, D, W.D, and N0

51.7431022 cm23, we evaluate with the equationsk
522/3e2g0

1/3/D2/3, a5@2m/(Ckq)#1/11T0
2(71q)/22A1/11, and

b1ex5T0kka/e2: k58.4, 7.9, and 8.9,a56.1 Å, 3.0 Å, and
2.3 Å, andb1ex/b159.1, 5.9, and 6.0, whereb1ex is the
value ofb1 obtained experimentally. In these calculations w

FIG. 2. Dependence ofp on m. Inset: ln(Ea /kT1m) vs ln(1/T) for m59/2 ~#
3-0! and 5/2~# 3-1 and 3-5!.

FIG. 3. Dependence of ln(r/T m) on T21/2 for # 3-0 ~m59/2, shifted by115
units along Y axis!, # 3-1 and # 3-5~m55/2!. Inset: ln@r/T m(12M2/M0

2)n# vs
@T/(12M 2/M0

2)#21/2 for # 3-0 (m59/2 andn57/2!, # 3-1 and # 3-5~m
55/2 andn511/2!. In brackets are the temperature intervals for linear d
pendence.
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useE1'GW(dTC /dp)/(6TC)'5.8 eV, estimated from the
baricity coefficient (dTC /dp)'0.9 K/kbar atTC5271 K for
LCMO with x50.3314 and the Young modulusG'5
31011 N/m2.15

As evident from Fig. 3, the interval of metallic-like be
havior ~decrease of ln@r/T m# vs T21/2! is observed only
within a narrow interval belowTm , while with further low-
ering of T the activated character ofr is restored. However
the plots of ln@r/T m# vs T21/2 are nonlinear functions in this
temperature interval. This can be connected to change o
dominating disorder from the Varma type8 at T.TC to that
predicted by Viretet al.9, at T,TC. For the latterW(T)
5Um@12M2(T)/M0

2# decreases withT, whereUm'2 eV,9

and for W,DT0 depends onT according toT0(T)5T0* @1
2M (T)2/M0

2#, where T0* 5b2Um /(N0
1/3ka). As shown in

the inset to Fig. 3, the plots of ln@r/T m(12M2/M0
2)n# vs

@T/(12M2/M0
2#21/2 ~heren57/2 for # 3-0 and 11/2 for #

3-1 and 3-5! can be represented by linear functions bel
Tm , where the local magnetization is taken to be equa
TRM ~inset to Fig. 1!, andM0 is found by extrapolation of
the plots of TRM toT50. In a way similar to the case o
T.Tm and W.D and utilizing the values ofk obtained
above, we findT0* 52.33105 K, 2.73105 K, and 2.43105

K, a55.9 Å, 3.0 Å, and 2.3 Å andb2ex/b258.6, 7.3, and
4.9.

Hence, doping with Fe decreasesa, which agrees with
influence of Fe on electronic properties of LCMO by increa
ing the atomic-scale disorder. The values ofb1 and b2 are
enhanced with respect to those predicted in the SE mode
doped semiconductors, which may be connected with
polaronic character of charge carriers in LCMO and L
MFO. We find b1ex/b1'b2ex/b2 and essentially the sam
values ofa for T.Tm and atT,Tm .

Because the VRH conductivity is observed on both si
of Tm'TC and atT!Tm , a true metal–insulator transitio
exists neither in LCFMO, nor in LCMO. The alternation
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the hopping and metallic conductivity found above can
explained by an interplay between the phase separation
the charge ordering effects, both being intrinsic properties
CMR compounds. AsT→TC , the FM metallic phase, con
stituting of small separated particles16,17 in the semiconduct-
ing PM host well aboveTC , increases forming percolatio
clusters. Therefore, the onset of the metallic behavior n
TC corresponds to the percolation threshold or generation
an infinite cluster. BelowTC this cluster is destroyed by th
onset of charge ordering and the hopping conductivity pe
nent to the host phase is restored.
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