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Magnon-polaron and spin-polaron signatures in the specific heat and electrical resistivity
of La0.6Y0.1Ca0.3MnO3 in zero magnetic field and the effect

of MnAOAMn bond environment
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La0.6Y0.1Ca0.3MnO3, anABO3 perovskite manganite oxide, exhibits a nontrivial behavior in the vicinity of
the sharp peak found in the resistivityr as a function of temperatureT in zero magnetic field. The various
features seen ondr/dT are discussed in terms of competing phase transitions. They are related to the
MnuOuMn bond environment depending on the content of theA crystallographic site. A Ginzburg-Landau
type theory is presented for incorporating concurrent phase transitions. The specific heatC of such a compound
is also examined from 50 to 200 K. A log-log analysis indicates different regimes. In the low temperature
conducting ferromagnetic phase, a collective magnon signature (C.T3/2) is found as for what are called
magnon-polaron excitations. AC.T2/3 law is found at high temperature and discussed in terms of the fractal
dimension of the conducting network of the weakly conducting~so-called insulating! phase and an Orbach
estimate of the excitation spectral behaviors. The need of considering both independent spin scattering and
collective spin scattering is thus emphasized. The report indicates a remarkable agreement for the Fisher-
Langer formula, i.e.,C;dr/dT at second order phase transitions. Within the Attfield model, we find an inverse
square root relationship between the critical temperature~s! and the total local MnuOuMn strain.

DOI: 10.1103/PhysRevB.66.174436 PACS number~s!: 75.30.Vn, 75.40.Cx, 72.15.Eb, 61.43.Hv
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I. INTRODUCTION

The properties of manganite’s familyR12xAxMnO3 com-
pounds~whereR5La,Y,Nd,Pr andA5Ca,Sr,Ba,Pb) with a
Mn31/Mn41 mixed valence keep attracting much attenti
of both experimentalists and theorists.1–27 In the doping
range 0.2,x,0.5, these compounds are known to underg
double magnetic and conductive phase transition under c
ing from a paramagnetic weakly conductive, usually cal
insulating~I!, state to a ferromagnetic~FM! metalliclike ~M!
state. Thus a Curie temperatureTC and a charge carrier lo
calization temperatureTMI are respectively defined. The ob
servable difference between the two critical temperature
usually attributed to the quality of the sample.8–11 Neverthe-
less it could be ascribed to intrinsic interaction interpla
enhanced by the inhomogeneity content. No need to re
that some anomalous expansion also takes place at
transitions,26 thus indicating a strong coupling between t
lattice, spin, and electronic degrees of freedom.

The magnetic localization of spin polarized carriers, for
ing so-calledspin polaronsresults in a diffusivity dominated
charge carrier transport mechanism belowTC with a steadily
increasing resistivityr with increasing temperature. How
ever aboveTC , the resistivity decreases and follows a th
mally activated Mott-like variable-range hopping lawr
}exp(T0 /T)z with 1/4<z<1. Despite a variety of theoretica
scenarios attempting to describe this phenomenon, pr
cally all of them adopt as a starting point the so-cal
double-exchange~DE! mechanism, which considers oxyge
mediated electron exchange between neighbo
0163-1829/2002/66~17!/174436~8!/$20.00 66 1744
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Mn31/Mn41 sites and strong on-site Hund’s coupling.
other words, the mobility of the conduction electrons b
tween heterovalent Mn/Mn pairs is supposed to be gre
enhanced when the magnetic moments on adjacent Mn
are aligned. The mixed valency also leads to the formation
small polarons, arising from Mn/Mn valence changes a
Jahn-Teller distortions involvingMn that leads to incoheren
hopping and high resistivity in the insulating phase. The
timated exchange energy15 JS545 meV ~whereS52 is an
effective spin on a Mn site!, being much less than the Ferm
energyEF in these materials~typically, EF50.15 eV), fa-
vors an FM ground state.

The localization scenario,17 in which Mn oxides are mod-
elled as systems with both DE off-diagonal spin disorder a
nonmagnetic diagonal disorder, predicts a divergence of
electronic localization lengthj(M ) at some so calledM -I
phase transition atTMI . A critical spontaneous magnetizatio
M strength separates both phases, i.e. forM small, 0,M
,M0, the system is in a highly resistive~insulator-like!
state, while at low T, forM.M0.0, the system is in a low
resistive, metallic-like, ferromagnetic phase. Within this sc
nario, the Curie pointTC is defined through the spontaneo
magnetizationM as M (TC)50, while the M -I transition
temperatureTMI is such thatM (TMI)5M0 with M0 being
a fraction of the saturated magnetizationMs , thereby with
TMI ,TC .

The influence of magnetic fluctuations on electron-s
scattering nearTMI and TC is expected to be rather impor
tant. They might easily tip a subtle balance between m
netic and electronic processes in favor of either charge lo
©2002 The American Physical Society36-1
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AUSLOOS, HUBERT, DORBOLO, GILABERT, AND CLOOTS PHYSICAL REVIEW B66, 174436 ~2002!
ization or delocalization, and shift the relative position
TMI andTC . Moreover as in any phase transitions, a relev
question pertains to the observation or not of critic
fluctuations,22 and the order of the transition.26 It seems that
the ferromagnetic ordering is a thermodynamic first-or
transition, intrinsically broadened by a distribution inTC .26

We will give an interpretation of that broadening, and its fi
structure, from a chemical point of view.

An applied magnetic fieldH enhances the FM order, thu
reduces the spin scattering and produces a negative so-c
giant magnetoresistivity~GMR!. A sharp peak occurs aroun
TMI . The localized spin disorder scattering is thought to
highly responsible for the observed features in the GM17

We will not report magnetic field effects here below.
In view of its charge carrier density sensitive nature, s

cific heat measurements complement the traditionalr and
GMR data and be used as a tool for probing the intrin
delocalization of the charge carriers belowTMI , and thus
belowTC . The observed18 giant magneticentropy changein
manganites~produced by the abrupt reduction of the magn
tization and congruent to an anomalous thermal expan
near the Curie point! gives another reason to utilize the sp
cific heat data in order to obtain additional information
the underlying interaction mechanisms in these material
well as on excitations present in the vicinity of the critic
temperature~s!.24–27

On the other hand, substitution on theA ~or R) site is
known to modify the phase diagram through cation size
fects leading toward either a charge-ordered or an antife
magnetic~AFM! instability.9 In particular,Y substitution is
responsible for weakening the system’s robustness ag
strong AFM fluctuations, developed locally within the o
dered FM matrix thereby shiftingTC . Some difference inTC
and TMI positions related to modified collective excitatio
can be expected.

In La0.6Y0.1Ca0.3MnO3,3 the negative GMRDr observed
at B51 T shows a fine symmetry aroundT05160 K. This
suggests a usual transport mechanism controlled by fluc
tions, in a polycrystalline or inhomogeneous system, sinc
is known that the transition should be very sharp for sin
grains.23 There are indications14 that the observable GMR
Dr(T,B) scales with the magnetizationM in the ferromag-
netic state and follows anM2 dependence in the parama
netic region implying thus some kind of universality in th
magneto-electrical transport properties below and aboveTC ,
as in metals.28–33 Strong magnetic~and charge! fluctuations
are thought to be triggered by Y substitution and further
hanced by the magnetic field. The Ref. 19,20 data were
terpreted in terms of nonthermal spin hopping and magn
zation M-dependent charge carrier localization leading
Dr52rs(12e2gM2

) with M (T,B)5CB/uT2TCun.19 This
formula generalizes the usual law for independent spin s
tering in metals.28–30

In the present paper we report and discuss some ana
of typical results on the specific heat for
La0.6Y0.1Ca0.3MnO3 sample from the same batch previous
used to measure the GMR and magnetothermoelectric po
~MTEP!.19,20A wide temperature interval ranging from 20
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300 K has been investigated with great care, using a PP
from Quantum Design34 when it works. The method is a
semiadiabatic experiment. We observe contributions from
collective spin reservoir. For the electrical resistivity th
same care was taken as in investigations aimed at meas
critical exponents.35,36

From the theoretical point of view we adopt the ma
ideas of the microscopic localization theory17 and can con-
struct a phenomenological free energy functional
Ginzburg-Landau~GL! type which describes the temperatu
behavior of the spontaneous magnetization in the presenc
strong localization effects. Calculating the background a
fluctuation contributions to the total magnetization within t
GL theory, the localization related magnetic free ene
leads to the specific heat through

C52
]2F
]T2

. ~1!

It is also known37 that when~critical! fluctuations are impor-
tant, the specific heatC and dr/dT contain the same tem
perature dependent kernel; thus

C.
]r

]T
. ~2!

II. EXPERIMENTAL RESULTS

The La0.6Y0.1Ca0.3MnO3 samples were prepared from st
ichiometric amounts of La2O3, Y2O3, CaCO3, and MnO2
powders, among many other cases. The mixture was he
in air at 800 °C for 12 h to achieve decarbonation and w
pressed at room temperature under 103 kG/cm2 in order to
obtain parallelipedic pellets. A slow~during two days! an-
nealing and sintering process was made from 1350 to 800
in order to preserve the stoichiometry, though no perf
sample homogeneity is claimed.

A small bar ~length l 510 mm, cross sectionS
54 mm2) was cut from one pellet. The electrical resistivi
r(T) was measured using the conventional four-pro
method, taking a data point every 0.5K. To avoid Joule a
Peltier effects, a dc currentI 51 mA was injected~as a one
second pulse! successively on both sides of the sample. T
voltage dropV across the sample was measured with h
accuracy by aKT182 nanovoltmeter. Measurementsin a
magnetic field indicated a magnetoresistance~MR!
Dr(T,H)5r(T,H)2r(T,0) as shown in Fig. 1 in Ref. 19
The negative MRDr(T,H) shows a peak at some temper
ture ca.T* 5170 K. The magnetothermopowerS was also
measured as reported elsewhere.20

However further examination ofdr/dT shows some fine
structure, as seen in Fig. 1. The inflexion point ofr is pre-
cisely defined throughdr/dT at T5149 K, the maximum in
r occurs for dr/dT50 at T5170 K. A second inflexion
point occurs at 188 K. Moreover one observes a singula
in dr/dT above the inflexion point, i.e., atT5158 K, and
l-like peaks at 94, 110, and 130 K. This may be remind
us of dr/dT behavior at ferromagnetic transitions in meta
and suggests the existence of specific energies.
6-2
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MAGNON-POLARON AND SPIN-POLARON SIGNATURES . . . PHYSICAL REVIEW B 66, 174436 ~2002!
We were able in19 to successfully fit theDr(T,B) data,
whereD means the deviation from theB50 case, for the
whole temperature interval with

Dr~T,B!52A@12e2b(T)#, ~3!

where

b~T!5b0F T0

T2T0
G2n

, ~4!

in which A, b0, andn are temperature-independent para
eters, under the conditionT05T* . Furthermore we observ
that thedr/dT behavior rather looks like the change in r
sistivity occurring near most anti- and/or ferromagne
order-disorder phase transitions.30,33,37–39

Next Fig. 2 shows a typical unsmoothened run for t
temperature behavior of the specific heatC(T), from which
the ratioC(T)/T is obtained~Fig. 1!. Practically, a 10-mg
sample has been placed on a sample holder composed
little paddle (333 mm2) in teflon. A heather placed on th
back of the paddle increases the temperature of the sa
during 3 s; a data point is taken every 1.5 K. Both therm
answers of sample holder and sample are recorded and
by exponential laws for which the characteristic time is
lated to the thermal capacity of the system. The addend
contribution has to be first measured and substracted f
the raw data. We stress that this is done for the same sa

FIG. 1. Temperature behavior of the temperature derivative
the electrical resistivity, i.e.,dr(T)/dT and the value ofC/T where
C is the specific heat of La0.6Y0.1Ca0.3MnO3.

FIG. 2. Temperature behavior of the specific heatC and the
resistivity r at B50 for La0.6Y0.1Ca0.3MnO3.
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as that used for measuring the MR. It is observed that sin
larities occur at thesametemperatures forC anddr/dT. In
the intermediate temperature regime hereby examined~from
108 to 156 K! the rather flat though quite bumpy behavi
reflects the complex phase transition dynamics and com
cated contributions from the spin-phonon-electron syste
For a general input at this point, let us recall a few spec
heat data, like that on CaMnO3 characterized by aTN
5131 K,27 or that on La0.875Ca0.125MnO3 which presents
three well spread anomalies at 315, 146 and 80 K, and
broad~hysteretic! feature at 35 K.24

Finally, it is well known that the specific heat has simp
behaviors at low T, arising from different mechanisms:~i!
the electronic contribution, i.e.,Ce.T; ~ii ! the phonon con-
tribution, asCv.T3; and~iii ! the magnon contribution, i.e.
Cmagn.T3/2.40 Since the data have been very finely taken
can expect to treat it as when searching for critical expone
on a log-log plot. In the temperature interval so examin
three regimes are markedly evident, see Fig. 3. Atlow tem-
perature a 3/2 exponent is observed toT594 K, followed by
a linear temperature regime up toT5156 K, thereafter fol-
lowed by aT2/3 regime. Okudaet al.,25 also recently reported
that around theM -I transitionT3 and T1.5 components are
observed in the specific heat, in a La12xCaxMnO3 series at
low temperature~below 10 K!.

III. DISCUSSION

Since we are mainly dealing with the temperature chan
below the transition temperature~s!, it is reasonable to as
sume that the observed behaviors can be attributed to pho
and electron backgrounds, but also to some magnetic ent
due to the spontaneous magnetization collective fluctuatio
We can writeF5FM2Fe for the balance of magneticFM
and electronicFe free energies participating in the process
under discussion. The observed magnetizationM should re-
sult from the minimization of F. We have discussed
elsewhere20 that after trivial rearrangements, the above fun
tional F can be cast into a familiar GL type form describin
a second-order phase transition, namely

f

FIG. 3. Temperature behavior of the specific heat
La0.6Y0.1Ca0.3MnO3 on a log-log plot. The best fits to the dat
points lead to the indicated slopes.
6-3
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F@h#5ah21
b

2
h42zh2, ~5!

where h is the order parameter, in our notations20 the
squareof the magnetization. As usual, the equilibrium sta
of such a system is determined from the minimum ene
condition]F/]h50 which yieldsh0, for T,T0,

h0
25

a~T02T!1z

b
. ~6!

This leads to an expression for the total magnetization

M5Mav1M f l
25MsS h0

22
z2

3b2h0
2D , ~7!

in terms of thez, b, andh0 parameter of the GL free energ
functional. Given the above definitions, the critical tempe
tures are related to each other as

TMI5S 12
2M0H0

neEk~0,0!2niJSDTC , ~8!

with

TC5S 11
yniJS

neEk~0,0! DT* , y512
1

A3
. ~9!

where T* 5170 K, the peak of the GMR which ‘‘normal
izes’’ the temperature scale in such a theory. In the ab
equations,Ek(0,0)5\2/2mj2(0,0), where j(T,H) is the
field-dependent charge carrier localization length, andm an
effective electron mass. The balance of the exchangeniJS
and localization induced magneticMsH0 energies can also
be described by the parameterz5niJS/MsH0; the mean-
field expression for the ‘‘critical field’’ is H0
53kBTC/2SmB . Notice that we foundne /ni.2/3, whereni
and ne stand for the number density of localized spins a
conduction electrons respectively, from the competition
tween the electron-spin exchangeJS and the induced mag
netic energyMsH0 in analyzing theR(T) data.19,20 The
analysis of such data producesTC5195 K and JS
540 meV, instead of 45 meV in Ref. 15. However, w
hereby conjecture that the value of the exchange energyJS,
whence the transition temperature, as in any mean fi
theory41 depends on the type of bonding, thus on t
MnuOuMn bond environment, and calculate such an
fect next.

A list of possible MnuOuMn bond environments is
given in Tables I and II with their respective probability
occurrence, assuming statistical independence of the co
tional probabilities, in other words no short range order. I
easily understood that due to the respective concentration
La, Ca, and Y a few types of MnuOuMn bond environ-
ments are practically relevant, each one being character
by its ‘‘cluster critical temperature’’ related to the ‘‘cluste
DE-effective exchange integral’’; see Eq.~9!. Notice that due
to the incommensurability of the ion content with respect
the available crystallographic site numbers, such ‘‘cluste
17443
y

-

e

d
-

ld

-

di-
s
of

ed

’’

are unavoidable, and subsist even after repeated annealin
later checked from the x-ray spectrum.42

The plausible explanation for an intrinsic material orig
of the substructures observed inr(T), rather than an extrin-
sic one as in Ref. 43 is provided by the model of Attfie
et al.,44 It is hereby used in order to evaluate whether th
exist such ‘‘environmental effects’’ on the local distortions
the MnuOuMn bond, thereby significantly affecting th
local exchange integrals, whence the ‘‘average transit
temperature~s!.’’ Local distortions leading to specific ex
change integrals responsible for magnetic transitions in~so
called clusters! have been parameterised here using t
quantities:~i! the coherentstrain parameter@(r A)02^r A&#2,
derived from the expression of the tolerance factor descr
the deviation from the mean cation size; (r A)0 is the ideal
perovskiteA cation ionic radius, i.e., 1.30 Å for LaMnO3
perovskites45 and ^r A& is the mean radius of the occurrin
A-site cations;~ii ! the statistical variances2 in the distribu-
tions of ionic radii for each local configuration; the varian
measures theincoherentstrain, i.e., the effect of disorder du
to the disparity or mismatch of individualA cation radii.
Thereby we indicate that different samples with the sa
doping level and tolerance factors can have quitedifferent
transition temperatures.

TABLE II. Statistical table of the percentage of more rare
expected @La,Y,Ca# clusters in the ABO3 structure for
La0.6Y0.1Ca0.3MnO3 with notations as in Table I.

Cluster type Frequency Cluster type Frequency

3Ca,1La 6.48 2Ca,1La,1Y 6.48
2La,2Y~* ! 2.16 1La,1Ca,2Y 2.16
3Ca,1Y 1.08 4Ca(†) 0.81
2Ca,2Y~* ! 0.54 1La,3Y 0.24
1Ca,3Y 0.12 4Y(†) 0.01

TABLE I. Statistical table of the percentage of the most oft
expected (.8.0%) @La,Y,Ca# clusters in theABO3 structure for one
La0.6Y0.1Ca0.3MnO3; notations as in Fig. 4. A cluster is considere
to be made of four cations placed on the corners of a square itse
a perpendicular plane to the quasilinear MnuOuMn bond. The
clusters are ranked according to their most probable joint freque
of occurrence, assuming independent probabilities. The displa
frequency does not take into account a possible short range o
for the~* ! clusters for which several ion configurations are possib
The third column gives the sum of the coherent and incohe
strain parameters21@(r A)02^r A&#2. The corresponding critica
temperature is indicated

Cluster type Frequency Total strain Critical temperatu

I 3La,1Ca 25.92 0.009 146
II 2Ca,2La~* ! 19.44 0.011 130

4La(†) 12.96
III 2La,1Ca,1Y 12.96 0.018 108
IV 3La,1Y 8.64 0.020 94
6-4
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Among the clusters, we should disregard at once t
formed by 4La’s, indicated by a (†) in Table I, since th
would correspond to a LaMnO3 compound which isnot
ferromagnetic.46 Only the four other main local configura
tions, i.e., according to the above statistical analysis~Table I!
they occur more than 8% of the time, have thus been ta
into account, considering specific cationic site distributio
around each oxygen ion~see Fig. 4!: each one is octahedral
coordinated by two Mn cations and by fourA cations in the
plane perpendicular to thequasilinear MnuOuMn bridge.
In such a first order~and reasonable! approximation the
change in the spin-spin DE-integral, thusTC is essentially
attributed to local strains resulting from oxygen atom d
placements. A plot ofTC vs s21@(r A)02^r A&#2 from data
calculated and reported in Table I is shown in Fig. 5. T
indicates a marked inverse square root relationship~Fig. 5!,
~in contrast to Attfield estimated linear relationship,45 mark-
edly unphysical! allowing us to rank and confirm the role o
each environment on the respective transition temperatu
That is the 3La,1Ca cluster corresponds to the GMR co
pound La0.75Ca0.25MnO3 which has a transition temperatu
near 225 K.

Further ab initio calculations, outside the scope of th
paper, would be useful in order to estimate more exactly,

FIG. 4. Sketch of the four main relevant clusters
MnuOuMn bonds in the presence of La, Ca, and Y atA sites in
the ABO3 structure.

FIG. 5. Plot ofTC vs the total coherent and incoherent stra
parameters21 @(r A)02^r A&#2 from data collected in Ref. 45 fo
the main relevant clusters of MnuOuMn bonds in the presence o
La, Ca, and Y distributed onA sites in theABO3 structure.
17443
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relative exchange energies for the clusters drawn in Fig
This would lead to establish the values the MnuO bond
lengths and MnuO bond angles in the MnO6 octahedra as a
function of the environment. It is also known that the ele
tronic bandwidthW depends on the Mn-O tilt angles.47 These
depend on the BuOuB bond angles and B-O length
through the overlap integrals between the 3d orbitals of the
B ion and the 2p orbitals of the O anion. MoreoverW con-
trols the critical temperature through

TC.W exp~2gEJT!/hw, ~10!

wherew is an appropriate optical mode frequency, andEJT
the Jahn-Teller~JT! energy ~circle 0.3 eV!.48,49 W should
decrease with increasing temperature,49 leading to electronic
localization at high temperature. This confirms that the d
cussed magnetic transitions should occur below the m
M -I one indeed.

For completeness, let us point out that as in several
ports one might also attempt to discuss features in term
JT effects rather than through a DE formalism. The
scheme considers the MnuOuMn bond geometryper se,
we emphasize the role of the bond environment. Both mi
be highly related of course.

In the same line of thought, the specific heat regimes
low TC andTMI are thus easily understood from basic so
state physics as recalled here above. We emphasize th
markable agreement between the temperature of the ano
lies in C and dr/dT thereby illustrating the Fisher-Lange
formula, i.e.,C;dr/dT at second order phase transitions37

For completeness again, let us recall that Castroet al.24

attributed three widely spaced anomaly in the specific hea
La0.875Ca0.125MnO3 ~in order of decreasing temperatur!
~310 K! to the formation of magnetic polaron,~146 K! a
paramagnetic to ferromagnetic transition,~80 K! a charge
ordering or spin-glass transition, and the 35 K to a movem
of domain walls or spin reorientation transition.

One point might still be in doubt, i.e. whether the linearT
regime is a truly electronic effect or asmoothcrossover. As
an argument of a physical effect, we may argue that o
should distinguish betweensmoothand sharp crossovers, th
latter indicating a specific energy, here a temperature o
measure of the corresponding effective exchange integ
while the former points out to disorder or inhomogeneitie
In view of the well defined positions of the 94- and 156-
temperatures we might rightly considerthemas crossovers
Keeping coherent with the above analysis we consider th
fore that the temperature interval between these tempera
is the siege of a specific set of phenomena without a
disorder-like effects. It might be also argued against our
terpretation that thelow temperature electronic regimegiv-
ing a linear variation in temperature that extends a little
high ~a euphemism! in temperature. This would be valid bu
only if disregarding the marked importance of the electro
effects in such materials for which theM -I phase transition
occurs at ratherhigh temperature in fact.

Thus we seem to have accounted for the observed t
perature dependences of the specific heat
La0.6Y0.1Ca0.3MnO3, in terms of ideas derived from the DE
6-5
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localization model for GMR materials. All such features a
in agreement with the usual microscopic spin-polaron a
electronic localization theories. Next, concerning the pow
law exponent less than unity here above observed in the
cific heat temperature behavior the matter is not so trivia
C.T2/3 law, as found at high temperature, can be discus
in terms of the fractal dimension of the conducting netwo
in the so-called insulating phase, as in Orbach descriptio
random media excitations.50 It is known that depending on
the excitation spectrum, be it of bosons(b), i.e., phonons and
magnons, or fermions(f ), i.e., electrons, their density o
states depends on the effective dimensionalityd̃ of the sys-
tem, i.e.,

D~v!;v ( d̃b21) ~11!

or

D~e!;e ( d̃ f /2)21 ~12!

for bosons and electrons, respectively, thus giving resp
tively a specific heat behavior like

Cv;Td̃b ~13!

and

Ce;T( d̃ f21)/2 ~14!

for the phonon and electron contributions in a truly thr
dimensional system. Therefore the exponent 2/3 can be
signature of a percolation network for the hopping cha
carriers with a~very reasonable! effective dimensionalityd̃
57/3 in the less conducting~high temperature! regime. This
is easily contrasted to the linear regime in the~low tempera-
ture! conducting phase, and the appearance of an electr
transition at intermediate temperatures.

IV. CONCLUSION

On the one hand, we have observed on a log-log plot th
regimes for the specific heat in a temperature range enc
passing the charge carrier localization temperatureTMI and
the magnetic transition temperatureTC . At not too low tem-
perature, a collective spin excitation or magnon signat
(C.T3/2) is found, for what we could thus call a magno
polaron regime or magnetopolaron excitations in such m
ganites. A simpleT law occurs before the transitions. AC
.T2/3 law is found at high temperature and is interpreted
terms of the fractal dimension of the conducting~hopping!
network in the so-called insulating phase.

On the other hand, in the temperature regime near
drastic magnetic and charge localization transitions, the
port well illustrates the Fisher-Langer formula, i.e.,C
;dr/dT at second order phase transitions.37 The various
MnuOuMn bond environments, within the model o
Attfield,45 explain the complex features of the transition r
gion, though we disagree with Attfield on the analytical for
of the relationship between the transition temperatures
the strains.

In so doing, the temperature dependence of the regime
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the specific heat~and the electrical resistivity! can be well
accounted for as due to electronsandso called spin-polarons
and magnon-polarons. Thereby we emphasize the role
collectiveexcitations beyond the merelocalizedspin ~scat-
tering! background. During the final writing of this paper, w
noticed one by Huhtinenet al.,22 which explains the overal
behavior of r(T) as a weighted sum of a variable rang
hopping mechanism and of itinerant electrons. In the lat
they use aT4/5 electron-magnon interaction term as well
the r(T) fit.

The results are supported by a free energy functiona
GL type describing magnetic phase transitions near s
temperatures. We pin point the possible occurrence of se
rated and competing phase transitions depending on thA
and R ion distribution near the MnuOuMn bond respon-
sible for the GMR effect. This leads to a formal descripti
of the specific heat as an equilibrium property. The case
the electrical resistivity temperature derivative can next
understood within this framework, as due to electron ‘‘cri
cal scattering processes’’ of correlated~localized! spin fluc-
tuations. Notice that we do not discuss here whether the c
duction mechanism differs above and belowTC , as
attempted elsewhere in order to explain optical spectra
related materials, i.e., La0.672xYxBa0.33MnO3.51 Moreover
those different magnetic cluster scattering processes
weakly relevant for the overall resistance behavior which
a metallic character up to the localization transition.

It is interesting to re-emphasize that we associate e
critical temperature, with an exchange integral for a spec
finite size cluster, one critical temperature usually charac
izing acooperativephenomenon. This is an amazing demo
stration of so many observed long range cooperative p
nomena due to short range interactions; see for examp
calculation of a diverging susceptibility for short range sp
spin interactions in Ref. 41. Moreover, the cooperativenes
still manifested in the fact that only the clusters having
concentration larger or as large as the order of magnitud
the percolation concentration give a remarkable effect. A
this paper was reviewed we came across an interesting s
of critical exponents at CMR transitions52 where the above
comment is outlined. We quote a few lines : ’’The DE inte
action has a distinguishable property compared to ordin
exchange interactions in spin systems. Effective ferrom
netic interaction is induced by the kinetics of electrons wh
favor extended states with ferromagnetic spin backgroun
gain the kinetic energy. If we integrate out the electron d
grees of freedom to describe the action as a function of s
configurations, it is necessary to introduce effective lon
range two-spin interactions as well as multiple-spin inter
tions which depend on sizes and shapes of~the! ferromag-
netic domain structure. The range of the interaction
determined~in order! to minimize the total free energy fo
charge and spin degrees of freedom. As the system
proaches the critical point, the magnetic domain struct
fluctuates strongly. Thus, it is highly nontrivial how the D
interaction is renormalized, whether it is renormalized to
short-range one, or~how! the long-range and the multiple
spin interactions become relevant to cause the mean-fi
like transition through suppression of fluctuations. The
6-6
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sults . . . indicate that the universality class of t
ferromagnetic transition in the DE model is consistent w
that of models with short- range interactions. ’’

As we mentioned in the introductory part, along with low
ering the Curie point, Y substitution brings about other i
portant effects indeed. That is, it drives the magnetic str
ture closer to a canted AFM phase~which occurs2 at TAFM
!TC), thus triggering the development of local AFM fluc
tuations within the parent FM matrix. In turn, these fluctu
tions cause a trapping of spin polarized carriers in a loc
FM environment leading to hopping dominated transport
charge carriers between thus formed magneto-polarons
the whole temperature interval. In the low temperature c
ducting ferromagnetic phase, the collective magnon sig
ture has not to be neglected neither onr nor C.

It is worth noting that the here above experimental a
theoretical results corroborate magnetotransport meas
s o
u

.
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ments and subsequent analysis on the temperature beh
of the MTEP~Ref. 20! in terms ofstrong magnetic fluctua-
tion effectsnear the critical temperature~s!.

ACKNOWLEDGMENTS

Part of this work was financially supported by the Actio
de Recherche Concerte´es ~ARC! 94-99/174. M.A. and A.G.
thank CGRI for financial support through the TOURNESO
program. M.A. and L.H. thank S. Sergeenkov for discussio
and the University of Lie`ge Research Council for an equip
ment grant. We thank J. C. Grenet and R. Cauro, Laborat
de Thermodynamique Expe´rimentale, Universite´ de Nice-
Sophia Antipolis, Parc Valrose F-06000 Nice, Cedex 0
France for providing the samples. Thanks to K. Ivanova
helping us in the submission process.
ma

ys.

.

s,

ter.

B

ang,
il-

s/

a,
n-
1For a detailed discussion and extensive references, seeColossal
Magnetoresistance, Charge Ordering and Related Propertie
Manganese Oxides, edited by C. N. R. Rao and B. Ravea
~World Scientific, Singapore, 1988!; J. M. D. Coey, M. Viret,
and S. Von Molnar, Adv. Phys.48, 167 ~1999!.

2A.P. Ramirez, J. Phys.: Condens. Matter9, 8171~1997!.
3S. Jin, H.M. O’Bryan, T.H. Tiefel, M. McCormack, and W.W

Rhodes, Appl. Phys. Lett.66, 382 ~1995!.
4H.L. Ju, C. Kwon, Qi Li, R.L. Greene, and T. Venkatesan, Ap

Phys. Lett.65, 2108~1994!.
5P. Schiffer, A.P. Ramirez, W. Bao, and S.-W. Cheong, Phys. R

Lett. 75, 3336~1995!.
6P.G. Radaelli, D.E. Cox, M. Marezio, S.-W. Cheong, P. Schiff

and A.P. Ramirez, Phys. Rev. Lett.75, 4488~1995!.
7J. Barrat, M.R. Lees, G. Balakrishnan, and D. McPaul, Ap

Phys. Lett.68, 424 ~1996!.
8J. Fontcuberta, M. Martinez, A. Seffar, S. Pinol, J.L. Garc

Munoz, and X. Obradors, Phys. Rev. Lett.76, 1122~1996!.
9J.L. Garcia-Munoz, M. Suaaidi, J. Fontcuberta, and J. Rodrigu

Carvajal, Phys. Rev. B55, 34 ~1997!.
10J. Fontcuberta, V. Laukhin, and X. Obradors, Appl. Phys. Lett.72,

2607 ~1998!.
11J. Fontcuberta, Ll. Balcells, B. Martinez, and X. Obradors,

Nanocrystalline and Thin Film Magnetic Oxides, Vol. 72 of
NATO Advanced Study Institute, Series 3, edited by I. Nedk
and M. Ausloos~Kluwer, Dordrecht, 1999!, pp. 105–118.

12Qi Li and H.S. Wang, inNanocrystalline and Thin Film Magnetic
Oxides~Ref. 11!, pp. 133–144.

13A.J. Millis, P.B. Littlewood, and B.I. Shraiman, Phys. Rev. Le
74, 5144~1995!; 77, 175 ~1996!.

14H. Roder, J. Zang, and A.R. Bishop, Phys. Rev. Lett.76, 1356
~1996!.

15W.E. Pickett and D.J. Singh, Phys. Rev. B53, 1146~1996!.
16L. Sheng, D.Y. Xing, D.N. Sheng, and C.S. Ting, Phys. Rev. L

79, 1710~1997!.
17C.M. Varma, Phys. Rev. B54, 7328~1996!.
18Z.B. Guo, Y.W. Du, J.S. Zhu, H. Huang, W.P. Ding, and D. Fen

Phys. Rev. Lett.78, 1142~1997!.
f

.

v.

,

.

-

z-

t.

,

19S. Sergeenkov, H. Bougrine, M. Ausloos, and A. Gilabert, Pis’
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