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Interplay between transport, magnetic, and ordering phenomena in Sm12xCaxMnO3
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We present the detailed study of Sm12xCaxMnO3 with 0.3<x<1 probed by electrical resistivity, thermo-
electric power, magnetic susceptibility, and thermal conductivity measurements between 10 and 320 K. The
transport and thermal data are analyzed supposing polaronic carriers and explanation of experimental results is
made in coherence with ordering phenomena recently evidenced by electron diffraction and lattice imaging.
Sample Sm0.7Ca0.3MnO3 an is insulating ferromagnet without any obvious transport anomalies atTC>95 K.
Contrary to that, the compounds with 0.4<x<0.75 exhibit, at critical temperatureTcrit , distinct anomalies in
transport and magnetism. Respecting the recent electron microscopy results, these anomalies can be associated
to the real space charge ordering of Mn31/Mn41 ions, i.e., Tcrit5TCO . Our experimental data indicate,
however, that long-range antiferromagnetic order likely develops atTN;130 K, i.e., well belowTCO . The
Sm0.2Ca0.8MnO3 sample is aC-type antiferromagnet withp-type conductivity at low temperatures. For the
samples withx;0.9, the paramagnetic highly conducting state is replaced belowTcrit5110 K by a ‘‘cluster
glass’’ ferromagnetic state. The series is completed by aG-type CaMnO3 antiferromagnet withTN5122 K. In
all studied samples, the heat is conducted mainly by phonons with the mean free path critically limited in
dependence of composition and temperature by scattering on impurities~Sm/Ca substitution!, dynamic and/or
static Jahn-Teller modes and spin fluctuations. Nevertheless, for the samples with 0.6<x<0.9, which exhibit
high electrical resistivity in the paramagnetic state, the thermal conductivity at room temperature comprises
significant electronic contribution.@S0163-1829~99!01744-0#
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I. INTRODUCTION

The detailed electron diffraction and lattice imaging stu
of Sm12xCaxMnO3 system with 0.4<x<0.85, comple-
mented by electrical resistivity and magnetization, has b
published very recently.1 Moreover, we have implemente
the magnetic and transport study of calcium rich mangan
Sm12xCaxMnO3, with 0.85<x<1.0.2 Even a relatively
small injection of carries in the parent CaMnO3 antiferro-
magnetic insulator (TN5122 K) has been shown to lead s
multaneously to metalliclike charge carrier transport in
paramagnetic state and to appearance of ferromagnetic
ponent below 110 K. The magnetic state in this compo
tional range was described as a cluster glass and is restr
to a compositional range close tox;0.9. Magnetic momen
at 10 K increases from 0.05mB /Mn for x50.975, peaks to
1.15mB /Mn for x50.88 and abruptly decreases forx<0.86
(M<0.01mB /Mn).2 The charge carrier transport in the par
magnetic state in this compositional range was explai
supposing polaronic carries with mobility strongly influ
enced by random potential fluctuations due to chemical s
stitution. Nevertheless the polaron binding energies rem
small (;100 meV) thus leading to the metalliclike temper
ture dependence of the resistivity. Except ofx50.88 sample,
exhibiting highest magnetic moment, the chemical disor
together with magnetic frustration lead to thermally activa
electrical resistivity below characteristic temperatureTCG .
Only small resistivity and thermopower anomalies obser
at TCG indicated, however, that electrons are not subjec
PRB 600163-1829/99/60~20!/14057~9!/$15.00
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such a fundamental change of behavior as in hole do
colossal magnetoresistance~CMR! counterparts.

For lower calcium concentrations, i.e., 0.4,x,0.85, the
situation is essentially different. The charge ordering~CO!
phenomena appear and different types of order, in dep
dence of chemical composition, have been proposed:~i!
short-range (x;0.8), long-range charge ordering eith
commensurate or incommensurate with a modulationq vec-
tor close tox (0.5<x<0.75) and ‘‘partially’’ charge ordered
state in which single ‘‘Mn31’’ layers alternate with mixed
‘‘Mn 31/ Mn41’’ layers (0.4<x,0.5).1 The onset of the CO
(TCO) was shown to coincide with an increase of electric
resistivity and decrease of magnetic moment. Studies
Pr12xCaxMnO3 and La212xCaxMnO3 solid solutions have
shown, however, that long-range antiferromagnetic~AF! or-
der, which should naturally follow the CO, is establish
well below theTCO .3,4 For the Sm0.5Ca0.5MnO3 single crys-
tal TN;160 K were claimed.5

In present paper, we study the charge carrier and h
transport in Sm12xCaxMnO3 polycrystalline system with
0.3,x,1 and we make attempt to intercorrelate the anom
lies observed in charge carrier and thermal transport
magnetic susceptibility with ordering phenomena. Furth
more, the thermoelectric power and thermal conductiv
data are not, unlike to electrical resistivity, fundamenta
influenced by a polycrystalline nature of the specimens
enable a better insight into the intrinsic properties of resp
tive material.
14 057 ©1999 The American Physical Society
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II. EXPERIMENT

The synthesis of polycrystalline samples using stoich
metric mixtures of Sm2O3, CaO and Mn2O3 described
previously.2,6,7 The mixtures with nominal composition
Sm12xCaxMnO3 were first heated at 1000 °C to achieve d
carbonation, sintered at 1500 °C for 12 h and slowly coo
down to room temperature. Purity and cationic homogen
were systematically checked by electron diffraction coup
with energy dispersive spectroscopy~EDS! analysis.

The electric resistance measurements were perfor
from room temperature down to 4 K with a quantum design
physical properties measurement system in the earth m
netic field. The magnetic susceptibility data were collec
with a quantum design superconducting quantum inter
ence device~SQUID! ac-dc magnetometer or ACS 700
Lake Shore susceptometer. Applied magnetic fieldhac was
within the range of 1Oe<hac<10Oe and excitation fre-
quency between 10 and 100 Hz.

The thermoelectric power and thermal conductivity me
surements were carried out between 11-320 K using clo
cycle refrigerator. The four point steady-state method w
separated measuring and power contacts~sample extremities!
was applied to eliminate the thermal resistances between
sink and the heater, respectively. The rectangular-sha
sample was mounted on the heat sink of cryostat and
miniature resistor heater, charged using a pair of 0.003
chromel wires, was stuck by general electric~GE! varnish on
the end of the sample. The temperature gradient and vol
drop was monitored using two separated differen
chromel-constantan thermocouples~0.003 in. in diameter!
which were affixed to the sample using copper link, indiu
solder, and silver paint. A typical temperature differen
across the sample was 1.5 K. The influences of the t
mopower of chromel, in case of thermovoltage measurem
and sample radiation, and thermal conductivity of differe
tial thermocouples, in case of thermal conductivity measu
ment, were carefully taken into account and correspond
corrections were made. The experimental setup was che
using reference samples~superconducting Bi-2223 ceramic
chromel, plexiglass, . . . ) and theerror within all range of
temperatures did not exceed absolutely;1 mV K21 ~ther-
mopower! and;0.1 W m21 K21 ~thermal conductivity! or
relatively of 5% of measured value.

III. RESULTS AND DISCUSSION

The transport properties of the Sm12xCaxMnO3 samples
for 0.3<x<1.0 below room temperature are exemplified
Figs. 1 and 2, where the temperature dependence of the
trical resistivity and thermoelectric power are shown, resp
tively. With respect to a close correlation between transp
and magnetic properties the magnetic susceptibility data,
played on Figs. 3 and 4, are discussed concurrently.

All studied samples, except that withx;0.9, are insulat-
ing at low temperatures. The overview of main transp
characteristics in paramagnetic state confronted with che
cal composition is given in the Table I; used approaches
formulas are summarized in Annexe. The Sm0.7Ca0.3MnO3
sample is insulating in the all studied temperature regi
The activation energy of the resistivity of about 150 meV
temperature independent and thermoelectric power is la
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and positive - see Table I. The activation energy of th
mopower of ;35 meV remains, however, substantial
lower than that of electrical resistivity. This behavior is co
sistent with a small polaron mechanism of carrier transp
dominated by carrier hopping. When the calcium concen
tion is increased the transport properties gradually chan
metalliclike variation starts to dominate the temperature
pendence of resistivity, the absolute value of thermoelec
power decreases and its temperature dependence smo
changes from temperature activated via temperature inde
dent to that typical for metals. i.e. linearly decreasing w
decreasing temperature - see Figs. 1 and 2. This comp
tional variation indicates that the carrier activation ener
Wr , gradually and smoothly decreases with increasing c
cium doping-see Table I. Taking into account the structu
aspects we can correlate this tendency to decreasing ave
distortion on MnO6 network, tied to decreasing concentr
tion of Mn31 ions. This results simultaneously to suppre
sion of Jahn-Teller~J.T.! effect and, consequently, in ex
pense of decreasing activation energy, the temperat

FIG. 1. Temperature dependence of the electrical resistivity
the Sm12xCaxMnO3 series with 0.3<x<1 ~x values are labeled on
the graph!. In the sake of clarity the dashed line (x50.5) and dotted
line (x51.0) are used in the upper panel. In the lower panel
metal-insulator transition tied to charge-ordering (0.4<x<0.85) or
anomalies due to magnetic ordering (x;0.9) are emphasised.
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dependent carrier scattering starts to limit the transpor
calcium rich samples.

When lowering the temperature below 300 K a clear
anomaly in the temperature dependencies of resistivity, t
mopower and magnetic susceptibility for samples with
<x<0.85 is observed - see Figs. 1, 2, and 3. Such type
metal - insulator transition was already observed and lin
to orbital and charge-ordering phenomena with character
temperature claimed as charge ordering temperatureTCO .1,3

The steep onset of carrier localization belowTCO is evi-
denced in lower panels of Figs. 1 and 2. The tempera
dependence of magnetic susceptibility, displayed in Fig
exhibits a peak atTmax which sharpness increases with i
creasingx. A marked decrease of magnetic susceptibility b
low Tmax is indicative for the cut off the ferromagnetic in
teractions due to orbital-~charge-! ordering process. The
sharpness of magnetic transition coincide with the resisti
data; broader maximum ofx5 f (T) for x50.4 and 0.5
samples harmonises with diffusive character of resistiv
and thermopower transitions while samples with highex

FIG. 2. Temperature dependence of the thermoelectric po
for the selected samples of Sm12xCaxMnO3 series -x values are
labeled on the graph. In the sake of clarity the dashed linex
50.9) and dotted line (x51.0) are used in the upper panel. In th
lower panel the anomalies in the temperature dependence fo
studied samples between 0.4<x<.95 are shown in detail.
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present sharp anomalies in these physical quantities. Be
the characteristic temperature a weakly temperatu
dependent negative thermopower is accompanied by a
perature activated resistivity.

The electrical resistivity in the paramagnetic state for
1.0<x<0.65 compounds is characterized by a semi-meta
behavior with small activation enrgy of ‘‘hopping’’ polarons
This activation energy, however, increases with increas
Sm concentration from 5.4 meV, estimated forx51.0 up to
158 meV forx50.3 - see Table I. This phenomenon reflec
the increasing tendency to polaron formation with increas
x as mentioned before in more detail in Ref. 2. To illustra
comparative insight in carrier transport for all studie
samples up tox50.85, the temperature dependence of
local activation energyWlocal of the resistivity, defined as
Wlocal5d( lnr)/d(1/T)* kB , was plotted in Fig. 5. The com
position dependence of the peak temperatureTmax, illus-

er

all

FIG. 3. Temperature dependence of the initial susceptibility
Sm12xCaxMnO3 series -x values are labeled on the graph. In th
inset the detail of a sharp drop atTCO and a broad bump atTN for
Sm0.5Ca0.5MnO3 (22) and Sm0.35Ca0.65MnO3 (3) are shown.

FIG. 4. Temperature dependence of the initial susceptibility
samples with significant spontaneous ferromagnetic compo
(0.85<x<0.95). For the comparison magnified curves for nea
pure Mn41 CaMnO3 (•••) and Sm0.2Ca0.8MnO3 ~-h-! are also
shown.
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TABLE I. Critical temperatures and some transport characteristics~in paramagnetic state! of the
Sm12xCaxMnO3 series deducted or calculated from transport and magnetic measurements. The critic
peratureTcrit or charge ordering temperatureTCO were averaged from transport and magnetic measurem
The magnetic (TCG , TC or TN) ordering temperatures were estimated on a base of anomalies fou
thermopower and magnetic susceptibility and then(Mn)/n(Mn31) ratio was calculated according th
chemical composition. A more detailed description of evaluatedWr

300K , N(E)/n, and Es is given in the
Appendix.

Tcrit or TCO(K) r (300K) Wr
300K a300K N(E)/n n(Mn)

n(Mn31)x (TMAG)(K) (mV cm) ~meV! (mV K21) Es (meV)

0.30 (TC595) 268 158 170 1.4] 1.4
45 meV

0.40 TCO;225 37 150 212 1.6] 1.7
(TN;125) 10 meV

0.50 TCO;275 15 ;851 230 2.1* 2
(TN;140) 2.3]

0.60 TCO;287 3 236 2.2* 2.5
(TN;135) 2.5]

0.65 TCO;275 1.7 ;35 239 2.3* 2.85
(TN;130) 2.57]

0.70 TCO;240 1.2 31 243 3 3.3
(TN;130)

0.75 TCO;196 1.2 15 250 5.5 4
(TN;135)

0.80 Tcrit;150 0.97 12 252 7 5

0.85 Tcrit;115 0.92 11 262 9 6.5

0.88 (TCG5110) 1.0 10.3 265 7 7

0.90 (TCG5110) 1.5 8.4 265 10 10

0.95 (TCG5110) 2.33 8.1 2120 12 20

1.0 (TN5122) 26.9 5.4 2350 22

*b
]b51 ~see Appendix!
1Estimated from high-temperature data.
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trated in lower panel of Fig. 5, increases from 110 K forx
50.85 up to 285 K forx50.60 and then decreases to 240
for x50.40. The similar composition evolution found for th
local activation energyWlocal determined at 50 K, well be
low Tmax, corroborates a strong coupling between cha
carriers and lattice.

The absolute values of the local activation energy can
be analyzed quantitatively. Supposing the similar microstr
ture of studied specimens we can compare, however,
shape of the peaks in Fig. 5. The small absolute values
large width of peaks forx50.4 ~at 245 K! andx50.5 ~at 265
K! samples corresponds likely to diffusive character of
transition previously demonstrated for Pr0.5Ca0.5MnO3.8 The
increasing height of the peak forx.0.5 samples is coheren
with increasing sharpness of phase transition. A small p
and small activation energy of electrical resistivity at lo
temperatures ofx50.85 sample is consistent with its CM
behavior. A small decrease of the activation energy aro
125 K, shown in the upper panel of Fig. 5, appears
samples withx50.4 and 0.5. This is likely a consequence
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residual ferromagnetic order, which was reported in t
compositional range.3 This hypothesis is supported by tem
perature dependence of magnetic susceptibility, which
creases with lowering temperature - see Fig. 3. Moreover
samples with 0.6,x,0.8, where any indication of ferro
magnetism at low temperatures were not reported up to n
neither resistive anomaly nor increasing magnetic susce
bility are observed - see Fig. 3 and inset of Fig. 5.

In the compositional range where charge order sets
i.e., for 0.4,x,0.75, we have registered additional bum
in the susceptibility behavior at temperatures significan
below TCO—see inset of Fig. 3. In pioneer study o
Pr12xCaxMnO3 solid solution one of us has claimed that th
long-range antiferromagnetic order can be stabilized sign
cantly belowTCO (TCO;250 K andTN;180 K for 0.4,x
,0.75).3 This observation of separation ofTCO andTN was
more recently confirmed by detailed neutronographic a
magnetic studies of La1/3Ca2/3MnO3 (TCO5270 K and
TN;170 K) and Pr0.5Ca0.5MnO3 (TCO5245 K and
TN;175 K).9,10For the last compound a similar bump in th
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magnetic susceptibility in the vicinity of neutronographica
determinedTN was observed. Consequently, we associate
broad bump in the susceptibility, depicted in detail in t
inset of Fig. 3, with a long-range AF order wit
TN;135 K. The long-range AF order should naturally infl
ence the carrier transport and we can explore, as an inde
dent probe, the thermoelectric power temperature depen
cies. Indeed, the thermoelectric power curves for 0.4<x
<0.75 samples exhibit in a very vicinity of presumedTN a
clear anomaly. This situation is exemplified for two comp
sitions in Fig. 6. The decrease of thermopower bel
;130 K signifies the onset of additional energy barrier f
ther inhibiting the carrier transport. The outstanding coin
dence of the anomalies observed simultaneously in both
magnetic susceptibility and thermopower seems to con
the trustworthiness of the hypothesis that long-range AF
der setsup independently on chemical composition
TN;135 K, i.e., significantly belowTCO . Below theTN, the
thermoelectric power further decreases and reaches min
values at;60 K. Supposing that both spin and orbital d
generacy are quenched at this temperature~see Annexe! we
can use a simple Heikes approximation to estimate the c
centration of hopping carriers. The value
;2400 mV K21 observed for the Sm0.25Ca0.75MnO3 indi-
cates that only of;4% of Mn31eg electrons are free to
participate to hopping conduction at this temperature.

FIG. 5. - Temperature dependence of the local activation ene
Wlocal observed as a slope ofln(r)5 f (T21) dependence (Wlocal

5d( ln(r))/ d(T21)) for Sm12xCaxMnO3 series (x values are labeled
on the graph!. In the inset the temperature dependence ofWlocal

between 100 and 150 K for selected samples is shown in deta
the lower panel the concurrence between the composition de
dence ofTmax ~left! and local activation energyWlocal at 50 K
~right! for Sm12xCaxMnO3 series.
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nally, we note that the neutronographic measurements, w
should unambiguously determine theTN , are in progress and
will be soon published.

The low-temperature transport properties for the next
the series Sm0.2Ca0.8MnO3 sample, however, somewhat di
fers from that of 0.4<x<0.75 series. The sample resistan
remains relatively low down to lowest temperaturesR
,107 V at 10 K! and this fact enables to determine th
low-temperature thermopower with sufficient accuracy th
revealing very peculiar temperature dependence. Below
K, where contrary to samples with 0.4,x,0.75 only a
monoclinic distortion and a short-range charge order w
detected1, the thermopower sharply decreases but sudde
below 120 K starts to increase with decreasing temperat
changes sign around 60 K and remains unambiguously p
tive down to 10 K. Our attempt to explain this behavior
based on recent low-temperature structural data that re
the existence of theC-type antiferromagnetic order, alread
observed in Pr12xCaxMnO3 system forx;0.8, and a regular
distortion of MnO6 network with 3dz2 orbital polarization.11

Experimentally observed average prolongation of MnO6 oc-
tahedra together with a short-range charge order sign
however, the existence of some MnO6 octahedra with higher
local electron density in 3dz2 orbital than that which can be

y

In
n-

FIG. 6. The temperature dependence of the magnetic susc
bility and thermoelectric power for Sm0.6Ca0.4MnO3 and
Sm0.35Ca0.65MnO3. The distinct anomalies in the temperature ev
lution enable to distinguish betweenTCO andTN .
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deduced from chemical substitution. In other words, ther
a disproportion between symmetry requirements, leadin
relatively high-electron occupation of 3dz2 orbital and local
Mn31/Mn4 order and, on the other side, the average
valency determined by chemical substitution. In a frame
this picture the charge transport is realized in ‘‘negativel
charged MnO6 network~ with respect to average valency o
Mn ;3.81) by charge compensating positive carriers
holes - which move by hopping. The positive low
temperature thermopower is thus attempted to be expla
as a configurational entropy of ‘‘holes’’ hopping betwe
‘‘matrix’’ composed of Mn ions which exhibit average M
valency lower then chemically determined value, i.
Mn3.81.

The common feature observed for 0.5<x<0.85 samples,
which was already mentioned, is that the activation ene
decreases with decreasing temperature and apparently
to zero at 0 K. The best model which suits this behavio
variable-range carrier hopping~VRH! in three-dimensions
%;%0exp(T0 /T)1/4, the simple approximation by Arheniu
law does not provide the most reliable model of charge c
rier transport. In a frame of the VRH model, less energ
cally demanding conducting channels~tied to, e.g., disorder
defects and imperfections, . . . ) open at lower temperature
so carriers ‘‘hop’’ to longer distance but between less en
getically separated states. Experimentally observed VRH
of resistivity data for samples with 0.85<x<0.4 below ap-
propriateTCO(TN) provided 103 lower standard deviation
than a simple Arrhenius model. The VRH behavior is furth
supported by thermopower since this, despite of tempera
activated resistivity, tends to zero at 0 K thus implying the
finite density of states atEF . A small peak on the resistivity
and a drop of thermopower observed for sample withx
50.9 at TCG;110 K are correlated with a maximum i
magnetic susceptibility~Fig. 4! and likely linked to cluster
glass ferromagnetism appearing belowTCG5110 K. Finally
let us mention that the CMR properties ofx50.85 sample
originate from its frontier position between insulatingC-type
antiferromagnetism and metallic cluster glass ferrom
netism.

When the calcium concentration is further increased up
x50.95, lower magnetic susceptibility, higher electrical r
sistivity and increased absolute value of thermopower c
currently indicate the decrease of ferromagnetic interacti
at the expense of antiferromagnetic ones. The decrease o
thermopower and the peak on the susceptibility for CaMn3
signifies a long-range AF order atTN5122 K. Similar val-
ues of thermoelectric power observed for CaMnO3 and
Sm0.25Ca0.75MnO3 at ;60 K imply, supposing the sam
mechanism of charge-carrier transport, the compara
charge-carrier concentration in both compounds. The
sence of disorder induced by cationic substitution and
charge and/or orbital order leads, however, to much hig
carrier mobility in CaMnO3; the electrical conductivity is
more then 103 times higher then that of compare
Sm0.25Ca0.75MnO3 - see Fig. 1.

With respect to a close interrelation between the trans
and lattice effects the thermal transport probed by ther
conductivity measurements was also studied. In order
compare and analyze the data measured on samples o
ferent compactness the data displayed in Fig. 7 were
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rected on the sample porosity.12 Logarithmic scale used in
the upper panel enables to depict the thermal conductivity
all series since Sm substitution induces the dramatic decr
of its absolute value. The blowup in the lower panel exe
plifies the anomalies accompanying charge or spin order
respectively.

In conformity with previous studies the thermal condu
tivity l in supposed to be confined essentially to its phon
part lphonon with phonon mean-free pathl phonon critically
limited by static and/or dynamic Jahn-Teller modes.13–15

Apart from this phenomenon additional scattering source
phonons should be considered - namely scattering by im
rities ~with respect to chemical substitution! and scattering
on disordered spins. The interplay of above mentioned p
nomena keeps the phonon mean free path very short in
studied temperature range and conventional 1/T depend
with low-temperature peak, characteristic for heat carried
phonons with a mean free path limited by ordinary anh
monic decay, is not observed. Due to concurrently obser

FIG. 7. Temperature dependence of the thermal conductivity
the Sm12xCaxMnO3 series with 0.3<x<1. The values were cor-
rected on the sample porosity and the radiation. The magnifica
shown in the lower panel enables to visualise the anomalies
served at characteristic temperatures. Samarium concentrationx is
labeled on the graph.
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high electrical and small thermal conductivities for 0.6<x
<0.9 we cannot exclude, however, that overall thermal c
ductivity l total comprises a substantial part of electron
contributionlelectron. The upper limit of the potential mag
non contributionlmagnon to l total , based on magnetic spe
cific heat anomaly of ferromagnetic insulat
La0.9Ca0.1MnO3, was estimated by Cohn et al. tolmagnon

<4*1022 W K21 m21 at ;100 K and lmagnon

<0.1 W K21 m21 at ;260 K and is neglected in ou
analysis.14 As we have mentioned the interplay of stron
scattering of phonons on impurities, dynamic J.T. mod
and/or static J.T. deformations is likely responsible for b
small values ofl total and its decrease with increasing S
concentration - see Fig. 7. For the least conduct
Sm0.7Ca0.3MnO3 sample the observed value ofl total

;1 W m21 K21 is comparable with glassy materials an
imply the phonon mean-free path equivalent to Mn-Mn d
tance. The thermal conductivity of Sm0.5Ca0.5MnO3 sample
smoothly decreases below room temperature and exh
only a broad maximum around 100 K without any oth
pronounced anomaly below room temperature. In conform
with electric transport and magnetic susceptibility measu
ments this behavior likely reflects the diffusive character
evolution of charge-ordered state below the onset temp
ture TCO;275 K, which is fully developed only below Ne
temperature presumed atTN;140 K. Similar thermal con-
ductivity evolution was previously observed fo
Pr0.5Ca0.5MnO3 and correlated with structural evolution an
long-range AF order.8,16

The thermal conductivity of 0.6<x,0.75 samples be
haves differently since a pronounced anomaly at temp
tures, clearly associated with the onset of charge-orde
temperatureTCO , is registered- see Fig. 7. With respect to
high electrical conductivity above TCO(s300K
;105V21 m21) we should consider the electronic contrib
tion lelectron as an eventual origin leading to the decrease
l total in the electrically insulating state. Let us mention th
contrary to this assumption the steep increase of thermal
ductivity registered belowTC in the metallic state for some
ferromagnetic manganites with;30% Mn31 was definitely
not explained by electronic contribution.8,13,14To clarify this
apparent discrepancy we have attempted to estimate the
tronic partlelectron for selected samples of Sm12xCaxMnO3
series and a single-crystal Pr0.65Ca0.21Sr0.14MnO3 metallic
ferromagnet with two order resistivity decrease atTC
5200 K (r205K /r200K5100). We have calculatedlelectron
using the Wiedemann-Franz lawlelectron5LoT/r, where
Lo52.4*1028 W/V K2 is the ideal Lorenz free number an
r is electrical resistivity. This last quantity was corrected
sample porosity thus providing more reasonable estimat
intrinsic grain resistivity needed for such analysis.17 The re-
sults are shown in the Fig. 8. Experimentally observed
renz number for similar ferromagnetic metall
Ca12xSrxRuO3 perovskites is somewhat lower (L
51.63*1028 W/V K2) and indicates that our estimate
electronic contributions should represent rather upper li
of the reallelectron.18 Estimated phonon part of thermal co
ductivity lphonon5l total2lelectron reflects the lattice dy-
namics and clearly differentiate between the smooth ev
tion of lphonon over the TCO for Sm0.4Ca0.6MnO3 and
-
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Sm0.25Ca0.75MnO3 samples and a steep increase atTC for the
Pr0.65Ca0.14Sr0.21MnO3 ferromagnet. Based on this compar
son we ascribe the decrease ofl total at TCO in
Sm12xCaxMnO3 series to electronic contributionlelectron
keepinglphonon almost unaffected by the transition. On th
other hand, in agreement with previous studies, the incre
observed below M-I transition in ferromagnetic manganit
represented by Pr0.65Ca0.14Sr0.21MnO3 single crystal, should
be associated mainly with phonon thermal conductivi
These conclusions seem to be coherent with specific
measurements observed for La12xCaxMnO3 solid
solutions.19 The peaksD(cp) observed atTCO5270 K for
antiferromagnetic La0.33Ca0.67MnO3 andTC5263 K for fer-
romagnetic La0.67Ca0.33MnO3 signifies, that a change of lat
tice energy is at M-I transition significantly lower atTCO
then atTC .

For ‘‘metallic’’ samplesx;0.9 with ferromagnetic com-

FIG. 8. Temperature dependence of the total thermal conduc
ity l total5lelectron1lphonon for three selected compositions o
Sm12xCaxMnO3 series~upper panel! and the ferromagnetic (TC

5205 K) Pr0.65Ca0.21Sr0.14MnO3 single crystal~lower panel!. For
the separation of phonon and electron parts of thermal conduct
the electronic contribution was estimated using the experime
resistivity data corrected on the sample porosity and supposing
validity of Wiedemann-Franz law.
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ponent belowTCG5110 K the magnetic transition is accom
panied by a significant increase ofl at TCG . This tendency
is also seen in Sm freeG-type antiferromagnet CaMnO3.
Since the phonon scattering caused both by Ca substitu
and J.T. effect of Mn31 ions are much less operational in th
compositional range and supposing that phonons are d
nating heat carriers~the role of electronic component at lo
temperatures is negligible!, we assert the revival of therma
conductivity below the magnetic ordering temperature to
creased phonon mean-free path due to decreased spin
tering belowTN (TC). Nevertheless the spin wave contrib
tion lmagnonto the thermal conductivity enhancement belo
TN (TCG) cannot be unambiguously excluded. To elucid
this question the measurements of magnetothermal con
tivity and/or specific heat data are desirable.

The thermal conductivity temperature dependence
Sm0.2Ca0.8MnO3 sample results from its frontier position be
tween two above-mentioned distinct families- metallic clu
ter glass ferromagnets (x;0.9) and charge-ordered antife
romagnets (0.4,x<0.75). The thermal conductivity below
Tcrtit;150 K is essentially influenced by orbital orderin
which leads to thermal conductivity a decrease due to m
ing electronic componentlelectron and, on the other side, t
a revival oflphonondue to increasing phonon mean-free pa
resulting from orbital and magnetic order. Consequently,
plateau of thermal conductivity observed below 150 K c
be understood as an outcome of counteracting roles of
above-mentioned effects.

Despite the sharp resistive transition and abrupt decre
of magnetic susceptibility atTcrit;150 K, the orbital and
magnetic orders in Sm0.2Ca0.8MnO3 are still presumably
separated in temperature. This separation should keep
relevant M-I transition rather of the second order. To clar
this, we compare in Fig. 9 the thermal cycling of electric
resistivity and thermoelectric power of Sm0.2Ca0.8MnO3 with
Pr0.5Sr0.5MnO3, when for the last one the metal-insulat

FIG. 9. The comparison of the thermal hysteresis in the re
tivity and thermoelectric power~inset! temperature dependencie
for polycrystalline Sm0.2Ca0.8MnO3 (s) and single-crystal
Pr0.5Sr0.5MnO3 (h), for the sake of comparison the thermopow
of Pr0.5Sr0.5MnO3 was five times multiplied. The first order chara
ter of the transition in Pr0.5Sr0.5MnO3 at TN;150 K is evidenced by
hysteresis both in the resistivity and thermopower.
on
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transition is accompanied by transition from ferromagnetic
antiferromagnetic long-range order atTN;150 K.20 Clearly
observed thermal hysteresis of resistivity and thermoelec
power for the Pr0.5Sr0.5MnO3 sample confirms the first-orde
character of M-I transition. Contrary to that, the thermal hy
teresis is, at least within the experimental error, negligible
the case of Sm0.2Ca0.8MnO3 sample thus supporting th
second-order character of the M-I transition.

IV. SUMMARY

The Sm0.7Ca0.3MnO3 sample is the insulating ferromagn
with both thermally activated electrical resistivity and the
moelectric power. For samples with higher calcium conc
trations (0.4,x<0.85) the polaron binding energy progre
sively decreases with increasingx and, consequently, the
samples withx.0.6 exhibit at room-temperature nonac
vated electrical resistivity. When lowering the temperature
certain critical temperatureTcrit clear anomalies in the tem
perature dependencies of resistivity, thermoelectric pow
magnetic susceptibility, and thermal conductivity are o
served. Respecting recent low-temperature electron mic
copy results these anomalies can be associated in the
,x<0.75 compositional range to the real-space long-ra
charge ordering temperatureTCO of Mn31/Mn41 ions, i.e.,
Tcrit5TCO , while for the x50.8 sample, the low-
temperature data are explained supposingC-type orbital po-
larization and a short-range charge order. A sharp decre
of magnetic susceptibility belowTCO together with the car-
rier localization, demonstrated by electrical resistivity a
thermoelectric power, are indicative for the cut off the ferr
magnetic interactions, which are mediated by quasi-itiner
carriers. We deduce that antiferromagnetic order, which
just belowTCO is of the short-range and long-range antife
romagnetism develops atTN well belowTCO . The estimated
temperature differenceDT betweenTCO andTN seems to be
one the largest known in manganites and culminates atDT
>150 K for Sm0.4Ca0.6MnO3 (TCO5287 K and TN
5135 K). Forx;0.9, the paramagnetic ‘‘metallic’’ state i
at TCG5110 K replaced by a cluster glass ferromagnet w
a VRH conduction at low temperatures; for the most meta
samplex50.88 the non-activated conductivity is preserv
below TCO . The CaMnO3 is an antiferromagnet withTN
5122 K.

Unlike to the metal-insulator transition observe
in ferromagnetic ‘‘hole-doped’’ counterparts ~e.g.,
Pr0.65Ca0.21Sr0.14MnO3) the thermal conductivity temperatur
dependence for 0.4,x<0.75 samples does not exhibit suc
marked discontinuity at metal-insulator transition. F
samples withx.0.85, as a result of decreased impact
substitutional disorder and static/dynamic Mn31 Jahn-Teller
modes on phonon scattering, spin fluctuations are likely
most important scatters for phonons. The analysis of the
perimental data shows that the decrease of thermal con
tivity below TCO is likely due to absent electronic compo
nent lelectron and phonon partlphonon remains unaffected
Contrary to that,lphonon seems responsible for the therm
conductivity increase belowTC as in ferromagnetic metallic
samples as in ferromagnetic cluster glass samples witx
;0.9.
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APPENDIX

The electrical resistivity in the paramagnetic region w
analyzed supposing adiabatic hopping of polaronic carr
r5a* kB* @12(n/N)#/(n/N)/vo /e2* T*exp(Wr /kBT) where
a is lattice parameter,vo is attempt frequency close to opt
cal phonon frequency,n is number of charge carriers,N is
the number of available sites and other symbols have t
usual meaning. The activation energy of electrical resistiv
Wr5ES1WH2J represent the sum of energy gapES , hop-
ping energy WH, and transfer integralJ. Fit of high-
temperature (300 K,T,600 K) data for Sm0.5Ca0.5MnO3
provides an attempt frequencyvO;5*1013 Hz and transfer
integralJ;2.5 meV. These values are in a good agreem
with presumed model, at least for this composition. The
crease ofWr with increasingx reflects decreasing polaron
effect as due to more favourable tolerance factor of per
skite structure as due to lower concentration of J.T. Mn31

ions.
The temperature dependence of thermoelectric power

samarium-rich samples was described using form
a52kB /ueu* $Es /kBT1B% whereES is the energy gap and
B represent the configurational entropy ter
B.
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B5 ln$@12(n/N)#/(n/N)%. The fact that electron moves i
the spin background of distorted MnO6 octahedra introduces
in principle both the spinbS and orbital bo degrees of
freedom.21,22 Thus the configurational entropy in a spec
case of mixed Mn31/Mn41 valency system can be express
by simplified form B5 ln$bSbO@12(n/N)#/(n/N)% when
the spin degree of freedom results inbS55/4 andbO results
from the interplay of Coulomb interaction, J.T. distortion a
thermal energykBT. With respect to crystallographic distor
tion of MnO6 network observed at room temperature in o
analysis only the spin degree of freedom (bS55/4, labeled
* !, eventually removed by a short-range magnetic inter
tions (bS51, labeled]), is considered.22 The energy gap in
the paramagnetic state is observed forx50.3 and 0.4
samples, the configurational entropyB dominates the region
0.5<x<0.65.

In the case of 0.7<x<1 samples, the metalliclike resis
tivity and linear temperature dependence of thermopower
low to use the modified expression for thermopow
of single-band metal

2a5p2* kB
2/~3e!* T* $N~E!/n1cst.%uE5EF

whereN(E) is the density of states andn is the carrier den-
sity. A plausible width of conduction band of;1 eV ~Ref.
23! results in a good agreement between the ratioN(E)/n
determined from thermopower andn(Mn)/n(Mn31) calcu-
lated from chemical composition thus confirming the re
ability of used model—see last two columns of Table I.
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