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We present the detailed study of $mCaMnO; 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 S Ca MnO; an is insulating ferromagnet without any obvious transport anomali&g =95 K.

Contrary to that, the compounds with 8:4=<0.75 exhibit, at critical temperatufg,,;;, distinct anomalies in
transport and magnetism. Respecting the recent electron microscopy results, these anomalies can be associated
to the real space charge ordering of MAMn** ions, i.e., T.i1=Tco. Our experimental data indicate,
however, that long-range antiferromagnetic order likely developEyat130 K, i.e., well belowTco5. The

Smy ,.Ca gMNO3 sample is aC-type antiferromagnet witlp-type conductivity at low temperatures. For the
samples withx~0.9, the paramagnetic highly conducting state is replaced b&|gy= 110 K by a “cluster

glass” ferromagnetic state. The series is completed Bytgpe CaMnQ antiferromagnet witfTy=122 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 impy8ti®@€a substitution dynamic and/or

static Jahn-Teller modes and spin fluctuations. Nevertheless, for the samples with<(0&®, which exhibit

high electrical resistivity in the paramagnetic state, the thermal conductivity at room temperature comprises
significant electronic contributiofS0163-182@9)01744-Q

I. INTRODUCTION such a fundamental change of behavior as in hole doped
colossal magnetoresistan@MR) counterparts.

The detailed electron diffraction and lattice imaging study  For lower calcium concentrations, i.e., 8.4<0.85, the
of Sm_,CaMnO; system with 0.4x<0.85, comple- sjtuation is essentially different. The charge order{@)
mented by electrical resistivity and magnetization, has beephenomena appear and different types of order, in depen-
published very recently.Moreover, we have implemented dence of chemical composition, have been propos@d:
the magnetic and transport study ofzcalcium rich mapganiteghort_range X~0.8), long-range charge ordering either
Sm;_,CaMnQO;, with 0.85<x<1.0° Even a relatively commensurate or incommensurate with a modulatjorec-
small injection of carries in the parent CaMp@ntiferro- 5, close tox (0.5<x=<0.75) and “partially” charge ordered
magnetic insulator{y=122 K) has been shown to lead si- giate jn which single “MA*” layers alternate with mixed
multaneously to metalliclike charge carrier transport in thew, 3+, pnd+» layers (0.4<x<0.5) 1 The onset of the CO
paramagnetic state and to appearance of ferromagnetic coms

ponent below 110 K. The magnetic state in this composi. co) was shown to coincide with an increase of electrical

. . . . r%sistivity and decrease of magnetic moment. Studies of
tional range was described as a cluster glass and is restrlct% CaMno dL CaMnO lid soluti h
to a compositional range close xo-0.9. Magnetic moment f1-x&-aMNYs and La.; —x&alvints solid Solutions have

at 10 K increases from 0.0bg/Mn for x=0.975, peaks to shown, _however, that long-range antiferroma_gné%iE) or-
1.1505/Mn for x=0.88 and abruptly decreases fo=0.86 der, which should 3r’14aturally follow the CO, is established
(M<0.01ug/Mn).2 The charge carrier transport in the para- Well below theTco. ™" For the SrgsCa sMnO; single crys-
magnetic state in this compositional range was explaine®! Tn~160 K were claimed. _

supposing polaronic carries with mobility strongly influ- N present paper, we study the charge carrier and heat
enced by random potential fluctuations due to chemical subransport in Sm.,CaMnO; polycrystalline system with
stitution. Nevertheless the polaron binding energies remaif.-3<x<1 and we make attempt to intercorrelate the anoma-
small (~10° meV) thus leading to the metalliclike tempera- lies observed in charge carrier and thermal transport and
ture dependence of the resistivity. Excepkef0.88 sample, magnetic susceptibility with ordering phenomena. Further-
exhibiting highest magnetic moment, the chemical disordemore, the thermoelectric power and thermal conductivity
together with magnetic frustration lead to thermally activateddata are not, unlike to electrical resistivity, fundamentally
electrical resistivity below characteristic temperatdigg . influenced by a polycrystalline nature of the specimens and
Only small resistivity and thermopower anomalies observeanable a better insight into the intrinsic properties of respec-
at T¢g indicated, however, that electrons are not subject tdive material.
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Il. EXPERIMENT

The synthesis of polycrystalline samples using stoichio-
metric mixtures of Sp0;, CaO and MpO; described
previously?®’ The mixtures with nominal compositions
Sm;_,CaMnO; were first heated at 1000 °C to achieve de-
carbonation, sintered at 1500 °C for 12 h and slowly cooled g
down to room temperature. Purity and cationic homogeneity%
were systematically checked by electron diffraction coupled:s
with energy dispersive spectroscof®yDS) analysis. 2

The electric resistance measurements were performe:
from room temperature dowm 4 K with a quantum design
physical properties measurement system in the earth mac
netic field. The magnetic susceptibility data were collected
with a quantum design superconducting quantum interfer- ;
ence device(SQUID) ac-dc magnetometer or ACS 7000 10 Bt

Resist

150

200

Lake Shore susceptometer. Applied magnetic fleJd was T (K)
within the range of De<h,.<100e and excitation fre-
guency between 10 and 100 Hz. 102 ———s

The thermoelectric power and thermal conductivity mea-
surements were carried out between 11-320 K using close
cycle refrigerator. The four point steady-state method with
separated measuring and power contésdmple extremities 2
was applied to eliminate the thermal resistances between thg
sink and the heater, respectively. The rectangular-shapeug
sample was mounted on the heat sink of cryostat and théz 10
miniature resistor heater, charged using a pair of 0.003 in.f_é;j b
chromel wires, was stuck by general electBE) varnish on
the end of the sample. The temperature gradient and voltag 107 ¢
drop was monitored using two separated differential ; x=0.88
chromel-constantan thermocouplé%.003 in. in diameter I
which were affixed to the sample using copper link, indium el 0000y, 1
solder, and silver paint. A typical temperature difference 0 50 100 150
across the sample was 1.5 K. The influences of the ther- TK)
mopower of Chr(?m_el, in case of thermovoltage_ measqrement, FIG. 1. Temperature dependence of the electrical resistivity for
and sample radiation, and thermal conductivity of differen-,, Sm_,CaMnO; series with 0.3x<1 (x values are labeled on
tial thermocouples, in case of thermal conductivity measureg,o grapl)XL In the sake of clarity the dashed line=€0.5) and dotted
ment, were carefully taken into account and correspondingne (x=1.0) are used in the upper panel. In the lower panel the
corrections were made. The experimental setup was checkegktal-insulator transition tied to charge-ordering 0x4<0.85) or
using reference samplésuperconducting Bi-2223 ceramics, anomalies due to magnetic ordering~0.9) are emphasised.
chromel, plexiglass ..) and theerror within all range of

temperatures did not exceed absolutelft VK™ (ther-
mopowej and~0.1 W m ! K1 (thermal conductivity or
relatively of 5% of measured value.

200

250 300

and positive - see Table I. The activation energy of ther-
mopower of ~35 meV remains, however, substantially
lower than that of electrical resistivity. This behavior is con-
sistent with a small polaron mechanism of carrier transport
dominated by carrier hopping. When the calcium concentra-
The transport properties of the $mCaMnO; samples tion is increased the transport properties gradually change;
for 0.3=x=<1.0 below room temperature are exemplified in metalliclike variation starts to dominate the temperature de-
Figs. 1 and 2, where the temperature dependence of the elggendence of resistivity, the absolute value of thermoelectric
trical resistivity and thermoelectric power are shown, respecpower decreases and its temperature dependence smoothly
tively. With respect to a close correlation between transporthanges from temperature activated via temperature indepen-
and magnetic properties the magnetic susceptibility data, diglent to that typical for metals. i.e. linearly decreasing with
played on Figs. 3 and 4, are discussed concurrently. decreasing temperature - see Figs. 1 and 2. This composi-
All studied samples, except that wik~0.9, are insulat- tional variation indicates that the carrier activation energy
ing at low temperatures. The overview of main transportW,, gradually and smoothly decreases with increasing cal-
characteristics in paramagnetic state confronted with chemieium doping-see Table I. Taking into account the structural
cal composition is given in the Table I; used approaches andspects we can correlate this tendency to decreasing average
formulas are summarized in Annexe. The S, MnO;  distortion on MnQ network, tied to decreasing concentra-
sample is insulating in the all studied temperature regiontion of Mn®* jons. This results simultaneously to suppres-
The activation energy of the resistivity of about 150 meV ission of Jahn-TellenJ.T) effect and, consequently, in ex-
temperature independent and thermoelectric power is largeense of decreasing activation energy, the temperature-

IIl. RESULTS AND DISCUSSION
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FIG. 3. Temperature dependence of the initial susceptibility for
Sm,_,CaMnO; series -x values are labeled on the graph. In the
inset the detail of a sharp drop &, and a broad bump &t for
Smy sCasMnO;3 (— —) and Sng 3:Ca& ggMNO; (X)) are shown.

present sharp anomalies in these physical quantities. Below

the characteristic temperature a weakly temperature-

1 dependent negative thermopower is accompanied by a tem-
perature activated resistivity.

Thermoelectric power (uVK‘l)
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The electrical resistivity in the paramagnetic state for the
1.0=x=<0.65 compounds is characterized by a semi-metallic
behavior with small activation enrgy of “hopping” polarons.
This activation energy, however, increases with increasing
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Sm concentration from 5.4 meV, estimated %z 1.0 up to

158 meV forx=0.3 - see Table I. This phenomenon reflects
the increasing tendency to polaron formation with increasing
x as mentioned before in more detail in Ref. 2. To illustrate

. comparative insight in carrier transport for all studied
FIG. 2. Temperature dependence of the thermoelectric pow%amples up tox=0.85, the temperature dependence of the

for the selected samples of $mCaMnO; series x values are

labeled on the graph. In the sake of clarity the dashed line (Iocal é%:tlvatlon eTer%WVmCm of the resistivity, defined as
= NS : Wocai=d(Inp)/d(*/1)* kg, was plotted in Fig. 5. The com-
=0.9) and dotted linex=1.0) are used in the upper panel. In the osition dependence of the peak temperafi&* illus
lower panel the anomalies in the temperature dependence for A P P P ' ;

studied samples between &%=<.95 are shown in detail. 0.25

dependent carrier scattering starts to limit the transport in
calcium rich samples.

When lowering the temperature below BX& a clear
anomaly in the temperature dependencies of resistivity, ther
mopower and magnetic susceptibility for samples with 0.4+Z 0.15
=<x=<0.85 is observed - see Figs. 1, 2, and 3. Such type of S

0.20

metal - insulator transition was already observed and linked § ¢ 0|

to orbital and charge-ordering phenomena with characteristic =
temperature claimed as charge ordering temperatyge 12

The steep onset of carrier localization beldwg is evi-
denced in lower panels of Figs. 1 and 2. The temperature
dependence of magnetic susceptibility, displayed in Fig. 3,
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exhibits a peak af™#* which sharpness increases with in-

creasingk. A marked decrease of magnetic susceptibility be- 0

low T"®* s indicative for the cut off the ferromagnetic in-
teractions due to orbitgdeharge} ordering process. The

50 100
T (K)

FIG. 4. Temperature dependence of the initial susceptibility for

sharpness of magnetic transition coincide with the resistivitysamples with significant spontaneous ferromagnetic component

data; broader maximum of=f(T) for x=0.4 and 0.5

(0.85=x=0.95). For the comparison magnified curves for nearly

samples harmonises with diffusive character of resistivitypure Mrf* CaMnQ, (---) and Smg,Ca MnO; (-0-) are also

and thermopower transitions while samples with higker shown.
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TABLE 1. Critical temperatures and some transport characterigiitsparamagnetic stateof the
Sm, _,CaMnO; series deducted or calculated from transport and magnetic measurements. The critical tem-
peratureT,;; or charge ordering temperatufg o were averaged from transport and magnetic measurements.
The magnetic Tcg, Tc or Ty) ordering temperatures were estimated on a base of anomalies found in
thermopower and magnetic susceptibility and th@in)/n(Mn3") ratio was calculated according the
chemical composition. A more detailed description of evalua/l\lﬁa(x, N(E)/n, andE; is given in the

Appendix.
Terit O Teo(K) P(300K) Whsh) a®% N(E)/n n(Mn)
3
x (Twac)(K) (mem)  (meV)  (uV K'Y Eg(mev)  N(MnT)
0.30 (Tc=95) 268 158 +70 1.4 1.4
45 meV

0.40 Tco~225 37 150 -12 1.6 1.7
(Tn~125) 10 meV

0.50 Tco~275 15 ~85" -30 2.1 2
(Tn~140) 2.3

0.60 Teo~287 3 -36 2.2 2.5
(Ty~135) 2.8

0.65 Tco~275 1.7 ~35 -39 2.3 2.85
(Tn~130) 2.57

0.70 Teo~240 1.2 31 —43 3 3.3
(Ty~130)

0.75 Tco~196 1.2 15 -50 55 4
(Ty~135)

0.80 Terie~150 0.97 12 -52 7 5

0.85 Terie~115 0.92 11 -62 9 6.5

0.88 (Tce=110) 1.0 10.3 —65 7 7

0.90 (Tcg=110) 1.5 8.4 —65 10 10

0.95 (Tce=110) 2.33 8.1 —-120 12 20

1.0 (Th=122) 26.9 5.4 —350 22

B

#B=1 (see Appendix
*Estimated from high-temperature data.

trated in lower panel of Fig. 5, increases from 110 K for residual ferromagnetic order, which was reported in this
=0.85 up to 285 K fox=0.60 and then decreases to 240 K compositional rang@.This hypothesis is supported by tem-
for x=0.40. The similar composition evolution found for the perature dependence of magnetic susceptibility, which in-
local activation energyV,,..; determined at 50 K, well be- creases with lowering temperature - see Fig. 3. Moreover for
low T™&% corroborates a strong coupling between chargesamples with 0.6 x<<0.8, where any indication of ferro-
carriers and lattice. magnetism at low temperatures were not reported up to now,
The absolute values of the local activation energy cannobeither resistive anomaly nor increasing magnetic suscepti-
be analyzed quantitatively. Supposing the similar microstrucbility are observed - see Fig. 3 and inset of Fig. 5.
ture of studied specimens we can compare, however, the In the compositional range where charge order sets in,
shape of the peaks in Fig. 5. The small absolute values anice., for 0.4<x<<0.75, we have registered additional bump
large width of peaks fox=0.4(at 245 K) andx=0.5(at 265 in the susceptibility behavior at temperatures significantly
K) samples corresponds likely to diffusive character of thebelow Tco—see inset of Fig. 3. In pioneer study of
transition previously demonstrated for,B€a MnO;.2 The  Pr;_,CaMnO; solid solution one of us has claimed that that
increasing height of the peak fa>0.5 samples is coherent long-range antiferromagnetic order can be stabilized signifi-
with increasing sharpness of phase transition. A small peakantly belowTcq (Tco~250 K andTy~180 K for 0.4<x
and small activation energy of electrical resistivity at low <0.75)2 This observation of separation ®f.o and T was
temperatures ok=0.85 sample is consistent with its CMR more recently confirmed by detailed neutronographic and
behavior. A small decrease of the activation energy aroundhagnetic studies of LaCa&,:MnO; (Tco=270 K and
125 K, shown in the upper panel of Fig. 5, appears forTy~170 K) and P§CaqMnO; (Tco=245K and
samples withk=0.4 and 0.5. This is likely a consequence of Ty~ 175 K).*°For the last compound a similar bump in the
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FIG. 5. - Temperature dependence of the local activation energy 1-350
W,,cal Observed as a slope tifi(p)=f(T~ 1) dependenceW,qca 1
-400

=@/ yr-1) for Sm;_,CaMnO; series & values are labeled
on the graph In the inset the temperature dependencéMyf.,
between 100 and 150 K for selected samples is shown in detail. Ir. TEK)
the lower panel the concurrence between the composition depen-
dence of T\,ay (left) and local activation energyV, ., at 50 K
(right) for Sm;_,CaMnO; series.

50 100 150 200 250 300 350

FIG. 6. The temperature dependence of the magnetic suscepti-
bility and thermoelectric power for SgCaMNO; and
Sy 3C& sMNO;. The distinct anomalies in the temperature evo-

magnetic susceptibility in the vicinity of neutronographically !Ution enable to distinguish betwediyo and Ty .

determinedr was observed. Consequently, we associate the

broad bump in the susceptibility, depicted in detail in thenally, we note that the neutronographic measurements, which
inset of Fig. 3, with a long-range AF order with should unambiguously determine thg, are in progress and
Ty~ 135 K. The long-range AF order should naturally influ- will be soon published.

ence the carrier transport and we can explore, as an indepen- The low-temperature transport properties for the next in
dent probe, the thermoelectric power temperature dependethe series SgpCa gMnO; sample, however, somewhat dif-
cies. Indeed, the thermoelectric power curves for<(x4 fers from that of 0.4x=<0.75 series. The sample resistance
=<0.75 samples exhibit in a very vicinity of presum&g a  remains relatively low down to lowest temperatureR (
clear anomaly. This situation is exemplified for two compo-<10" Q at 10 K) and this fact enables to determine the
sitions in Fig. 6. The decrease of thermopower belowlow-temperature thermopower with sufficient accuracy thus
~ 130 K signifies the onset of additional energy barrier fur-revealing very peculiar temperature dependence. Below 150
ther inhibiting the carrier transport. The outstanding coinci-K, where contrary to samples with :4<0.75 only a
dence of the anomalies observed simultaneously in both theonoclinic distortion and a short-range charge order was
magnetic susceptibility and thermopower seems to confirndetected, the thermopower sharply decreases but suddenly
the trustworthiness of the hypothesis that long-range AF orbelow 120 K starts to increase with decreasing temperature,
der setsup independently on chemical composition achanges sign around 60 K and remains unambiguously posi-
Ty~ 135 K, i.e., significantly belowW 5. Below theTy, the  tive down to 10 K. Our attempt to explain this behavior is
thermoelectric power further decreases and reaches minimhhsed on recent low-temperature structural data that reveal
values at~60 K. Supposing that both spin and orbital de-the existence of th€-type antiferromagnetic order, already
generacy are quenched at this temperatsee Annexgwe  observed in Br_,CaMnO; system forx~0.8, and a regular
can use a simple Heikes approximation to estimate the cordistortion of MnQ network with 3,2 orbital polarization'*
centration of hopping carriers. The value of Experimentally observed average prolongation of Mm0-
~—400uV K™ ! observed for the SgpCa, 79Mn0O; indi-  tahedra together with a short-range charge order signify,
cates that only of~4% of Mn‘“eg electrons are free to however, the existence of some Mg@ctahedra with higher
participate to hopping conduction at this temperature. Filocal electron density in .2 orbital than that which can be
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deduced from chemical substitution. In other words, there is S L L
a disproportion between symmetry requirements, leading tc o
relatively high-electron occupation ofd® orbital and local 0F ¢
Mn3T/Mn* order and, on the other side, the average Mn<- |
valency determined by chemical substitution. In a frame of,
this picture the charge transport is realized in “negatively”
charged Mn@ network ( with respect to average valency of
Mn ~3.8+) by charge compensating positive carriers -
holes - which move by hopping. The positive low-
temperature thermopower is thus attempted to be explaine:
as a configurational entropy of “holes” hopping between
“matrix” composed of Mn ions which exhibit average Mn
valency lower then chemically determined value, i.e.,
Mn3'8+.

The common feature observed for &%<0.85 samples, T
which was already mentioned, is that the activation energy 0 50 100 150 200
decreases with decreasing temperature and apparently ten T (K)
to zero at 0 K. The best model which suits this behavior is
variable-range carrier hopping/RH) in three-dimensions
0~ 00exp(To/T)Y4 the simple approximation by Arhenius
law does not provide the most reliable model of charge car- ~
rier transport. In a frame of the VRH model, less energeti- -
cally demanding conducting channéi®d to, e.g., disorder,
defects and imperfections. . ) open at lower temperatures
so carriers “hop” to longer distance but between less ener-
getically separated states. Experimentally observed VRH fit
of resistivity data for samples with 0.85<<0.4 below ap-
propriate Tco(Ty) provided 10< lower standard deviation
than a simple Arrhenius model. The VRH behavior is further
supported by thermopower since this, despite of temperatur:
activated resistivity, tends to zer¢ @ K thus implying the
finite density of states d& . A small peak on the resistivity
and a drop of thermopower observed for sample with ) P E A
=0.9 at Tcg~110 K are correlated with a maximum in 0 50100 200
magnetic susceptibilityFig. 4) and likely linked to cluster T &)

glass ferromagnetism appearing beldws =110 K. Finally FIG. 7. Temperature dependence of the thermal conductivity for
let us mention that the CMR properties 0f0.85 sample  the sm_,CaMnO; series with 0.8:x<1. The values were cor-

originate from its frontier position between insulatiGgtype  rected on the sample porosity and the radiation. The magnification
antiferromagnetism and metallic cluster glass ferromagshown in the lower panel enables to visualise the anomalies ob-

netism. served at characteristic temperatures. Samarium concentraison
When the calcium concentration is further increased up tdabeled on the graph.

x=0.95, lower magnetic susceptibility, higher electrical re-
sistivity and increased absolute value of thermopower conrected on the sample porosity Logarithmic scale used in
currently indicate the decrease of ferromagnetic interactionthe upper panel enables to depict the thermal conductivity for
at the expense of antiferromagnetic ones. The decrease of th# series since Sm substitution induces the dramatic decrease
thermopower and the peak on the susceptibility for CaMnO of its absolute value. The blowup in the lower panel exem-
signifies a long-range AF order @ =122 K. Similar val-  plifies the anomalies accompanying charge or spin ordering,
ues of thermoelectric power observed for CaMn@nd respectively.
Smy»Ca 7,9MN0O3 at ~60 K imply, supposing the same In conformity with previous studies the thermal conduc-
mechanism of charge-carrier transport, the comparablévity \ in supposed to be confined essentially to its phonon
charge-carrier concentration in both compounds. The abpart \ 510, With phonon mean-free pathyponon Critically
sence of disorder induced by cationic substitution and ndimited by static and/or dynamic Jahn-Teller mod&s?®
charge and/or orbital order leads, however, to much higheApart from this phenomenon additional scattering sources of
carrier mobility in CaMnQ@; the electrical conductivity is phonons should be considered - namely scattering by impu-
more then 18 times higher then that of compared rities (with respect to chemical substitutipand scattering
Smy »:Ca 7,sMN0O; - see Fig. 1. on disordered spins. The interplay of above mentioned phe-
With respect to a close interrelation between the transpomtomena keeps the phonon mean free path very short in all
and lattice effects the thermal transport probed by thermastudied temperature range and conventional 1/T dependence
conductivity measurements was also studied. In order tavith low-temperature peak, characteristic for heat carried by
compare and analyze the data measured on samples of dghonons with a mean free path limited by ordinary anhar-
ferent compactness the data displayed in Fig. 7 were comonic decay, is not observed. Due to concurrently observed
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high electrical and small thermal conductivities for €% b T T T
=<0.9 we cannot exclude, however, that overall thermal con- L Sm,Ca MnO, Mo
ductivity A5 COMprises a substantial part of electronic 5
contribution\ ¢jectron- The upper limit of the potential mag-
non contribution\ ,3gnont0 Atoral, Dased on magnetic spe-
cific heat anomaly of ferromagnetic insulator
Lag Cay 1Mn03, was estimated by Cohn et al. Myagnon
<4*10 2 W K'm™* at ~100K and Apagnon
<0.1WK !m?! at ~260 K and is neglected in our
analysis* As we have mentioned the interplay of strong
scattering of phonons on impurities, dynamic J.T. modes g
and/or static J.T. deformations is likely responsible for both
small values ofA;,:, and its decrease with increasing Sm
concentration - see Fig. 7. For the least conducting
Smy Ca MnO; sample the observed value of;y, 0
~1 W m 'K !is comparable with glassy materials and
imply the phonon mean-free path equivalent to Mn-Mn dis-
tance. The thermal conductivity of $rCa MnO; sample L pr Ca Sr 'N'[no; T
smoothly decreases below room temperature and exhibit: ' '
only a broad maximum around 100 K without any other
pronounced anomaly below room temperature. In conformity -
with electric transport and magnetic susceptibility measure-
ments this behavior likely reflects the diffusive character of
evolution of charge-ordered state below the onset tempera
ture Tco~275 K, which is fully developed only below Nel
temperature presumed @~ 140 K. Similar thermal con-
ductivity evolution was previously observed for
Pry sCa sMnO5 and correlated with structural evolution and
long-range AF ordef1® F etecton
The thermal conductivity of 06x<0.75 samples be- I
haves differently since a pronounced anomaly at tempera
tures, clearly associated with the onset of charge-ordering 0
temperaturd o, is registered- see Fig. 7. With respect to a
high electrical conductivity  above Tco(o3oxk
~10°Q~* m™ ) we should consider the electronic contribu-  FIG. 8. Temperature dependence of the total thermal conductiv-
tion Nejectron@s an eventual origin leading to the decrease ofty \ioa1=Nelectront Mphonon fOr three selected compositions of
Niotal IN the electrically insulating state. Let us mention thatSm, _,CaMnO; series(upper pangl and the ferromagneticT(
contrary to this assumption the steep increase of thermal cor=205 K) Py ¢Ca 2:1Sl.14MnO; single crystal(lower pane). For
ductivity registered belowl¢ in the metallic state for some the separation of phonon and electron parts of thermal conductivity
ferromagnetic manganites with 30% Mret was definitely the electronic contribution was estimated using the experimental
not explained by electronic contributié®4To clarify this resistivity data corrected on the sample porosity and supposing the
apparent discrepancy we have attempted to estimate the elelidity of Wiedemann-Franz law.
tronic part\ jectron fOr selected samples of Sm,CaMnO,
series and a single-crystal RECa 2SI 1AMNO; metallic  Smy ,Ca 79VINO; samples and a steep increasd gtfor the
ferromagnet with two order resistivity decrease B¢ Pry.6sCa 1451 .iMNO3 ferromagnet. Based on this compari-
=200 K (p20x /p20k=100). We have calculateNgjectron SON We ascribe the decrease Ofigy at Teo In
using the Wiedemann-Franz laWeeciron=LoT/p, Where  Sm;_,CaMnO; series to electronic contributioRgiectron
L,=2.4*10 8W/Q K? is the ideal Lorenz free number and keepingA pnonon @lMost unaffected by the transition. On the
p is electrical resistivity. This last quantity was corrected onother hand, in agreement with previous studies, the increase
sample porosity thus providing more reasonable estimate afbserved below M-I transition in ferromagnetic manganites,
intrinsic grain resistivity needed for such analySighe re-  represented by BgCay 1,56 2;MNnO; single crystal, should
sults are shown in the Fig. 8. Experimentally observed Lobe associated mainly with phonon thermal conductivity.
renz  number for similar ferromagnetic metallic These conclusions seem to be coherent with specific heat
Ca _,Sr,RuO; perovskites is somewhat lower L( measurements observed for ,LaCaMnO; solid
=1.63*10 ® W/Q K?) and indicates that our estimated solutions'® The peaksA(c,) observed aff co=270 K for
electronic contributions should represent rather upper limiantiferromagnetic Lgs{Ca AMNO5; and T-=263 K for fer-
of the real\ gjectron. -2 Estimated phonon part of thermal con- romagnetic LggCa, 3dMnO; signifies, that a change of lat-
ductivity Nphonon= M total— Nelectron reflects the lattice dy- tice energy is at M-I transition significantly lower diq
namics and clearly differentiate between the smooth evoluthen atTc.
tion of Apponon OvVer the T¢o for Smy Ca ¢MNO; and For “metallic” samplesx~ 0.9 with ferromagnetic com-
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. - T T . transition is accompanied by transition from ferromagnetic to

b SMy Cag MnO, 401 ] antiferromagnetic long-range order B~ 150 K.2° Clearly
observed thermal hysteresis of resistivity and thermoelectric
power for the PysSrpsMnO; sample confirms the first-order
character of M-I transition. Contrary to that, the thermal hys-
teresis is, at least within the experimental error, negligible in
the case of SgyCa gMNO; sample thus supporting the
second-order character of the M-I transition.
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IV. SUMMARY

The Smy Ca MnO3; sample is the insulating ferromagnet
] with both thermally activated electrical resistivity and ther-
ra— 1(')0 : 150 : 1;‘0 : 1&0 : 1;30 00 mo_electric power. For samples with higher calcium concen-
trations (0.4 x=<0.85) the polaron binding energy progres-
T&) sively decreases with increasingand, consequently, the
FIG. 9. The comparison of the thermal hysteresis in the resis-Samples W'th>0'_6 9)_(h'b't at room—tgmperature nonacti-
tivity and thermoelectric powefinsed temperature dependencies Vated electrical resistivity. When lowering the temperature at
for polycrystaline Srg,CagMnO; (O) and single-crystal —certain critical temperaturg.,;; clear anomalies in the tem-
Pr, 551, sMnO; (00), for the sake of comparison the thermopower Perature dependencies of resistivity, thermoelectric power,
of Pry St sMnO; was five times multiplied. The first order charac- magnetic susceptibility, and thermal conductivity are ob-
ter of the transition in RSt sMnO; at Ty~ 150 K is evidenced by ~ served. Respecting recent low-temperature electron micros-
hysteresis both in the resistivity and thermopower. copy results these anomalies can be associated in the 0.4
<x=0.75 compositional range to the real-space long-range
ponent belowT - =110 K the magnetic transition is accom- charge ordering temperatufig.o of Mn®**/Mn** ions, i.e.,
panied by a significant increase »ofat Tcg. This tendency Tcit=Tco, While for the x=0.8 sample, the low-
is also seen in Sm fre6&-type antiferromagnet CaMnQ  temperature data are explained suppo<iriype orbital po-
Since the phonon scattering caused both by Ca substitutidarization and a short-range charge order. A sharp decrease
and J.T. effect of MA" ions are much less operational in this of magnetic susceptibility below.q together with the car-
compositional range and supposing that phonons are domiier localization, demonstrated by electrical resistivity and
nating heat carrieréhe role of electronic component at low thermoelectric power, are indicative for the cut off the ferro-
temperatures is negligiblewe assert the revival of thermal magnetic interactions, which are mediated by quasi-itinerant
conductivity below the magnetic ordering temperature to incarriers. We deduce that antiferromagnetic order, which sets
creased phonon mean-free path due to decreased spin sdast belowTc is of the short-range and long-range antifer-
tering belowTy (T¢). Nevertheless the spin wave contribu- romagnetism develops &@f, well below T¢. The estimated
tion N magnonto the thermal conductivity enhancement below temperature differencAT betweenT .o and Ty seems to be
Tn (Teg) cannot be unambiguously excluded. To elucidateone the largest known in manganites and culminatesTat
this question the measurements of magnetothermal condue150 K for  Smy ,Ca gMNO;  (Tco=287 K and Ty
tivity and/or specific heat data are desirable. =135 K). Forx~0.9, the paramagnetic “metallic” state is
The thermal conductivity temperature dependence ofit Tcg=110 K replaced by a cluster glass ferromagnet with
Smy, ,Ca gMNO5; sample results from its frontier position be- a VRH conduction at low temperatures; for the most metallic
tween two above-mentioned distinct families- metallic clus-samplex=0.88 the non-activated conductivity is preserved
ter glass ferromagnetx{0.9) and charge-ordered antifer- below Tco. The CaMnQ is an antiferromagnet witfTy
romagnets (0.4x<0.75). The thermal conductivity below =122 K.
T.nit~150 K is essentially influenced by orbital ordering, Unlike to the metal-insulator transition observed
which leads to thermal conductivity a decrease due to missh  ferromagnetic  “hole-doped”  counterparts (e.qg.,
ing electronic componemtqeciron and, on the other side, to  Pry ssC& 2:Sh.1/MNO3) the thermal conductivity temperature
a revival of\ phonondue to increasing phonon mean-free pathdependence for 0<dx<0.75 samples does not exhibit such
resulting from orbital and magnetic order. Consequently, theénarked discontinuity at metal-insulator transition. For
plateau of thermal conductivity observed below 150 K cansamples withx>0.85, as a result of decreased impact of
be understood as an outcome of counteracting roles of thgubstitutional disorder and static/dynamic ¥MnJahn-Teller
above-mentioned effects. modes on phonon scattering, spin fluctuations are likely the
Despite the sharp resistive transition and abrupt decreassost important scatters for phonons. The analysis of the ex-
of magnetic susceptibility aT;;~150 K, the orbital and perimental data shows that the decrease of thermal conduc-
magnetic orders in SgCay gMNO; are still presumably tivity below Tco is likely due to absent electronic compo-
separated in temperature. This separation should keep th@nt\gjeciron @nd phonon park ppenen remains unaffected.
relevant M-I transition rather of the second order. To clarify Contrary to thatX ,pn0n S€€MSs responsible for the thermal
this, we compare in Fig. 9 the thermal cycling of electrical conductivity increase beloW¢ as in ferromagnetic metallic
resistivity and thermoelectric power of gpCa, MnO; with samples as in ferromagnetic cluster glass samples with
Pry St sMnO3, when for the last one the metal-insulator ~0.9.
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by simplified form B=In{BsBo[1—(n/N)]/(n/N)} when
the spin degree of freedom results@g=5/4 andBg results
from the interplay of Coulomb interaction, J.T. distortion and
The electrical resistivity in the paramagnetic region wasthermal energkgT. With respect to crystallographic distor-
analyzed supposing adiabatic hopping of polaronic carrierion of MnOgz network observed at room temperature in our
p=a*ki[1—(n/N)]/(n/N)/ w,/€®* T*exp(W, /kgT) where  analysis only the spin degree of freedois¢5/4, labeled
ais lattice parametery, is attempt frequency close to opti- *), eventually removed by a short-range magnetic interac-
cal phonon frequencyn is number of charge carrierd| is  tions (8s=1, labeled#), is considered” The energy gap in
the number of available sites and other symbols have theihe paramagnetic state is observed for0.3 and 0.4
usual meaning. The activation energy of electrical resistivitysamples, the configurational entroBydominates the region
W,=Eg+W,—J represent the sum of energy gBg, hop-  0.5<x=<0.65.
ping energy Wy, and transfer integrall. Fit of high- In the case of 0.%x=<1 samples, the metalliclike resis-
temperature (300 KT<600 K) data for Smp<Ca,sMnO; tivity and linear temperature dependence of thermopower al-
provides an attempt frequene@y,~5*10' Hz and transfer low to use the modified expression for thermopower
integral J~2.5 meV. These values are in a good agreemen®f single-band metal
with presumed model, at least for this composition. The de-
crease oW, with increasingx reflects decreasing polaronic —a=m* ké/(3e)*T*{N(E)/n+cst.}|E:EF
effect as due to more favourable tolerance factor of perov-
skite structure as due to lower concentration of J.T3Mn whereN(E) is the density of states amdis the carrier den-
ions. sity. A plausible width of conduction band ef1 eV (Ref.
The temperature dependence of thermoelectric power fa23) results in a good agreement between the rak{&)/n
samarium-rich samples was described using formulaletermined from thermopower amgMn)/n(Mn3*) calcu-
a=—kg/|e|*{Es/kgT+ B} whereEg is the energy gap and lated from chemical composition thus confirming the reli-
B represent the configurational entropy term ability of used model—see last two columns of Table I.
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