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Effect of Mo substitution in the n=3 Ruddlesden-Popper compound Ca;Mn;0,,
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The effect of Mo doping on the structural, magnetic, electrical, and thermal transport properties of
CayMn;_ Mo,0,, (0=<x=<0.3) compounds has been investigated. Our study indicates that Ca;Mn;0 exhibits
a weak ferromagnetism below Ty=115 K, which is due to the canting of antiferromagnetic sublattices. The
slight Mo doping at Mn sites (for x=0.03, 0.06, and 0.1) induces ferromagnetic clusters. The induced ferro-
magnetism may be ascribed to the double-exchange (DE) interaction between Mn** and Mn>* ions. For the
x=0.2 and 0.3 samples, experimental results show that a cluster-glass state dominates at low temperatures due
to the competition between the ferromagnetic DE and the antiferromagnetic superexchange interactions. The
small polaron hopping and variable range hopping mechanisms have been used to explain the conduction
behavior of these samples. Under 7 T field and at 50 K, the maximum magnetoresistance value 45% is
observed in the x=0.1 sample. The observed negative thermopower S values indicate that the carriers present
in all the samples are electrons. Furthermore, the thermal conductivity xk measurement results show the en-

hanced Jahn-Teller distortions of MnOg octahedra and quenched structural disorder due to Mo doping.

DOI: 10.1103/PhysRevB.75.014414

I. INTRODUCTION

Manganites with perovskite structure have been a focus of
recent investigation since studies of the colossal magnetore-
sistance (CMR) effect in the early 1990s.'® The class of
perovskite manganites can be regarded as the n=% member
of a general family of compounds (R,A),..;Mn, 03, , known
as Ruddlesden-Popper (RP) phases.* The RP phases provide
an invaluable experimental model to study the influence of
dimensionality on the CMR effect.’> For general n, the RP
phases consist of n layers of perovskite blocks alternating
with single (R,A)O rock-salt layer. The introduction of the
rock-salt layer increases the interlayer space of the MnO,
block sheets, thus causing a decrease in the value of the
exchange constant in that direction. This produces an aniso-
tropic reduction in the 3d bandwidth and hence modifies the
magnetic and transport properties of these systems to some
extent which depends on the value of 1.

The CMR effect found in perovskite manganites is also
exhibited by n=1 and 2 members of the RP family.>’”8 Man-
ganese mixed valence is accepted to play a fundamental role
in the CMR behavior of these compounds since the simulta-
neous appearance of ferromagnetism and enhanced electrical
conductivity is explained by the double-exchange (DE) inter-
action between Mn** and Mn** ions.® The control of manga-
nese mixed valence can be achieved by the substitution of R
and A, e.g., La;_,Ca,MnOj5 and La,_,,Sr;,,,Mn,0; for 0.2
<x<0.5, extensively investigated in the literature.>>’ The
substitution of manganese ions by a different valence cation
is another possible way of changing the mixed valence ratio.
For instance, Raveau et al. reported that the pentavalent and
hexavalent @° elements (Nb, Ta, W, Mo) substitution at Mn
site of CaMnOj5 can induce ferromagnetism and CMR.'* Up
to now, few papers have been published on n=3 member of
the RP series.!'"!> This is mainly due to the difficulty in
producing mixed Mn**/Mn** materials by chemical substi-
tution, which makes the system a poor candidate for showing
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CMR through the conventional DE mechanism. Attempts
have been made to dope Ca;Mn;0;, with La’" in order to
induce mixed valence, but only small doping levels have
been so far reported in bulk samples,'!? for values of 0.01
and 0.1. Yu et al.'*'* have shown that the reason for this
rather low doping levels could be the instability of the struc-
ture of the undoped CayMn;0,, under the internal chemical
pressure originating from the difference in ionic radii be-
tween Ca** and La**.

Our present investigation is based on the idea that a par-
tial substitution of Mo®" for Mn** in Ca,Mn;0,, should in-
duce electron doping, i.e., Mn®* species in the Mn** matrix,
and consequent DE interaction. Considering the high valence
state (6+) of doping Mo, one can expect that the substitution
of a small content of Mo for Mn should induce a large
change in the Mn**/Mn3* ions ratio. In this work we report
the structural, magnetic, electrical, and thermal transport
properties of the Ca,Mn;_Mo,0,, (0<x<0.3) compounds.
The doping with Mo®", established by x-ray photoelectron
spectroscopy (XPS) measurements, introduces electrons in
the system, which is consistent with the observed negative
thermopower values. The induced ferromagnetism and con-
sequent CMR are observed for the Mo-doped samples due to
the ferromagnetic (FM) DE interaction between Mn** and
Mn3* ions. The thermal conductivity measurement results
have been discussed in terms of the unusually large distor-
tions of the MnOg octahedra and enhanced structural disor-
der with increase of doping level.

II. EXPERIMENTAL

Polycrystalline Ca,Mn;_ Mo, O, (x=0, 0.03, 0.06, 0.1,
0.2, and 0.3) samples were synthesized by the standard solid-
state reaction. Stoichiometric precursor powders CaCOs,
MnO, and MoO; were mixed and ground, then fired in air
several times at 950 °C, 1100 °C, and 1200 °C for 24 h
with intermediate grinding. After the final grinding, the pow-
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FIG. 1. XRD patterns for Ca;Mn;_ Mo,0;, with x=0, 0.03,
0.06, 0.1, 0.2, and 0.3.

der was pressed into small pellets, sintered in air at 1250 °C
for 24 h and slow cooled to room temperature.

The room temperature x-ray diffraction (XRD) measure-
ment was taken by Philips X’ pert PRO x-ray diffractometer
with Cu Kea radiation. The structural parameters were ob-
tained by fitting the experimental data of XRD using the
standard Rietveld technique. XPS measurements were per-
formed using VG Scientific ESCALAB MKII spectrometer,
with Mg Ka x-ray as the excitation source. The magnetic
measurements were carried out with a Quantum Design su-
perconducting quantum interference device (SQUID) MPMS
system. The resistivity p, thermopower S, and thermal con-
ductivity « were performed on a Quantum Design physical
property measurements system (PPMS).

III. RESULTS AND DISCUSSION

The room temperature XRD patterns of Ca,Mn;_ Mo, O,
(x=0, 0.03, 0.06, 0.1, 0.2, and 0.3) are shown in Fig. 1. The
Rietveld refinements of the XRD patterns show that all
samples are single phase with no detectable secondary
phases. The XRD patterns can be indexed as the RP phase
with orthorhombic symmetry (space group Pbca). For the
undoped sample, we obtained a=52519(4) A, b
=5.2635(4) A, and ¢=26.7840(9) A, close to the data re-
ported in a previous paper.'> For the doped samples, the cell
parameters are expected to vary with Mo doping content x. If
one takes into account the possible Mo®" oxidation state in
the doped samples, the molybdenum for manganese substi-
tution will lead some reduction of Mn** to Mn3*. As shown
in Fig. 2, the unit-cell volume monotonously increases with
increase of x, which is consistent with the increase of in-
duced Mn** (0.645 A) whose ion radius is larger than that of
Mn** (0.53 A). In fact, Pi er al.'® have suggested that the
oxidation state of Mo in CaMn;_Mo,05 perovskites should
be Mo®*. In order to establish the real valence states of Mo
and Mn ions in our doped samples, we carried XPS measure-
ments on Mo 3d and Mn 2p regions. The inset of Fig. 2
shows the XPS spectra of Mo 3ds,, and 3d;,, for the selected
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FIG. 2. Unit cell volume, V, as a function of Mo doping content
x. The inset shows XPS spectra of Mo 3d and Mn 2p regions for the
selected x=0.1 sample.

x=0.1 sample. From this figure one can find that the binding
energies of Mo 3ds, and 3d;,, are 232.1 and 235.3 eV re-
spectively, with a splitting of 3.2 eV. These observed binding
energies are related with Mo®*.!” Thus, the valence of Mo in
our doped samples can be established as 6+, which is not
surprising since the most stable valence of Mo in air is 6+
(d° configuration). The peak of Mn 2p;,, is broad and the
center locates at binding energy of 642.0 eV (see the inset of
Fig. 2). When manganese has a 4+ (i.e., MnO,) or 3+ (i.e.,
MnOOH), the peak of Mn 2p;, is expected at 642.2 eV or
641.5 eV. Therefore, the manganese in our studies presents
an intermediate valence (between 4+ and 3+). Then the in-
duced ferromagnetism and consequent CMR can be expected
due to the DE interaction between Mn*" and Mn** ions.

Figure 3 shows the temperature dependence of magnetic
susceptibility, x(7), measured under an applied field of
0.1 T. For the undoped Ca;Mn;0,, the zero-field-cooling
(ZFC) curve shows a cusp at Ty~ 115 K [see Fig. 3(a)],
indicating a typical antiferromagnetic (AFM) behavior. This
result is in qualitative agreement with neutron-scattering
studies.!”> The field-cooling (FC) curve shows a sharp in-
crease at a temperature of ~115 K, which is associated with
a weak ferromagnetism (WFM) in CayMn;0,,.%!> Magneti-
zation as a function of applied field also evidences a small
FM component (Fig. 4). The WEM as an intrinsic property of
Cay,Mn;0,, is most probably due to the canting of AFM
sublattices due to an antisymmetric Dzyaloshinskii-Moriya
(DM) term in the exchange Hamiltonian arising from the
orthorhombic distortion of the crystal structure.® The WFM
is hidden in zero field due to the AFM exchange interaction
but an applied magnetic field induces a spin-flop transition
into a phase with a net magnetization. Interestingly, the drop
in FC magnetization is observed below 35 K. This drop is
evidence for a more complex behavior than expected for a
conventional weak ferromagnet. Thermoremanent magneti-
zation (TRM) measurements® have indicated that the low-
temperature complex behavior could be associated with a
spin-glass-like phase due to the disorder of the WFM mo-
ment in each MnO, plane.
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The x(T) curves of the x=0.03, 0.06, and 0.1 samples are
quite different from that of the undoped sample. As shown in
Fig. 3(b)-3(d), the shape of the ZFC and FC curves displays
ferromagnetism-like behavior, with a transition temperature
T-~ 105 K. The magnetic susceptibility and T value in-
crease with the doping level x. The observed ferromagnetism
in the lightly doped samples should originate from the DE
interaction between Mn** and Mn3* induced by the Mo%*
doping at Mn sites. The doped electrons remain localized on
single Mn sites leading to isolated Mn®* ions that coexist
with the majority Mn** sites. The DE coupling to the neigh-
boring Mn** ions distorts the magnetic environment locally
creating a FM cloud around itself. The small variation of T
results from a competition mechanism. On the one hand, the
DE interaction should be enhanced due to the increasing
Mn?* content with the doping level x. On the other hand, the
structure distortion is enhanced due to the Jahn-Teller (JT)
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FIG. 4. The M-H loops at 10 K for Cay;Mn;_Mo,0;, (0=x
<0.3).

0 100 200 300

effect of Mn?* ions. As a result, the Mn-O-Mn bond angle
decreases and the DE interaction should be weakened. Due
to the above two competitive ways, 7¢ only has a small
variation. Additionally, there exist distinct differences be-
tween ZFC and FC curves just below T and the susceptibil-
ity cannot reach saturation at low temperatures, which are
reminiscent of an inhomogeneous ferromagnetism.'® Such
magnetic inhomogeneity was previously observed in Mn-site
doped perovskite CaMnO;, e.g., CaMn;_RuO; and
CaMn,_,Mo,05.'% Considering the induced DE coupling by
Mo substitution, a long-range FM ordering can be expected
for the doped samples with high doping level x=0.2 and 0.3.
However, that is not the case. Figures 3(e) and 3(f) show that
the AFM state appears at a transition temperature Ty (Ty
=120 and 135 K for x=0.2 and 0.3, respectively). The ob-
served AFM ordering can be related to the Mn®*/Mn** su-
perexchange interaction, which cannot be ignored as the
Mn3* content increases with doping level. In the absence of
long-range FM ordering, the irreversibility between ZFC and
FC curves at low temperatures indicates a glass-like transi-
tion resulting from the AFM ordering and the short-range
FM interactions. The low-temperature state is cluster-glass
rather than spin-glass phase, since the induced DE FM clus-
ters are embedded in an AFM matrix as discussed above. The
competing phases, AFM and FM, can result in the existence
of inhomogeneous state and consequent phase separation.'®
This picture is similar to that in Ca;_,LaMnO; and
Ca, ¢,Laj ;sMnO, reported in the literature.?0!

The M-H loops of all the samples were measured at the
temperature of 10 K. The experimental results are shown in
Fig. 4. For the undoped Caz;Mn;0,, M increases almost lin-
early with H and a very small hysteresis is observed, indi-
cating an AFM phase with WEM. For the x=0.03, 0.06, and
0.1 samples, M rises sharply with the increase of H at low
fields and does not saturate even at 5 T, which reveals a
superposition of both FM and AFM components. With fur-
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FIG. 5. Inverse susceptibility as a function of temperature. The

solid lines represent the fitting data according to the Curie-Weiss
law.

ther increasing the doping level x (for 0.2 and 0.3), the mag-
netization decreases due to the enhanced Mn**/Mn** AFM
interaction. Interestingly, especially for the x=0.2 sample,
the magnetic hysteresis appears even at a high field of 4.5 T
and the coercive force H is fairly large. Such a large H is
due to the large blocking of the domain wall motion in the
magnetic inhomogeneity state of this sample.

In order to study the magnetic interaction further, we fit-
ted the experimental data in paramagnetic (PM) region ac-
cording to the Curie-Weiss law, y=C/(T—-0p), where C is
the Curie constant and 6p is Weiss temperature. Figure 5
shows the temperature dependence of the inverse susceptibil-
ity, 1/, and the fitting curves. For all samples, the experi-
mental data in PM region can be well fitted by the Curie-
Weiss law. The fitted values of 6p are —539, —177, —115,
—28, =94, and -223 K for x=0, 0.03, 0.06, 0.1, 0.2, and 0.3
respectively. For x=0, the deduced 6p value of —539 K is
anomalously high when compared with Ty, consistent with
the reported results in the literatures.®?> For all doped
samples, the 6p values are negative, which indicates the ex-
istence of AFM interactions. With increasing x, the absolute
value of 6p originally decreases and then increases, which
reaches the minimum as x=0.1. The variation of 6, could be
associated with the competition between the AFM and FM
interactions. As x=<0.1, the induced DE interaction weakens
the AFM interaction between Mn** ions, resulting in the de-
crease of |@p|. As x>0.1, the AFM interaction between Mn**
ions is enhanced, resulting in the increase of |6p|. The effec-
tive magnetic moment . values obtained on the basis of
Curie-Weiss law are 4.38, 4.42, 4.53, 5.20, 5.11, and 5.03up
per manganese ion for x=0, 0.03, 0.06, 0.1, 0.2, and 0.3
respectively. Although the negative 6p values strongly sup-
port the existence of strong AFM interactions, the observed
Mesr values are much larger than the calculated values using
the spin-only moment of the free Mn ions (3.87 u for Mn**
and 4.90up for Mn**). Such large Mes Values indicate that
there should exist some short-range magnetic interaction in
high-temperature PM region. The existence of the probably
strongest short-range magnetic interaction in the x=0.1
sample could account for the maximum g,z value. As x

PHYSICAL REVIEW B 75, 014414 (2007)

6250200 125 100 T(K)

x=0 DDDDD : ]
x=0.03 i
x=0.06

¢
!
f
aia

In(p/T) (@ cm K)

In(p/T) (@ cm K™

2 4 6 8 10 12 14
1000/T (K™
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the fitting data according to the small polaron hopping model.

>0.1, the short-range magnetic interaction is gradually
weakened, thus the u,/ value decreases with increasing x.

The zero-field resistivity of our samples is plotted versus
inverse temperature in Fig. 6. All the samples show semicon-
ducting behavior over the whole measuring temperature
range. By comparing with the resistivity data of perovskite
CaMn,_,Mo0,0,,'¢ the p of Ca;Mn;_Mo,0,, is obviously
higher. This is attributed to the difference in structures of
these two systems. It is known that CaMnOj; has the perov-
skite structure characterized by a three-dimensional array of
corner-sharing MnOg octahedra. However, in Cay;Mn;0,
every three CaMnOj; perovskite layers is separated by a
rock-salt layer. Therefore, the larger p of Ca;Mn;_ Mo,0 is
reasonably associated with the introduction of the insulating
rock-salt type CaO layers between the perovskite blocks. For
the x=<0.1 samples, the resistivity decreases with increasing
Mo doping level, consistent with the increase of e, electrons
and induced ferromagnetism as discussed above. However,
with increasing x further (for x>0.1), the resistivity in-
creases with x. This should be ascribed to the enhanced lat-
tice distortions due to the JT effect of Mn>* and the induced
disorder due to Mo doping at Mn sites.

The solid lines in Fig. 6 correspond to the fit of the ex-
perimental data to a small polaron model, in which case the
resistivity can be expressed by the formula:>

= exp| — /.
P=Po p ks T

This formula predicts a linear relation between In(p/7T) and
1/T, and E_/kg is the slope of the straight line. For all the
samples, as shown in Fig. 6, the resistivity can be well fitted
using the small polaron model for T>Ty (T), with activa-
tion energies of 86.3, 75.4, 60.5, 55.9, 66.2, and 107.6 meV
for x=0, 0.03, 0.06, 0.1, 0.2, and 0.3, respectively. For x
=0.2 and 0.3 samples, the E, value unusually increases,
which is attributed to the increase of polaron binding energy
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due to the enhanced JT distortion. One can find that there are
more marked deviations at low temperatures, indicating a
change in the conduction mechanism. In fact, below Ty (T(),
the resistivity is best described in terms of 2D Mott’s vari-
able range hopping (VRH) model:?}

1/3
p:poexp[@) ] )

The fitting results are shown in Fig. 7. Especially for x
=0.2 and 0.3 samples, the fit to the VRH model is reasonably
good, due to the induced large disorder effect on the conduc-
tion. The results show that the fitting parameter 7=2.3
X 10° K for x=0 and Ty=1.2X 107 K for the highest doping
level x=0.3. According to Mott’s VRH theory the parameter
T, is inversely proportional to the localization length of the
carriers. So a large value of T, implies the existence of a
great disorder. Therefore, for our samples, the increase of 7,
value with x indicates the enhanced disorder due to the Mo
doping.

Considering the induced ferromagnetism in our doped
samples, these samples are expected to show a CMR behav-
ior especially at low temperatures. We performed the resis-
tivity measurements under an applied magnetic field of 7 T
for all the samples. The temperature dependence of the nega-
tive MR ratio —Ap/p(0) is shown in Fig. 8. The MR ratio is
defined as Ap/p(0)=[p(H)-p(0)]/p(0), where p(0) is the
resistivity at zero field and p(H) is the resistivity at the ap-
plied field of 7 T. As shown in Fig. 8, the MR values of the
doped samples are much larger than that of the undoped
sample, especially for the x=0.03, 0.06, and 0.1 samples, and
the maximum MR value reaches 45% at 50 K for x=0.1
sample with the maximum 7 (see Fig. 3). The observed
large MR effect should be related to the existence of ferro-
magnetism at low temperatures. A spin-dependent mecha-
nism of MR could, in principle, have an intrinsic as well as
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FIG. 8. Temperature dependence of negative magnetoresistance
(MR) ratio under an applied magnetic field of 7 T.

an extrinsic origin. The former is due to the reduction in spin
disorder caused by the increasing magnetic polarization of
the sample as the applied field rises. The latter is associated
with spin-polarized tunneling between FM grains (i.e., an
extrinsic effect).”* For the x=0, 0.2, and 0.3 samples, the
most likely mechanism of the MR in our samples is spin-
dependent scattering, considering the existence of only weak
ferromagnetism in these samples. In contrast, for x=0.03,
0.06, and 0.1 samples, the MR is significant only in the pres-
ence of magnetic order below T, indicating MR mechanism
may be dominated by spin-polarized tunneling. Anyway, fur-
ther study is necessary to clarify the certain mechanism of
MR in our samples.

The temperature dependence of the thermopower, S(7), is
presented in Fig. 9. As expected, S values are negative over
the whole temperature range measured, indicating that the
majority carriers in Ca;Mn;_Mo,0,, (0=<x=<0.3) are elec-
trons. The values of S of all samples increase on cooling are
typical of semiconducting behavior, in agreement with resis-
tivity results above. Moreover, the absolute values of S de-
crease with increasing the Mo content, consistent with the
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FIG. 9. Temperature dependence of thermopower S. The solid
lines are fitting curves using the small polaron hopping model.
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increase of carriers due to Mo doping. For the undoped
Ca,Mn;0,, the large magnitude (|S|>180 uV K~! above
300 K) and almost 7 independence at high temperatures
show the advantage for thermoelectric application. In the
temperature range 150-400 K, for all the sample, the tem-
perature dependence of S can be fitted to small polaron hop-
ping theory, according to which § can be expressed as>

kn( E
S=——B<—S+A>, (3)
e \kgT

where E is the thermopower activation energy and A repre-
sents the contribution to S of electrons distributed in states
above the conduction band edge. As shown in Fig. 9, the fit
is not satisfied exactly over the stated range, however it is
clearly the best fit compared to other alternative models. The
activation energies Eg obtained from the thermopower data
are 17.2, 15.1, 14.3, 13.9, 12.1, and 13.4 meV for x=0, 0.03,
0.06, 0.1, 0.2, and 0.3, respectively. The deduced Eg values
are significantly below the values of the activation energies
E, derived from the resistivity measurements, which is char-
acteristic of small polaron hopping transport.”® In this in-
stance, E, is normally assumed to be the sum of two relevant
parts: E,=Wy+Es. Here Wy is the activation energy corre-
sponding to the minimum energy to produce the equivalency
of the two neighboring sites involved in the polaron hopping,
and is equal to one-half of the polaron binding energy. For
our samples, the large difference between E, and Ej signifies
that conventional band transport does not occur, but rather is
the hallmark of small polaron hopping wherein the transport
is dominated by temperature dependent mobility effects. Fur-
thermore, one can notice that the E¢ value for x=0.3 is larger
than that for x=0.2. As discussed above, transport occurs via
thermally activated hopping of small polaron, in which case
E is the energy difference between identical lattice distor-
tions with and without the carrier, in other words, Eg is the
energy required to generate the carrier. Thus, the increase of
polaron band gap could be one main reason for the increase
of Eg value. In the low-temperature range of 7<<150 K, S
cannot be fitted by small polaron hopping model, which may
indicate a change in the transport process. However, the cer-
tain mechanism cannot be deduced from only several reliable
data points, because we cannot measure S values at low tem-
peratures due to the very high resistivity of all the samples.

Figure 10 shows the thermal conductivity « of
Ca;Mn;_Mo,0,, (0<x=<0.3). In general, k can be ex-
pressed by the sum of a lattice component «; and an elec-
tronic component k, as k=k;+k,. Usually, «, can be esti-
mated by the Wiedemann-Franz (W-F) law, which relates «,
to the electrical conductivity according to x,=LyoT. Here,
Ly=2.45Xx 10" W Q K2 denotes the Sommerfeld value of
the Lorenz number. From the measured values of p, we es-
timate that , is less than 5% of « for all samples. Thus, «(7)
is dominated by phonons and k, is negligible in this case. We
concentrate first on the undoped sample. As shown in Fig.
10, the « rapidly increases with temperature at low tempera-
tures and reaches a maximum value at about 70 K. In the
temperature range 70—200 K, « decreases with temperature.
However, above 200 K « increases slowly with increasing
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FIG. 10. Temperature dependence of thermal conductivity « for
all samples.

temperature, which is anomalous for usual phononic heat
transport. A qualitative understanding of the phononic heat
transport is obtained from the relation k«cvl, where c, v,
and [ denote the specific heat, the sound velocity, and the
mean free path of the phonons, respectively. At low tempera-
tures, [ is determined by lattice imperfections, and the tem-
perature dependence of « follows that of the specific heat,
i.e., ko T3 for T—0 K. At intermediate temperatures a maxi-
mum of k occurs, when phonon-phonon Umklapp scattering
becomes important and leads to a decrease of / with increas-
ing temperature. At high temperatures Umklapp scattering is
proportional to the number of phonons which is proportional
to temperature, i.e., [ 1/T and « follows a 1/7T dependence.
Above 200 K, the observed unusual temperature dependence
(dk/dT>0), the behavior of an amorphous solid, indicates
that an unusual, additional scattering mechanism is active. In
fact, the positive dk/dT is usually observed in manganites.
Unlike amorphous solids, d«x/dT>0, here is not related to
quenched structural disorder but rather to unusually large
dynamic lattice distortions.?”?® For the undoped sample, as
pointed by Battle et al.,'> very small content of Mn** may
exist because the oxygen stoichiometry is not perfect. Thus
the local distortions of the MnOg octahedra due to the JT
effect can be expected to account for the anomalous high-
temperature k behavior. For the doped samples, the values of
k decrease with increasing Mo doping content x, and the
maximum « at 70 K is suppressed. This could arise from the
enhanced lattice distortions and the induced disorder due to
Mo doping at Mn sites.

IV. CONCLUSIONS

In summary, Mo doped Ca,Mn;_Mo,0,, (0=x=<0.3)
system was synthesized and the structural, magnetic, electri-
cal, and thermal transport properties have been systemati-
cally investigated. The experimental results show that Mo
doping induces FM clusters in the AFM matrix due to DE
interaction between Mn** and Mn3* ions. Accordingly, the
large MR effect has been observed in the x=0.03, 0.06, and
0.1 samples especially at low temperatures. The electrical
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conduction mechanisms can be well described as small po-
laron hopping and variable range hopping at high tempera-
tures and low temperatures, respectively. The thermopower S
values are negative over the whole temperature range mea-
sured, indicating electronic doping in Ca,;Mn;_,Mo,0;, (0
<x=0.3). The thermal conductivity x measurements show
the unusually large dynamic JT distortion of MnOg octahedra
and the induced disorder due to Mo doping at Mn sites.
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