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The magnetic, transport and elastic properties of CaMn0.96Mo0.04O3 polycrystal are reported. The mag-
netic data of the paramagnetic region point to the magnetic polarons. The transition from the paramag-
netic state into the antiferromagnetic state of G-type occurs near 93 K, the crystal orthorhombic structure
being unchanged. The transition from the paramagnetic orthorhombic phase into the C-type antiferro-
magnetic monoclinic phase is revealed at about 130–140 K, the transition taking place in small regions
of the sample.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Rare earth manganites Re1�xAxMnO3 (where Re is rare earth ele-
ment, A is alkaline earth one Sr, Ca or Ba) are attractive due to
strong interaction between structural, magnetic, and charge sub-
systems. The colossal magnetoresistance observed in the hole-
doped manganites is one of manifestations of this interaction
(see, for example, reviews [1–4]). After investigations of the
Mn3+-rich Re1�xAxMnO3 (x < 0.5) the scientists turned to studying
the properties of Mn4+-rich (electron doped) manganites with
x > 0.5.

The parent CaMnO3 manganite has orthorhombic Pnma struc-
ture with Mn4+ ion being located in the centre of the oxygen octa-
hedron. CaMnO3 is antiferromagnet of G-type in which Mn4+ spin
is antiparallel to the spins of six nearest neighbor Mn4+ ions; Neel
temperature TG

N is about 110–130 K depending on the concentra-
tion of oxygen vacancies [5].

In CaMnO3, the electron configuration of Mn4+ ion is t2g
3 eg

0. The t2g

electrons are localized and completely spin-polarized; the eg states
are empty. The orbitals near the Fermi level EF are Mn t2g" orbitals
with a spin up (with small admixture of O 2p). Above EF, Mn eg"
and Mn t2g; bands are located; the bands formed by Mn eg; orbitals
are still higher and the states of Ca ions lie well below EF.

The Mn3+ ions can be created in CaMnO3 by doping with Re ions.
In such a case, Mn–O distances and Mn–O–Mn angles are changed
due to difference in ionic radii of Ca and Re ions and Jahn–Teller
effect, so that MnO6 octahedrons are deformed. If Mn3+ content is
equal or higher than 0.1 some part of the sample undergoes tran-
sition from orthorhombic to monoclinic structure with charge/
orbital ordering. At 150–200 K in this part of the crystal with
monoclinic structure the magnetic transition from paramagnetic
into the C-state occurs [6]. Other part of the manganites remains
orthorhombic and undergoes the magnetic transition from para-
magnetic to G-state at about 100–120 K. Therefore below 100–
120 K, there are the nonuniform magnetic and structural states:
the monoclinic C-phase and orthorhombic G-phase coexist.

Another way for creating Mn3+ ions is the oxygen deficient in
CaMnO3�d. At d = 0.25 the number of Mn4+ and Mn3+ ions is equal.
In such nonstoichiometric CaMnO3�d the resistivity decreases as a
result of the appearance of additional charge carriers [7–9] except-
ing for some d when the ordering of the oxygen vacancies occurs
producing strong localization of the charge carriers and high resis-
tivity. In CaMnO3�d the transition into C-state was not observed for
any d.

The electron doping of CaMnO3-based manganites can also be
done by substitution of pentavalent (Nb5+, Ta5+, V5+, etc.) or hexa-
valent (W6+, Mo6+) ions for Mn4+ [10–17]. In contrast to Ca-site
doping, when the magnetic state of the manganite is changed only
as the result of lattice deformation and strong interrelation
between spin and charge subsystems, the Mn-site doping has
direct influence on spin subsystem because just Mn-ions have
localized t2g electrons which form magnetic moment.

The Mn-site doping results in the decrease of the resistivity and
appearance of the C-state [13] as Ca-site doping does. Therefore
one may expect the appearance of C-state with monoclinic
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structure and charge/orbital ordering in CaMn1�xMexO3 near
x = 0.10 if Me is a pentavalent ion and near x = 0.05 in the case
when Me is hexavalent ion. However, the phase diagram of
CaMn1�xMoxO3 obtained by the neutron powder diffraction and
magnetic susceptibility and reported in [13] shows the C-state only
when x is higher than 0.06. Perhaps, it takes place because the
valence of Mo-ions is lower than 6+. Another source of this discrep-
ancy may be small volume of the C monoclinic phase but the data
published so far are insufficient to choose between these
alternatives.

We have studied the magnetic, transport and elastic properties
of the CaMn0.96Mo0.04O3 polycrystal. The measurement of the
sound velocity and the internal friction is known to be extremely
sensitive method for detecting structural phase transitions. The
comparison of the magnetic and transport data together with the
elastic ones lets to make a conclusion about the phases in
CaMn0.96Mo0.04O3.
2. Samples and experimental methods

The CaMn0.96Mo0.04O3 polycrystal was prepared by solid state reaction from
stoichiometric CaO, MnO2 and MoO3. The synthesis was carried out in the following
stages: the first step was annealing during 50 h at T = 790–900 �C with intermediate
grindings, then there was the annealing during 8 h at 900–1150 �C, final annealing
of pressed pellets during 8 h was performed at 1375 �C. The CaMn0.96Mo0.04O3 poly-
crystal is single-phase. At room temperature, the crystal structure is orthorhombic
with the parameters a = 5.291 Å, b = 7.483 Å (b/

ffiffiffi

2
p

=5.292 A), c = 5.293 Å,
v = 52.40 Å3, which are close to those reported in [13].

The temperature (T) and magnetic field (H) dependences of magnetization r
were measured by SQUID (Quantum design) magnetometer in the Magnetometry
Center of the Institute of Metal Physics. Magnetic data were recorded after cooling
in magnetic field of 50 kOe (field cooling, FC) and after cooling without applied
magnetic field (zero field cooling, ZFC). The r(T) dependence was measured in
the magnetic field of 50 kOe in the temperature range of 5–300 K at heating (after
ZFC) and cooling (FC regime). The magnetization curves r(H) were measured at
T = 5 K in the magnetic field up to 50 kOe. The ac magnetic susceptibility vac(T)
were recorded by SQUID at heating and cooling in the range of 5–300 K with the
excitating field Hac = 4 Oe for frequency f = 100 Hz. Also in the temperature range
of 120–610 K, the susceptibility v = r/H was measured by Faraday balance. The
measurements were carried out in the field of 1.76 kOe at T < 295 K and at
H = 4.45 kOe at 295 < T < 610 K.

The resistivity q was measured in zero magnetic field and in the magnetic field
H = 7 kOe by four probe technique at heating regime with the rate 2–3 K/min after
ZFC. Magnetoresistance (MR) was calculated as Dq/q0 = [q(H) � q(0)]/q(0).

Longitudinal sound velocity Vl and internal friction Q�1 were determined by the
composite oscillator method [18]. The resonance frequency and quality of the
mechanical system consisting of a sample and a quartz rod exciting longitudinal
vibrations were measured and then Vl and Q�1 were calculated for the sample.
The frequency was of the order of 100 kHz. The measurements were carried out
in a helium gas atmosphere under heating and cooling with a rate of about 20 K
per hour. The length of the polycrystalline sample was 30 mm.
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Fig. 1. The temperature dependence of magnetization measured at 50 kOe in heating
regime after ZFC. Inset (a) the magnetization vs. magnetic field at T = 5 K after ZFC
(solid symbols) and FC (open symbols) and inset (b) dr/dT as a function of T.
3. Experimental results

Fig. 1 shows the temperature dependence of the magnetization
r(T) measured in the magnetic field of 50 kOe at heating after ZFC.
At T = 5 K, the magnetization is equal to 17 emu/g. The derivative
dr/dT has minimum at T = 93 K. No thermal hysteresis was
observed. Inset in Fig. 1 shows the r(H) dependence measured at
T = 5 K. The r(H) dependence is almost linear, r(H = 0) is slightly
greater than 5 emu/g. Saturation of magnetization was not
achieved in the fields used in our experiment.

Fig. 2 shows the real part of ac magnetic susceptibility vs. tem-
perature taken at heating (after ZFC). One can see the narrow peak
at T = 93 K i.e. at the temperature at which the extremum in dr/dT
takes place. In the inset in Fig. 2 the inverse paramagnetic suscep-
tibility, 1/v, is plotted against temperature. The curve is almost lin-
ear when temperature exceeds 260 K; at lower T, the experimental
points lie below the straight line. The high-temperature suscepti-
bility follows the Curie–Weiss law v = C/(T � h), where C is the
Curie–Weiss constant C ¼ Nl2

eff =3kB. The linear fitting of v�1(T)
curve in the range of 260 K < T < 610 K gives h � 0 and effective
magnetic moment leff = 4.99 lB, which is significantly higher than
theoretical value leff = 3.96 lB calculated in assumption of non-
interactive magnetic moments of Mn4+ and Mn3+ ions.

In Fig. 3 the temperature dependence of the resistivity is pre-
sented. The q(T) behavior is semiconductor-like with dq/dT < 0
except for the range from 260 to 280 K where dq/dT is positive
but very small in value. The deep minimum at T = 102 K and weak
peculiarity around T = 137 K are detected on the curve dq/dT as
function of T (Inset in Fig. 3).

Magnetoresistance determined for H = 7 kOe is presented in
Inset in Fig. 3. Magnetic field decreases the resistivity, so that mag-
netoresistance is negative. One can see some peculiarities at the
Dq(T)/q0 curve: deep minimum at T = 102 K and minimum at
T = 136 K. It is worth noting that the peculiarities in the Dq(T)/q0

curve are located at the same temperatures as the peculiarities in
the dq(T)/dT curve.

Fig. 4 shows temperature dependence of the sound velocity
Vl(T) measured at heating (solid symbols) and cooling (open
symbols). When the T is higher than 135 K the temperature
hysteresis is observed. The Vl(T) plots have a bell shaped form with
maximum �6160 m/s at around 250–300 K. The sound velocity of
CaMn0.96Mo0.04O3 is significantly higher than that in hole-doped
La-manganites (see, for example, [19,20]) but is somewhat lower
than value of Vl in undoped CaMnO3 [21]. One can see steps on
the Vl(T) curves (in temperature range of 136–140 K at heating
and in the range of 133–143 K at cooling). There are also other
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Fig. 2. v0ac against T measured at heating (after ZFC). Inset the inverse paramagnetic
susceptibility 1/v vs. T. The straight line is linear fitting.
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Fig. 3. The resistivity, measured at H = 0 at heating (after ZFC), vs. temperature.
Inset: dq/dT (left axis) and Dq/q0 (right axis) as functions of temperature.
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peculiarities in dVl/dT curves: at heating one sees maxima at 100
and 185 K, at cooling (not shown) the maxima are at 96, 177 and
214 K.

Fig. 5 shows the temperature dependences of the internal fric-
tion taken at heating and cooling. The Q�1(T) curve measured at
heating has three peaks situated at 106, 133, and 185 K. The curve
taken at cooling has four maxima that are at 109, 141, 170, and
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Fig. 5. The temperature dependences of the internal friction measured at heating
(solid symbols) and cooling (open symbols).
214 K. We see that the peculiarity temperatures in the Q�1(T)
curves are close to those in Vl(T).

4. Discussion

The pronounced extrema in dr/dT and the peak in v0ac at
T = 93 K together with linear dependence of r(H) and small non-
zero spontaneous magnetization at T = 5 K indicate that the transi-
tion from the paramagnetic state to G state with weak ferromagne-
tism occurs at TG

N ¼ 93 K. This statement agrees with results of
other works [11,12,22].

In the paramagnetic state, the high value of effective magnetic
moment leff = 4.99 lB estimated from the curve v�1(T) in the tem-
perature range 360 < T < 610 K indicates the magnetic polarons to
exist. In the frame of Varma model [23] the effective magnetic
moment is given by

l2
eff ¼ ½yðS1 þ PS2ÞðS1 þ PS2 þ 1Þ þ ð1� y� PyÞS2ðS2 þ 1Þ�g2l2

B: ð1Þ

Here 0 6 P 6 6 is the number of polarized spins of Mn4+ which are
nearest to Mn3+ ion, S1 = 2 is the spin of Mn3+ ion, S2 = 3/2 is the
spin of Mn4+ ion, (S1 + PS2) is polaron’s spin, y is the concentration
of Mn3+ ions, lB is Bohr magneton, g-factor can be taken to be
equal 2. The composition of our manganite can be written as
Ca2+(Mn4+

0.917Mn3+
0.083)0.96Mo6+

0.04O3. As the concentration of Mn3+ is
y = 0.083, the effective magnetic moment is 4.58lB if the number of
polarized Mn4+ spins is P = 2, when P = 3, the effective moment is
leff = 5.08 lB. Since near a given Mn3+ there are 6 nearest Mn4+ (or 5
if Mo6+ occupies a nearest Mn position) we may infer that the mean
spin of Mn4+ involved in the magnetic polaron state is lower than 3/2.

The transition from the paramagnetic state to the G-state man-
ifests itself not only in magnetic properties but also in kinetic and
elastic ones, which is evident from the extrema in dq/dT, Dq/q0,
dVl/dT, and Q�1 observed near 100 K. Such behavior near the tran-
sition temperature is typical of antiferromagnets.

In the range of 130–140 K, clear extrema in dq/dT, Dq/q0, Q�1

and the steps in Vl(T) curve are observed while the temperature
dependences of magnetization and magnetic susceptibility have
no peculiarities. In addition, the thermal hysteresis in Vl(T) and
Q�1(T) is observed above �130 K. This indicates that in the interval
from approximately 130 to 140 K there occurs a phase transition at
which both crystal structure and magnetic state change. Remem-
bering that the electron doping of CaMnO3 can result in the transi-
tion from the paramagnetic state with orthorhombic structure into
the C antiferromagnetic state with monoclinic structure we may
infer that the peculiarities are due to such transition.

At first glance, our finding contradicts the neutron data of [13]
because in that work, the monoclinic C-phase in CaMn1�xMoxO3

was reported only for x > 0.06 while in our manganite the molyb-
denum content is 0.04. To solve the contradiction one has to take
into account that the sound velocity and internal friction are extre-
mely sensitive to small change in crystal structure. Therefore our
results simply indicate that the phase transition into the mono-
clinic C-phase occurs in a very small part of our CaMn0.96Mo0.04O3

manganite. Unfortunately, our data are insufficient for determining
the volume of the monoclinic C-phase.

It is to be noted that in the range of 170–214 K some peculiar-
ities in dVl(T)/dT and Q�1(T) curves are observed. Their origin
remains unclear.

5. Summary

The magnetic, transport and elastic properties of CaMn0.96Mo0.04O3

are studied in wide temperature range. In the paramagnetic state
(260 < T < 610 K), the magnetic polarons are shown to exist. At lower
temperatures, there are at least two phase transitions. The first one is
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the transition from the paramagnetic state into the antiferromagnetic
state of G-type near 93 K, the crystal orthorhombic structure being
unchanged. Another transition is the transition from the paramagnetic
orthorhombic phase into the C-type antiferromagnetic monoclinic
phase at about 130–140 K. The latter transition occurs in small regions
of the CaMn0.96Mo0.04O3 manganite.
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