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Pr1−xCaxMnO3 �PCMO, x=0.3� ceramic is a member of the manganite family that exhibits a colossal
magnetoresistance. We report a comprehensive study of perovskite manganite PCMO �x=0.3� ceramic with
EPR, dielectric spectroscopy, and ac electrical conductivity. Activated-type temperature dependence of EPR
linewidth is a strong signature for a hopping of Jahn-Teller polarons above �150 K. Analysis of the electrical
conductivity and dielectric constant data suggests the ordering of polarons in the charge-disordered state of
PCMO �x=0.3� below 60 K. This provides a new understanding of the phase diagrams in PCMO systems.
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The observation of colossal magnetoresistance �CMR� ef-
fects in perovskite manganite films1–3 has stimulated the in-
tensive research on manganese oxides. LaMnO3, the proto-
type compound of this family, is an antiferromagnetic
insulator characterized by a strong structural distortion, inter-
preted in terms of a cooperative Jahn-Teller �JT� effect. On
partial substitution of La with a divalent alkaline-earth metal,
the corresponding fraction x of Mn+3 is formally replaced
with Mn+4 and, for compositions 0.2�x�0.4, the com-
pounds are ferromagnetic, exhibiting CMR.3 The doped sys-
tems, with the general formula A1−xAx�MnO3 �A=rare earth,
A�=Ca,Sr,Ba�, are characterized by strong competition be-
tween two different ground states: a charge-ordered �CO�
insulating state, where Mn eq electronic states are localized
and tend to order onto separate crystallographic sublattices,
and a charge-disordered �CD� state showing metalliclike dc
conductivity.4,5 Ca and Sr doped PrMnO3 in particular, ex-
hibit some spectacular effects which are still a subject of
scientific debate. Various properties of PCMO ceramics have
been reported,6–8 including the following properties for
PCMO �x=0.3�.9,10 The charge and orbital order has been
simultaneously established at Tc0�200 K. At TN�150 K
Mn moments order into the collinear antiferromagnetic or-
der. At TCA�120 K another magnetic transition into a weak
ferromagnetic state is observed due to small canting of Mn
magnetic moments. Finally, in magnetic fields, a metal to
insulator transition is induced that is irreversible below
60 K.11

Recently it has been shown that, in PCMO in the doping
range 0.2�x�0.5, the electric transport is dominated by the
hopping of small Jahn-Teller polarons with an activation en-
ergy of Wk�110–190 meV.12 When applying a sufficiently
high current, the electrical resistivity is strongly reduced over
the whole temperature range and a steplike change occurs at
a percolation temperature Tp. Above Tp the temperature de-
pendence can be described by the model for thermally acti-
vated polarons, where the activation energy decreases with
increase of current to 80 meV. This current dependent acti-
vation barrier is a fingerprint of a polaron liquid. Below Tp
the strong increase of ��T� at low currents reflects the freez-
ing out of the polaron modes. At high currents the activation

energy below Tp decreases further, indicating a transition to a
light polaron. The electrically induced polaron solid-liquid
transition in PCMO �x=0.5� has in fact been observed by
high-resolution transmission electron microscopy �TEM�,12

and the effect has been connected to CMR. It has been con-
cluded that the electrically induced coherent polaron motion
and the solid-liquid transition comprise the first step in un-
derstanding a complicated polaron phase diagram.

In the present work we report on the study of polaron
dynamics of the PCMO �x=0.3� ceramics over a broad tem-
perature interval. At high temperatures �T�150 K� ther-
mally activated dependence of EPR linewidth provide evi-
dence for JT polarons. At low temperatures temperature
dependent dielectric data detects the ordering of polarons in
the low-temperature CD phase of PCMO �x=0.3�.

PCMO �x=0.3� powder was prepared by mechanochemi-
cal synthesis.13 The starting materials were powders of
Pr6O11 �Alfa Chemicals, 99.99%�, CaCO3 �Alfa Chemicals,
99.95%�, and MnO2 �Alfa Chemicals, 99.9%�. Synthesis was
achieved in a Retsch PM 400 planetary mill working at 300
rpm for 12 h in tungsten carbide milling jar and balls. A
deagglomeration treatment was accomplished for the synthe-
sized powder by attrition milling in isopropanol for 4 h.
Powder was uniaxially pressed into disks and further con-
solidated by isostatic pressing at 300 MPa. Ceramic with a
density of 5.98 g /cm3 was prepared by sintering at 1250 °C
for 4 h in the air. The ceramic sample is phase pure accord-
ing to x-ray diffraction �XRD� analysis. Gold electrodes
were sputtered on the disks’ surfaces. The ceramic powder
sample for EPR measurements was sealed under dynamic
vacuum into a 1 mm diameter capillary. Continuous wave
x-band EPR measurements were performed on a commercial
Bruker E580 spectrometer equipped with an Oxford Cryo-
genics ESR900 cryostat. Temperature stability was �0.2 K.
Typical microwave power was set to 1 mW while the modu-
lation field was 2 G. The dc magnetic susceptibilities, �,
were measured using a commercial superconducting quan-
tum interference device magnetometer QD-MPMSXL5. The
complex dielectric constant ���	 ,T�=��− i�� was measured
between 300 and 4.5 K in the frequency range of 1 Hz to
1 MHz, using a Novocontrol Alpha high resolution dielectric
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analyzer. The amplitude of the probing ac electric signal was
10 V/cm. The temperature was stabilized to within �0.1 K
using an Oxford Instruments continuous flow cryostat. The
real part of the complex ac conductivity 
�=
�+ i
� was
calculated from 
�=2�	�0��, with �0 being the permittivity
in vacuum.

In order to characterize our sample, the temperature de-
pendence of the FC and ZFH-FC magnetic susceptibility was
measured, which is shown in Fig. 1. � was measured at dc
magnetic field of 100 Oe. At 110 K we observe the phase
transition which is close to the previously determined TCA.11

A typical room-temperature X-band EPR spectrum
is shown in the inset to Fig. 2. The EPR line shape
can be well simulated by a single Lorentzian line shape
with a room-temperature linewidth �Hpp=1584�3 G and
g=2.008�0.001. On cooling, the EPR linewidth decreases
and reaches a minimum at 132 K, i.e., 18 K below the anti-
ferromagnetic transition temperature TN=150 K. Above TN,
�Hpp can be well described with an activated type tempera-
ture dependence �Hpp= �A /T�exp�−Ea /kT� �Fig. 2�. The
value of the activation energy is Ea=42�1 meV. A model
with such a temperature dependence was suggested by

Shangelaya et al.14 to describe a phase in which the spin-
lattice relaxation is controlled by small Jahn-Teller polaron
hopping. In the paramagnetic phase, the conductivity of
manganites shows the same temperature behavior, with simi-
lar values of Ea.14,15 On further cooling below 132 K, �Hpp
starts to increase rapidly and, due to critical fluctuations, al-
most diverges. In the same temperature interval the g factor
also starts to shift to higher values, due to the short-range
order effects. Below 132 K a very broad and asymmetric
resonance was measured, reflecting large local magnetic
fields in the magnetically ordered phase.

Besides infrared excitation in optical conductivity,16,17

the fingerprint of polarons is usually connected with the tem-
perature and frequency dependence of ac electrical
conductivity.18–20 The ac electrical conductivity of
Pr0.7Ca0.3MnO3 was measured as a function of temperature at
several frequencies �Fig. 3�. The observed behavior is typical
of the existence of polarons in the system: while at higher
temperatures 
� is strongly temperature dependent, below
30 K the conductivity becomes almost independent of the
temperature. The data above 40 K are presented in a rescaled
range �left part of Fig. 3� in comparison to those detected
below 40 K �right part of Fig. 3�. One can thus clearly see
that below 30 K the conductivity is almost independent of
the temperature while at higher temperatures 
� becomes
strongly temperature dependent. From the maxima in

��T ,	� we plotted the relaxation frequency versus recipro-
cal temperature �inset to Fig. 3�. Arrhenius plot is valid from
approximately 40 K until TCA�120 K. Below 30 K the

��T� plateaus are strongly frequency dependent, which sug-
gests that hopping or tunneling of localized charge carriers
governs the electrical transport at low temperatures.21

The frequency dependence of the ac electrical conductiv-
ity in PCMO �x=0.3� is shown in Fig. 4�a�. At lower
frequencies, 
��	� curves start to saturate toward the dc con-
ductivity. At higher frequencies, on the other hand, 
� fol-
lows a power law 
�=
1	n with n�1 and, for the lowest
temperatures, such behavior was observed over a broad fre-
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FIG. 1. Splitting between field-cooled �FC� and zero-field-
cooled–field-heated �ZFC-FH� magnetic susceptibilities, revealing a
phase transition at 110 K, close to the previously determined TCA. �
was measured at a dc field of 100 Oe.
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FIG. 2. The temperature dependence of ln��Hpp� for PCMO
�x=0.3�. A representative X-band spectrum measured at room tem-
perature is shown in the inset. Above TN=150 K, �Hpp can be well
described with an activated type temperature dependence.
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FIG. 3. The temperature dependence of the real part of the com-
plex ac conductivity 
�, measured at several frequencies. In order to
reveal the high-temperature behavior, the data above 40 K are pre-
sented in a rescaled range �left part� in comparison to those detected
below 40 K �right part�. The inset shows the relaxation frequency
determined from the peaks in 
��T� �in the left part� versus recip-
rocal temperature.
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quency range of four decades. It is however known22 that
a simple ansatz 
��	�=
dc+
1	n must be replaced in some
substances, such as in Pr0.65Ca0.28Sr0.07MnO3, by the
additional presence of a sublinear increase, 
�=
0	s with
s�1. This contribution, a so-called universal dielectric re-
sponse �UDR�, is predicted by various models,23 and the re-
sulting expression for the frequency dependent electrical
conductivity is thus 
��	�=
dc+
0	s+
1	n. The expression
for the frequency dependence of the dielectric constant,
���	�=�+�0	s−1+�1	n−1, is obtained by the Kramers-
Kronig transformation. The solid lines in Figs. 4�a� and 4�b�
are obtained by simultaneous fits of the experimental 
��	�
and ���	� data to the above expressions.

The UDR exponent s was determined by the above men-
tioned fitting procedure as a function of the temperature, for
Edc=0 and Edc=0.5 kV /cm �Fig. 5�. The applied dc electric
field obviously does not affect values of the UDR exponent,
which has a monotonous behavior. Such a behavior is pre-
dicted by the tunneling polaron model �originally this model
was developed for the tunneling of overlapping large
polarons,23 but it was argued later24 that it is in fact appli-
cable to small polarons�, which yields the temperature de-
pendence of s as23

s = 1 −
4 + 6Wr0�/�kTR�2�

R��1 + Wr0�/�kTR�2��2 . �1�

Here, W denotes the energy barrier and r0� the reduced
polaron radius. The reduced tunneling distance R� is also a

function of W and r0� and, additionally, of the inverse
attempt frequency �0 as23

2R� = ln
1

��0
−

W

kT
+ ��ln

1

��0
−

W

kT
�2

+
4r0�W

kT
	1/2

,

�2�

where �=2�	. The fit of the experimental data below
�60 K to Eqs. �1� and �2� �the solid line in Fig. 5�
yields values of W=0.019�0.002 eV, r0�=3.6�0.3, and
�0=4.4�10−7 s.

From the detected 
��	 ,T� and s�T� data we can thus
conclude that, in the CD phase below 60 K, the tunneling of
polarons governs the charge transport in PCMO �x=0.3�. As
the dc electric field does not influence small polarons below
60 K, we believe that they are frozen in, i.e., we believe that
there exist short-range correlations of ordered polarons.
Similar effect, however on the long-range scale, namely, the
formation of the orbital polaron lattice �OPL�, has recently
been observed in La1−xSrxMnO3 �LSMO� by resonant x-ray
scattering at the metal-insulator transition in this
compound.25 The OPL is a clear manifestation of the strong
orbital-hole interactions, which play an important role in the
CMR effect in doped manganites in general. In the same
paper the formation of the OPL is predicted also for PCMO.
It has furthermore been proposed that the insulating state at
low temperatures in PCMO �x=0.3� should be regarded as a
polaron lattice.26

In conclusion, the temperature dependence of the EPR
linewidth in PCMO �x=0.3� ceramics shows that, above
150 K, spin-lattice relaxation is controlled by small Jahn-
Teller polaron hopping. In addition, with the fingerprint
method of polarons, freezing in of small polarons was de-
tected below 60 K in the charge-disordered phase. Detected
ordering of polarons provides a new understanding of the
phase diagrams in PCMO systems and is a clear manifesta-
tion of the strong orbital-hole interactions that play a crucial
role in the CMR effect in doped manganites.

This research was supported by the Slovenian Research
Agency �Grant No. P1-0125�.
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FIG. 4. �a� Frequency dependence of the electrical conductivity

� at selected temperatures. The solid lines are fits, performed si-
multaneously for 
� and ��, with an expression combining a dc
contribution, a UDR hopping contribution, a 	n power law, and a
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with the same contributions as in Fig. 4�a�.
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