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Polycrystalline PrCuMn6O12 sample has been successfully synthesized. It has been characterized by
x-ray diffraction �XRD�, magnetic and magnetotransport measurements at ambient pressure, and
transport property measurements under pressures. From the refinements of XRD data, a cubic phase
and a trigonal phase with charge ordering state were identified at higher and lower temperatures,
respectively. The temperature dependence of the resistance indicates that the phase transition is a
first-order transition. Both effective paramagnetic moments of the trigonal and cubic phases can be
explained by orbital moment freezing theory. The transport property of the trigonal phase has been
fitted with Mott’s law for variable range hopping. Though the magnetoresistance value is not large,
the pressure-induced resistance value change of PrCuMn6O12 is positive and achieves 264.8%. The
cubic phase is suppressed under pressure and transformed to the trigonal phase at 15 kbar, indicating
favor of the charge ordering state under pressure. © 2010 American Institute of Physics.
�doi:10.1063/1.3294608�

I. INTRODUCTION

Recently, a great deal of attention has been attracted to
colossal magnetoresistance �CMR� materials not only for
their potential applications in magnetic sensor, read head,
and information storage but also for their abundant electronic
and magnetic properties and correlation between them. Most
of these materials are Ln1−xBxMnO3 with perovskite struc-
ture where Ln is rare earth element and B is alkaline earth
element. The CMR effect in this kind of material can be
mainly explained by double-exchange �DE� mechanism,1

which enhances electron transfer and results in sharp de-
crease in resistivity around TC. With in-depth study, many
mechanisms were proposed to explain abundant phenomena
of CMR materials, such as Jahn–Teller effect,2 charge
ordering,3 orbital ordering,4 and phase speparation.5 Many
efforts in searching for new CMR materials have been car-
ried out and room temperature CMR materials have been
studied in detail, such as double-perovskite structure
Sr2FeMoO6 �Ref. 6� and pyrochlore structure Tl2Mn2O7.7

Both of them exhibit intrinsic tunneling-type MR without
DE. The CMR effect was also observed in complex perov-
skite CaCuxMn7−xO12 compounds,8–11 whose MR effect
comes from spin polarized intergrain tunneling and the MR
shows large value at low fields and smoothly increases with
decreasing temperature.

CaCuxMn7−xO12 represents an AA3�B4O12 perovskite-like
cubic phase with cell parameter of twice of an ideal perov-
skite. A is generally a large monovalent, divalent, or rare
earth cation, A� is a Jahn–Teller Cu2+ or Mn3+ cation, and B
can randomly be a Mn4+ or Mn3+ ion. CaMn7O12, where both
A� and B are Mn ions, has a trigonal crystal structure with a
space group of R-3 at room temperature and shows a charge
ordering state below 440 K.9,12,13 This charge ordering in R-3

structure is caused by the alternative occupancy of Mn3+ and
Mn4+ ions at the B sites. In the R-3 structure, the 9d positions
have point symmetry of �1, therefore they can be occupied
by Jahn–Teller Mn3+ cations. The 3d positions have point
symmetry of �3 and are occupied by Mn4+ ions. The man-
ganese ions occupy three crytallographically independent
sites, with two of them having two different Jahn–Teller dis-
tortions �at A� and B sites�.14 Among the series, the structure
of the compounds is cubic when there are Cu ions at A�
position, such as NaCuxMn7−xO12, LaCuxMn7−xO12, and
CaCuxMn7−xO12.

10,15,16 The charge ordering state is only ob-
served in CaMn7O12 �Mn4+:Mn3+=1:3� though the charge
ordering state often takes place in Ln1−xBxMnO3 with
Mn4+:Mn3+ being 1:1. In this paper, we describe the prepa-
ration of PrCuMn6O12, its crystal structural transition from a
trigonal phase to a cubic phase at 267 K accompanying dis-
appearance of charge ordering.

II. EXPERIMENT

Polycrystalline PrCuMn6O12 was prepared by a polymer-
network gel method17–19 followed by heat treatment. Accord-
ing to the formula PrCuMn6O12, stoichiometric amount of
Pr6O11, �CH3COO�2Cu·H2O, and Mn�CH3COO�2 ·4H2O
were dissolved in deionized water containing citric acid,
forming a uniform solution. After the pH value regulated
with ammonia, polymerization agents and starters were
added to the solution. Keeping the temperature at 80 °C for
a few minutes, the solution polymerized into polymer gel.
The gel was crushed, dried at 120 °C, and then fired at
600 °C. Finally, the precursor was thoroughly ground with
KClO4 �30% in weight�, pelletized, and sintered at 850 °C
for 24 h in an oxygen flow, with an intermediate grinding.
Mineralizer KClO4 was decompounded to KCl and O2 at
600 °C, and all the KCl vaporized away during sintering at
850 °C for 24 h within oxygen flow. The x-ray diffraction
�XRD� pattern measurements were performed using a
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M18AHF diffractometer with Cu K� in the range 15° �2�
�135° by increment 0.02 �2��. The XRD patterns recorded
at 300, 267, and 120 K were analyzed by the Rietveld
method using the program FULLPROF.20 Temperature depen-
dence of resistance and magnetization were measured using a
Mag Laboratory System �2000 Oxford U.K.�. Clamp-type
piston cylinder cell was used to measure temperature depen-
dence of resistance at different hydrostatic pressures. Resis-
tance was measured with the standard four-probe technique.
Electrical contacts were established using silver paint. The
sample temperature was monitored with aluminonickel and
chromel thermocouple placed near the sample and a mixture
of silicone oil and kerosene�1:1� was used as a pressure-
transmitting medium. All the pressure values quoted in this
paper were measured at room temperature.

III. RESULTS AND DISCUSSION

A. Crystal structures

The structure of the synthesized compound was charac-
terized by XRD measurement. A single-phase cubic perov-
skite was identified, as illustrated in Fig. 1�a�, with a
=7.39 Å. The structure model of CaCuMn6O12 with space
group Im-3 �Ref. 9� was taken as a starting model in the
refinement. All the Mn ions at B sites occupy the 8c positions
and oxygen ions occupy the 24g positions. There is no Jahn–
Teller distortion coherence with the operators in space group
Im-3 and all the MnO6 octahedra are regular. The refined
parameters of PrCuMn6O12 at 300 K are presented in Table I.
The Mn–O–Mn bond angle is 137.9°, and the Mn–O bond
length is 1.980 Å. Besides the PrCuMn6O12, there is a small
amount of Mn2O3 with 5.16 wt % as impurity.

Three enlarged diffraction peaks at different tempera-
tures are shown in Fig. 2�b�–2�d�. It can be distinctly ob-
served from Fig. 1�b� that the intensity of the peak �220� of
the PrCuMn6O12 reduces and its peak width broadens with
decreasing temperature. From 300 to 120 K, a shoulder peak
appears gradually at the right of the peak �422� in Fig. 1�c�,
and the peak �440� splits in Fig. 1�d�. No change was ob-
served in the diffraction peaks of the Mn2O3 with decreasing
temperature. These changes in diffraction peaks suggest that
there is a crystalline phase transition occurring at about 267
K.

The XRD pattern recorded at 120 K was refined using
the room temperature structure model of CaMn7O12 �Ref.
14� with the space group of R-3 and the results are shown in
Fig. 1�e�. The refined parameters are presented in Table II.
There is still small amount of Mn2O3 with 5.41 wt %. The
non Jahn–Teller positions �8c� at B site in Im-3 transfer to
non Jahn–Teller positions �3b� and Jahn–Teller positions �9e�
in R-3. Since Mn4+:Mn3+ is 1:3 at B sites, the B sites are
occupied by non Jahn–Teller ions Mn4+ and Jahn–Teller ions
Mn3+ in �3b� and �9e� positions, respectively. This phase
transition accompanying the charge ordering is similar to that
of Sm0.5Ca0.5MnO3,21 Nd0.5Sr0.5MnO3,21 and
La0.5Ca0.5MnO3.22 The inset of Fig. 1�e� shows the charge
ordering pattern in PrCuMn6O12, which is different from
checkerboard pattern in Sm0.5Ca0.5MnO3, Nd0.5Sr0.5MnO3,21

or stripe pattern in La0.5Ca0.5MnO3 �Ref. 22� in the a-b plane.

The Mn–O–Mn bond angles change from 137.9° in the cubic
phase to 138.43° �Mn3+−O−Mn4+� and 146.92° �Mn3+−O
−Mn3+� in the trigonal one, which are larger than those of
CaMn7O12 in trigonal phase �Mn3+−O−Mn4+:137.60° and
Mn3+−O−Mn3+:139.27°�.12,13 The Mn3+O6 octahedron in
CaMn7O12 is Jahn–Teller distorted with two long and one
short Mn–O bonds �2.035, 2.038, and 1.89 Å�. The Mn3+O6

octahedron in PrCuMn6O12 in the trigonal phase has differ-
ent Mn–O bonds �1.849, 2.001, and 2.099 Å�, which indi-
cates an increased deformation of the Mn3+O6 octahedron. In

FIG. 1. �a� Results of the Rietveld refinement for the PrCuMn6O12 at room
temperature. The circles represent measured data, while the solid line rep-
resents the calculated diffraction pattern. Difference curve is at the bottom
of the graph. The ticks indicate the positions for the Bragg peaks of the
crystal structure of PrCuMn6O12, Mn2O3, from top to bottom, respectively.
��b�–�d�� Enlarged parts of XRD diffraction patterns of PrCuMn6O12 ob-
served at 300, 267, and 120 K. �e� Results of the Rietveld refinement for the
PrCuMn6O12 at 120 K. The circles represent measured data, while the solid
line represents the calculated diffraction pattern. Difference curve is at the
bottom of the graph. The ticks indicate the positions for the Bragg peaks of
the crystal structure of PrCuMn6O12, Mn2O3, from top to bottom,
respectively.
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PrCuMn6O12, the Mn–O bond length in Mn4+O6 octahedron
�1.848 Å� is shorter than that �1.915 Å� in CaMn7O12.

B. Magnetic property and electrical property

The temperature dependence of the magnetization of
PrCuMn6O12 is shown in Fig. 2�a�. The divergence between
the zero field curve �ZFC� and field curve �FC� at low tem-
peratures and a broad maximum around 50 K in MZFC indi-
cate that there is a freezing in magnetic moments at low
temperatures and a magnetic relaxation under field cooling,
suggesting a cluster glass state at low temperatures. The hys-
terisis curve at 5 K is inserted in Fig. 2�a� and the coercivity
�HC� is 760 Oe. The saturation magnetization is
18.62�B /mol, which is larger than that of CaCu3Mn4O12

9�B /mol.9 The reason is that further increase of Cu content
leads to the decrease of spontaneous magnetization.9 Figure
2�b� shows the temperature dependence of 1 /� and the inset
is the magnetization versus temperature curve. It is clear that
there is a step around the phase-transition temperature 267
K. Both cubic and trigonal phases at high temperature are

paramagnetic, and their susceptibilities at high-temperatures
obey the Curie–Weiss law. Fitting of the data to the equation
�=C / �T−�� yields the Weiss temperatures � as 185 and 164
K for the cubic and trigonal phases, respectively, which are
lower than 200 K for the CaCuMn6O12.

10 From the fitted
value of the Curie constant C, effective paramagnetic mo-
ment values of �eff=11.308 and 11.75�B are derived for the
cubic and trigonal phases, respectively. The theoretical para-
magnetic moment is given by �eff=gj�J�J+1��1/2�B. If or-
bital moments are frozen totally, for Mn3+, Mn4+, and Cu2+

ions, the spin-only value is �eff=gj�S�S+1��1/2�B=4.9, 3.87,
1.73�B, �gj =2�. For Pr3+ ion, the theoretical value is �eff

=3.58�B, and then the effective paramagnetic moment value
is �eff=��5�Mn3+

2 +�Mn4+
2 +�Cu2+

2 +�Pr3+
2 �=12.28�B. The rea-

son that theoretical value is slightly higher than the experi-
mental values is the g�2 for Mn ions resulting from frozen
orbital moments partially. With the changing of the crystal
structure symmetry from the cubic to the trigonal and the
occurring of the distortion of the octahedra, the orbital mo-
ment freezes further, then the gcubic�gtrigonal�2. So it is rea-
sonable that the effective paramagnetic moment value for the
trigonal phase is slightly larger than that for the cubic phase.

In Fig. 3�a�, we show the log�R� versus T curve of
PrCuMn6O12. There is a distinct increase in resistance
around Tco 267 K. The data are fitted with log�R�
� �1 /T�1/2 for the trigonal phase �the inset of Fig. 3�a��,
which accord with variable range hopping law with a small
gap appearing at EF �Fermi level�.23 In addition, there is a
hysteresis loop in the resistance curve around TCO as shown
in Fig. 3�b�, indicating the first-order structural transition
from the cubic to the trigonal phase. Figure 4�a� presents the
log�R� versus T curves of PrCuMn6O12 at 0 T and 7 T field,
respectively. Different from the case in Pr1−xCaxMnO3 �Ref.
24� and Nd0.5Sr0.5MnO3,25 application of an external mag-
netic field does not destroy the charge ordering state and
doesn’t affect TCO very much. In the inset of Fig. 4�a�, the
cusps of MR at TCO originate from the phase transition. The
difference of MR values between 1 and 7 T for the cubic
phase is smaller than that for the trigonal phase, which
means that the MR of the cubic phase is easily saturated
under field. The maximum of MR is 24% at 150 K at 7 T.

C. Pressure effects on electrical property

Figure 4�b� shows the temperature dependence of resis-
tance curves at different pressures. The enlarged details
around the critical temperature TCO are shown in the inset. It
is the same as the transport property of CaCuMn6O12 under
pressure26 that the resistivity increases gradually with pres-

FIG. 2. �a� Magnetization vs temperature for PrCuMn6O12. Both ZFC and
FC measurements are under a magnetic fields H=0.1 tesla. The inset shows
magnetization vs field for PrCuMn6O12 at 5 K. �b� The inverse of magnetic
susceptibility vs temperature for PrCuMn6O12. The inset is part of the mag-
netization vs temperature for PrCuMn6O12 from 250 to 290 K.

TABLE I. Parameters of PrCuMn6O12 at room temperature, a=7.39072�6� Å, space group Im-3, Rp=6.16%,
Rwp=7.96%, and Rexp=5.74%.

Atom Site x y z
B

�Å2�

Pr 2a 0 0 0 0.010�22�
Cu /Mn3+ 6b 0 0.53 0.5 0.151�27�
Mn3+/4+ 8c 0.25 0.25 0.25 0.068�23�
O 24g 0 0.1810�4� 0.3171�3� 0.536�63�
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sure at both the cubic and the trigonal phases. The increment
of resistivity for the cubic phase is larger than that for the
trigonal phase. From the inset of Fig. 4�b� the distinct phase-
transition temperature increases and is illegible under pres-
sures, and finally disappears at 15 kbar, indicating that the
cubic phase turns into the trigonal phase under pressure. In
this case, distorted Mn3+O6 octahedra substitute for the regu-
lar ones under pressure. PR is defined as PR= ���P�
−��0�� /��0�, where ��P� and ��0� denote resistivities at
pressure P and ambient pressure, respectively. Figure 5 rep-
resents PR versus temperature at different pressures. In most
CMR materials, the pressure and magnetic field have similar
effects, and both MR and PR are negative. In PrCuMn6O12,
the MR is negative, while PR is positive. The value of PR is
positive and there are maximums at the transition tempera-

ture TCO. The maximum value of PR is 264.8% at 20 kbar.
Even about 50 K, the PR is about 60% at 20 kbar, which is
larger than the maximum MR 24% at 7 T. The effect of
magnetic field of 6 T is almost equivalent to that of pressure
of 1 GPa in Pr0.3Ca0.7MnO3,27 while the pressure influences
more strongly than the magnetic field in PrCuMn6O12.

IV. CONCLUSIONS

PrCuMn6O12 polycrystalline sample was successively
synthesized. With decreasing temperature, PrCuMn6O12

takes place a phase transition from a cubic phase to a trigonal
phase at about 267 K accompanying a charge ordering state.
The cubic phase is a paramagnetic insulator while the trigo-
nal phase is a cluster glass and the transport property fits

TABLE II. Parameters of PrCuMn6O12 at 120 K, a=10.46659�27� Å, c=6.35948�23� Å, space group R-3,
Rp=10.4%, Rwp=13.8%, and Rexp=5.58%.

Atom Site x y z
B

�Å2�

Pr 3a 0 0 0 0.509�67�
Cu /Mn3+ 9e 0.5 0 0 0.175�58�
Mn3+ 9d 0.5 0 0.5 0.037�97�
Mn4+ 3b 0 0 0.5 0.322�53�
O1 18f 0.3460�9� 0.5212�11� 0.3139�13� 2.200�87�
O2 18f 0.2401�10� 0.2812�13� 0.0618�15� 0.709�34�

Bond length Bond angle
Mn3+−O1 2.099�6� Mn3+−O2−Mn3+ 146.92�64�
Mn3+−O2 2.001�4�
Mn3+−O2 1.849�12� Mn4+−O1−Mn3+ 138.43�54�
Mn4+−O1 1.848�6�

FIG. 3. �a� Log�R� vs temperature for PrCuMn6O12. The inset is log�R� vs
1 /T1/2. �b� Hysteresis loop of the resistance vs temperature curve around
TCO.

FIG. 4. �a� Log�R� vs temperature for PrCuMn6O12 at 0 and 7 T. The inset
is MR vs temperature. �b� Log�R� vs temperature for PrCuMn6O12 at 0, 6,
10, 15, and 20 kbar.
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Mott’s law for variable range hopping. Though the phase
transition is influenced slightly under magnetic fields, the
cubic phase turns into the trigonal phase at 15 kbar, indicat-
ing the pressure suppresses the cubic phase and favors the
trigonal phase with charge ordering.
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