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We report the magnetic order and electrical �ac and dc� conductivity of bulk Mn0.5Ru0.5Co2O4 spinel oxide.
The system is a ferrimagnet, which undergoes from ferrimagnetic to paramagnetic state above the Curie
temperature �TC��100 K. Low field ��100 Oe� measurement shows a peak at Tp�100 K in zero field cooled
�ZFC� magnetization, whereas field cooled magnetization continuously increases down to 2 K. As long as the
applied magnetic field is not large enough in comparison with the coercive field, a sharp decrease in ZFC
magnetization is always observed below Tp. The peak temperature at Tp�100 K is shifted to lower tempera-
tures by applying sufficiently large magnetic field. ac susceptibility ��� and ��� also shows a sharp peak at
100 K, which is independent of frequencies �0.5 Hz–1 kHz� of ac magnetic field �amplitude �1 Oe�. These
observations, including other measurements, suggest strong pinning effects in domain wall dynamics. We have
noted that electrical behavior of the system is significantly affected by the magnetic ordering of the spins. Our
results have shown the contribution of short range interactions above TC to the formation of small polarons.
The system shows colossal magnetoresistance properties with a semiconductor to metallic transition below
80 K. A simple scaling law is used as a tool for the identification of short range magnetic interactions that may
be difficult to determine using conventional magnetization experiments.
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I. INTRODUCTION

Recently, many unconventional spinel oxides,1–3 in addi-
tion to conventional ferrites, have generated renewed interest
due to their potential applications in technology, as well as
the observation of properties like ferrimagnetism, spin glass,
superparamagnetism, metal-insulator transition and large
magnetoresistance �CMR�.4–6 Spinel oxides, represented by
formula unit AB2O4, are characterized by indirect �superex-
change� interactions between cations among A �tetrahedral�
and B �octahedral� sublattices. Magnetic moments in each of
A and B sublattices are ferromagnetically aligned, whereas
ferrimagnetic coupling between two sublattices is favorable
for the exhibition of CMR effect in spinels. The discovery
of colossal magnetoresistance �CMR� in many spinel
compounds6–9 has opened up a new field of research to un-
derstand the origin of large magnetoresistance �CMR� in ox-
ide materials. MnxCo3−xO4 �Ref. 10� is one such spinel com-
pound, which has shown CMR below their ferrimagnetic
ordering temperature. Although most of the spinels are free
from double exchange interactions between Mn3+ and Mn4+

ions, which plays an important role for the exhibition of
CMR in perovskites11 and pyrochlores,12 the system
MnxCo3−xO4 can be taken for the case study of a spinel con-
taining Mn3+ and Mn4+ moments.10,13–15 Earlier reports16,17

suggested that bulk MnCo2O4 is a long range ferrimagnet
with TC�180 K and its features are comparable in many
ways to the ferromagnetic oxide SrRuO3. For example, both
compounds have shown CMR, both are anisotropic magnet,
where magnetic behavior below TC is controlled by domain
wall movement. Small substitution of Ru by Mn in SrRuO3
showed the appearance of short range magnetic order coex-
isting with long range ferromagnetic order.18 Finally, antifer-
romagnetic order is observed in SrMnO3. On the other hand,
replacement of Mn by Ru in MnCo2O4 has shown antiferro-
magnetic spin-glass behavior in RuCo2O4.19 These investiga-

tions suggest that substitution of Mn by Ru in SrMnO3 and
MnCo2O4 can exhibit a different kind of effect. As long as
the spinel compound is concerned, Mn1−xRuxCo2O4 could be
an interesting system: �i� for understanding the role of Ru in
MnCo2O4, �ii� for understanding the correlation between
magnetic order and electrical conductivity, �iii� for consider-
ing a case study of short range interactions above TC.20

We have selected 50% Ru substituted compound
Mn0.5Ru0.5Co2O4, which is in between MnCo2O4 �ferrimag-
net with metal-semiconductor behavior� and RuCo2O4 �insu-
lating spin-glass�. The neutron diffraction experiment21

shows that cations in this compound are distributed as
�Co2+�A�Co3+�Mn3+�0.5�Ru3+�0.5�BO4, where A and B repre-
sents tetrahedral and octahedral sublattices, respectively.
First, we identify proper magnetic order of the system, and
then establish a correlation between magnetic order and elec-
trical conductivity. Such correlation has often been found in
many CMR compounds employing dc magnetization, ac sus-
ceptibility and dc conductivity measurements. We believe
that ac conductivity measurement can also be probed suc-
cessfully for the proper understanding of magnetic order and
the present work explores that possibility by a scaling analy-
sis of ac conductivity data.

II. EXPERIMENT

Bulk Mn0.5Ru0.5Co2O4 �polycrystalline� sample was pre-
pared by mixing the stoichiometric amounts of Co3O4
�99.5% from Fluka�, MnO2 �99.999% from Johnson Mat-
they�, and RuO2 �99.95% from Johnson Matthey� powders.
The pellet form of the mixture was sintered at 950 °C for
24 hours and at 1400 °C for 18 hours with intermediate
grinding and pelletizing. The heating and cooling rate was
maintained at 2 °C per minute. The sample was character-
ized by x-ray diffraction using Cu K� radiation using Philips
PW1710 diffractometer. The XRD data suggested cubic spi-
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nel structure for the sample with lattice parameter �8.270 Å.
dc magnetization was measured, using SQUID magneto-

meter �Quantum Design�, under the zero field cooled �ZFC�
and field cooled �FC� conditions. ac susceptibility of
the sample was measured in the frequency range
0.5 Hz–1.5 kHz at ac field amplitude hrms�1 Oe. The dc
conductivity of the sample was measured using Keithley
2001 multimeter in the absence and presence of 8 kOe mag-
netic field. The real component of ac conductivity ��p� was
measured in the frequency range f =17 Hz to 1 MHz at an ac
electric field amplitude �0=1 V using Quad Tech 7600 pre-
cision LCR meter. All the electrical measurements were car-
ried out by a two-probe pressure contact technique using two
sharp pointed end copper rods. The sample of dimension
�10 mm�5 mm�1.75 mm was placed tightly in between
the rods so that separation between the pointed ends of the
rods are 1.75 mm. Hence, the unwanted contact problem that
has been encountered during ac conductivity measurement22

can be avoided. The temperature was well controlled within
±0.1 K accuracy using Lakeshore temperature controller
�model 330�.

III. RESULTS

A. Magnetization

Temperature dependence of zero field cooled and field
cooled magnetization are shown in Fig. 1. Figure 1�a� shows
that zero field cooled magnetization �MZFC� and field
cooled magnetization �MFC� for 10 Oe are merged above
150 K, whereas magnetic irreversibility between MZFC and
MFC starts below 150 K, the temperature is denoted as mag-
netic irreversibility temperature Tirr. On further lowering the
temperature, MZFC increases up to a peak at Tp�100 K.
Below 100 K MZFC shows a sharp decrease, whereas MFC
continues to increase down to 2 K. To understand the nature
of magnetic order at about Tp, we have measured magneti-
zation at different fields of higher magnitude. We have noted
that Tirr shifts to lower temperatures with the increase of
measurement field. The observation of magnetic irreversibil-
ity below 45 K for 50 kOe field suggests that the system is
not magnetically saturated even at 50 kOe. The MZFC vs
temperature plot at selected fields �Fig. 1�b� �semilog scale��
shows that the peak position at Tp�100 K is not signifi-
cantly affected in the lower field range up to �100 Oe. But,
the peak position shifts to lower temperatures on further in-
creasing the magnetic field �e.g., 200 Oe and more�. The
sharp decrease of MZFC is seen even for the measurement
field 20 kOe below Tp�9 K, whereas MZFC at 50 kOe does
not show any decrease down to 2 K. Such a strong magnetic
field dependence of Tp may indicate either a frustrated mag-
netic state �like spin glass/cluster spin glass� or an anisotropy
ferrimagnet, the signature is already found in the appearance
of a large magnetic irreversibility between MFC and MZFC
below Tp.

The inverse of dc susceptibility �1/�=H /M� vs tempera-
ture plot �inset of Fig. 1�a�� above 100 K seems to be a
hyperbola instead of a straight line. According to Néel’s
theory of ferrimagnetism23 such curve above TC follows the
equation 1/�= �T−�w� /C−	 / �T−��, C is the Curie constant,

�w and � are also constants. We find that M�T� data above
150 K can be approximated to a Curie-Weiss law, 1 /�
=C / �T−�w�. The value of �w is nearly the same �−420 K
for H=10 Oe, 3 kOe, and 20 kOe. The negative value of the
Curie-Weiss temperature ��w� indicates the dominance of an-
tiferromagnetic exchange in the balance of the exchange in-
teractions. However, the estimated values of Curie constant
C are slightly field dependent, which is related to the field
induced magnetic order at lower temperatures. On the other
hand, the data below 150 K �below Tirr� deviate from the
Curie-Weiss law with above parameters, and another slope
intersects the temperature axis �where 1/�=0� at a tempera-
ture close to 100 K. Such typical ��T� behavior suggests that
�ferri�magnetic ordering of the two �A and B� sublattices ef-
fectively gives rise to a ferromagnetic ordering below
100 K.23

To examine the spin-glass-like feature, we have measured
ac susceptibility with close temperature interval in the range
80 K to 120 K �Tp±20 K�. The ac susceptibility ��� in Fig.
2�a� and �� in Fig. 2�b�� shows a peak at about 100 K. The
peak position does not show any noticeable shift in the fre-
quency range 0.5 Hz to 1 kHz. The application of 1 kOe dc

FIG. 1. �a� ZFC magnetization �MZFC� and FC magnetization
�MFC� vs temperature �T� at 10 Oe. Tp and Tirr represents the peak
temperature and irreversibility temperatures, respectively. Inset
shows the inverse of dc susceptibility vs T for 10 Oe, 3 kOe, and
20 kOe data. Lines are a guide to the Curie-Weiss behavior above
150 K. �b� MZFC vs T for selected fields.
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magnetic field �inset of Fig. 2�a� and Fig. 2�b�� superimposed
with the ac field �hrms=1 Oe, frequency=10 Hz� reduces the
magnitude of peak value alone, without shifting the ��� and
��� peak position in the temperature scale. One more inter-
esting feature is that magnitude of �� shows usual decrease
with increasing frequency, but the decrease of �� with in-
creasing frequency is not consistent with conventional spin-
glass system.24 �In general magnitude of �� decreases and ��
increases with the increase of ac frequencies for glassy sys-
tems.� The unusual frequency response of �� is further ex-
amined from the measurement of ��T , f� with frequencies
�Fig. 3� in the temperature range 90 K–110 K. Both �� �Fig.
3� and �� �not plotted in the figure� show a sharp increase at
lower frequencies and their responses are almost frequency
independent above 100 Hz. The observed frequency re-
sponse of ac susceptibility rules out the possibility of spin-
glass-like freezing below 100 K on the time scale of applied
ac field frequencies. Inset of Fig. 3 indicates that low fre-
quency regime �i.e., long time domain� of the Argand dia-
gram ��� vs �� plot as a function of frequencies at a constant
temperature� is important for strong interacting spin dynam-
ics of the present system.

The M�H� measurement could be useful here to under-
stand the magnetic order as well as the anisotropy effect on
spin dynamics in the system. Figure 4�a� shows the M�H�

data at diffierent temperatures and the features are similar to
MnCo2O4.16 The data show prominent field induced mag-
netic behavior �revealed by S shape� at lower temperatures,
which becomes less prominent as the measurement tempera-
ture increases. Although a nonlinear increase of M�H� is ob-
served above 100 K, the analysis of Arrot plot �M2 vs H /M
at a constant temperature� �Fig. 4�b�� shows no spontaneous
magnetization above 100 K, indicating paramagnetic state of
the system. The data �Fig. 4�c�� also show no hysteresis loop
at T
100 K, whereas symmetric hysteresis loops are ob-
served for temperatures below 100 K. Hysteresis loop at all
temperatures are obtained for applied field H= ±70 kOe, but
data are shown in Fig. 4�c� for field ±40 kOe. We have esti-
mated the coercive field HC, where magnetization changes
sign, and isothermal irreversibility field Hirr, below which
loop is opened in M�H� data. The large value of coercive
field �HC� ��22 kOe at 2 K and �10 kOe at 10 K� of the
present system is also comparable to other anisotropic
ferromagnet.25 We have compared in Fig. 4�d� the tempera-
ture �T� dependence of HC, Hirr, MS from M�H� data, and the
field �H� dependence of Tp and Tirr from M�T� data. The data
shows that HC, Hirr, and MS increases with the decrease of
temperature, whereas Tp and Tirr decreases with the increase
of field. The comparative �HC, Hirr, MS, Tp, and Tirr� data
show a good indication of Curie temperature TC at about
100 K, where the system changes from ferrimagnetic state to
paramagnetic state above 100 K. However, Tirr�H� data,
along with the nonlinear increase of M�H� data, suggested a
true paramagnetic state only above 150 K and in between
100 K and 150 K, a short range magnetic correlation exists
in the paramagnetic state. The other notable feature of the
comparative �Tp�H� and HC�T�� data is that as long as the

FIG. 2. Temperature dependence of the real part �a� and imagi-
nary part �b� of ac susceptibility at hrms=1 Oe for different frequen-
cies. The insets compare the ac susceptibility data for 10 Hz in
presence and absence of superimposed 1 kOe dc field with hrms

=1 Oe.

FIG. 3. ac susceptibility �real part� vs frequency at different
temperatures. Inset shows Argand diagrams ��� vs �� plot� for dif-
ferent temperatures.
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measurement field is not large enough comparing the HC
values, a sharp MZFC peak may be observed and magneti-
zation of the sample remains below of its saturation level at
measurement temperatures below Tp. We can verify the
above statement for M�T� data at 2 K, where HC�22 kOe
and Hirr�60 kOe. The M�T� data �in Fig. 1� do not show
any decrease for H=50 kOe �H�HC�, but sharp decrease is
observed for H=20 kOe �H�HC�22 kOe�. Such high field
M�T ,H� behavior is consistent with the experimental results
of other anisotropic ferrimagnets,16,25 where it has been ar-
gued that shape of the MZFC maximum, in particular sharp
decrease of MZFC is related to the domain wall pinning
effect. The broadening of the peak about Tp and its shifting
to lower temperatures with increasing field H
200 Oe,
similar to MnCo2O4,16,17 is the indication of slow domain
wall motion26 in our system. Such domain wall motion is
controlled by a field induced depinning transition at Tp where
domain wall velocity acts as an order parameter.27

B. Magnetic order and electrical conductivity

We have measured dc conductivity and ac conductivity of
the system in order to understand the effect of magnetic or-
der on electrical conductivity. The results are discussed
below.

1. dc conductivity

The dc resistivity in absence of magnetic field is shown in
Fig. 5�a�. The resistivity �� continues to increase below
300 K as the temperature decreases down to 80 K, where a
peak is observed in �T� data. This marks the transition from
a semiconductor �above 100 K� to a metalliclike behavior
below TSM �80 K. The result suggests that semiconductor-
metal transition temperature �TSM �100 K� in MnCo2O4

�Ref. 10� is reduced to 80 K after 50% Ru substitution in Mn

sites. We have also noted that Ru substituted sample shows
further increase of resistivity below 40 K. We have analyzed
the �T� data using a universal form,28

�T� = 0�T�exp��T0/T�s� , �1�

where the prefactor 0�T�=ATm �m is another constant� and
T0 is a characteristic temperature. The exponent s=1 for
nearest neighbor �thermal activated� hopping with activation
energy Ea=kBT0 and obeys Arrhenius law, while s=1/4 and
1/2 implies for variable range hopping �VRH� conductivity
according to Mott29 and Shklovskii and Efros �SE�30 mecha-
nisms, respectively. Fit of the ln  vs 1/T data �Fig. 5�b��
above 150 K to Arrhenius law gives activation energy Ea
�0.10 eV. The estimated activation energy is less in com-
parison with the commonly reported value �0.2 eV for in-
sulating spinel oxides.31 The resistivity of the present system
at 300 K is only a few ohm cm �i.e., high conductivity� in
comparison with resistivity �106 ohm cm usually observed
in spinels. The low value of the activation energy Ea, as well
as higher conductivity in the semiconducting state, indicates
that the present ferrimagnetic spinel belongs to the class of a
good ferrimagnetic semiconductor.11 From ln  vs T−1/4 plot
�Fig. 5�c�� we find that s=1/4 is a good exponent in the
range 90 K to 240 K and the data above 240 K deviates
from the fit. On the other hand, ln  vs T−1/2 plot �Fig. 5�d��
shows that s=1/2 is the good exponent in the range
110 K to 300 K. Our analysis shows that variable range hop-
ping conductivity �via small polaron formation� beyond the
nearest neighbor sites is energetically favorable above
100 K. The decrease of resistivity �Fig. 5�a�� in the presence
of 8 kOe magnetic field below 100 K indicates that the small
polarons have spin character and magnetic order affecting
the polaron conductivity. The system also shows �in the inset
of Fig. 5�a�� large magnetoresistance MR�%��=��0�
−�8 kOe���100/�0��, with a maximum �48% at 80 K

FIG. 4. �a� M�H� data at dif-
ferent temperatures. �b� Arrot plot
for selected temperatures. �c�
M�H� loop for selected tempera-
tures. �d� Temperature dependence
of HC, Hirr, MS and field depen-
dence of Tp, Tirr.
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and becomes less than 1% above 120 K. This suggests the
persistent of the CMR effect even after 50% Ru substitution
in Mn sites of MnCo2O4.16

2. ac conductivity

We have investigated the real part of ac conductivity ��p�
in the temperature range 16 K to 300 K, covering paramag-
netic state to ferrimagnetic state. �p can be written as �p
=�0+��f�, where �0 is the dc conductivity �at the f =0 Hz
frequency limit of ac conductivity� and ��f� is the frequency
activated component of ac conductivity. The ac conductivity
��p� vs frequency �f� data �log-log scale� are shown in Fig.
6. There is an overall increase of ac conductivity with the
increase of frequency, as well as with the increase of tem-
perature. We noted that ac conductivity of the system has
shown a frequency dependence over the measurement range
17 Hz to 1 MHz. The ac conductivity below 100 K are al-

most independent of temperatures, except a small variation
in �0. The data follow a power law �p� fn behavior with n
�0.96 for the whole frequency range. On further increase of
temperature a systematic deviation is observed, where a low
frequency regime is clearly distinguished from the high fre-
quency regime satisfied by n always below 0.96. Note that ac
conductivity of the system is not frequency independent, also
seen in some spinel,22 in the low frequency regime. The re-
sponse of ac conductivity in low frequency regime is small
for temperatures above 150 K �e.g., n�0.03 at 176 K and
0.016 at 230 K for f �500 Hz�. The ac conductivity of the
present system becomes negligibly frequency dependent
�e.g., n�0.0002 at 300 K� in the low frequency regime only
for T�TC. We have seen that fit values of n �from higher
frequency regime� decreases with the increase of tempera-
ture. For example, n�0.91 at 176 K, 0.62 at 230 K, and
0.33 at 300 K. Similar decrease of n is consistent with the
literature.22,32 We have shown normalized �p /�0 vs �f / fC�

FIG. 5. �a� Temperature �T�
dependence of resistivity �� data
with and without magnetic field.
TSM �80 K� is the semiconductor
to metallic transition temperature.
Inset of �a� shows the MR
values calculated from �0�
and �8 kOe� data. Analysis of
�T� data according to 
=0 exp�Ea /kBT� �Arrhenius law�
�in Fig. 5�b��,  vs 1/T1/4 �in Fig.
5�c��,  vs 1/T1/2 �in Fig. 5�d��.
Lines are drawn for guide to eye.

FIG. 6. Frequency dependence of ac conduc-
tivity data at different temperatures. Inset shows
the normalized ac conductivity �� /�0� vs normal-
ized frequency �f / fC� for the temperature range
16 K–300 K. All the data above fC are scaled
with an exponent 0.97. Also note that the data for
all temperatures above 146 K are scaled to a
single master curve, whereas the data for tem-
peratures below 146 K are deviated in the low
frequency regime from the master curve.
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data in the log-log scale �inset of Fig. 6�, where �0 is the dc
conductivity estimated from the extrapolation of ac conduc-
tivity data down to dc �f =0 Hz� limit. fC is the suitable
frequency needed to scale the ac conductivity data at differ-
ent temperatures and may be nearly equal to the crossover
frequency from low frequency dependent regime to high fre-
quency activated regime.32 The ac conductivity at f 
 fc are
scaled to

�p/�0 � �f/fC�n �2�

with scaling exponent n=0.97 for all the temperatures. We
have seen �inset of Fig. 6� that below scaling frequency �fC�
nonlinearity starts in the scaling plot and ac conductivity data
for T
146 K falls in a single curve, whereas the data for
T�130 K gradually deviate from the non-linear master
curve towards the straight line with n=0.97 for T=16 K.
Both �0 and fC depends on temperature. Interestingly both
are correlated, irrespective of temperatures, by a simple
power law

�0 � fC
1.38. �3�

Here, �0 and fC are not monotonically decreasing with tem-
perature. They show a minimum at about 100 K, where a
peak in the ac susceptibility data has been observed.

IV. DISCUSSION

The magnetic measurement, as well as the ac conductivity
scaling, shows long range ferrimagnetic order of
Mn0.5Ru0.5Co2O4 spinel oxide below TC�100 K. The obser-
vation of large magnetic irreversibility between zero field
cooled and field cooled magnetization of the sample is due to
the presence of large magnetocrystalline anisotropy, origi-
nated from Co2+ ions located in A sublattice of
Mn0.5Ru0.5Co2O4.19 The magnetic irreversibility is observed
above TC �i.e., TC�Tirr� for low field measurements. The
difference �T�=Tirr−Tp� is nearly 50 K �taking M�T� data at
10 Oe� for the present sample, which is large in comparison
with �T�11 K �before Ru substitution� in MnCo2O4.16 This
suggests that substitution of Ru for Mn in MnCo2O4 intro-
duces some magnetic disorder. Recently, neutron diffraction
measurements21 also suggested the existence of short range
magnetic order below 150 K. Experimental results show that
the magnetic disorder in the present sample is not well
enough for the exhibition of spin-glass-like behavior, as seen
in RuCo2O4.19 The origin of the magnetic disorder and its
effects in details are discussed below.

Neutron experiment suggested the existence of three B
sublattice cations �Co3+, Mn3+, and Ru3+� in
Mn0.5Ru0.5Co2O4. Among the possible B sublattice cations,
Ru3+ is low spin moment �S=1/2� and Co3+ is nonmagnetic
�S=0�. The substitution of Ru �low spin moment� in Mn sites
replaces the equivalent amount of strong intersublattice
Co2+�A�-−O2-Mn3+�B� bonds by Co3+�A�-O2−-Ru3+�B�
bonds, which reduces the ferrimagnetic order in the
system. The possibility of valence fluctuations among B
sublattice cations can alter the magnetic interactions10,13–15

via the formation of the following superexchange

bonds: Co3+-O2−-Co3+, Co3+-O2−-Mn3+, Co2+-O2−-Mn4+,
Co3+-O2−-Ru3+, Mn3+-O2−-Mn3+, Mn3+-O2−-Ru3+. The non-
uniform distribution of magnetic and nonmagnetic superex-
change bonds creates B sublattice disorder, which favour the
formation of short range interacting clusters even in the para-
magnetic state.33 Such clusters, associated with electrical
charge carriers, are known as polarons. Conductivity in spi-
nel compound, having no direct covalent bond between cat-
ions, are largely controlled by hopping mechanism of charge
carriers.10,16,19 The probable charge transfer may occur be-
tween Co �Co3+/Co2+� ions and Mn �Mn3/Mn4+� ions.10,13–16

The fluctuation effect from B sublattice magnetic ex-
change interactions, in addition to the fluctuation in Coulomb
potential, has shown a large impact on the variable range
hopping �VRH� conductivity above TC. The observation of
magnetoresistance �MR� below 150 K may be small, but fi-
nite, and confirmed the existence of short range interacting
clusters in the paramagnetic state. As the temperature de-
creases below 150 K, the system may have many short range
interacting clusters. The size of the clusters are increased due
to the increasing interactions among the clusters until the
interactions are saturated below 100 K and the clusters begin
to melt in the long range ferrimagnetic matrix. Such picture
of magnetic clusters can be compared with the breaking
down of polarons into naked charge carriers in the ferrimag-
netic state, as suggested for other CMR spinel.34 The po-
larons may exist above 150 K, but magnetic polarons are
associated with magnetic short range interactions below
150 K and we equivalent them to the magnetic clusters. The
present sample shows a large magnetoresistance �CMR� be-
low 100 K with a semiconductor to metallic transition tem-
perature at TSM �80 K. It is the fact that there is a difference
of 20 K between ac susceptibility �T� peak and resistivity �T�
�in absence of magnetic field� peak. However, such differ-
ence is also observed in other CMR spinel compounds, like
FeCr2S4 �Refs. 6 and 34� and MnCo2O4.10 On the other
hand, the magnetic behavior in the present sample below TC
is largely controlled by the domain wall pinning effect. We
have seen that depinning of the domain wall is activated
either at low frequency regime of ac susceptibility measure-
ments or at higher magnetic field of dc magnetization mea-
surements.

We can understand the magnetic order in the context of ac
conductivity data. The power law behavior of the frequency
activated component of ac conductivity with exponent less
than 1 suggests the hopping conduction of localized �bound�
charge carriers. Such hopping conduction is affected by the
interaction between cations and their surroundings, which
may not be restricted to the nearesr neighbors only. For ex-
ample, response of a magnetic system to electric field de-
pends not only upon the nonmagnetic interactions, such as
Coulomb potentials, etc., but also on the magnetic order of
the cations �spin moments�. The experimental data indicated
such a distribution of interactions, arisen due to nonuniform
distribution of B site cations in our system, above the ferri-
magnetic ordering temperature. The existence of such a
broad range of interactions has been favored for the variable
range hopping conductivity above TC.

Finally, we show a comparative plot �Fig. 7� between the
temperature dependence of dc conductivity �1/: from resis-
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tivity measurement�, ac conductivity at the zero frequency
limit ��0�, and inverse of dc suseptibility ��dc

−1: from dc mag-
netization measurement at 10 Oe� data. We find that the val-
ues of �0 needed for ac conductivity scaling are nearly
matching with dc conductivity from direct resistivity mea-
surement in absence of magnetic field, except ceratin devia-
tion below 100 K. For example, the minimum of dc conduc-
tivity data in absence of magnetic field occurs at TSM
�80 K, which is low in comparison with the location of the
minimum of �0 near to 100 K. In spite of the existence of
small quantitative deviation, the nature �or shape� of 1/ �T�
and �0 �T� are qualitatively identical at low temperatures.
More interestingly the temperature of the �0 �T� minimum

matches with the minimum of �dc
−1 �T� data near to the para-

magnetic to ferrimagnetic ordering temperature �TC�
�100 K for the system. Similarly, the deviation of dc con-
ductivity from Arrhenius law �due to the increasing contri-
bution of variable range hopping conductivity of polarons� is
comparable to the deviation of � �T� data from Curie-Weiss
law �due to the increasing short range magnetic interactions
to magnetic ordering� below 150 K. The comparative plot
shows that scaling of the ac conductivity is guided by the
different magnetic states �paramagnetic above 150 K, para-
magnetic mixed with short range magnetic interactions at
150 K�T�100 K, and long range ferrimagnetic state be-
low 100 K� in Mn0.5Ru0.5Co2O4 spinel oxide.

V. CONCLUSION

The substitution of 50% Mn by Ru in MnCo2O4 has re-
sulted in the decrease of ferrimagnetic ordering temperature
from 180 K in MnCo2O4 to 100 K in Mn0.5Ru0.5Co2O4. The
magnetic disorder in B sublattice is not sufficient to show a
spin-glass behavior in Mn0.5Ru0.5Co2O4. Although a differ-
ence between ZFC and FC magnetization curves appeared
below 150 K, the experimental data indicated a true long
range ferrimagnetic state below the Curie temperature �TC� at
100 K. The magnetic behavior below TC is controlled by the
effect of strong anisotropy and domain wall pinning. The
paramagnetic state above 100 K can be divided into two re-
gions, i.e., a true paramagnetic state above 150 K and a para-
magnetic state mixed with short range interactions below
150 K. The observation of significant magnetoresistance
�with maximum �48% at 80 K� below the ferrimagnetic or-
dering temperature suggests a close coupling between mag-
netic order and electrical conductivity in the system. The
onset of magnetic correlation among the spins in the para-
magnetic state, as well as the saturation of magnetic order
below TC is well understood by a simple ac conductivity
scaling.
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