
Doping at the Mn site of the electron-doped manganite Ca0.9Ce0.1MnO3

This article has been downloaded from IOPscience. Please scroll down to see the full text article.

2002 J. Phys.: Condens. Matter 14 9039

(http://iopscience.iop.org/0953-8984/14/39/313)

Download details:

IP Address: 171.66.16.96

The article was downloaded on 18/05/2010 at 15:04

Please note that terms and conditions apply.

View the table of contents for this issue, or go to the journal homepage for more

Home Search Collections Journals About Contact us My IOPscience

http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0953-8984/14/39
http://iopscience.iop.org/0953-8984
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience


INSTITUTE OF PHYSICS PUBLISHING JOURNAL OF PHYSICS: CONDENSED MATTER

J. Phys.: Condens. Matter 14 (2002) 9039–9052 PII: S0953-8984(02)38755-1

Doping at the Mn site of the electron-doped manganite
Ca0.9Ce0.1MnO3

R Ganguly1, M Hervieu, A Maignan, C Martin and B Raveau

Laboratoire CRISMAT, ISMRA, 6 Boulevard du Maréchal Juin, 14050 CAEN Cedex, France
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Abstract
The effects of substitution of chromium and ruthenium for manganese
on the magnetic and transport properties of electron-doped manganite
Ca0.9Ce0.1MnO3, with d2

z orbital-ordered and the associated antiferromag-
netic (AFM) characters, have been studied. As expected, due to the partici-
pation of the Cr3+(t3

2g e0
g) and Ru4+/5+[t4

2g e0
g/t3

2g e0
g)] ions in the eg band broad-

ening for the Mn3+(t3
2g e1

g) and Mn4+(t3
2g e0

g) species, the suppression of the
AFM transition by Ru and Cr doping is accompanied by an increase in the
ferromagnetic (FM) character. The coexistence of FM and AFM phases in
these Ru- and Cr-substituted compounds leads to the observations of cluster
glass behaviour, the giant magneto-resistive memory (GMM) effect and other
magnetic-history-dependent magnetic and transport properties. Our observa-
tion of the GMM effect in these Cr- and Ru-doped compounds is the first of its
kind in the magnetically phase-separated bulk polycrystalline compounds.

1. Introduction

Discoveries of colossal magnetoresistance (CMR) and a rich variety of other physical prop-
erties [1–9] in the hole- and the electron-doped manganites have created a renewed interest
of the researchers in these classes of compounds. Recent studies [10–15] revealed that the
ferromagnetic (FM) and metallic characters induced by hole and electron doping, respectively,
are significantly different in nature. Unlike the hole-doped manganites, the electron-doped
manganites show FM behaviour in a very narrow range of carrier concentration with an unusual
effect of the variation of rA (the average size of the ions at the rare earth site) on their phys-
ical properties [10, 11]. Ferromagnetism in the electron-doped, Ln1−xCax MnO3 (Ln = rare
earth, x > 0.5) compounds always coexists with competing G-type or C-type AFM phases,
leading to the observation of cluster-glass-type behaviour even in the compounds with long
range FM order [12–15]. Furthermore, whereas the hole-doped, Ln1−xCax MnO3 (x � 0.5)
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compounds show semiconducting behaviour in their paramagnetic state, a metallic behaviour
is exhibited by the electron-doped compounds (x > 0.5) above their FM/AFM transition tem-
peratures [13–15]. This behaviour of the electron-doped compounds has been attributed to the
decreased binding energy of the polarons in the presence of a reduced number of J–T-distorted
Mn3+ ions [14, 15].

The AFM and charge ordering (CO) states of the hole-doped and electron-doped
manganites can be destroyed by the substitutions of transition or non-transition metal ions
for Mn. The substitutions of a number of transition metal ions like Cr3+, Co2+, Ni2+ and
Ru4+/5+ also play important roles in inducing FM and CMR properties in various AFM and
CO manganites [16–22]. It has been shown that the transition-metal-substituted ‘AFM’ or
‘CO’ manganites show signatures of coexistence of the FM and the orbital-ordered (OO)/(CO)
AFM phases, with or without the same crystallographic structure [19–22]. According to recent
literature reports [23–29], these, as well as other magnetically phase-separated systems, exhibit
an interesting set of magnetic-history-dependent magnetic and transport properties. As has
been explained in the literature, such magnetic history dependence arises from the influence
of the magnetic field on the relative stability of the FM phase with respect to the AFM phase.

In this paper, we report a detailed study on the physical properties of the electron-doped
manganites, Ca0.9Ce0.1Mn1−yMyO3 (M = Ru, Cr). In view of the limited phase stability
(x � 0.2) [30], and higher AFM transition temperatures observed in the Ca1−x Cex MnO3

compounds than in the Ca1−2x Sm2x MnO3 compounds [10], mainly due to the size difference
between the Sm3+ and Ce4+ ions, the studies were aimed at comparing these properties with
those reported for the Ca0.8Sm0.2Mn1−yMyO3 (M = Ru, Cr) compounds [18, 20]. We also
show how the coexistence of the FM and AFM phases in the present Cr- and Ru-substituted
compounds leads to the observations of the giant magnetic memory (GMM) effect and other
magnetic-history-dependent magnetic and transport properties. To the best of our knowledge
observation of such a huge magnetic memory effect is reported for the first time in the
magnetically phase-separated polycrystalline manganites.

2. Experimental details

The samples of nominal compositions Ca0.9Ce0.1Mn1−yMyO3 (y = 0.05, 0.10 and M = Cr,
Ru) were prepared by solid state reaction in air between CaCO3, CeO2, MnO2, Cr2O3 and
RuO2 at 1500 ◦C. The room temperature x-ray diffraction (XRD) patterns of the compounds
were taken in a Philips diffractometer,using Cu Kα radiation. Electron diffraction (ED) studies
on the Ca0.9Ce0.1MnO3 compound at room temperature and at 92 K were carried out using
a JEOL 2010 electron microscope, equipped with an energy dispersive spectroscopy (EDS)
analyser. Sample for this purpose was prepared first by dispersing the crystallites in alcohol,
and then by depositing the dispersed particles on a holey carbon film supported by a Cu grid.
Numerous crystallites were characterized and analysed by reconstructing the reciprocal space
and tilting them around the crystallographic axes. Four-probe resistivity measurements in
the temperature range from 5 to 400 K at 0 and 7 T magnetic fields were carried out using a
Quantum Design physical property measurement system. AC and DC magnetic measurements
were carried out using a Quantum Design SQUID magnetometer (5 K � T � 400 K).

3. Results and discussion

The Rietveld refinements of the room temperature XRD patterns show that the samples of all
the compositions form single-phase compounds with orthorhombically distorted perovskite
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Table 1. The values of the lattice parameters, the activation energy for conduction
(Ea ), characteristic relaxation time (τ ′) and the dispersion parameter (β) of the compounds
Ca0.9Ce0.1Mn1−yMyO3 (M = Cr, Ru; y = 0.00, 0.05 and 0.10).

‘y’ A (Å) b (Å) c (Å) Ea (meV) τ ′ (at 5 K) (s) β (at 5 K)

0.00 5.3209(5) 7.5150(8) 5.3763(6) 15.16 — —
0.05 (Cr) 5.3102(5) 7.5212(9) 5.3533(5) 29.03 3.67×106 0.114
0.10 (Cr) 5.3205(7) 7.519(9) 5.3592(5) 33.59 — —
0.05 (Ru) 5.2988(4) 7.501(1) 5.3345(6) 45.79 7.85×107 0.106
0.10 (Ru) 5.3055(6) 7.513(8) 5.3470(5) 55.49 — —

Table 2. The six-co-ordinated ionic radius values of different ions.

Ion Size (Å) Ion Size (Å) Ion Size (Å)

Mn3+ 0.645 Ru4+ 0.620 Cr3+ 0.615
Mn4+ 0.530 Mn5+ 0.565 Cr4+ 0.550

structure (Pnma space group), the lattice parameters of which are shown in table 1. This
shows that the orthorhombic structure of Ca0.9Ce0.1MnO3 is stable up to 10% Cr and Ru
substitution. When substituted for Mn, the Cr ions remain in the trivalent state, but the
Ru ions, with a Ru4+/Ru5+ mixed valence, probably lead to the partial conversion of Mn4+

ions to the Mn3+ ions, governed by the equation Mn4+ + Ru4+ = Ru5+ + Mn3+ [31]. The
observed absence of any systematics of the lattice parameters with increase in the substituent
ion concentrations arises due to the small difference in size between the above mentioned
probable substituted and substituent ions (table 2) [32], and due to only small values of the level
of substitutions (up to 10%). The magnetization versus temperature plots of the compounds
recorded at 5 T magnetic field are shown in figure 1. The parent compound (y = 0.0)

shows a paramagnetic to AFM transition at about 170 K. Hysteresis observed between the
field-cooled (FC) and field-warmed (FW) magnetization plots indicates that the transition is
of first order. Zeng et al [30] suggested that the observed AFM transition is associated with
long range CO. However, studies on the compounds Ca0.8Sm0.2MnO3 and Ca0.9Th0.1MnO3,
with the same Mn4+ content as Ca0.9Ce0.1MnO3, and with similar paramagnetic to AFM
transitions, suggested that the AFM state in these is not associated with CO, but with one-
dimensional d2

z orbital polarization, often described as an orbital ordering (OO) [33–35]. ED
patterns of these compounds recorded at 92 K, below the AFM transition temperature, did
not show any superlattice reflections associated with long range CO [33–35]. Instead, it has
been shown that their C-type AFM state has monoclinically distorted perovskite structure,
associated with the d2

z OO. ED studies carried out by us on Ca0.9Ce0.1MnO3 at 92 K also
show that the room temperature orthorhombically distorted perovskite structure (Pnma space
group) of this compound changes to a monoclinically distorted perovskite one (P21/m space
group) at 92 K. A typical [010] ED pattern recorded at 92 K (figure 2) shows the splitting
of the reflections characteristic of a monoclinic cell, a ≈ ap

√
2, b ≈ 2ap, c ≈ ap

√
2 and

β = 90◦ + ε, and space group P21/m. The two white lines making an angle of ‘2ε’ are drawn
for easier detection of the monoclinic distortion. The electron microscopy images evidence
the existence of twinning domains, as previously reported for the C-type AFM phase of the
Ca1−2x Sm2x MnO3 compounds [33]. Thus comparing these results with those reported for the
Ca0.8Sm0.2MnO3 and Ca0.9Th0.1MnO3 compounds, we suggest that, as against the claim made
by Zeng et al [30], the AFM state in the Ca0.9Ce0.1MnO3 compound is associated with ‘OO’
and not with ‘CO’.
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Figure 1. DC magnetization versus temperature plots for the Ca0.9Ce0.1Mn1−yMyO3 (M = Cr,
Ru, y = 0.00, y = 0.05 and 0.10) compounds, recorded at 5 T magnetic field, under FC and ZFC
conditions.

As shown in figure 1, substitutions of both Cr and Ru weaken the paramagnetic to
AFM transitions, but simultaneously enhance the magnetic signal indicative of the presence
of growing FM phases with increase in the level of substitution. The observed drop in
magnetization for both the Cr- and Ru-substituted y = 0.05 compounds indicates the presence
of the AFM phase along with that of the FM phase. Considering that Cr and Ru ions remain
in the trivalent and pentavalent state, respectively (as discussed in the last paragraph) [31],
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Figure 2. ED pattern of Ca0.9Ce0.1MnO, recorded at 92 K, showing monoclinic distortion in the
perovskite structure.

and according to the phase diagram reported for Sm1−x Cax MnO3 [15], the change in valence
of the Mn ions upon substitution of Cr and Ru cannot lead to Mn ion valence favouring FM
correlation. As has been suggested in the literature [31],AFM and FM exchange interactions of
the Mn ions with the Cr and Ru ions, respectively, play a role in breaking the AFM alignments
of the manganese spins leading to their FM alignment. Substitutions of Cr and Ru in the
Ca0.8Sm0.2MnO3 compound also show similar behaviours with suppression of AFM character
and enhancement of FM characters occurring simultaneously [18, 20]. Detailed ED studies
carried out at 92 K on the Ca0.8Sm0.2Mn1−yRuyO3 compounds showed that the suppression
of the AFM transition by Ru doping is also associated with a decrease in the monoclinic
distortion as well as a decrease in the monoclinic phase fraction [19]. From the enhanced FM
signal with increase in the Ru concentration and the presence of the monoclinic phase up to
y = 0.06, it has been suggested that C-type AFM phases and the FM phases coexist in those
Ru-doped compounds with compositions up to y = 0.06 [19]. The presence of two magnetic
transitions in the AC-susceptibility versus temperature behaviour of the y = 0.10 compound,
on the other hand, has been explained on the basis of coexistence of the G-type AFM and
FM phases with the same orthorhombic structure [31]. Figure 1 shows that all the Cr- and
Ru-doped compounds in the present case exhibit significant thermo-magnetic irreversibilities,
although the magnetizations were measured at a field as high as 5 T. Since these compounds,
especially the Ru-doped compounds, show a very low value of coercive field (HC) (figure 3),
such large thermomagnetic irreversibilities at the high measuring field of 5 T are clearly not
due to large domain wall pinning. Rather they are likely to arise from the coexistence of the
FM and the AFM phases, with the growth of the FM phases being favoured while cooling
the compounds under magnetic field. The subtle balance between the FM and AFM phase
fractions in these Cr- and Ru-doped compounds, thus, can effectively be controlled by changing
the history of magnetic field they are subjected to. A similar behaviour is also exhibited by the
electron-doped compound, Ca0.85Sm0.15MnO3, with low values of coercive field and with co-
existing FM (orthorhombic) and C-type AFM (monoclinic) phases [23]. Neutron diffraction
studies under magnetic field carried out on this compound [29] also confirm the magnetic-
history-dependent changes in the phase fractions of the orthorhombic and monoclinic phase
associated with FM and AFM alignment of spins, respectively.

Interesting effects of the coexistence of the FM and AFM phases in the Cr- and Ru-
substituted compounds are also observed in their M versus H loops (figure 3). This is reflected
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Figure 3. The M versus H plots of the Ca0.9Ce0.1Mn1−yMyO3 (M = Cr, Ru; y = 0.05 and 0.10)
compounds recorded at 5 K.

in the unusual position of the virgin magnetization plot with respect to the loop area as it lies
almost completely outside the M–H loops. The effect is more prominent in the case of Cr-
substituted compounds than in the case of the Ru-substituted compounds. Such a behaviour,
which is indicative of an irreversible transformation of the magnetic phase by the application
of magnetic field, when the ‘virgin’ magnetization curve is recorded, has been reported in
the case of the hole-doped perovskite manganite, Pr0.7Ca0.25Sr0.05MnO3, with coexisting FM
and AFM phases [36]. As in the case of the M–T plots these M–H plots also show higher
magnetizations when measurements were made after cooling under 5 T. Similar to what is
observed in the case of the other electron-doped compounds [12–14], due to the presence of
AFM phases along with the FM phases, the magnetization values of the present compounds
at 5 T are much less than the maximum magnetization achievable theoretically (≈3.2 µB).
An increase in magnetization at 5 K and 5 T magnetic field shows that the FM phase fraction
increases with increase in the Cr and Ru ion concentrations.

Since the frequency dependence of the AC-susceptibility behaviour is known to reflect
the dynamics of the short range FM clusters present in the magnetically phase-separated
electron-doped manganites, Ca0.9Sm0.1MnO3 [14], we measured the AC-susceptibility versus
temperature behaviours of the Ru-doped y = 0.05 and 0.10 compounds at various frequencies
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Figure 4. The AC-susceptibility versus temperature plots of Ca0.9Ce0.1Mn0.95Ru0.05O3 and
Ca0.9Ce0.1Mn0.90Ru0.10O3 at different frequencies and at 10 Oe applied AC field.

(100, 1000, 10 000 Hz), at 10 Oe AC field, as shown in figure 4. For both the compounds,
unlike in the case of the high field DC magnetization versus temperature plots, two transitions
associated with the onset of FM and AFM characters are observed. Although the transition
temperatures are different, the observed behaviours are similar to those observed in the case
of the Ca0.8Sm0.2Mn1−yRuyO3 compounds. As has already been discussed, the two well
separated peaks observed in the y = 0.10 compound arise from the coexistence of the FM and
the G-type AFM phases with the same orthorhombically distorted perovskite structure [31].
The absence of similar double transitions in its DC magnetization versus temperature plots
shows that the G-type AFM transition is suppressed under 5 T. Whereas their ZFC plots show
drops in magnetization at very low temperature, the respective FC plots do not show any such
drop down to 5 K. The OO C-type AFM phase and the G-type AFM phases present in the Ru-
doped y = 0.05 and the 0.10 compounds, respectively, thus behave in a different way under the
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influence of the magnetic field. Both the Ru-doped compounds show frequency dependence
in their χ ′ versus temperature behaviours, below the respective FM transition temperatures.
The observed frequency dependence is clearer in the case of the y = 0.10 compound (inset
of figure 4(b)) and is marked with an ‘arrow’ for the y = 0.05 compound (figure 4(a)). The
y = 0.10 compound also shows significant frequency dependence for both the peaks observed
in its χ ′′ versus temperature behaviour. In the literature [14, 37–39], the frequency dependence
observed in the χ ′ and χ ′′ versus temperature plots of various doped perovskite manganites and
cobaltites has been explained on the basis of a cluster glass behaviour. It has been suggested that
they arise from the relaxation of short-range FM clusters embedded in the AFM phases. The
neutron diffraction study on Ca0.9Sm0.1MnO3 [12] clearly shows that a significant amount of
FM phase fraction does not contribute to the ordered moment in its neutron diffraction pattern
and remains in the form of short range ordered clusters, separated by the majority AFM phases.
The frequency dependence appears when the relaxation time of these short range clusters along
the fluctuating ac field directions increases with a decrease in temperature and becomes of the
order of the measurement times associated with applied frequencies (reciprocal of frequency).
The AC-susceptibility versus temperature behaviour of the Ru-substituted compounds thus
shows how the magnetic phase separation gives rise to cluster-glass-like behaviour. We will
now discuss the effect of the magnetic phase separation on the resistivity versus temperature
behaviours of the Cr- and Ru-doped compounds.

Figures 5 and 6 show the resistivity versus temperature plots of the compounds. As in the
case of the magnetization versus temperature plots, hysteresis associated with change of slope
of resistivity in the parent compound near the AFM transition temperature also suggests the first
order nature of the transition. Application of a 7 T magnetic field weakens the AFM transition
leading to the observation of a peak in magnetoresistance near the AFM transition temperature.
The difference in the observed magnetoresistance behaviour from that reported by Zeng
et al [30] probably arises from the difference in the synthesis procedure followed. A metal-like
behaviour is observed in the paramagnetic region, similar to what has been observed in the
Ca0.9Th0.1MnO3 and Ca0.8Sm0.2MnO3 compounds [10]. In the literature, from the observation
of a much lower value of activation energy of thermopower than that of electrical resistivity, the
resistivity behaviour in the paramagnetic region of the hole- and electron-doped manganites
has been explained on the small polaron hopping mechanism, governed by the equation

ρ = AT exp(Ea/kT )(A = constant )(see [14–15, 40]).

In the present case, the resistivity data for all the compounds in the paramagnetic region can
be fitted quite well by this equation. Ru and Cr doping destroys the metallic character in the
paramagnetic state due to an increase in the activation energy (Ea) (table 1). This behaviour is
different from what is observed in the case of the Ca0.8Sm0.2Mn1−yRuyO3 compounds where
the Ru-substituted compounds show a metallic behaviour in the paramagnetic region. As
shown in figures 5 and 6, although doping of both Cr and Ru suppresses the AFM transition,
insulator–metal (I–M) transition due to percolation of the FM phases is observed only for the
Ru-substituted y = 0.10 compound, which shows a maximum FM signal. Both the Ru- and
Cr-substituted y = 0.05 compounds show changes in the slope near their respective AFM
transition temperatures observed from their DC magnetization plots. These two and the Cr-
substituted y = 0.10 compound show CMR at low temperature with a value of ρ(0 T)/ρ(7 T)

as high as 106 in the case of the Ru-substituted y = 0.05 compound. The Ru- and the Cr-
substituted y = 0.05 compounds also exhibit orders of magnitude difference between the FC
and ZFC resistances, which have earlier been reported in the case of the magnetically phase-
separated compound Ca0.85Sm0.15MnO3 [23]. The CMR behaviour and the large difference
between the ZFC and the FC magnetizations in Ca0.85Sm0.15MnO3 have been explained on



Doping at the Mn site of the electron-doped manganite Ca0.9Ce0.1MnO3 9047

Figure 5. The DC electrical resistivity versus temperature plots of the Ca0.9Ce0.1Mn1−yCry O3
(y = 0.00, 0.05 and 0.10) compounds.

the basis of favoured growth of the FM phases at the expense of the AFM phases, when the
compounds are cooled under magnetic field. These differences in the behaviours under FC and
ZFC conditions have been compared with those exhibited by the ‘diluted Ising antiferromag-
nets’ with random impurities in their long range AFM structures [23]. It has been argued that
during field cooling the long range AFM order breaks into domains with a favoured growth of
the more conducting FM domains and leads to the observations of higher magnetization and
conductivity than those observed under the zero-field-cooled (ZFC) condition. The observed
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Figure 6. The DC electrical resistivity versus temperature plots of Ca0.9Ce0.1Mn0.95Ru0.05O3 and
Ca0.9Ce0.1Mn0.90Ru0.10O3.

difference between the FC and ZFC plots decreases with increase in Cr and Ru concentration,
and unlike what is observed from our DC magnetic studies, it is completely absent in the
Ru-substituted y = 0.10 compound due to percolation of FM phases.

The ρ versus H plots of the Ru- and Cr-doped compounds, with CMR behaviours recorded
at 15 K, under ZFC and FC conditions are shown in figure 7. The irreversible conversion of
AFM phases to the FM phases, observed from the M–H behaviours of these compounds,
is also reflected in their ρ–H plots (ZFC) as they exhibit large differences between their
zero-field resistivities before and after field cycling in the path 0–7 T and then back to 0 T.
Although the zero-field resistivities do not change upon further field cycling, a significant
hysteresis is observed between the decreasing and the increasing paths of magnetic field.
Since these compounds show very small remanent magnetizations, the observed remanence
in their resistivities is clearly not related to the magnetic-field-induced alignment of the FM
domains but only to the irreversible conversion of AFM to FM phases. Similar ρ–H behaviours
have been reported in the literature for a number of manganites with co-existing FM and
non-ferromagnetic phases [24–27, 36]. In the case of the FC plots, since the field-induced
irreversible conversion of AFM to FM phases takes place while cooling under magnetic field,
such remanence in resistivities is absent. Hysteresis between decreasing and increasing paths
of magnetic field, however, does exist in these FC plots. As in the case of ρ–T plots, the FC
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Figure 7. The DC electrical resistivity versus field plots of the Ca0.9Ce0.1Mn1−yCryO3 (y = 0.05
and 0.10) and the Ca0.9Ce0.1Mn0.95Ru0.05O3 compounds recorded at 15 K.

plots of y = 0.05 compounds show a much lower value of resistivities than the ZFC plots at
all magnetic fields. The observed hysteresis in the ZFC and FC plots can be ascribed to the
magnetic heterogeneity of these compounds, since similar hystereses have been observed in
the ρ versus H plots of the compound Pr0.7Ca0.25Sr0.05MnO3 (at 88 K), with coexisting FM
and AFM phases [36].

To understand the relaxation behaviours of resistivities of these compounds with respect to
time and temperature, we recorded the remanent resistivity versus temperature and time plots
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Figure 8. The DC electrical resistivity versus temperature plots of the Ca0.9Ce0.1Mn0.95Cr0.05O3
and the Ca0.9Ce0.1Mn0.95Ru0.05O3 compounds. ‘0 T’ and ‘RW’ plots represent the ‘zero-field’ and
‘remanent’ resistivities, respectively, recorded during the warming cycle. The insets of the figures
show the variation of the remanent resistivity with time at 5 K (the curve shows the fit to the data).

of Ca0.9Ce0.1Mn0.95Ru0.05O3 and Ca0.9Ce0.1Mn0.95Cr0.05O3 at 0 T magnetic field after field
cooling them under 7 T magnetic field (figure 8). At the lowest temperature of measurement,
the values of these remanent resistivities (termed as ‘RW’ in figure 8 and recorded while
warming) are orders of magnitude lower than the values of the respective ‘0 T’ resistivities
(also recorded while warming). With an increase in temperature, they approach and become
ultimately equal to the ‘0 T’ resistivities at the point where the ‘RW’ and ‘0 T’ plots merge
with each other. The metal-like behaviours of these ‘RW’ plots are similar to that reported for
the thin film form of the compound Nd0.7Sr0.3MnO3 [26]. This magnetic-history-dependent
effect, which has been termed the GMM effect [26], has been explained on the basis of the
effect of magnetic field on the subtle balance between the FM metallic (FMM) phase and
the paramagnetic insulating phase (PMI), with activated hopping behaviour. The reduced
FM phase fractions in those FM Nd0.7Sr0.3MnO3 films in which such ‘GMM’ effects were
observed were evident from the much lower values of saturation magnetization they exhibited
as compared to that observed in the bulk Nd0.7Sr0.3MnO3 [41]. In the present case too, the
magnetic-history-dependent balance between the FM and AFM phases is likely to give rise to



Doping at the Mn site of the electron-doped manganite Ca0.9Ce0.1MnO3 9051

similar GMM effects. In the presence of the magnetic field during the field cooling process,
the growth of the FM phases is favoured at the expense of the AFM phases. When the field is
removed at low temperature, the FM phases, which are formed in the presence of the magnetic
field, cannot lose their FM character immediately because of the high energy barrier they have
to cross to go through that process. With increase in temperature, since crossing of the energy
barrier becomes easier in the presence of an enhanced thermal energy, a decrease in the FM
fraction leads to a decrease in the difference in the resistivity values between of the ‘RW’ and
the ‘0 T’ plots. The change in the remanent resistivity of these compounds at 5 K with increase
in time is shown as the inset of the corresponding ρ–T plots in figure 8. In both the cases, the
increase in resistivity is a very small fraction of the difference in the resistivity values between
the ‘RW’ and ‘0 T’ plots at 5 K. This shows that the time effect in the increase in resistivity
with temperature for the ‘RW’ plot is insignificant. The exponential-like growth in resistivity
observed for these compounds can be fitted quite well with the equation

ρ = ρ0(1 + exp(−(τ/t)β)

(τ = characteristic relaxation time and β = dispersion parameter, the values of which are
shown in table 1).

In the literature, a similar exponential function has been used to describe the decay of
remanent magnetization with time for the layered manganite (La0.4Pr0.6)1.2Sr1.8Mn2O7 [27].
From the measurements of the decay processes at different temperatures it has been shown
that the characteristic decay time, τ , decreases exponentially and the dispersion parameter,
β, increases linearly with an increase in the temperature of the measurements. In the present
case, however, no such systematic variations of the values of τ and β are observed when
the measurements are made at different temperatures. Since the relaxation of the remanent
resistivity is likely to depend on factors of temperature as well as the difference between the
resistivity values in the ‘0 T’ and the ‘RW’ plots, this behaviour arises probably from two
competing effects of increase in temperature, i.e. an increase in thermal energy and a decrease
in the difference between the resistivity values in the ‘0 T’ and the ‘RW’ plots.

In conclusion, a detailed study on the magnetic and transport properties of the
Ca0.9Ce0.1MnyMyO3 (M = Cr, Ru) compounds has been carried out. As in the case of the
Ca0.8Sm0.2MnyMyO3 (M = Cr, Ru) compounds, the present Cr- and Ru-doped compounds
also show magnetic heterogeneity with co-existing FM and AFM phases. Such magnetic phase
separation in them is reflected in the observations of cluster-glass-like behaviour, and a number
of magnetic-history-dependent transport and magnetic properties, including the GMM effect.
The observed GMM effect is the first of its kind in the magnetically phase-separated bulk
polycrystalline compounds.
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