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a b s t r a c t

In this paper, we investigated the electrical and magnetic properties of electron-doped manganite
Y0.4Ca0.6MnO3 with a relatively small average cationic radius 〈rA〉. The small 〈rA〉 of the present system
results in a short-range antiferromagnetic charge-ordering (AFM-CO) state in the manganite. With the
decrease of temperature, a ferromagnetic super-exchange interaction begins to establish itself between
the remaining disordered Mn ions after the formation of the short-range CO state. Then, a reentrant
cluster-glass state originates from the frustration between the FM order in the clusters and the AFM
interactions present in the background matrix.

© 2010 Elsevier Ltd. All rights reserved.
1. Introduction

The manganites of ABO3 type have attracted great attention
from the researchers in recent years due to the fascinating prop-
erties such as colossal magnetoresistance (CMR), charge-ordering
(CO), and the potential for applications [1]. Decades of research
have allowed us to completely understand the full range of ordered
phases that occur in the R1−xAxMnO3 perovskites (R = La, Pr,Nd
and A = Ca, Sr, Ba) [2]. For samples with x 6 0.5, a complex com-
petition occurs between ferromagnetic (FM), paramagnetic (PM),
and antiferromagnetic (AFM) phases. In this regime, inhomoge-
neous phase separation (PS) gives rise to the well-known colossal
magnetoresistance effect [3–5]. On the other hand, electron-doped
manganites with x > 0.5 display orbital and charge-ordering with
an antiferromagnetic ground state below the charge-ordering (CO)
temperature TCO [6,7].
Moreover, the properties of manganites are not only sensitive

to the manganese valency, but also are strongly affected by the
chemical factors such as average cationic radius 〈rA〉 in the A-site
[8–10] and the A-site cationic size mismatch [11,12] quantified
by σ 2 =

∑
xir2i − 〈rA〉

2 (xi is the fractional occupancy of A-site
ions, and ri is the corresponding ionic radius) [11]. For instance,
when the hole concentration is kept constant in the Mn3+-rich FM
compositions, it has been shown that the decrease of 〈rA〉 tends
to diminish the Mn–O–Mn angle, which consequently reduces the
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bandwidth (W) and the Curie temperature TC [9]. In contrast, a
small 〈rA〉 value is required for the appearance of CMR in theMn4+-
richmanganites [13]. Finally, whatever the 〈rA〉 and themanganese
valency are, the increase of σ 2 tends to suppress the magnetic
interactions, FM or AFM, and destabilize the CO [11,12]. These
behaviors show the great complexity of the relationships between
the chemical factors (〈rA〉, σ 2, carrier nature, and concentration)
and the magnetotransport properties of manganites.
Charge-ordering in the manganites is governed by the width of

eg band, which is directly determined by the weighted average ra-
dius of A-site cations 〈rA〉, or the tolerance factor t. This is attributed
to the fact that the distortion of Mn–O–Mn bond angle affects the
transfer interaction of eg conduction electrons (holes) [14]. A com-
parative study of the nature of the charge-ordered state has been
carried out in hole-doped and electron-doped manganites, which
revealed that the electronic structures of the twomanganites have
basic differences [15,16]. Electron–hole asymmetry is usually en-
countered in the rare-earth manganites and cuprate superconduc-
tors. This asymmetry has someunusual features,which is therefore
worthy of investigation. Although early researchers have reported
the relationship between TCO and 〈rA〉, they ignored the discrep-
ancy in the behavior of M–T curves. The reason for these differ-
ent magnetic behaviors and the physics involved have not been
clarified. Further investigation of the A-site average radius will
provide interesting insight. In this paper,wemake a detailed inves-
tigation on the electrical and magnetic properties of the electron-
dopedmanganite Y0.4Ca0.6MnO3 which exhibits a charge-ordering
state at relatively high TCO with small 〈rA〉. We hope to understand
deeply the influence of relatively small 〈rA〉 on the magnetic be-
havior of this charge-ordering system. The results indicate that the
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severe distortion of MnO6 octahedra in the present small-〈rA〉 sys-
tem leads to the collapse of long-range ordering state and the for-
mation of short-range ordering state. The reentrant cluster-glass
state at low temperatures originates from the frustration between
the FM order in the clusters and the AFM interactions present in
the background matrix.

2. Experiment

Polycrystalline Y0.4Ca0.6MnO3 sample was prepared by a tra-
ditional solid-state reaction method [17]. Stoichiometric quanti-
ties of high-purity oxide of the rare-earth Y2O3, CaCO3, and MnO2
were thoroughly mixed and ground, then preheated at 1173 K for
24 h. With intermediate grinding, they were reacted at 1473 K for
24 h. After the sample was pressed into pellets, a final sintering
was carried out at 1573 K for 48 h. The structure and phase purity
of as-prepared sample were checked by powder X-ray diffraction
(XRD) using Cu Kα radiation at room temperature. The XRD pat-
tern proves that the sample is single phasewith orthorhombic per-
ovskite structure. Magnetization measurements were performed
by using a SQUID magnetometer (Quantum Design MPMS). Resis-
tivitywasmeasured by standard four-probemethod. ESRmeasure-
ments were also carried out on the sample by using a JES-FA200
spectrometer at 9.06 GHz.

3. Results and discussion

Fig. 1 shows the temperature dependence of magnetization,
which was taken in warming-up processes with an applied field
H = 100 Oe under zero-field-cooled (ZFC) and field-cooled (FC)
condition. Here, peculiar magnetic behaviors can be observed.
As seen in the inset of Fig. 1, the sample experiences a charge-
ordering (CO) transition around 250 K. With further decreasing
temperature, it is notable that the ZFC and FCmagnetization curves
start to separate from each other at a temperature around 110
K, where a strong irreversibility (difference between FC and ZFC
magnetization) begins to develop, and the magnetic correlation
between Mn ions appears. The steep drop of ZFC magnetization
below 30 K results in an overall ‘‘λ’’-shape magnetic behavior. This
indicates the formation of a cluster-glass (CG) state. The magnetic
behavior of Y0.4Ca0.6MnO3 is different from that of the analogous
compounds Ln0.4Ca0.6MnO3 (Ln = La, Pr, Nd, Gd) [18,19] and Y0.5
Ca0.5MnO3 [20]. In these compounds, the system transfer into
charge-ordering state around 270 K with decreasing temperature.
However, there is no evidence of cluster-glass behavior at low
temperatures. This difference may be resulted from the variation
of radius and doping concentration of rare-earth ions.
The orthorhombic lattice distortion can be quantified by terms

of the dimensionless index D which is defined as D =
∑3
i=1 |ai −

a|/3ai where a1 = a, a2 = b, and a3 = c/
√
2, and a = (abc/

√
2)1/3. We performed structure analysis by using the General-
ized Structure Analysis System (GSAS) [21]. The lattice parame-
ters and index D are listed in Table 1. In the analogous compounds
Ln0.4Ca0.6MnO3 (Ln = La, Pr, Nd, Sm), the indexD is about 0.3%. It is
noteworthy that index D is 1.05% in Y0.4Ca0.6MnO3 system, which
is considerably larger than the analogous compounds. This result
indicates the severe distortion of MnO6 octahedra in the present
small-〈rA〉 system.
The complex magnetic behaviors shown in Fig. 1 need to be

investigated more carefully. First, the CO transition around 250 K
should be verified. The micro-magnetism of the sample has been
investigated through ESR spectra, which is shown in Fig. 2. At the
temperature range between 130 and 370 K, only the paramagnetic
signals with g ≈ 2 have been detected in Y0.4Ca0.6MnO3 [22,
23]. With the decrease of temperature, the intensity of the PM
Fig. 1. Temperature dependence of magnetization (ZFC empty circle; FC solid
circle) for Y0.4Ca0.6MnO3 . Inset shows the magnetization above 150 K.

Fig. 2. Temperature dependence of ESR spectra. Inset(a): Low temperature ESR
spectra. Dotted line locates at the resonance field of free electron; Inset(b):
Temperature dependence of double integrated intensities (DIN).

signal increases first, then decreases after reaching a maximum.
Since there is no ferromagnetic signal with g > 2, the above
results indicate that the decrease of the intensity of the PM signal
should be attributed to the formation of the AFM phase. In the
temperature dependence of double integrated intensities (DIN)
shown in Fig. 2(b), a broad peak occurs and the corresponding
temperature is defined as TCO [24]. In spite of the existence of the
AFMphase, AFM signals have not been detected in the spectra. This
may be due to the AFM coupling being too strong to be detected in
ESR measurements.
As pointed out previously [19], in the present small-〈rA〉 system,

the severe distortion of MnO6 octahedra results in the collapse of
the long-range ordering state and the formation of a local short-
range ordering state. This result implies that the PM state at high
temperatures does not transform into an AFM charge-ordering
state completely at a temperature below TCO. That is, only a fraction
of Mn ions in the manganite establish the AFM coupling and
transform into the AFM-CO phase. Thus there are a number of
residual disorderedMn ions in themanganite, which dominate the
magnetic behavior at low temperatures. Fig. 2(a) presents the ESR
spectra measured at lower temperatures. At 120 K, the resonance
line begins to deviate from the standard shape for a paramagnetic
signal. Furthermore, at the lowest temperature 110 K, a FM signal
with g > 2 manifest itself at the lower resonance field. This
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indicates the FM phase develops at the temperature below 120
K, which in consistent with the magnetic behavior shown in M(T)
curve. It also proves directly the existence of FM super-exchange
interaction between the residual neighboring Mn3+ and Mn4+
ions.
At temperatures below 110 K, the ferromagnetic super-

exchange interaction between the residual neighboring Mn3+ and
Mn4+ ions takes place, which results in the rapid increase of mag-
netization and the strong irreversibility between the ZFC and FC
curves. The temperature where bifurcation occurs is defined as
the irreversibility temperature Tirr ≈ 110 K. At 30 K, there is
a peak in the ZFC curve. Then the magnetization decreases with
temperature, while in the FC curve, the magnetization increases
rapidly with the temperature decreasing from 110 to 4 K. This ‘‘λ’’-
shape magnetic behavior indicates the cluster-glass state which
originates from the frustration between the FM order in the clus-
ters with the AFM interactions present in the background matrix.
Canonical spin-glass (SG) systems typically display a bifurcation of
the ZFC and FC magnetization only very close to the SG freezing
temperature Tf [25] with the FC curve almost flat whereas the ZFC
magnetization drops at lower temperatures [26–28]. In the present
case, however, the temperature Tirr is far above Tf . In some re-
spects this resembles ‘‘cluster-glass’’ behavior as pointed out by
several authors [29]. Furthermore, the difference betweenMFC and
MZFC is much larger in the cluster-glass phase compared to that in
the spin-glass phase (corresponding to La1−xSrxCoO3 for x < 0.2)
at sufficiently low temperatures, which indicates the presence of
short-range ferromagnetic ordering within a cluster. Thus the con-
clusion can be drawn that the low temperature behavior indicates
the cluster-glass state in the system.
Fig. 3 presents the temperature dependence of magnetization

measured under different magnetic fields. The following points
are observed: (1) The divergence between MFC and MZFC at the
temperature between Tirr and Tf becomes smaller with increasing
magnetic fields, and eventually both are superposed with each
other, exhibiting a typical PM behavior at a measuring field larger
than 2000 Oe. This fact implies that whatever the cause of the
irreversibility, the anisotropy field (which freezes the spins) is
not large; (2) The cluster freezing temperature decreases with
increasing magnetic fields. At the measuring field larger than
5000Oe, the spins of cluster prefer to orient toward the direction of
applied field rather than freeze randomly. These results reveal the
fact that the long-range magnetic order is absent in Y0.4Ca0.6MnO3
system.
The resistivity of Y0.4Ca0.6MnO3 as a function of temperature

recorded under zeromagnetic field and 6 T is presented in Fig. 4(a).
Generally speaking, the charge-ordering state in manganite is
associated with insulating behavior. The resistivity is relatively
small (about 10−2 � cm) at room temperature, but it rises rapidly
with decreasing temperature and reaches 105 � cm at the lowest
temperature measured. It also can be noticed that a magnetic
field of 6 T has negligible effect on the resistivity. Thus, the
short-range charge-ordering state shows less sensitivity to the
magnetic field, and it may be melted at higher magnetic field
(�6 T). We further investigate the resistivity mechanism in the
system. Usually a semiconductor-like transport behavior can be
described by the thermal activation model or adiabatic small-
polaron hopping model or variable-range hopping model. These
three models are expressed as following:

ρ = ρ0exp(EA/kBT )
ρ = ρ0Texp(EP/kBT )
ρ = ρ0exp(EVRH/kBT )1/4.

Here, ρ0 is a pre-exponential factor. EA, EP , and EVRH are the
hopping energy for different models. As shown in Fig. 4(b)–(d),
the resistivity is plotted as ln ρ versus T−1, ln(ρ/T ) versus T−1,
Fig. 3. Temperature dependence ofmagnetizationmeasured under different fields.

and ln ρ versus T−1/4 respectively. It can be seen clearly that the
low temperature resistivity can be well fitted according to the 3D
variable-range hopping (VRH) model ρ = ρ0exp(EVRH/kBT )1/4.
Originally, the VRH theory was developed to explain electrical

transport in doped semiconductors, where electrons are localized
by potential fluctuations associated with the dopant as the small
polarons [30,31]. In the present case, with decreasing temperature
the system transfers into the short-range charge-ordering state.
These short-range CO region distribute randomly in the system.
In the CO region, the electrons are localized by the high potential
barriers. Therefore, the thermal energy is not great enough to allow
electrons to hop to their nearest neighbors. It is more favorable
for the electrons to hop further to find a site with a smaller
potential difference. Thus, variable-range hopping occurs. The low
temperature transport behavior indicates further the short-range
CO state.
We have summarized 〈rA〉, σ 2, TCO in Table 1. The weighted

average radius of the A-site cations 〈rA〉 (〈rA〉 =
∑
xiri) and σ 2

(σ 2 =
∑
xir2i − 〈rA〉

2) are calculated using nine-coordinated
ionic radii given by Shannon [32]. It is noticeable that the TCO
values evaluated from different measurements are different from
each other, which demonstrates the short-range character of the
charge-ordering phase transition. It is well known that the σ 2
is used to define the size mismatch at A-site, and 〈rA〉 directly
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Fig. 4. (a) Temperature dependence of the resistivity of Y0.4Ca0.6MnO3 measured under zero field and 6 T. (b) Resistivity plotted as ln ρ versus T−1 . (c) Resistivity plotted
as ln(ρ/T ) versus T−1 . (d) Resistivity plotted as ln ρ versus T−1/4 . The line is the linear fit to the data.
Table 1
〈rA〉, σ 2 , lattice parameters, index D, and TCO of Y0.4Ca0.6MnO3 manganite.

〈rA〉 (Å) σ 2 (×10−4Å2) a (Å) b (Å) c (Å) D TCO (K)
M–T ρ–T ESR

1.1380 26.4600 5.2810 5.3961 7.4357 1.05% 250 260 280

affects the Mn–O–Mn angle, bandwidth W, and the average Mn–O
distance in the manganites. The small 〈rA〉 and large σ 2 in the
presentmanganiteweaken the hopping integral of eg electrons and
tend to facilitate the localization of separate Mn3+ and Mn4+ ions
through the formation of polaron.
In order to get an insight into the cluster-glass state. The mag-

netic hysteresis loops shown in Fig. 5 were taken at 4 K when the
sample was cooled down to 4 K under different fields from 200
Oe to 10 KOe. It can be seen clearly that the magnetic hysteresis
loops shift in both horizontal and vertical directions. This result can
be understood directly due to the fact that the spins of cluster are
aligned to the field direction upon field cooling. When field cooled,
the spins of cluster orient toward the direction of applied field.
Furthermore, the cluster cannot rotate freely below the freezing
temperature, so that themagnetizationwill not disappearwith the
applied field removed and a negative external field is needed to
bring it back to zero. In the first loop cooled under 200 Oe all data
are positive, since the applied field is too small to redirect the freez-
ing spins. With the cooling field and measuring field increasing,
more and more clusters are aligned to the applied field direction
and the vertical and horizontal shifts become smaller at field of
10 KOe. The nature of this magnetic behavior is attributed to the
freezing properties of the local anisotropy in the cluster-glass sys-
tem [33].
To provide further evidence for the cluster-glass state, the ac

magnetization has been measured as a function of temperature
under different frequencies for an ac measuring field 3 Oe. The
measured results do reveal the typical features of cluster-glass
behavior. As shown in Fig. 6, there is a maximum at Tf in the ac
magnetization, which shifts toward the higher temperatures with
increasing frequency. Below the Tf , the magnitude of magnetiza-
tion is frequency dependent, but it becomes independent of fre-
quency at temperatures just above Tf . This fact supports our above
Fig. 5. Magnetic hysteresis loops taken at 4 K when the sample was cooled down
to 4 K under different fields.

Fig. 6. Temperature dependence of ac magnetization. The data were recorded in
an ac-field of 3 Oe with different frequencies.

argument on the cluster-glass state as the ground state at low tem-
peratures. Fig. 7 shows the normalized long-time relaxation of the
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Fig. 7. Time dependence of the normalized magnetization M(t)/M(0) at 4 K, where
M(0) is the magnetization value at the initial measured time. The sample was
initially cooled down to 4 K, and then the magnetic field was applied. After the
appliedmagnetic field was stable, the magnetic data were collected as a function of
time. The time at which the first datum was taken is regarded as the initial time.

magnetizationmeasured in amagnetic field 100 Oe at 4 K. It can be
seen clearly that the magnetization increases monotonically with
time even after 5 × 103 s. However, the relaxation is very slow
which may attributed to the intrinsic magnetic frustration in the
present system [34]. This fact is consistent with the cluster-glass
behavior.

4. Conclusion

In this work we provide a detailed study of the magnetic and
electrical properties of Y0.4Ca0.6MnO3 composition. The effect of
〈rA〉 is seen to be profound on the charge-ordering behavior of
the manganite. The severe distortion of MnO6 octahedra in the
present small-〈rA〉 system results in the collapse of the long-range
ordering state and the formation of a short-range ordering state.
The irreversibility below 110 K originates from the ferromagnetic
super-exchange interaction between remaining disordered Mn
ions after the formation of short-range ordering state in the
manganite. Finally, the cluster-glass state begins to manifest itself
due to the frustration between the FM order in the clusters with
the AFM interactions present in the background matrix.
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