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Abstract

The structure of series Sm;_,Ca,Fe; Mn,0; (0.0 <x < 1.0) compounds was investigated. The lattice parameters increase with coupled
substitution Sm>* by Ca®* and Mn** for Fe**. The variation of parameter, c, is larger than that of a and b, respectivly. The detailed analysis of
magnetic properties of series Sm;_,Ca,Fe; _,Mn,O3 (0.1 < x < 0.9) shows that local magnetic interaction between Fe** and Fe** and Mn** and
Mn** at below magnetic transition temperature is antiferromagnetic. Above magnetic transition temperature the presence of large magnetic cluster
is proposed and the sizes of magnetic clusters decrease with Mn**. The electrical transport behaviors related with small polaron hopping and

variable range hopping models.
© 2007 Published by Elsevier Ltd and Techna Group S.r.l.
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1. Introduction

A lot of work has been devoted to hole doped manganites
Ln, ,A,MnO; with x < 0.5 since the discovery of colossal
magnetoresistance (CMR) in these materials [ 1-5]. For those Mn
(III)-rich manganites, it was shown that there exists a critical
average size of the interpolated cation below which the CMR
effect does not appear [6]. This is, for instance, the case of the
samarium—calcium compounds that are semiconductors in the
absence of magnetic field and do not exhibit any CMR effect up
to 7 Twhatever x, ranging from 0 to 0.50, due to the small average
size of A-site cations (1.132 A < (r) < 1.156 A) and to the small
A-site cationic size mismatch o> [7]. In contrast, the Mn (IV)-rich
manganites were investigated extensively until now [8-10].
Based on the study of the oxides Ca;_,Bi,MnO; [11] and
Ca;_,EuMnO; [12] metal-insulator transitions and conse-
quently, CMR properties were shown recently in the oxides
Ca;_,Ln,MnO; with x = 0.13-0.15 [13,14]. The striking feature
of these electron-doped manganites is that the CMR effect
appears for a very small size of the interpolated cation contrary to
the hole-doped manganite that require high (r) values for the
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appearance of the CMR effect. Moreover, the homogeneity range
where the CMR effect appears is very narrow compared with the
hole-doped manganites, x ranging typically from 0.12 to 0.15. In
fact, it was shown with the study of the oxides Ca;_,Th, MnOj;
and Ca;_,Ce, MnOj; [14], that in this case, it is the electron
density that plays a critical role for the appearance of the CMR
properties.

The research work reported by Takeuchi et al. [15] suggests
that Fe substitution for Mn dilutes the double exchange (DE)
mechanism and shows typical spin glass and insulating
behaviors. The results of several authors studied the
Ln;_,AMn,_,Fe O3 Fe-doped manganites with y < x indicate
that Fe and Mn host lattice is antiferromagnetic interaction
[16-18].

To our knowledge, there is little data, which are available on
coupled A-B-site substitutions in ABO3 [19,20]. On the basis
of previously published experimental data, we may expect that
a coupled substitution involving Sm and Fe would improve the
properties of CaMnOs. So if Sm is doped at Ca-site and Fe
doped at Mn-site, useful information for understanding could
be obtained.

The purpose of the present study is to clarify the magnetic
properties and transport mechanism in mixture of manganites
Sm;_,Ca,Fe;_,Mn,O; and to show how the properties change
with the replacement of Sm by Ca and Fe by Mn.
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2. Experimental

Polycrystalline ~ samples of  Sm;_,Ca,Fe,;_ Mn,O3
(0.0 < x < 1.0) were prepared by standard solid-state reaction
from stoichiometric amounts of Sm,O5;, CaCO3, Fe,03 and
MnO,, which the purities of them are, at least, 99.9%. A purity
of 99.99% Sm,0; powders was dried for 5 h at 800 °C before
used. The mixtures were ground by hand in a mortar agate for at
least 40 min and pressed into pellets, then preheating the pellets
for 8h at 800 °C. Following the mixtures was ground
extensively once again. Then the powders were pressed into
pellets and annealed at 1100 °C in air for 16h with
intermediated grindings and finally cooled the samples down
to 500 °C at 1 °C/min, then cooled to room temperature in
furnace.

Phase analysis and characterization were carried out by X-
ray diffraction (XRD) using Cu Ka radiation with a graphite
monochromator on Rigaku model D/max-2400 X-ray diffract-
ometer at room temperature.

Temperature dependence of magnetization curve was
measured by a vibrating sample magnetometer (VSM) in a
field of 0.5 T over the temperature range 80-300 K. Electrical
resistances were determined by the standard four-probe DC
method in the range 300-500K.

3. Results and discussion
3.1. Crystal structure

The products of synthesis by standard solid state technique
yielded single-phase materials, which were confirmed by
powder XRD. The XRD patterns of all samples can be indexed
on basis of the CaMnOj; type with orthorhombically distorted
perovskite structure (space group Pbnm). This type of structure
is common for rare earth perovskite-type oxides. Each unit cell
consists of four ABO; units, and has the approximate
dimensionsﬁap X \/Eap x 2a,, where a, is the lattice para-
meter of the ideal cubic unit cell. On regular sites, a Ca®* cation
on a Sm>" lattice position and a Mn** cation on a Fe** position
in the perovskite lattice. The lattice parameters of the
orthorhombic cell determined by XRD are shown in Fig. 1
and Table 1. It can be seen from Fig. 1 that the orthorhombic
lattice parameters decrease with Ca®* and Mn** content in
Sm;_,Ca,Fe;_,Mn,O5; and that the change of lattice para-
meters, a and b, are relatively small compared to that of c, this is

Table 1
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Fig. 1. Lattice parameters (a, b, ¢) of Sm; _,Ca,Fe; . Mn,03 (0.0 <x < 1.0) as
a function of Sm content.

due to the tilting scheme of BOg¢ octahedral in Pbnm perovskite,
of the type a”a”c¢* in Glazer’s nomenclature [21], in which the
distortion driven by the increase of average A size and by the
reduction of average B size leaves ¢ changed quickly. The
variation of cell parameter, a, is relatively big compared with
that of b in the range from x = 0.0 to 0.5, while the change of
this parameter is smaller than that of b in the range from x = 0.5
to 1.0, indicating that the substitution of Ca** for Sm** and
Mn** for Fe** is not random. Whilst, the variance of lattice
parameters confirm that the compounds form solid solutions but
not two compounds simply mixed. The observed unit cell
volume decreases with the coupled substitution of Sm by Ca
with that of the Fe by Mn (see Fig. 2). It is worth noting that, in
all cases, ¢/v/2 lies between a and b (b<c/v2<a, see
Table 1). This is characteristic of the so-called O structure and
constitutes the usual situation in perovskites where the primary
the distorting effect is steric factor. The spontaneous
orthorhombic strain, defined as s = 2(a — b)/(a + b), is included
in Table 2. s progressively decreases from x=0.0 to 0.5
following increases from x = 0.5 to 1.0 perovskites. The reason
for the decrease of this parameter from x = 0.0 to 0.5 is that on
A site the substitution of big radius Ca®* for small radius Sm>*
and on B site the replacement of big radius Fe** by small radius
Mn™**, the reduction out of phase tilting caused by distortions of
the O-B(Fe)-O angles of the octahedral for fitting the size of A
average size plays a important role [22,23]. The reason for

Lattice parameters, relationship of a, b, ¢, and type of orthorhombic structure of the system Sm;_,Ca,Fe; ,Mn,O; (0.0 < x < 1.0)

X a b c c/ V2 a, b, c/ V/2 relation Structure type
0.0 5.6004 5.4108 7.7618 5.4884 b< L/\/E <a O-type
0.1 5.5716 5.4030 7.7438 5.4757 b< L/\/E <a O-type
0.3 5.5112 5.3746 7.6740 5.4263 b< L/\/E <a O-type
0.5 5.4444 5.3358 7.6244 5.3913 b< c/\/E <a O-type
0.7 5.3966 5.2672 7.5338 5.3727 b< c/\/i <a O-type
0.9 5.3761 5.2085 7.4828 5.2911 b< c/\/f <a O-type
1.0 5.3592 5.1889 7.4536 5.2707 b< c/\/f <a O-type
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Fig. 2. Unit cell volume of Sm; _,Ca,Fe; . Mn, 03 (0.0 < x < 1.0) as a function
of Sm content.

increase of s from x=0.5 to 1.0 is that A site average size
increases with Ca* substituting for Sm>* and B site average
size decreases with replacing Fe’* by Mn**, the octahedral
tilting driven by out of phase increases for matching the
reduction of A site average size. The values of the cell distortion
factor d for Sm;_,Ca/Fe;_Mn,O; are also useful for
estimating the departure from the ideal cubic cell:

[(a/V2 —ap)’ + (b/VZ — ap)’ + (¢/2 — a,)*]

3a,

d= x 10%

where a, = (a/v/2 + b/\/2 + ¢/2) /3 are also given in Table 2.
This factor changes tendency similar to that of spontaneous
orthorhombic strain s. It is worth mentioning that the variation
of the a parameter is big compared to that of » with coupled
substitution from x = 0 to 0.5, which coincides the spontaneous
orthorhombic strain, s, and cell distortion factor, d, lowering from
big value to small one and that the variation of the b parameter is
big compared to that of @ with coupled replacement from x = 0.5
to 1.0, which coincides the spontaneous orthorhombic strain, s,
and cell distortion factor, d, increaseing from low value to high
one. According to analysis mentioned above, the variance of

Table 2

4.4

4.0

' T T T v T ¥ T T
50 100 150 200 250 300
T(K)

Fig. 3. The temperature dependence of magnetization (M) of Sm;_,Ca,.
Fe;_,Mn,O; samples measured under H=0.5T.

lattice parameters with coupled substitution on A site and on B
site is the results of changes of distorted BOg octahedra for
matching A sizes.

3.2. Magnetic properties

Fig. 3 presents the temperature-dependent magnetization
(M-T) of the Sm;_,Ca,Fe; Mn,0O3 (0.1 <x<0.9) system
under a magnetic field of 0.5 T. It can be seen from Fig. 3 that
the magnetic transition temperatures of the samples are below
80.0 K. The susceptibility presents the Curie—Weiss type
behavior [x = C/(T — 6cw)] for the temperatures above 80.0 K.
Here, C and 6Ocw are Curie constant and Curie—Weiss
temperature, respectively. The values of Ocw of all samples
are negative (see Fig. 4 and Table 2), indicating that the local
magnetization below magnetic transition temperatures are
associated with the antiferromagnetic coupling. Curie—Weiss
temperature is related to the strength of antiferromagnetic
interaction. With the increase Ca®* and Mn** contents from 0.1
to 0.5 the Curie—Weiss temperatures increase to high
temperatures. This indicates that antiferromagnetic interactions
sharply become weak. With increasing Ca®* and Mn** content

The unit cell volume, the tolerance factor (f) and spontaneous orthorhombic strain (s)

X

0.0 0.1 0.3 0.5 0.7 0.9 1.0
V(A% 235.203 233.114 227.308 221.490 214.148 209.529 207.272
t 0.9128 0.9215 0.9390 0.9570 0.9754 0.9943 1.0091
s 0.03444 0.03072 0.02510 0.02015 0.02427 0.03167 0.03229
d 7.7873 5.6348 4.1236 2.5789 3.7086 6.2560 6.4854
Ocw (K) —500 —463 —237 —274 —282
Copsa. (Kemumol ' G™1) 49.37 36.78 30.56 26.28 15.54
Ceate. (Kemumol™' G™1) 4.20 3.69 3.17 2.65 2.13
Copsa/Cealc. 11.8 10.0 9.6 9.9 73
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Fig. 4. The temperature dependence of reciprocal magnetization (1/M) for
Sm; _,Ca,Fe,_Mn,O3 samples, the solid lines are fits to the Curie—Weiss law.

from 0.5 to 0.9 the Curie—Weiss temperatures slightly decrease
to low temperatures. From the variation of Curie—Weiss
temperature with Ca?* content (x) (see Table 2) it can be
inferred that the double exchange interactions between
neighboring Fe** or Mn®* and Fe** or Mn** ions is relatively
strong but short range interactions which are responsible for the
formation of the ferromagnetic correlation as overlapping of egT
for Fe** and egT for Mn** to produce little amount of Mn>* and
Fe** [24] and that the exchange interactions between Fe* or
Mn** and Fe** or Mn** are strong and long range
antiferromagnetic. Therefore, the antiferromagnetic interaction
is strengthed in the Fe®* dominant range or in the Mn**
dominant range [24] and the Curie—Weiss temperature reduces
to lower temperature. In other words, with Mn** substitution for
Fe** up to Mn** content 0.5 Mn®* concentration increases,
resulting in Curie—Weiss temperature fast moves to high
temperature, following with further increasing Mn** content
from 0.5 to 0.9 Mn>* concentration decreases, leading to Curie—
Weiss temperature changes to slightly low temperature. The
values of the deriving parameters 6 and Curie constant from
Fig. 4 and theoretical Curie constant values are listed in Table 2.

As shown in Table 2, the experimental Curie constant C
takes the value between 15 and 50 emu K/mol G. Assuming
that there is no coupling among the ions on Sm, Fe and Mn sites,
the theoretical Curie constant can be expressed as
C = Na(itefr)*/3kp, here Ny is Avogadro number and [t iS
the average effective magnetic moment for Sm, Fe and Mn
sites. Considering that the effective magnetic moment is
3.87up for Mn*" (§=3/2), 5.92up for Fe** (HS, S=5/2)
0.84 15 for Sm>* (S = 5/2), the ideal value of Curie constant for
Sm;_,Ca,Fe;_,Mn,Oj is estimated and listed in Table 2. It can
be clearly seen from Table 2 that the experimental value of C is
about 7—12 times larger than that theoretically predicated. This
difference suggests the existence of the strong coupling among
the Mn** and/or Fe>* ions, which may be led to the formation of
magnetic clusters. A simple estimate shows that to meet the gap
between the calculated and observed Curie constants, magnetic

clusters of 7-12 Mn** or/and Fe** ions have to be assumed.
Comparison the experimental with ideal Curie constants in
Table 2 it is suggested that the transition metal ionic numbers of
each magnetic cluster decrease with Mn** and Ca** ions doped
and that the ferrite oxides is easier to form magnetic cluster than
that of manganite oxides. In fact, the presence of magnetic
clusters in paramagnetic phase of manganite oxides was also
reported by several groups [25-27]. For example, using the
Curie—Weiss law, Kumar et al. [26] studied the susceptibility of
polycrystalline Lag;Cag3MnOs, and suggested the formation
of magnetic clusters of two Mn ions in the temperature range
250 K < T < 340K to account for a doubled Curie constant
(compared with the ideal value). Similar results to ours,
localized magnetic cluster with a size of 1.2 nm was reported by
Teresa et al. [28] for (La;_,Y,)o.67Cag33MnO3. The size of
magnetic cluster in our results are larger than usual ones, this
may be related to large applied magnetic field (0.5 T) in our
experiment. Teresa et al. [28] have reported that size of
magnetic clusters is related to magnetic field and increase
magnetic clusters with magnetic field.

3.3. Electrical transport properties

As the resistivity of serial Sm;_,CaFe;_Mn,O3
(0.0 £ x £0.9) compounds is very high at room temperature
and shows the insulating behavior, therefore, the electrical
transport properties are studied in the range from 300 to 500 K.
Fig. 5 presents the temperature-dependent resistivity (o — 7) of
the Sm;_,Ca,Fe,_,Mn,0O;5 (0.0 < x < 0.9) system from 300 to
500 K. Even room temperature the resistivity of SmFeO;
sample is too large to determine, therefore, the resistivity of this
specimen didn’t include this investigate. It can be seen from
Fig. 5 that the resistivity of the samples decreases with
temperature and shows the insulator properties. One also
notices that the resistivity reduces with coupled substitution of
Ca?* for Sm>* and Mn** for Fe’*. The reason is described as
following. In perovskite oxides, the d electrons of the Mn and
Fe ions are known to stay in the same spin state, due to the

. e 0.9

i =."B\___‘-

1 L s I . 1 . 1
300 350 400 450 500
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Fig. 5. The temperature-dependent resistivity (o —7) of the Sm;_,Ca,.
Fe;_,Mn,O; (0.0 <x <0.9) specimens.
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strong Hund’s coupling. The vacant state with opposite spin lies
higher in energy due to exchange interactions. Both occupied
and unoccupied spin states are further split into tp, and e,
orbitals by the octahedral crystal field. Increasing energy, these
states are tyy, €g1, (o) and e,). The electeonic configurations
are 63, eZ, for Fe™*, ), e}, for Fe"*, and Mn** and 6, for
Mn™**, respectively. In a solid, these states form bands. For these
ions, the tye; bands are fully occupied, the t,;| and ez are
empty, and ey bands, which can accomodate a maxmium of
two electrons per ion, play a crucial role. In a mixed system of
Fe and M, the widths and energies of their e, bands dictate the
electron distribution of the Fe and Mn ions. Joonker [29]
studied the conductivity of Lag gsBag 1sMn; _ Fe, O; compound
and showed that for 0 < x < 0.85, Fe**, Mn>* and Mn** are
present, and for 0.85 < x < 1.00, Fe**, Fe** and Mn*" are
present. The existence of Fe**, Mn®* and Mn*" in the range of
0 < x< 0.85, indicates that the Fe ey} band is full and the Mn
€, band is less than half-filled. For 0.85 <x < 1.00, the
existence of Fe’*, Fe** and Mn*" means an empty Mn e, band
and a more than half-filled Fe e, band. From this, it can be
inferred that the bottom of the Mn e4; band should be at the
same level as, or higher than, the top of the Fe e,; band.
Therefore, the Fe e, band remains completely filled as long as
the Mn e, band is partially filled. A similar conclusion has been
reached by studying the structural and conduction properties of a
closely related system of La; _,Ca,Fe; _,Mn,O5. They found that
most Fe is present as Fe3+, and at least 97% of the Mn exists as
Mn** [30]. They proposed the presence of a small amount (less
than 3%) of Mn>* and Fe** to account for the conductivity
behavior in their samples. This conclusion agrees with the band
structure mentioned above, where the top of the Fe e,y band is
nearly at the bottom of the Mn e, band, except for a slight
overlap (less than 3%) between the two, as shown in Fig. 6. Our
system of Sm;_,Ca,Fe; . Mn,0O5 (0.0 < x <0.9) is expected to
have a similar band structure as that of La;_,Ca,Fe;_ Mn,O;.
This energy diagram clearly shows that part e, electrons of Fe*
occupy part €, orbitals of Mn** to produce a little amount of Fe**

Fe Mn
t2g 4
eg 4
e
et B
=
o
A | o
2 e
e

Lal_x Cax Fel_x Mnx 03

Fig. 6. Band structure of Fe and Mn in La,_,Ca,Fe;_,Mn,O;, where the
bottom of the Mn e,; band lies slightly below the top of the Fe e, band.

and Mn>". It is clear that electron hopping paths from Mn>* to
Mn** and/or Fe’* to Fe** are permitted. With coupled
substitution of Ca** for Sm®* and Mn** for Fe®* increasing
the amount of Fe** and Mn>" is augmented and resistivity of
serial compounds is reduced untill to x = 0.9. As there is no Fe**
in the CaMnO5 compound and electron hopping from Fe®* to
Fe**, thereby, its resistivity is higher than that of x = 0.9 around
room temperature. But the resistivity of this end member is not so
high, this may attribute to a little amount of Mn>* caused by
shortage of oxygen.

In order to get more insight into the transport processes, the
electrical resistivity data were fitted to various model applied
for materials including:

E
pzpoexp(ﬁ) (1)
E
o= pOTexp<k; (2)
o= pyT'"? exp(ﬁ) (3)
E
p= ,00T3/2 exp(ﬁ) 4)
7o\ /A
pzpoexp(7°> 5)
£ To\ V4
p:pOTexp{ﬁ—i- <?> } (6)

where E is the energy difference between the initial and
intermediate state and kT = 18a3/n(EF); « is the inverse of
localization length and n(Eg) is electronic density of state at
Fermi level. Above expressions are formula for thermal activa-
tion, adiabatic polaron, bipolaron, non-adiabatic polaron, vari-
able range hopping and two steps transport of small polarons
[31] models, respectively. Fig. 7 shows the electrical transport
behaviors for x = 0.1 sample at high temperature and inset of
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Fig. 7. Fitting curve based on p = poT exp(E/kT), in set is fitting line based on
p=pol"? exp(EA/KT).
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Fig. 9. Experimental data and calculating data based on p = ,oon exp(Ea/kT)
model.
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Table 3

x=0.1 (En) 0.487 eV (H) 0.292 eV (L)
x=0.3 (Tp) 299 x 10°K™!

x=0.5 (En) 0.314 eV

x=0.7 (Tp) 257 x 108 K™!

x=0.9 (Tp) 1.78 x 107 K™

x=1.0 (Ty) 241 x 108K™!

Fig. 7 demonstrates the electrical transport behavior for x = 0.1
sample at low temperature. It can be seen from Fig. 7 and the
inset of Fig. 7 that adiabatic polaron model is confirmed at high
temperature and bipolaron is identified at low temperature,
respectively. For x=0.3 and 0.7 specimens the electrical
transport behaviors show in Fig. 8. One can be noticed that
variable range hopping model is testified from 7=300 to
500 K. Fig. 9 presents the electrical transport behavior for
x=0.5 and it can be proved that the electrical transport
mechanism is non-adiabatic polaron model. Fig. 10 demon-
strates the electrical transport behaviors for x=0.9 and 1.0
samples and two steps transport of small polarons model is
confirmed. From the fitting curves the parameters of E, and T,
can be obtained and present in Table 3. From Table 3 one can be
seen that these parameters are consistent with analysis of
samples’s resistivity.

4. Conclusions

The structure of series Sm;_,Ca,Fe;_.Mn Oz (0.0 <x
< 1.0) compounds were investigated. The lattice parameters
increase with coupled substitution Sm** by Ca®* and Fe** by
Mn**. The variation of parameter, c, is larger than that of a and
b, respectivly. The variation of cell parameter, a, is faster than
that of b in the range from 0.0 < x < 0.5 and change of lattice
parameter, a, is slower than that of b in the range from
0.5 < x < 1.0, indicating that the replacement of Sm** and Fe**
by Ca** and Mn** is order. The detailed analysis of magnetic
properties of series Sm;_,Ca.Fe;  Mn,O; (0.1 <x<0.9)
shows that local magnetic interaction between Fe’*/Mn**
and Fe>*/Mn*" at below magnetic transition temperature is
antiferromagnetic. Above magnetic transition temperature the
presence of large magnetic cluster is proposed and the sizes of
magnetic clusters decrease with Mn** and Ca* content. The
Curie—Weiss temperature seems to correlate with tolerance
factor. The electrical behaviors of all specimens demonstrate
insulator and the electrical resistivity decreases with Mn and Ca
ionic doped. The detailing analysis of electrical transport shows
that the electrical process of sample for x = 0.1 is controlled by
adiabatic small polaron hopping model at high temperature and
by bipolaron model at low temperature and that the electrical
process of samples for x=0.3 and 0.7 are dominated by
variable range hopping and that electrical mechanism of sample
for x=0.5 is consistent with non-adiabatic small polaron
hopping model and that the electrical behaviors of spencimens
for x =0.9 and 1.0 are agreed with two steps transport of small
polaron model.
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