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The structural and magnetic properties and the free energy of manganites with the nominal com-
position Lag7Sro3-xMnO5_s (0<x<0.10) have been investigated. X-ray diffraction patterns indicate
that the materials possess three phases with the R3c perovskite being the dominant phase, La,03
being the second phase and La(OH); being the third phase. Due to the samples were prepared
using a solid-state reaction method with the highest heat treatment temperature being 1173 K, we
assume that there were no vacancies in the perovskite phase. These materials can be represented
as Lag7-y—zSro3-xMny_s305_5/(Laz03)y2/(La(OH)3),, with §=3(x+y+z). Magnetization measurements
showed that the dependence of the Curie temperature Tc on the Mn** ion content, is similar to that
of the typical perovskite manganite La;_,SryMnOs. The paramagnetic-ferromagnetic transition region of
the samples is wider than 315 K. We have also calculated the free energy of the perovskite phase, and
explained successfully the dependences on the doping level x of the unit cell volume in the perovskite
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1. Introduction

Colossal magnetoresistance (CMR) materials [1-4] with the gen-
eral formula Ln;_yMxMnOs3, where Ln is the lanthanide cation and
M is usually an alkaline-earth cation, have attracted much atten-
tion because of their potential applications in magnetic sensors,
data storage, and other applications, such as the cathodes of the
solid oxide fuel cells [5-7] (SOFCs) and microwave dielectric mate-
rials [8-10]. These materials possess an ABO3 perovskite structure.
Zener proposed that the spin structure and the electronic proper-
ties of these compounds are correlated via the double exchange
(DE) mechanism. According to this picture, in the configuration
Mn3*-0%2--Mn*, the easy simultaneous transfer of an electron
(DE carrier) from Mn3* to 02~ to Mn#*, causes at the same time
a high electrical conductivity and, by the tendency of the traveling
electron to retain its spin orientation, a parallel orientation of the
magnetic moments of the Mn3* and Mn** ions [11,1,2].

Previous study in our group has demonstrated methods
of phase analysis and calculating the various ion contents of
perovskite phase in lanthanum deficiency in Lag7_xSrg3MnOs3
composition samples with Mn304 second phase [12]. In this
paper, we investigate the self-doped perovskite manganites with
nominal composition Lag7Srg3_xMnO3 prepared by a solid-state
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reaction method with the highest heat treatment temperature
being 1173K It is found that these materials can be repre-
sented as Lag7_y_,Sro3_xMny_s;303_s/(Laz03)y2/(La(OH)3),, with
§=3(x+y+2).

2. Experimental details

Polycrystalline samples with the nominal composition Lag7Srg3_xMnO3; (x=0,
0.05, 0.075, and 0.1) were synthesized using the solid-state reaction method. The
starting materials were La,03, SrCO3, and MnO, powders. The La,03 was fired in
air at 1073 K for 3 h before use in order to ensure that is dry. The starting materials
were intimately mixed in an agate mortar, grinding for 3 h, and heated in air at
temperatures up to 1173 K for 24 h, followed by furnace cooling. The samples studied
in this work were obtained after regrinding.

Phase identification of the samples was performed by X-ray diffraction (XRD)
with an X'pert Pro diffractometer using Cu K, radiation. The data were collected in
the 26 range 20-120° with a step size of 0.0167°. The magnetization measurements
were carried out using a Quantum Design Physical Property Measurement System
(PPMS), in the temperature range 5-400 K. The temperature at which the dM/dT
curve tends to zero with increasing temperature indicates the Curie temperature
(T¢). The Curie temperature measurements were performed at an applied field of
0.05T. In order to facilitate the discussion, we label the samples with nominal com-
positions Lag7Srg3-xMnOs (x=0.00, 0.05, 0.075, and 0.10) as N1, N2, N3, and N4,
respectively.

3. Results and discussion
3.1. X-ray diffraction analyses

Fig. 1 shows the X-ray diffraction patterns for the samples. It
can be seen that all the samples contain three phases with the R3c
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Fig. 1. XRD diffraction patterns of the samples with nominal composition
Lap7Sr03-xMnO3_s. The main diffraction peaks of the La; 03 phase and La(OH); phase
are marked by the symbol “".

perovskite being the dominant phase, La, 03 being the second phase
and La(OH);3 being the third phase. The main diffraction peaks of
the La, 03 phase and La(OH); phase are marked by the symbol “}”.
The diffraction peak positions of the three phases, according to the
Rietveld powder diffraction profile fitting software (see below), are
shown in Fig. 2. The upper series belongs to the perovskite phase,
the middle series to the La,0O3 phase and the lower series to the
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La(OH)3 phase. The reason for the appearance of the impurities,
La;03 and La(OH)3, is that the melting point of MnO>, is only 808 K,
which is far lower than other starting materials (being higher than
1770K), so that it is easy to escape from the raw materials during
the samples preparation process.

By using the X'Pert HighScore Plus software to analyze the
XRD patterns, the volume averaged crystallite diameters of the
perovskite phase in the samples can be estimated. They were
found to be 32, 38, 37, and 35nm for samples N1, N2, N3, and
N4, respectively. These values indicate that these samples were
nanocrystalline composite materials.

Quantitative analyses of the three phases were performed using
the main diffraction peak intensity ratios obtained using the X'Pert
HighScore Plus software. We use the symbols “u” and “v” to des-
ignate the mass ratios of the La;03 and La(OH); phases to the
perovskite phase, respectively. According to X-ray diffraction the-
ory we then have

_ Wio  ho/Kio 54410

Lo ~ Win Iig/Kiy 54416y
=W = Ih/Ke 82015’

“ W Ip/Kp  6.86 Ip’
(1

where W, Wiy and Wp are the masses of the La, 03 phase, La(OH)3
phase and the perovskite phase respectively; I o, Iy and Ip are the
main diffraction peak intensities of the La,0O3, La(OH)3 and per-
ovskite phases, respectively; Ko, K g and Kp, with the values 8.20,
6.86 and 5.44, respectively, come from the RIR values for La;03,
La(OH)3 and perovskite Lag 7Srg3Mn0O3 on the ICDD standard cards
01-074-1144, 01-083-2034 and 01-089-4461. They each represent
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Fig. 2. The Rietveld fitted results for the XRD diffraction data of the samples with the nominal composition Lag7Sro3-xMnOs_s (x=0.00, 0.05, 0.075, and 0.10, corresponding
to samples N1, N2, N3, and N4). Here “o” represents the experimental intensity Y,,s. The bottom line shows the difference Y,p,s — Yca between the experimental and fitted
curve. The symbol “|” represents the diffraction peak positions of the three phases. The upper, middle and lower series belong to the perovskite. La;O3 and La(OH); phases,

respectively.
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Table 1
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The XRD main peak intensities Ip, I, o and I;4 of the perovskite phase, La,03 and La(OH); phases in the samples with a nominal composition Lag7Srg3_xMnO;_s. The parameters
CLo, CLH, ¥, z and molar content of the perovskite phase M.

No. X Ip Iio Itn CLo CLH y z M

N1 0.000 16276.83 569.30 923.48 5.23567 10.15191 0.02961 0.04924 0.92115

N2 0.050 16472.25 196.92 490.63 1.79383 5.34235 0.01007 0.02572 0.91421

N3 0.075 16011.43 52.59 243.06 0.49348 2.72621 0.00275 0.01305 0.90919

N4 0.100 16041.10 93.62 166.32 0.87365 1.85520 0.00475 0.00866 0.88658
Table 2

the ratio of the main diffraction peak intensity of the compound
in question to that of a-Al,03 when the mass ratio is 1:1. Because
there are different values of Kp for the perovskite phase as it occurs
in the samples and for Lag 7Srg3Mn03, the value of Kp used in this
expression should be taken as inversely proportional to the density
of the samples. Eq. (1) can then be rewritten as

_ WLO _ ILO 5.44 dOVC _ Wiy
u= > =0.1003792 o0 Sl v= ot
B Iy 5.44 doVc
= 0.10037 1 &ee TS 2)

where mp and V are the molar mass and the unit cell volume of
the perovskite phase in our samples, expressed in units of grams
(g) and A3, respectively. Finally, dy is the density of the standard
Lag.7Srg3Mn0O3 material. Setting

- 5.44 I - 5.44 Iy

1o = 0100375755 20doVe, i = 0100375 M doVe,  (3)
then

Wi o Win _ an

Wo = me and Wo = e (4)

We next designate the molar fractions of La;03; as y/2 and
La(OH)3 as z. We assume that the missing molar content of MnO,
is equal to the sum of molar content of La;03 and La(OH); plus the
doping level x.

Due to the samples were prepared using a solid-state reaction
method with the highest heat treatment temperature being 1173 K,
we assume that there were no vacancies in the perovskite phase.
Therefore the molar content of Mn ions in the perovskite phase is
M=1—-x—y—z. The molar content of the perovskite phase is then
(07-y—-2z+03—-x+1—-x—z-y)[2=1—-x—y—z and the oxygen
molar content is 3(1 —x—y —z). Note that the molar content of
the Mn ions is equal to the molar content of the perovskite phase.
The perovskite phase in the samples can therefore be written as
Lag.7_y_zSr03-xMny_5303_s, with § =3(x +y +z). Following our ear-
lier work [12,13], we have the various ion contents
$=03-x,

L=07-y-z M;=0.7-y—z, My

=03-x, 0,=3(1-x-y—-2), (5)
where L, S, M3, My, and O, represent the molar contents
of La3*, Sr*, Mn3*, Mn* and 0%' ions, respectively. There-
fore, we can represent the perovskite phase in our samples as
Lag7-y—73*Sro3-x>*Mng7_y_;>"Mng3_x* 0301 _»_y 5*".

Table 3

The molar contents L, S, M3, My, and O, of La3*, Sr2*, Mn3*, Mn** and 0%~ ions of the
perovskite phase in the samples, and the Mn** ion content ratio, Ry, at the B site.

No. L S M3 My 0, R4

N1 0.62115 0.300 0.62115 0.300 2.76346 0.32568
N2 0.66421 0.250 0.66421 0.250 2.74264 0.27346
N3 0.68419 0.225 0.68419 0.225 2.72758 0.24747
N4 0.68658 0.200 0.68658 0.200 2.65975 0.22558

The mass ratios of the La;03 phase and La(OH)3; phase to the
perovskite phase are

Wi  (y/2)mipo Wiy

Wp ~ (1-x-y-z)mp’ Wp
where the molar masses of the La, 03 phase and the La(OH)3 phase
are, myp =325.809¢g and myy =189.906 g. From above Egs. (4) and
(6), we then have,

_ (1 —x) x 189.906¢;o
" 30936.541977 + 189.906¢;o + 162.9045¢y’
(1-x-y)an

~ 189.906 + cipy 7)

_ A (6)

(1-x-y—-2z)mp’

y

Using Egs. (3),(7) and the main peak intensity ratios of the three
phases, we can obtain the parameter y and z. Table 1 lists the main
peak intensities Ip, I o, and I y of the perovskite, the La,03 and the
La(OH)3 phases, the parameters cig, CL4, ¥, Z and the molar content
M of the perovskite phase in the samples. Note again that M is also
equal to the molar content of Mn ions in the perovskite phase as
shown above.

The contents of the various ions as calculated using Egs. (5) and
(7), are shown in Table 2. In Table 2, R4 which represents the Mn**
ion content ratio at the B site of the ABOj3 structure, is defined by

My
(M3 +My)’

For convenience of interpretation, we also show in Table 3,
the same ion contents normalized so that the 0%~ con-
tent is 3, as is appropriate for the standard ABO;3 structure
(Lag.7-y—z510.3-x)1/(1-x—y—z)MnO3.

Using directly the contents of the various ions in Table 3, the XRD
diffraction data were fitted using the Rietveld powder diffraction
profile fitting technique [14]. In the fitting process, the contents of
the various ions were not changed. The three equivalent positions
(6a, 6b, and 18e) in the rhombohedral unit cell are occupied by 6
(La3*, Sr2*), 6 (Mn3*, Mn**), and 18 02-, respectively. The fitted
results are shown in Fig. 2 and Table 4. It may be seen that the

(8)

Rmq =

The molar contents L, S, M3, My, and O; of La3*, Sr2*, Mn3*, Mn** and 0%~ ions, the Mn** ion content ratio Ry, at the B site, and molar mass mp of the perovskite phase in the
samples when the contents of the 02~ ions have been normalized to 3. The experimental moments osg at 10K under 2 T applied magnetic field, and theoritical moments osc

by the Mn3*and Mn** content per molar perovskite phase in the samples.

No. L S Ms Mg 0, Rwmia mp ose (UB) osc (iB)
N1 0.67432 0.32568 0.67432 0.32568 3 0.32568 225.14 3.47160 3.67432
N2 0.72654 0.27346 0.72654 0.27346 3 0.27346 227.82 3.48227 3.72654
N3 0.75253 0.24747 0.75253 0.24747 3 0.24747 229.15 3.48476 3.75253
N4 0.77442 0.22558 0.77442 0.22558 3 0.22558 230.27 3.51968 3.77442
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Table 4

The refined parameters for the rhombohedral perovskite phase in samples with the
nominal composition Lag7Sro3_xMnOs_g, the atomic coordinate at A, B and O site,
calculated Mn-0 bond lengths d and Mn-O-Mn bond angles ©, the profile factor
Rp, the weighted profile factor Ry, goodness of fit indicator s. Where S.G. is the
space group, Z is the formular number per rhombohedral unit cell, a and c are lattice
parameters, and V is the cell volume.

Samples N1 N2 N3 N4
S.G. R3c R3c R3c R3c
VA 6 6 6 6
a(A) 5.492(6) 5.499(0) 5.501(9) 5.506(5)
c(A) 13.346(2) 13.347(7) 13.350(2) 13.362(2)
V(A3) 348.7(0) 349.5(4) 349.9(8) 350.8(8)
A(La3*Sr?*)

X 0 0 0 0

y 0 0 0 0

z 0.25 0.25 0.25 0.25
B(Mn3*Mn**)

X 0 0 0 0

y 0 0 0 0

z 0 0 0 0
(0]

X 0.468(3) 0.464(0) 0.462(2) 0.461(9)

y 0 0 0 0

z 0.25 0.25 0.25 0.25
d(A) 1.944(5) 1.948(3) 1.950(2) 1.952(5)
o) 169.7(5) 168.3(5) 167.7(7) 167.4(0)
Rp (%) 3.78 3.80 3.89 4.15
Ruwp (%) 4.79 4.90 4.92 5.25
S 1.16 1.19 1.18 1.24

final fitting parameters, profile factor Rp, weighted profile factor
Rwp and goodness of fit indicator s, are satisfactory, indicating that
the contents of the various ions calculated by the above method are
reasonable. From Table 4, it may be seen that the lattice parameters
aand c, the cell volume V, Mn-0 bond length d, the Mn-O-Mn bond
angle ®), have all changed significantly.

3.2. Magnetic property analyses

Fig. 3(a) shows curves of the specific magnetization, o, versus
temperature at an applied field of 0.05T. The curves show that
with decreasing temperature, all samples exhibit a paramagnetic
to ferromagnetic transition. Fig. 3(b) shows the curves do/dT versus
temperature. The absolute values of do/dT begin to increase from
near zero when T=T¢ (taken at do/dT=-0.1), reach a maximum
value when T=Tcy, and decrease to near zero when T=T¢ (taken
at do/dT=-0.1). With increasing doping level x, the Curie temper-
ature T¢ shifts from 372K for x=0-353K for x=0.1. The transition
region from ferromagnetism to paramagnetism, AT=Tc — Ty, is
wider than 315K. The main reason for this wide transition tem-
perature range is that the volume averaged crystallite diameters
of the perovskite phase are 32, 38, 37, and 35 nm in samples N1,
N2, N3, and N4, respectively. The magnetic ordered temperature of
the ion layers in the crystallites increases with decreasing the layer
radius, with the result that the average angle between the Mn ionic
moments decreases with decreasing the layer radius. We plot in
Fig. 4 the relations of the magnetic ordered temperatures Tcy, Tcm,
Tc,and ATversus the Mn?* ion content ratio, Ry4, at the B site. From
Fig. 4 and Table 4, it can be seen that the tendency of the change of
the Curie temperature T¢ is the same as that of the Mn-O-Mn bond
angles ©, and is contrary to the Mn-0O bond length d and unit cell
volume V. These experimental phenomena can be explained using
Zener's double exchange interaction between Mn3* and Mn** ions
[11,1,2].

Curves of the specific magnetization o versus the applied field
for the samples, tested at 300K and 10K, are shown in Fig. 5(a) and
(b). It can be seen that the coercivity is very small in all our samples.
At 10K, the specific saturation magnetization osg of the samples
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Fig. 3. (a) Curves of the specific magnetization o of the samples with the nominal
composition Lag7Sro3_xMnOs5_g versus temperature at an applied field of 0.05T, (b)
curves of do[dT versus temperature.
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increases with decreasing Mn** ion content ratio Ry, which is in
agreement with the theoretical values, osc, as shown in Table 3.
The value of o is about 94% of osc, because the volume averaged
crystallite diameters of the perovskite phase are between only 32
and 38 nm. At 300K, the specific magnetization ¢ does not reach
saturation until the applied field is increased to 2T. The o(2T) is
trend as a function of Ryy4 is contrary to that of osg at 10K, result-
ing from the fact that 300K is obviously higher than the magnetic
ordered temperature Ty of the main phase in the perovskite nano-
crystallites.
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Fig.5. Curves of the specific magnetization o of the samples versus the applied field
tested at 300K (a) and 10K (b).

3.3. Free energy considerations concerning the dependence of the
unit cell volume in the perovskite phase on the doping level

From Table 4, it can be seen that the unit cell volume of the per-
ovskite phase in the samples increases with increasing doping level
x.This can be explained using the free energy of the unit cell [15,16].
In order to make the discussion of the cell volume more convenient,
we transform the rhombohedra perovskite unit cell to the equiva-
lent cubic cell, with lattice constant ag (volume Vg = ag), in which
there is only one ABO3 group of atoms. Therefore, the problem of
the doping level x dependence of the unit cell volume can be con-
sidered in terms of the dependence of the crystal lattice constant ag
on the doping level. The average free energy per equivalent cubic
cell of the perovskite phase can be represented [15] as a sum,

F=U—TS = uc + upR + uty, (9)

B ¢ 7T>
Uc _ua+ub+ud__47'[80(1 o + CpY COS F
C

+ Z—ge*EU/kBT} , (cp=0, when T> T¢), (10)

og? CBO CA0 Coo CAB (11)

= -+ -+ =+ -
4meo \ (a/2)  (a/v2)  (a/v2)" (V3a/2)

a 5/3 T3 Op/T 5
Uty = (7) x 9NI<BT(—) / x“In(1 —e ™ )dx.  (12)
0.385 b/ J,

Upr

Table 5

Parameters used in free energy fitting the doping level dependence of the equivalent
cubic cell lattice constant ao for the perovskite phase in the samples. The parameters
cq and E, are the thermal activation energy coefficient of the small polarons, and the
thermal activation energy for small polarons, respectively. The Curie temperature
Tc, Debye temperature 6p, the parameters cp,, ¢; and Madelung constant « are also
listed in the table.

No. X Tc (K) 6p (K) o Cp Cr Cq E, (eV)

N1 0.00 372 437 45.67 0.3 0.9934 1 0.116

N2 0.05 367 427 45.56 0.3 0.9910 1 0.106

N3 0.075 363 420 45,51 0.3 0.9898 1 0.102

N4 0.10 354 413 45.48 0.3 0.9891 1 0.100
Table 6

The calculated lattice constant ap and energies (eV) corresponding to the minimum
average free energy Fy per equivalent cubic cell for the perovskite phase in the sam-
ples. Here 140 is the ionic Coulomb energy, upg and ugg are the additional energies
produced by DE carriers and the thermal activation small polarons, respectively; upro
is the Pauli repulsion energy, and utyy is free energy corresponding to the thermal
vibration energy of the crystal lattice.

No. ao Fo Uao Upo Udo Upro utvo

N1 0.38735 -23.0497 -27.1638 —-0.04997 —0.04539 4.38619 -0.17664
N2 0.38767 —-22.9825 —27.0779 -0.04096 -0.06512 4.38385 —0.18231
N3 0.38784 -22.9534 —-27.0384 -0.03626 —0.07532 4.38282 -0.18618
N4 0.38815 —-22.9198 -26.9960 —-0.03017 —0.08227 4.37975 -0.19016

We can obtain the lattice constant ay by minimizing the free
energy Fwith respect to the lattice parameter a. In some ionic semi-
conductors, the effective unit charge g of the ions is far smaller
than the electron charge e. Here we let g=0.4e [16]. In Eq. (10),
Uq is the ionic Coulomb energy; uy, is the additional energy pro-
duced by DE carriers, parameter y represents the number of Mn3*
and Mn*" ion pairs; uq is the additional energy produced by
small polarons. In Eq. (11), upg is the Pauli repulsion energy, in
which the four terms are the repulsion energies in the O-B bonds,
A-0 bonds, 0-0 bonds and A-B bonds, respectively. The param-
eters cap =Coo = 1.00 x 10~6, and the parameters cgg=3.30 x 10>,
cag =1.10 x 1072 The different denominators in the four terms rep-
resent the different bond lengths. The indices i, j, m, and n in Eq.
(11) are related to the parameters r;. Here 1 is the weighted aver-
age for the O and A or B ions, r; =r(Mn3*,02)M3 + r(Mn**,02- )My,
rj=r(La3*,027 )L +1(Sr?*,027)S, 1y =1(0%~,027), ry =1y +1j — ;.. Herre,
r(Mn3*,02-)is the sum of the Mn3* and 02~ effective radii, and sim-
ilarly for the other parameters r(ion, 02~). The cation contents L, S,
M3 and M4 come from Table 3. The indices are defined as

k=c(~1.138 +3.459r,), (k=1i,m). (13)

k=-1.138 +3.459r,, (k=j, m). (14)

The parameter c; represents different repulsion power ratios
between the shorter r, (r; or rp relating to the Mn ions) and the
longer ry (1j or rpy relating to non-Mn ions).

InEq.(12), uty is the free energy corresponding to thermal vibra-
tion of the crystal lattice, 6p is Debye temperature of the perovskite
phase, N=5,representing 5 atoms in every equivalent cubic cell. The
parameters cgq and E, are the thermal activation energy coefficient
and the thermal activation energy, respectively, for small polarons.
The Curie temperature, Tc, Debye temperature, 6p [1], Madelung
constant, o [16] and the parameters ¢, [15] are listed in the Table 5.

Table 6 gives the calculated results: the lattice constant ap (nm)
of the equivalent cubic cell and the energies (eV) corresponding to
the minimum average free energy Fy per equivalent cubic cell for
the perovskite phase in the samples. Here 1 is the ionic Coulomb
energy, Upo and uyg are the additional energies produced by DE car-
riers and the small polarons by thermal activation, respectively;
upgo is the Pauli repulsion energy, and uryg is free energy cor-
responding to the thermal vibration energy of the crystal lattice.
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Fig. 6. The dependences of the calculated and experimental equivalent cubic cell
lattice constant ap in the perovskite manganites on self-doping level x.

Fig. 6 shows the calculated and experimental dependences of the
equivalent cubic cell lattice constant ag on the Mn** ion content
ratio Ry4 of the perovskite phase in the samples. It can be seen
that the experimental values and the calculated values match very
well.

4. Conclusions

We have prepared manganites with the nominal composition
Lag7Srp3_xMnO3_g (0 <x <0.10) by a solid-state reaction method
with the highest heat treatment temperature being 1173 K. Using
XRD analysis, the samples were verified as being three phase com-
posities Lag7_y_,Sro3-xMnj_g303_5/(La203)y2/(La(OH)3);, with
§=3(x+y+z). We have calculated the ion content ratios at the A, B
and O sites of the perovskite phase, and the ratios were shown to be
reasonable through Rietveld fitting, analysis of the magnetic prop-
erty. It was found that the dependences of the Curie temperature
Tc on the Mn#* ion content Ry at the B sites, are similar to those

of the typical perovskite La;_,SryMnOs. At 10K, the specific satu-
ration magnetization osg of the samples increases with decreasing
Mn** ion content ratio Ry, which is in accord with changes in
the theoretical value osc. The volume averaged crystallite diam-
eters of the perovskite phase in the samples are between 32 and
38 nm, resulting in the observation that all samples display a very
wide paramagnetic-ferromagnetic transition region with decreas-
ing temperature. We calculated the free energy of the perovskite
phase, and explained successfully the dependence of the unit cell
volume of the perovskite phase on the doping level.
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