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Abstract

In this paper, the effect of processing conditions on phase separation and crystal structure of (x) Lag625510375MnO3—(1 — x) LuMnO3 composite
system was studied by XRD and SEM. The results confirm that there is a solid solution of monoclinic phase of space group P112,/a in this system,
i.e. (Lage25S10.375) Lu;_,MnOj is formed for x =0.980-1.0. For 0 <x < 0.975, the immiscibility region shows clear separation of both La-rich and
Lu-rich phases. The optimal preparation conditions were found for this system: sintering at 1250 and 1350 °C for samples of monoclinic La-rich

phase and for the immiscibility region, respectively.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The term multiferroics has been used!? to describe mate-
rials in which two or all three phenomena: ferroelectricity,
ferromagnetism (FM), and ferroelasticity occur in the same
phase or in the multiphase composite. This means that they
have a spontaneous magnetization that can be changed by an
applied electric field, a spontaneous electrical polarization that
can be modified by an applied magnetic field,? or a spontaneous
deformation that can be reoriented electrically and/or magneti-
cally. The coupling between ferroelectricity and ferroelasticity
is well established, and leads to the wide use of ferroelectric
materials in transducer applications.” Similarly, the coupling
between ferromagnetism and ferroelectricity results in magne-
toelectric/piezomagnetic effects and the consequent application
of piezomagnets as magnetomechanical actuators. Since the
first multiferroic material was discovered,* many compounds
were found to have multiferroic properites, such as Cr,03,>
Tip 03,° GaFeO3,” boracites,* phosphates,8 PbFe( 5Nbp 503.7 In
the past few years, there has been renewed interest in studying the
perovskite-based multiferroic materials, such as rare earth man-
ganates TbMn,Os, 10 YMnO3, or BiMnO3,!! which have higher
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Curie temperatures and larger magnetoelectric effects. Further-
more, current efforts have been made to synthesize the new
multiferroic in the form of thin films, by employing ferroelectric
and magnetic compounds to make a nanocomposite or a super-
lattice/multilayer structure.'>~'* Among them, many researchers
are focusing on the structure and properties of various rare earth
perovskite manganites (REMnO3). The (x) Lag 625510.375MnO3
(LSMO)—(1 —x) LuMnO3 (LMO) system is one of the inter-
esting examples of multiferroic composites. Huang et al.!>!6
studied abnormal lattice effect on the phase diagram, magnetic
transport and charge ordering induced by phase separation in
polycrystalline Lag 7_,Lu,Srg3MnO3 perovskites. Park et al.l”
observed percolative conduction in (La, Lu, Sr)MnO3 and dis-
covered that an almost complete chemical immiscibility exists
between FM-metallic (M) LSMO and FE-insulating (I) LMO.
The solubility of LMO in LSMO was found to be about 1%
by monitoring T¢ for each mixture. However, the detailed X-
ray study of solid solubility in (1 — x) LSMO-x LMO system at
small x is still missing. The exact solubility limit of LMO into
LSMO is still under debate. There are not enough evidence to
confirm that there exists a coupling between ferromagnetic and
ferroelectric phases. This paper is devoted to the fabrication and
structural investigation of (x) LSMO—(1 — x) LMO multiferroic
ceramics in the full range of compositions, focusing on solid
solution region.
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2. Experiment

In this study, all samples of (x) Lag 625510.375MnO3—(1 — x)
LuMnOs3 system (x=1.0, 0.995, 0.990, 0.985, 0.980, 0.975, 0.9,
0.8,0.7,0.6,0.5,0.4,0.3,0.25,0.2,0.1 and 0.0) were prepared by
solid-state chemical reaction. The purity of all starting materials
(Lay03, Luy O3, SrCO3, and Mny03) was 99.99%. Their parti-
cle sizes were measured by Laser Particle Analyzer (Mast Sizer
2000). The particle sizes of LayO3, Luy O3, SrCO3, and Mn, 03
are 4-10, 4-10, 2—6 and 4-9 pm, respectively. The raw powders
with proper compositions were weighed, thoroughly mixed and
ground in an agate mortar, and then calcined in air at 900 °C
for about 12 h. After regrinding and remixing the calcined pow-
ders were isostatically pressed into the disks with a diameter of
10 mm and thickness of 1-2 mm. The pellets were then sintered
at 1250-1300 °C for 24 h in air, and then cooled in the furnace to
room temperature. The above process was repeated several times
until the homogeneity of the samples was reached as tested by
X-ray diffraction.

X-ray diffraction data were collected by a Rigaku D/max-RC
rotating target X-ray diffractometer (30mA x 40kV). The Cu
Ka radiation and a graphite monochromator were used. The data
for the determination of the crystal structure and accurate lattice
parameters of the (Lag 625510.375)x Lu (1—x) MnO3 samples were
collected in a step scan mode with scanning steps of 26 =0.02°
and a sampling time of 6s.

The morphology and composition of ceramics grains was
charactered by scanning electronic microscopy (SEM) (Hitachi,
S-4100) coupled with energy dispersive analysis.

3. Results and discussion
3.1. Processing method

3.1.1. Sintering temperatures

Based on earlier investigations'>~'® the sintering tempera-
ture for (La, Sr, Lu)MnO3 ceramics was reported to be in the
range 1200-1400 °C. We attempted to process our samples of
(x) Lag 625S109.375sMnO3—(1 — x) LuMnOs3 system at two temper-
atures: 1250 and 1350 °C. It was found that the temperature of
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1350°C is suitable for samples of Lu-rich compositions. When
the samples of La-rich were prepared under 1350 °C, it was
very difficult to get single phase sample of Lag ¢25510.375MnO3
composition. Our results confirmed that there are at least mon-
oclinic La-rich phase, and manganese oxides in this sample.
Further experiments confirmed that the temperature of 1250 °C
is suitable for samples of La-rich composition. But they were
still needed to be sintered several times under this temperature.

3.1.2. Sintering steps

It was difficult to get high-quality samples using one step cal-
cination and sintering procedure at both temperatures (1250 or
1350°C). One can see from Fig. 1a that there are always man-
ganese oxide phases (Mn304) in addition to monoclinic phase of
La-rich compositions (x = 1.0) for the multiple processing steps
(N=1-3) at 1250°C. The content of Mn3O4 phase decreases
with increasing number of calcination steps. It is also seen that
no obvious Mn304 phase presence is observed in the sample
calcined four times. It has to be concluded that multiple calcina-
tion step (N> 3) is prerequisite for the sintering of high-quality
(La, Sr, Lu)MnOs3 ceramics.

From Fig. 1b one can see that there are just La-rich mon-
oclinic phase and Lu-rich hexagonal phase in the sample for
x=0.5 calcined four times and sintered at 1350 °C. But many
reflections (marked by circles) cannot be indexed with La-rich
monoclinic phase and Lu-rich hexagonal phase in the sam-
ple for x=0.5 processed with 2 steps. The SEM images show
that there are three types of grains in the sample for x=0.5
sintered two times (Fig. 2a ), and only two types of grains
in the sample with four sintering steps (Fig. 2b). The SEM
result of sample with x=0.5 (four sintering steps) is consis-
tent with that of XRD (Fig. 1b). The results of EDS analysis
confirmed that the composition of “a” particle is Lu-rich, that
of “b” particle is La-rich, with “c” being between “a” and
“b”, the La:Lu:Sr:Mn compositions of “a”, “b” and “c” par-
ticles are 0.67:46.94:4.20:48.18, 36.15:3.31:10.99:49.55 and
28.43:8.99:4.82:57.77, respectively. All the results of XRD,
SEM and EDS analysis confirm that repeated milling and cal-
cination is necessary for the processing of (La, Sr, Lu)MnOj3
system.
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Fig. 1. XRD patterns of samples subjected to different number sintering steps in (x) LSMO—(1 —x) LMO system (a) x=1.0 at 1250 °C, and (b) x=0.5 at 1350°C.
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Fig. 2. SEM images of composite sample (x=0.5) processed with different number of milling/sintering steps: (a) N=2, (b) N=4.

3.1.3. Effect of sintering atmosphere

Several literature reports indicated that Lag 625519 37sMnO3
ceramics belong to the rhombohedral phase.'>~!8 Few papers
reported the existence of the monoclinic phase.!” We studied
the effect of ambient atmosphere on the crystallographic struc-
ture of the samples of La-rich compositons. Fig. 3 is the XRD
pattern of sample for x=0.985 in (x) LSMO—(1 — x) LMO sys-
tem under different calcination atmosphere. One can see that all
of XRD reflections of sample for x=0.985 sintered in oxygen
can be indexed with rhombohedral structure, R3C space group
(PDF number: 50-308). Compared with the XRD results of sam-
ple for x=0.985 sintered in oxygen, the XRD results of sample
for x=0.985 sintered in air is obviously different. The peaks
of 26 around 32.94°, 40.44°, 53.06°, 58.48°, and 78.24° split
into two peaks. And all of XRD peaks of sample for x=0.985
sintered in air can be indexed with monoclinic structure, space
group P2/c (PDF number: 40-1100). This result indicates that
the calcinations atmosphere plays important role in the forma-
tion of the structure of La-rich samples. It is evident that there
are more oxygen vacancies in samples calcined in air, as com-
pared to those processed in oxygen. This may result in deviation
of structural symmetry from rhombohedral to monoclinic one.
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Fig. 3. XRD patterns of samples for x=0.985 processed in different atmo-
spheres.

Huang et al.'” discussed similar structural order in undoped lan-
thanum manganite. It is thus necessary to study this effect in a
more detail in future.

3.2. The phase separation of (x) LSMO—(1 —x) LMO
system

Some results about related system have been already
published.'>~!8 Rhombohedral (R) La-rich and hexagonal (H)
Lu-rich phases were found. Huang et al.'® also found a mon-
oclinic phase of space group P//2i/a and an orthorhombic
phase of space group Pnma. Park et al.!” demonstrated chemi-
cal phase separation in this system. They found that the sintered
composites show both rhombohedral and hexagonal diffrac-
tion patterns. They thought that the solubility of LuMnOj3 into
Lag 625S19.375MnQO3 is about 1%. Our current results show that
there are both monoclinic La-rich and hexagonal (H) Lu-rich
phases present under our sintering conditions. The XRD pat-
terns of samples of (x) LSMO—(1 — x) LMO system are shown
in Fig. 4. From this figure, one can see that there is a single phase,
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Fig. 4. XRD patterns of (x) LSMO—(1 — x) LMO composite samples (x=0-1).
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Fig. 5. Variation of lattice parameters a, b, ¢ (A) and V (A3) with composition (x) of La-rich samples of monoclinic phase.

amonoclinic phase of space group P112;/a with x=0.980-1.00.
There are both monoclinic La-rich and hexagonal (H) Lu-rich
phases with 0<x <0.975. With increasing LuMnO3 content,
the intensity of monoclinic La-rich peaks decreases gradually
while the intensity of hexagonal (H) Lu-rich phase distinctly
increases. According to above results, the solid solution of (x)
LSMO—(1 — x) LMO system is formed at x=0.98-1.0, i.e. the
solubility of LuMnQO3 into Lag 625519.375MnO3 is about 2% in
our case.

Furthermore, phase separation is also confirmed by SEM
analysis. Fig. 2b shows the morphology of the sample with
x=0.5. From this figure, one can see that there are two types
of grains in this sample differing in the contrast: one is more
bright than the other (dielectric phase). EDS analysis results
also confirm that the bright grains are hexagonal phase of
Lu-rich and the while others are of monoclinic phase of La-
rich composition. These results are consistent with our XRD
study.

3.3. Crystal structure of solid solution of (x) LSMO—(1 — x)
LMO system

The crystal structures were refined by the Rietveld method
using the DBWS-9411 program.?>?! The starting model for
the structure refinements of the (x) LSMO—(1 — x) LMO sam-
ples (x=1.0, 0.995, 0.990, 0.985, 0.980, 0.975) was taken from
Ref.19 Table 1 and Fig. 5 present the lattice parameters of mon-
oclinic phase of solid solution samples. With increasing Lu
content in samples, the lattice parameters were decreased gradu-
ally. These results confirmed that the solubility of LuMnO3 into
Lag.625S10.375MnQO3 is about 2%.

Table 1
Lattice parameters of solid solution of (Lag 625Sr0 375)x Luj—x MnO3 in mono-
clinic phase

X a b c B \% Ryp
1 5.4835 7.7776 5.5166 90.5018 235.27 9.89
0.995 5.4823 7.7736 5.514 90.6266 234.98 8.65
0.99 5.4816 7.7707 5.5121 90.7132 234.77 8.90
0.985 5.4802 7.7690 5.5108 90.5745 234.41 9.52
0.98 5.4782 7.7623 5.4973 90.4713 233.76 8.32
0.975 5.4782 7.7623 5.4973 90.4713 233.76 9.35

4. Conclusion

The effect of sintering conditions on phase separation and
crystal structure of (x) LSMO—(1 — x) LMO system was stud-
ied by XRD and SEM. The optimal preparation conditions for
this system were 1250 and 1350 °C for samples of monoclinic
La-rich phase and for the immiscibility region, respectively. The
third (transient) phase in the demixing region was eliminated by
using at least 4 calcination steps. There is a solid solution of mon-
oclinic phase in the system (Lag 625510.375)x Luj—xMnO3 with
x=0.980-1.0. In the immiscibility region, clear separation of
both La-rich phase and Lu-rich phases occurs for 0 <x < 0.975.
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