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Abstract

The phase relationship of the La2O3–CaO–Ga2O3 system at 11501C has been studied and is expressed in a phase-diagram, in

which the presence of two ternary compounds were confirmed. The ternary compound LaCaGaO4 has two forms, i.e., the

orthorhombic (o-) phase and the tetragonal (t-) phase. Both phases are isolators exhibiting ferroelectric behavior, so the structures

were reformulated in the polar space groups.

r 2002 Elsevier Science (USA). All rights reserved.

1. Introduction

Gallium perovskite LaGaO3-based materials have
attracted much attention in recent years [1–11] because
of their extraordinary oxygen-ion conductivity. It was
suggested that LaGaO3 has optimized structure para-
meters in the perovskite family to obtain large ionic
conductivity [11]; this was indeed realized experimen-
tally in many LaGaO3 systems [12]. Accordingly, a
number of related systems, such as La2O3–SrO–Ga2O3
[13], La2O3–MgO–Ga2O3 [13], La2O3–NiO–Ga2O3 [14],
La2O3–CeO2–Ga2O3 [15], have been studied. Most of
these studies focussed on improving the performance of
the LaGaO3-based materials. On the other hand, the
structural chemistry of gallium (III) is resemblance to
aluminum analogues that exhibit both octahedral and
tetrahedral coordination by oxygen atoms. For example,
many compounds with general formula LnMAO4
(Ln=rare earth, M=Ba, Sr, Ca, A=Ga, Al) [16–31]
were reported as the potential substrates for thin-film
high-Tc superconductors [32–34]. A majority of them
crystallize in the K2NiF4-type structure in the tetragonal
space group I4/mmm [32]. In these compounds, the
gallium atoms are octahedrally coordinated and the rare
earth and alkaline earth atoms randomly occupy the
other cation sites. LnMAO4 can also crystallize in
olivine-type structure, in which the gallium or aluminum

is tetrahedrally coordinated and, the rare earth and
alkaline earth cations are ordered in different crystal-
lographic sites [27,28,32,35]. In this paper, we examine
the phase relationship of the La2O3–CaO–Ga2O3
system. Because both t-LaCaGaO4 and o-LaCaGaO4
exhibit ferroelectric property, their structures were
reformulated in the polar space groups.

2. Experimental

All of the samples in the La2O3–CaO–Ga2O3 system
were prepared by using conventional high-temperature
reaction. The starting materials were dried before use.
La2O3 (99.99%) and Ga2O3 (A.R.) were heated at
11501C for 12 h, and CaCO3 (A.R.) was dried at 2001C.
The stoichiometric starting materials were mixed and
preheated at 9001C and then at 10001C for 2 h. The
samples were then sintered at 11501C in air for a week
with repeated intermediate grinding and pressing. The
products are all colorless polycrystalline powders. The
tetragonal and orthorhombic LaCaGaO4 samples were
synthesized by similar procedure but with different
annealing processes. The o-LaCaGaO4 was obtained by
cooling the sample slowly along with the furnace. The t-
LaCaGaO4 was obtained by further heating the phase-
pure o-LaCaGaO4 sample at 13501C in air for about
1min and then air-quenching to room temperature.
The chemical analyses were carried out with induc-

tively coupled plasma atomic emission spectroscopy on
a Leeman Labs Profile Spec ICP-AES. Powder X-ray
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diffraction were recorded using a Rigaku D/Max-2000
diffractometer with graphite monochromatized CuKa
radiation at 50 kV, 200mA. Powder-diffraction data
used for structure refinement were collected in the range
of 10–1201 with step scanning mode. Rietveld refine-
ment, using GSAS program [36], has been performed to
analyze the crystal structure. In situ X-ray diffraction
patterns at temperatures between 271C and 12551C were

measured using a Brucker D8 Advance diffractometer
with CuKa1 radiation at 40 kV and 40mA. AC
impedance of the samples pasted with Pt was measured
with a HP4192A impedance analyzer in the frequency
range from 1kHz to 12MHz between 4001C and 8001C.
The electric hysteresis loops were measured on a
ferroelectric tester (RT6000HVS by Radiant Technol-
ogy Inc., USA) at room temperature.

3. Results and discussion

Fig. 1 shows the phase diagram at 1150oC and
distribution of the tested compositions in the La2O3–
CaO–Ga2O3 system. The corresponding details are
listed in Table 1.
The stable phases at the apices of the ternary phase

diagram are CaO, La2O3 and Ga2O3. No intermediate
phase is present in the binary La2O3–CaO. Two binary
compounds, LaGaO3 [10] and La4Ga2O9 [37], were
confirmed in the binary La2O3–Ga2O3 [13–15]. The
reported LaGa3O6 [38] was not confirmed in the phase
diagram at 11501C. Four compounds, Ca5Ga6O14
[39,40], Ca3Ga4O9 [41], CaGa2O4 [42], and CaGa4O7
[42], were confirmed to be stable at 11501C in the binary
CaO–Ga2O3. The existence of Ca3Ga2O6 [42] at 11501C
has not been confirmed.
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Fig. 1. Phase diagram of La2O3–CaO–Ga2O3 at 11501C. (%) the

ternary compound; (.) the binary compounds; (m, n), the two phases

mixture; (}) the three phases mixture.

Table 1

Results of X-ray powder diffraction analyses of some compositions in the La2O3–CaO–Ga2O3 system at 11501C in air

No Symbol Compositions Phase identified

1 } 5.0LaO1.5+4.0CaCO3+2.0GaO1.5 La2O3+CaO +La4Ga2O9
2 } 5.0LaO1.5+2.0CaCO3+3.0GaO1.5 CaO+La4Ga2O9+LaCaGaO4
3 } 3.0LaO1.5+0.5CaCO3+2.0GaO1.5 La4Ga2O9+LaGaO3 +LaCaGaO4
4 } 3.0LaO1.5+2.0CaCO3+5.0GaO1.5 LaCaGaO4+LaCaGa3O7 +LaGaO3
5 } 2.0LaO1.5+1.0CaCO3+5.0GaO1.5 LaGaO3+Ga2O3+LaCaGa3O7
6 } 2.0LaO1.5+3.0CaCO3+4.0GaO1.5 LaCaGaO4+LaCaGa3O7+CaO

7 } 1.0LaO1.5+6.0CaCO3+5.0GaO1.5 LaCaGa3O7+CaO+Ca5Ga6O14
8 } 0.5LaO1.5+4.5CaCO3+5.5GaO1.5 LaCaGa3O7+CaO+Ca5Ga6O14
9 } 0.4LaO1.5+2.0CaCO3+3.2GaO1.5 LaCaGa3O7+Ca5Ga6O14+ Ca3Ga4O9
10 } 0.5LaO1.5+2.5CaCO3+4.5GaO1.5 LaCaGa3O7+Ca3Ga4O9+CaGa2O4
11 } 0.5LaO1.5+1.5CaCO3+4.5GaO1.5 LaCaGa3O7+CaGa2O4+CaGa4O7
12 } 0.5LaO1.5+1.0CaCO3+4.0GaO1.5 LaCaGa3O7+CaGa4O7+Ga2O3

A n 5.0LaO1.5+1.0CaCO3+3.0GaO1.5 LaCaGaO4+La4Ga2O9
B n 4.0LaO1.5+2.0CaCO3+4.0GaO1.5 LaCaGaO4+LaGaO3
C n 2.0LaO1.5+2.0CaCO3+4.0GaO1.5 LaCaGaO4+LaCaGa3O7
D n 2.0LaO1.5+6.0CaCO3+2.0GaO1.5 LaCaGaO4+CaO

E n 1.0LaO1.5+1.0CaCO3+4.0GaO1.5 LaCaGaO4+Ga2O3
m1 m 2.0LaO1.5+1.0CaCO3 La2O3+CaO

m2 m 1.0LaO1.5+1.0CaCO3 La2O3+CaO

m3 m 1.0LaO1.5+2CaCO3 La2O3+CaO

n1 m 3.0LaO1.5+1.0GaO1.5 La2O3+La4Ga2O9
n2 m 3.0LaO1.5+2.0GaO1.5 La4Ga2O9+LaGaO3
n3 m 1.0LaO1.5+3.0GaO1.5 LaGaO3+Ga2O3
p1 m 7.0CaCO3+6.0GaO1.5 CaO+Ca5Ga6O14
p2 m 12.0CaCO3+9.5GaO1.5 Ca5Ga6O14+Ca3Ga4O9
p3 m 2.5CaCO3+4.0GaO1.5 Ca3Ga4O9+CaGa2O4
p4 m 1.5CaCO3+4.0GaO1.5 CaGa2O4+CaGa4O7
p5 m 1.0CaCO3+5.0GaO1.5 CaGa4O7+ Ga2O3
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In addition to the binary phases, two known ternary
compounds, LaCaGaO4 and LaCaGa3O7, were identi-
fied in the La2O3–CaO–Ga2O3 system. The whole phase
diagram is basically divided into a member of three-
phase regions by the ternary compounds. The solid
solution limit of CaO in LaGaO3 may be too small
(less than 0.5%) to be observed by our X-ray diffrac-
tion method. It has not been found under our
synthesis condition and testing method. The crystal
structures of both ternary compounds were reported.
LaCaGa3O7 crystallizes in tetragonal structure in the
space group P%421m [43]. LaCaGaO4 was known to
crystallize in K2NiF4 (t-LaCaGaO4) and olivine-
type structure (o-LaCaGaO4) [44]. The olivine-type

LaCaGaO4 could be readily obtained at 1150
oC, so it

appears in the phase diagram as a fundamental
component. The t-LaCaGaO4 phase can only be
obtained by air-quenching the o-LaCaGaO4 sample
from 13501C. In Fig. 2, we show the powder X-ray
diffraction patterns of both o- and t-LaCaGaO4 with the
corresponding fitting.
The olivine (Mg,Fe)2SiO4 itself is the main constituent

of the upper mantle. It is well recognized that the olivine
may transform to the spinel structure under high
pressure because of the density difference. The pres-
sure-induced olivine–spinel phase transition has been
studied extensively, and about 10% density change that
is believed to be the driving force of the phase transition

Fig. 2. The observed and fitting X-ray diffraction patterns of the o-LaCaGaO4 and t-LaCaGaO4. (a) o-LaCaGaO4 fitted by the model using space

group Pna21 and (b) t-LaCaGaO4 fitted by the model using space group I4mm.
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was observed [45,46]. The in situ powder X-ray
diffraction study shows that the o-LaCaGaO4 maintains
stability below 1210oC as shown in Fig. 3. However, as
shown in Fig. 4, the t-LaCaGaO4 just maintains stability
below 9001C, changes to o-LaCaGaO4 above 1000

oC
and transforms to t-LaCaGaO4 at 1220

oC, which can
be stable at 1150oC when it is cooled from 1220oC and
becomes the o-LaCaGaO4 when the temperature is

lower than 1100oC. Fig. 5 shows the normalized unit-cell
volume of the LaCaGaO4 phases at different tempera-
tures. The normalized unit-cell volume of o-LaCaGaO4
is about 20% larger than t-LaCaGaO4 and that implies
the olivine structure is indeed a low-pressure modifica-
tion of this compound.
Most of the LnMAO4 compounds (Ln=rare earth,

M=Ba, Sr, Ca, A=Ga, Al) [16–31] were reported to
crystallize in ideal K2NiF4-type structure and described
in the space group of I4/mmm. Vasilechko et al. [44]
suggested that the t-LaCaGaO4 might also crystallize in
the space group of I4mm besides I4/mmm, but they
finally chose the I4/mmm space group for t-LaCaGaO4
because I4mm did not improve the structure refinement.
As far as the atomic coordination is concerned, both
models are similar and, it is difficult to differentiate
them merely by crystallographic means. In fact, both
structure models fit the powder X-ray diffraction
pattern equally well as shown in Table 2. However,
the space group I4mm allows the Ga atoms deviate from
the center of the octahedra, which leads to spontaneous
polarization phenomenon. The t-LaCaGaO4 indeed
shows electric hysteresis behavior as shown in Fig. 6
indicating that the space group of I4mm is more
appropriate. The octahedra are elongated along the 4-
fold axis in both models, but the gallium atoms are
significantly deviated from the center of the octahedra in
the I4mm model resulting in ferroelectric property.
The ideal olivine-type structure of a-NdCaGaO4 was

described in the orthorhombic space group of Pnma

[35]. In the structure as shown in Fig. 7, oxygen atoms
form hexagonal closed packing along the b-axis, gallium
atoms occupy the tetrahedral sites and other cations

Fig. 3. The In situ X-ray diffraction patterns of the o-LaCaGaO4 at

1210. (a) X-ray diffraction patterns when the o-LaCaGaO4 was heated

up to 12101C from room temperature in 6 h, (b) X-ray diffraction

patterns after the o-LaCaGaO4 was kept at 12101C for 12 h, (c) X-ray

diffraction patterns after the o-LaCaGaO4 was kept at 12101C for 36 h,

and (d) X-ray diffraction patterns after the o-LaCaGaO4 was kept

at 12101C for 60 h.

Fig. 4. The In situ X-ray diffraction patterns of the t-LaCaGaO4 at

different temperatures (a) 271C, (b) 9001C raising from a lower

temperature, (c) 10001C raising from 9001C, (d) 12001C raising from

10001C, (e) 12201C raising from 12001C, (f) 11501C cooling from

12201C and (g) 11001C cooling from 11501C. t is t–LaCaGaO4, o is

o-LaCaGaO4.

Fig. 5. The normalized unit-cell volume of t-LaCaGaO4 and o-

LaCaGaO4 at different temperatures. (,) the data obtained when t-

LaCaGaO4 were cooled down from higher temperature; (O) the data

obtained when t-LaCaGaO4 were heated up from lower temperature.
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occupy the octahedral sites. The X-ray diffraction
patterns of o-LaCaGaO4 are very similar to a-NdCa
GaO4, this implies that it should be isostructural to a-
NdCaGaO4. However, the structure of o-LaCaGaO4
can also be described in the polar space group Pna21
without changing the reflection conditions. One would
expect that both structure models have similar atomic
coordinates and, also, diffraction patterns, which could
not be differentiated merely by structure determination.
Table 3 lists the results of the Rietveld refinement for the
two structure models including the crystallographic data
and atomic coordinates and, one can see that the
refinements for both models are equally well. The D–E
hysteresis loop measurement indicates that o-LaCa

Table 2

The comparison of the different model for t-LaGaO4

Structure model

Space group I4mm (this work) I4/mmm (this work) I4/mmm (16)

a(Å) 3.8187(1) 3.8177(1) 3.8160(2)

c(Å) 12.3477(1) 12.3477(1) 12.343(1)

La/Ca1 0, 0, 0.3465(1) 0, 0, 0.3579(3) 0, 0, 0.3605(4)

La/Ca2 0, 0, �0.3695(1)
Ga 0, 0, 0a 0, 0, 0 0, 0, 0

O1 0, 1/2, �0.0131(1) 0, 1/2, 0 0, 1/2, 0

O2 0, 0, 0.1501(1) 0, 0, 0.1651(2) 0, 0, 0.166(2)

O3 0, 0, �0.1834(1)
R Rwp ¼ 0:11; Rp ¼ 0:078 Rwp ¼ 0:11; Rp ¼ 0:078 RI ¼ 0:0696

Ga–O1� 4 1.9161(1) 1.9093(1) 1.9080(2)

Ga–O2 1.8531(1) 2.0388(1)� 2 2.05(3)� 2
Ga–O3 2.2645(2)

aThe Ga atom is chosen as the origin in this space group.

Fig. 6. The D–E hysteresis loop of the t-LaCaGaO4 at room

temperature.

Fig. 7. The structure of a-NdCaGaO4. The GaO4 is expressed as tetrahedron and Nd and Ca are expressed as large and small balls, respectively.
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GaO4 also shows weak hysteresis behavior (Fig. 8)
indicating that the appropriate space group is the Pna21.
Both o-LaCaGaO4 and t-LaCaGaO4 are isolators

with rather low conductivity. Fig. 9 shows the tempera-
ture dependence of the conductivity for both phases.
The conductivity is about 2.44� 10�8O�1 cm�1 for t-
LaCaGaO4 and 1.44� 10�9O�1 cm�1 for o-LaCaGaO4
at 4401C. The activation energies are about 1.08 and
1.20 eV, respectively, which implies that the conductivity
of the o- and t-LaCaGaO4 may be related to deficiency
in oxygen content. Because only single semicircle is
observed in the impedance plot for all samples, the
conductivity data shown in the figure are the total
conductivity including the bulk and grain boundary [47].
According to the crystal structures, the polarizations in
both t- and o-LaCaGaO4 structures are all along the
c-axis and, could be attributed to the spatial deviation
of gallium atoms from the center of the octahedra

and the tetrahedra, respectively. The polarization of the
o-LaCaGaO4 is about one order of magnitude smaller
than t-LaCaGaO4. Considering the rigid nature of the
tetrahedron, one could expect that the spontaneous
polarization effect should be small for o-LaCaGaO4.
This effect can be roughly represented by the bond
difference between Ga–O3 and Ga–O4 in o-LaCaGaO4,
which is rather small as compared with the bond
difference between Ga–O2 and Ga–O3 in t-LaCaGaO4.
In conclusion, two crystal forms of LaCaGaO4 were

obtained. The tetragonal LaCaGaO4 was synthesized at
13501C with quenching to room temperature, crystal-
lized in space group I4mm and can be stable below
9001C. The orthorhombic LaCaGaO4 was synthesized
at 11501C without quenching, crystallized in space
group Pna21 and can be stable under 12101C. Both of
the phases show ferroelectric behavior with low con-
ductivity.
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