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Phase transitions of Sm3;NbO-, (Smy_,Ln,);NbO; (Ln = Nd, Eu) and
Sm3TaO; with fluorite-related structure

Yukio HINATSU"" and Yoshihiro DOI!

I Division of Chemistry, Graduate School of Science, Hokkaido University, Sapporo 060-0810, Japan

The phase transition of Smz;NbO; with orthorhombic fluorite-related structure was investigated. Three kinds
of solid solutions, Sm3(Nb;_,Ta,)O7, (Sm;_,Nd,);NbO;, and (Sm;_,Eu,);NbO; were prepared. Sm3;NbO; and
Sm;TaO; form complete solid solutions, and their structures are well described with the space group C222;. The
phase transition temperature for Sm3(Nb;_,Ta,)O; increases from 1080 K with increasing Ta concentration.
Sm3TaO; undergoes the phase transition when the temperature is increased through ca. 1340 K and above the
transition temperature, its structure is well described with space group Pnma. The phase transition temperature
for (Sm;_,Nd,);NbO; decreases with Nd concentration. On the other hand, that for (Sm;_,Eu,);NbO; increases
with the ratio of Eu concentration. However, both of these solid solutions show the same trend, i.e., with
decreasing the average rare earth size, the phase transition temperature of (Sm;_,Ln,);NbO; (Ln = Nd, Eu)
increases. This trend is the same as that for Ln;MO, (M = Mo, Ru, Re, Os, or Ir). That is, the phase transition

occurs with lattice contraction.
©2018 The Ceramic Society of Japan. All rights reserved.
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1. Introduction

Ternary metal oxides of general formula Ln;MO7 (Ln is a
rare earth element; M is a pentavalent transition element
such as Nb, Mo, Ru, Sb, Ta, Re, Os, or Ir) have been
attracting great interest, because they exhibit magnetic, 2"
dielectric?"?? and photocatalytic activity???* based on
their unique crystal structures. They have an ordered,
defect-fluorite superstructure. The relationship to the fluor-
ite structure is as follows. The fluorite unit cell for oxides
has the composition M**,0g. If the four tetravalent metal
ions are replaced by three trivalent ions (Ln) and one
pentavalent ion (M), one oxide vacancy is formed per
fluorite cell. Due to the significant differences in radii
between the Ln3* and M>* ions, cation ordering occurs on
the metal sites and the oxide-vacancy orders on the anion
sites.

In 1979, Rossell first determined the crystal structure
of La;NbO;.2) It was well described in the orthorhombic
space group Cmcm. The M>* ion is coordinated with six
oxygen ions, forming an MOg octahedron. These octa-
hedra share corners forming one-dimensional chains which
are oriented along the c-axis. Although the space group for
the LasNbO; now turned out to be Pnma,2® the structure
of many Ln3;MO; compounds is well described in the
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orthorhombic space group Cmcm."172321-3%) For some
compounds such as Ln;TaO; (Ln =Y, Sm-Ho),3233-39
Ln;SbO; (Ln = Sm-Ho)’?4" and Ln;MoO; (Ln = La—
Nd, Sm, Eu),'®19404) their structures have been de-
scribed with the space groups €222, C222, and P2,2,2,
respectively.

Another topic of Ln3;MO; compounds is that detailed
magnetic and thermal investigations on the ruthenium-,
rhenium-, iridium-, osmium- and molybdenum-containing
members of the Ln3MO; family show low-temperature
structural phase transitions.3->-7)-9-12)13).15),19).29).31).43)

As for M = Nb compounds, crystal structures and mag-
netic properties for LnsNbO; (Ln = La, Pr, Nd, Sm-Lu)
were reported.*) They have the fluorite-related structures
with space group Pnma (Ln = La, Pr, Nd), C222, (Ln =
Sm-Tb), or Fm-3m (Ln = Dy-Lu).

Concerning the phase transition, Klimenko et al. report-
ed that Ln;NbO; (Ln = La, Pr, Nd, Sm, Gd) show phase
transitions at relatively high temperatures and that the
phase transitions is due to the displacement of atoms with
no change in the crystal system and no appreciable change
in lattice parameters.45) Cai and Nino showed that La, Nd,
and Gd compounds undergo a phase transition at 360, 450,
and 340K, respectively and above the phase transition
temperature, they transform to the same orthorhombic
crystal structures with space group Cmcm.*®*? The trend
of the phase transition temperature against the ionic radius
of rare earth for these niobium compounds is quite
different from those for Ln3MO; (M = Ru, Os, Re, Ir,
Mo) where the phase transition temperature increases
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with decreasing Ln ionic radius for any Ln;MO; com-
pounds.? 121393043 1t is worth noting that Sm;NbO;
undergoes the phase transition at a very high temperature,
1080 K, compared with other Ln3MO; compounds. On the
other hand, EusNbO; does not show any phase transition
up to 1473K, and the phase transition temperature for
Nd;NbO; is 477K.*® In addition, it is reported that no
phase transition has been reported for the corresponding
tantalum compound, Sm;TaO;.

There still exist many points which should be clarified
for the high-temperature phase transition of Sms;NbO;.
In this study, we prepared three kinds of solid solutions;
(1) Sm3(Nb;,Ta)O7, (2) (Sm;_,Nd,)sNbO7, and (3)
(Sm;_,Eu,);NbO;. Then, we performed high-temperature
X-ray diffraction measurements for these solid solutions
in addition to their differential thermal analysis (DTA)
in order to clarify the phase transition of Smz;NbO;
compound.

2. Experimental

2.1  Sample preparation

Polycrystalline samples were prepared by the standard
solid state reaction. Reagent grade powders of rare earth
oxides (Nd,O3, Sm,03, Eu,03), niobium oxides (Nb,Os)
and tantalum oxides (Ta,Os) were used as starting mate-
rials. Before use, Nd,O3 was dried at 1173 K overnight.
These reagents were weighed in an appropriate metal ratio
and well mixed in an agate mortar. The mixtures were
pressed into pellets and heated in air at 1773 K for 30h
with two interval re-grinding and re-pelletizing. After
heating, the samples were cooled down in the furnace.

2.2 X-ray diffraction analysis

Powder X-ray diffraction profiles were measured using
a Rigaku Multi-Flex diffractometer with Cu-Ko radiation
(A = 1.5406 A) equipped with a curved graphite mono-
chromator. The data were collected by step-scanning in the
angle range of 10° < 26 < 120° at a 26 step-size of 0.02°.
For high-temperature X-ray diffraction measurements, the
sample was heated on the Pt plate and the experimental
temperature range was from 298 to 1473 K.

The X-ray diffraction data were analyzed by the Rietveld
technique, using the programs RIETAN-FP,*?) and the crys-
tal structure was drawn by using the VESTA program.*?

2.3 Differential thermal
measurements
The DTA measurements were carried out under flowing
air atmosphere over the temperature range from 298 to
1500 K using TG-DTA 2000S (Mac Science, Japan). The
heating and cooling rate was 5 K/min.

analysis (DTA)

3. Results and discussion

3.1 Sm3(Nb4_,Ta,)O7 solid solutions

The crystal structures for Sm3;NbO; and Sm;TaO; are
well described with both the same space group C222;.
The results of X-ray diffraction measurements for
Smz(Nb;_,Ta,)0; (x=0.1, 0.2, —, 0.9) show that

744

7.64 b Smy(Nb,_ Ta,)O,
C
~
6762:AAAAAAAAAA‘
z
€ 760}
8
= 7581 al2 « o ° ° 9
s /- ° ° °
= e® o
g
2 7561
]
3 b
754F u = n M ] " » n L] " f
752 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0

x in Sm;(Nb,_ Ta )O,

Fig. 1. Variation of lattice parameters for Smj(Nb,_,Ta,)O;
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Fig. 2. Variation of phase transition temperatures for
Smj3(Nb, _,Ta,)O; with the ratio of Ta (x value).

SmzNbO; and Sm3TaO; form complete solid solutions,
and that their X-ray diffraction profiles are well described
with the space group C222,. Figure 1 shows the variation
of lattice parameters for Sm3(Nb,_,Ta,)O; with x value.
With increasing the ratio of Ta (x value), the lattice param-
eter a increases. On the other hand, the lattice parameters
b and c are almost constant for the change of x value.
Sm3;NbO7 undergoes the phase transition when the tem-
perature is increased through ca. 1080 K. We performed
DTA measurements for Sms;(Nb;_,Ta,)O; (x =0.1, 0.2,
—, 0.9, 1.0) solid solutions in the temperature range
between 298 and 1273 K. As shown in Fig. 2, the phase
transition temperature increases with increasing the ratio
of Ta (x value), and Sm3TaO; undergoes the phase transi-
tion at 1340K. Figures 3(a) and 3(b) show the high-
temperature X-ray diffraction profiles of Sm;TaO; mea-
sured at 1073 and 1473 K, respectively. The profile mea-
sured at 1073 K could be well analyzed with the Rietveld
method by assuming the same space group C222, as that
at room temperature. With increasing temperature, some
diffraction lines which could not be indexed with space
group C222; appear [for example, the diffraction lines
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Fig. 3. Powder X-ray diffraction profiles for Sm;TaO; mea-
sured at (a) 1073 K and (b) 1473 K. The calculated profiles are
shown on the top solid line. The vertical marks in the middle
show positions calculated for Bragg reflections. The lower trace
is a plot of the difference between calculated and observed inten-
sities. Diffraction data 260 = 39.14-39.47° which are ascribed to
Pt heater were deleted from the Rietveld analysis.

260 = 26.18, 29.70, 31.02° corresponding to the (2 0 1),
(13 1), and (1 2 2) reflections, respectively, see Fig. 3(b)].
At the same time, some diffraction lines disappear from
the X-ray diffraction profile of Sm3;TaO; measured at
1073 K. They are A0/ reflections with odd /, for example
260 = 20.06, 35.24, 38.98° corresponding to the (2 0 1),
4 0 1), and (2 0 3) reflections, respectively. Previous
studies on Ln3MO; (Ln = Ru, Re, Os, Ir) compounds
show that above the phase transition temperature, they
crystallize in the orthorhombic phase with space group
Cmem. 12413930 We tried to analyze the X-ray diffrac-
tion profile measured at 1473 K first with the space group
Cmcem. However, the diffraction lines could not be indexed
based on the C-centered conditions. Then, the X-ray dif-
fraction profiles were analyzed with the space group
Pnma. The general reflection conditions of Pnma are
k + [ =2n for Okl reflections and s = 2n for hkO reflec-
tions. All the reflections observed could be successfully
indexed. This space group Pnma is the same as that for
the high-temperature phase of LnsMoO; compounds.*?)
Space groups Pnma and C222; are both subgroup of
Cmcm. Table 1 lists the lattice parameters and atomic
coordinates for Sm;TaO; at 1073 and 1473 K.

Figures 4(a) and 4(b) illustrate the crystal structures
of Sm3TaO; at 1073K (C222,) and at 1473K (Pnma),

Table 1. Structural parameters for Sm;TaO;
At 1073 K.

Atom  Site x y z B/A?®
Sm(l)  4b 0 0.5026(34) 1/4 0.49(3)
Sm(2) 8¢ 0.2338(2)  0.2349(2)  —0.003(1) 0.49

Ta 4b 0 0.9992(9) 1/4 0.51(8)
o(1) 8¢ 0.127(4) 0.185(4) 0.292(4) 0.69(7)
0(2) 8¢ 0.110(3) 0.790(4) 0.276(4) 0.69
0(3) 4a 0.145(1) 1/2 0 0.69
04) 4a 0.155(2) 1/2 1/2 0.69
O(5) 4a 0.071(3) 0 0 0.69

Note. Space group (222;; a=10.7818(4)A, b=7.6197(3)A,
c=7.6556(3)A, V=0628944)A3, R,,=13.39%, Ri=3.94%, and

R.=9.81%, where Ry, = { > wily = fi0/ Zwiyf}m, Ri=
D I(0) = K@l Y hlo), and Re =[N~ P)/Zmy?]”z.

a: For the same ions, B values were fixed to be equal.

At 1473K.

Atom  Site X y z B/A?®
Sm(l)  4c 0.9909(3) 1/4 0.7345(15)  1.54(9)
Sm(2) 8 0.2497(20) 0.4812(3) 0.4638(4) 1.54

Ta 4c —0.0003(6) 1/4 0.2467(13)  0.60(12)
o(1) 8d 0.956(8) 0.356(5) 0.453(7) 0.76(20)
0(2) 8d 0.985(8) 0.869(4) 0.940(6) 0.76
0(3) 8d 0.254(17)  0.399(3) 0.719(4) 0.76
04) 4c 0.210(9) 1/4 0.306(5) 0.76

Note. Space group Pnma; a=7.6514(5)A, b=10.8663(1)A, c=
7.5886(6) A, ¥ =630.93(8) A%, Ryp =14.56%, Ry=2.92%, and R, =
8.62%.

a: For the same ions, B values were fixed to be equal.

\
\

TaOs  Sm(1)0,

;
h .
. i

Fig. 4. Crystal structures of Sm;TaO; at 1073K (a, space
group: C222,) and at 1473K (b, Pnma).

respectively. Both the structures have similar features: two
kinds of infinite chains formed by corner-sharing TaOg
octahedra and edge-sharing Sm(1)Og cubes, the slabs
consisting of alternate chains, and 7-coordinated Sm(2)
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Fig. 5. Variation of lattice parameters for (Sm;_,Eu,);NbO;,
with the ratio of Eu (x value).

ions exiting between the slabs. For these two structures,
the TaOg octahedron and Sm(1)O¢ cube in the high tem-
perature structure (Pnma) are obviously much more regu-
lar than those in the low temperature structure (C222;).
In the former structure [Fig. 4(b)], the TaOq octahedra
running along the ag-axis are tilted towards the 0 0 1
direction and the the Ta—O-Ta angle is 154.3(8)°, while in
the latter structure [Fig. 4(a)], the TaOg4 octahedra running
along the c-axis are tilted towards the 1 0 0 direction and
the the Ta—O-Ta angle is 136.5(9)°.

3.2 (Smy_Eu,)3NbO; solid solutions

Eu3;NbO; crystallizes in the orthorhombic structure with
the same space group C222; as that for Sm;NbO;. We
have prepared solid solutions (Sm;_Eu,);NbO7 (x = 0.05,
0.10, —, 0.50). The results of the X-ray diffraction mea-
surements show that all the reflections were indexed with
the space group C222,. Figure 5 shows the variation of
lattice parameters for (Sm;_,Eu,);NbO; with x value. With
increasing the ratio of Eu (x value), all the lattice param-
eters a, b and ¢ decreases, due to the substitution of smaller
Eu ions for Sm ions.

Figure 6 shows the DTA profiles for (Sm;_,Eu,);NbO,
solid solutions in the temperature range between 1000
and 1200 K. With increasing the ratio of Eu (x value), the
phase transition temperature increases, and no peak for
endothermic reaction was observed for x > 0.25. Figure 7
shows the variation of the phase transition temperature for
(Sm;_,Ln,);NbO; (Ln = Nd, Eu) solid solutions against
the ratio of Ln (x value). The DTA measurements for
(Smg gEug 2);NbO;7 solid solution show that the phase tran-
sition occurs when the temperature is increased through
ca. 1250K. Then, we carried out the high-temperature
X-ray diffraction measurements between 973 and 1473 K
in order to determine the crystal structure below and above
the phase transition temperature. Figures 8(a) and 8(b)
show the X-ray diffraction profiles for (SmggEug,);NbO-
measured at 973 and 1473 K, respectively. The profile
measured at 973K could be well analyzed with the
Rietveld method by assuming the same space group as that
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Fig. 7. Variation of phase transition temperatures for
(Sm;_,Ln,)3sNbO7 (Ln = Nd, Eu) with the ratio of Ln (x value).

at room temperature, i.e., C222;. With increasing temper-
ature, some diffraction lines which could not be indexed
with space group C222, appear. As shown in Fig. 8, the
X-ray diffraction profiles measured at 1473 K are more
complicated than those measured at 973 K. A large number
of weak reflections, forbidden for a C-lattice, were ob-
served. By contrast, all the reflections are allowed for the
general reflections conditions of Pnma, which are k + [ =
2n for Okl reflections and h =2n for hkO reflections.
We adopted the Pnma model for the structural analyzes.
The lattice parameters and atomic coordinates determined
for (SmggEug;);NbO; at 973 and 1473 K are listed in
Table 2.

3.3 (Smy_,Nd,)3sNbOy7 solid solutions

Next, we will discuss the results for (Sm;_,Nd,);NbO,
solid solutions (x = 0.1, 0.2, —, 0.9). Since the crystal
structure for Nd;NbOy is different from that for Sm;NbO;
(i.e., the space groups for Nd;NbO; and SmzNbO; are
Pnma and C222;, respectively*?)) at room temperature,
complete solid solutions are not formed. We have analyzed
the X-ray diffraction profiles for (Sm;_,Nd,);NbO;, and
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Fig. 8. Powder X-ray diffraction profiles for (Smg gEug2);NbO;
measured at (a) 973 K and (b) 1473 K. The calculated profiles are
shown on the top solid line. The vertical marks in the middle
show positions calculated for Bragg reflections. The lower trace
is a plot of the difference between calculated and observed inten-
sities. Diffraction data 260 = 39.14-39.47° were deleted from the
Rietveld analysis.

Table 2. Structural parameters for (Smg gEug2);NbO;
At 973 K.
Atom Site X y z B/A%®

SmosEuga(l) 46 0 0.4897(13) 1/4 1.19(15)
SmggEuga(2) 8¢ 0.2339(2) 0.2359(3) —0.004(8) 1.19

Nb 4 0 0.9992(9) 1/4 0.62(16)
o(1) 8¢ 0.122(4)  0.185(4) 0.280(4)  0.94(30)
0(2) 8¢ 0.1143)  0.793(4) 0.293(4)  0.94
003) 4a  0.134(1) 172 0 0.94
0(4) 4a  0.131Q2) 1/2 1/2 0.94
0(5) 4a  0.0623) 0 0 0.94

Note. Space group (C222;; a=10.7488(3)A, b=7.6036(2)A, c=
7.65212)A, ¥V =625.403) A%, Ry, =11.50%, R;=3.94%, and R.=
9.81%.

a: For the same ions, B values were fixed to be equal.

At 1473 K.

Atom Site X y z B/A2 a
SmggBug (1)  4c  0.9927(3) 1/4 0.7439(13) 1.78(5)
SmosBup»(2) 84 02494(1) 0.48152)  0.4611(3) 178

Nb 4c  0.0026(17) 1/4 0.2415(18) 1.27(14)

o(1) 8d  0.984(4) 0.350(3) 0.463(4) 1.30(30)

0(2) 8d 0.956(2) 0.876(3) 0.940(4) 1.30

0(3) 84 0245(7) 0394(12)  0.725(3) 130

0(4) 4c  0.200(6) 1/4 0.307(3) 1.30

Note. Space group Pnma; a=7.6451Q2)A, b=10.8612(4)A, c=
7.5613(3) A, V=627.854) A%, Ry, =13.31%, Ry =2.82%, and R.=
8.62%.

a: For the same ions, B values were fixed to be equal.
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Fig. 9. Powder X-ray diffraction profiles for (a) (SmggNdy>)s-
Nb07, (b) (Sm0'4Nd0,6)3Nb07, and (C) (Sm()‘]Ndo.g)g,NbO% The
calculated profiles are shown on the top solid line. The vertical
marks in the middle show positions calculated for Bragg reflec-
tions. The lower trace is a plot of the difference between calcu-
lated and observed intensities.

found that single-phase solid solutions with space group
C222, and Pnma are formed for x =0.1-0.5 and x =
0.9, respectively. For x = 0.6-0.8, the €222, and Pnma
phases coexist. Figure 9 shows the X-ray diffraction
profiles for (a) (Smg gNdg2)3sNbO7, (b) (Smg.4Ndg 6)3;NbO7,
and (c) (Smy,1Ndg.9);NbO;. Figure 10 shows the variation
of lattice parameters for (Sm;_,Nd,);NbO; with x value.
With increasing the ratio of Nd (x value), all the lattice
parameters a, b and c increase, which is due to the sub-
stitution of larger Nd ions for Sm ions.

We performed DTA measurements for all the solid solu-
tions (Sm;_,Nd,);NbO7 (0.1 < x < 0.9) in the temperature
range between 298 and 1273 K. Figure 11 shows the DTA
profiles for (Sm;_,Nd,);NbO; solid solutions (x =0.1-
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Fig. 11. DTA profiles of (Sm;_,Nd,);NbO5 solid solutions (x =
0.1, 0.2, 0.3, 0.4, 0.5) in the temperature range between 500 and
1000 K. The heating rate is 5 K/min.

0.5). With increasing the ratio of Nd (x value), the phase
transition temperature decreases, which is contrastive with
the results observed for (Sm;_.Eu,);NbO; solid solutions.
The variation of the phase transition temperature against
the ratio of Nd (x value) for (Sm;_,Nd,);NbO; solid solu-
tions is also shown in Fig. 7. With increasing the ratio
of Nd, the volume of (Sm;_,Nd,);NbO; solid solutions
increases. On the other hand, that of (Sm;_,Eu,);NbO;
solid solutions decreases with increasing the ratio of Eu.
Therefore, although the variation of the phase transition
temperature for (Sm;_,Ln,);NbO; solid solutions against
x is opposite between Ln = Nd and Eu, the variation of
the transition temperature against the volume shows the
same trend between them, which will be discussed later
(see Fig. 13).

The results for X-ray diffraction measurements of
(Smg 4Ndg6);NbO; show that there exist two phases,
i.e., the C222, phase and the Pnma phase. We performed
high-temperature X-ray diffraction measurements for
(Smg 4Ndj 6);NbO7 in the temperature range between 373
and 773 K. The Rietveld analysis for the profiles measured
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Fig. 12. Variation of lattice parameters for (Smg4Nd,¢);NbO;
with temperature in the temperature range between 295 and

773 K. Closed symbols are for C222; phase and open symbols
are for Pnma phase.
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Fig. 13. Variation of phase transition temperatures for
(Sm;_,Ln,);sNbO; (Ln = Nd, Eu) against average rare earth size
in eight-coordination.

at 373 K indicates that the ratio of the C222; phase and the
Pnma phase is 67.9%:32.1%. With increasing temperature,
the ratio of the C222; phase decreases (53.3 and 7.5% at
473 and 573 K, respectively) and when the temperature is
increased up to 673 K, all the X-ray diffraction reflections
due to the C222, phase disappear, i.e., (Smg4Ndg¢);NbO7
is a single-phase solid solution with space group Pnma.

Figure 12 shows the variation of the lattice parameters
for (Smg4Ndg);NbO; with temperature in the tempera-
ture range between 295 and 773 K. The lattice parameters
increase with temperature.

As shown in Fig. 7, the phase transition temperature for
(Sm;_,Nd,);NbO; decreases with the ratio of Nd content
(x value). On the other hand, that for (Sm;_,Eu,);NbO;
increases with the ratio of Eu content (x value). Figure 13
depicts the wvariation of the phase transition for
(Sm;_,Ln,)sNbO; (Ln =Nd, Eu) against average rare
earth size in eight-coordination. Both the solid solutions
show the same trend, i.e., with decreasing average rare
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earth size, the phase transition temperature of (Sm,_,Ln,)3-
NbO; increases. This trend is the same as that for Ln;MO,
(M = Mo, Ru, Re, Os, or Ir). That is, the phase transition
occurs with lattice contraction.

4. Summary

Sm;NbO; and Sm3TaO; form complete solid solu-
tions, and their structures are well described with the
space group C222,. The phase transition temperature for
Sm3(Nb;_,Ta,)O; increases from 1080 K with increasing
Ta concentration up to 1340 K. The phase transition tem-
perature for (Sm;_,Nd,);NbO; decreases with Nd concen-
tration. On the other hand, that for (Sm;_,Eu,);NbO;
increases with Eu concentration. Both these solid solutions
show the same trend, i.e., with decreasing average rare
earth size, the phase transition temperature of (Sm;_,Ln,)3-
NbO; (Ln = Nd, Eu) increases.
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