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Abstract

Rare-earth silicon-oxynitride J-phases,8pO;N, (Ln =Y, La, Pr, Nd, Sm, Gd, Th, Dy, Ho, Er, Tm, Yb, and Lu), were prepared by the N
gas-pressured sintering method at 1 MPa gfiNd 1500-1700C. The Rietveld analysis was carried out for X-ray powder diffraction data
measured at room temperature. The crystal structures,&fif®;N, were refined with the structure model of{Si,O;N, for Ln = La, Pr, Nd,

and Sm, and with that of Li®i,O;N, for Lh = Y, Gd, Th, Dy, Ho, Er, Tm, Yb, and Lu. The refined monoclinic unit-cell parameters (lengths
a, b, ¢, anglesB, and volumeV) increased linearly in their two series of Ln with increasing ionic radii of rare-earth atoms. Discontinuities of
the unit-cell parameters were found between the two Ln series.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction of LaySihO7N22! and LwSi,O7N»%%223 synthesized, and
refined their structural parameters (unit-cell parameters,
Rare-earth oxide additives have been used for sinteringatomic coordinates, and occupancies of oxygen and nitrogen
of non-oxide structural materials, such agh&j, AIN, and atoms in the nonmetal sites) by the Rietveld analysis. The
SiC. Recently, some of the authors reported that the flexuralresults indicated that Li$i,O7N> has the cuspidine-type
strengths of the hot-pressed sinteregNgi ceramics con-  structure, but LaSi>O7N5 has a cuspidine-related structure.
taining the additive of YpO3'™ or Lu,O3*° were higher  The difference of the two structures is the stacking of atomic
than those of the ceramics containing other rare-earth oxidepackages (volume af x b/2 x c) along the uniqué-axis,
additives. The rare-earth silicon-oxynitrides of8,07N> as shown irFig. 1 The typical difference is an arrangement
and LuSiO7N2 were found at the grain boundaries in  of Si,(O,N); ditetrahedra drawn with hatched line fiig. 1
the high-flexural strength ceramics. These oxynitrides are that the ditetrahedra form a zigzag line insS&»07;N> and
so-called J-phases. a parallel one in LySi»O7N>, although both L#Si>O7N>
From the later half of 1970s to the end of 1990s, and LwSi,O7N» have the same space group (monoclinic,
single phases of L4B,O7N2 (Ln = Y and rare-earth  p2;/c), and all atoms are situated at the general positions
elements, except Pm and Eu) were prepared and the mon{4e) in the structures. In addition, our refined unit-cell
oclinic unit-cell parameters were reportgd® In these parameters of LgSi,O7N, and LwSiO7N, were signifi-
studies using X-ray diffraction method, the crystal struc- cantly different from those reported previou§iy.1213
tures of the LaSi,O7N2 series were considered to have  These situations motivated us to reevaluate the crystal
a cuspidine (Cgi;07F,) type. Recently, we measured structure of the series of J-phases820;N,, with vari-
the time-of-flight (TOF) neutron powder diffraction data ous rare-earth elements. In the present study, we prepared
Ln4SioO7N2 with Ln =Y, La, Pr, Nd, Sm, Gd, Th, Dy,
« Corresponding author. Tels81-22-217-5161: Ho, Er, Tm, Yb, and Lu, and |.nvest|gated the crystal struc-
fax: 4+81-22-217-5160. tures of the J-phases by the Rietveld method using the X-ray
E-mail address: junichi@tagen.tohoku.ac.jp (J. Takahashi). powder diffraction (XRPD) data.
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Fig. 1. Projection views of the crystal structure of (a) La;SioO7N>, and (b)
LuySioO7N2 on the ab plane (z = —0.1 to 0.6). Two hatched Si(O,N)4
tetrahedra form Si>(O,N)7 ditetrahedra.

2. Experimental
2.1. Sample preparation

The powders of «-SisNg (SN-E10, UBE Industries,
Tokyo, Japan), SIO> (99.9%, Kojundo Chemical Lab.
Co. Ltd., Sakado, Japan), and rare-earth oxides, LnyO3
(Ln = Y, La Nd, Sm, Gd, Dy, Ho, Er, Tm, Yb, Lu;
99.9%, Shin-Etsu Chemical Co. Ltd., Tokyo, Japan), PrgO11
(99.9%, Shin-Etsu Chemical Co. Ltd.), and ThsO7 (99.9%,
Shin-Etsu Chemical Co. Ltd.) were used for sample prepa-
ration. Before weighing, the rare-earth oxides were heated
at 1000°C for 4 hin air. The powders weighed in stoichiom-
etry (total ca. 10g) were mixed in a silicon nitride ball-mill
for 2h with 100ml of ethanol as a dispersant. The slurry
mixture was dried in arotary evaporator and 2 g of the pow-
der was pressed into a 12mm ¢ pellet. The pellet was then
put into a high-purity boron nitride crucible, and heated in
a gas-pressured sintering furnace (FVPHR-R-10, FRET-40,

Fujidempa Kogyo Co. Ltd., Osaka, Japan) with a graphite
heater. The sample was heated at a constant heating rate of
600°Ch~1 under 10~2Pa in vacuum from room tempera-
ture to 800°C. At thistemperature, anitrogen gas (99.999%
purity) was introduced in the furnace. Then, the sample was
reheated at the same heating rate and maintained at 1500°C
for 8h, 1600°C for 8h, or 1700°C for 4 h under a nitrogen
gas pressure of 1 MPa. After heating, the sample was cooled
a a constant rate of —600°Ch~! to 1200°C, and then
cooled slowly without temperature control in the furnace.

2.2. Diffraction measurements and structure analysis

A reaction-sintered sample was crushed in an agate mor-
tar, and was offered to the XRPD experiment which was
performed at room temperature on a diffractometer system
equipped with a pyrolytic graphite monochromator (Rigaku
RINT 2500V) using Cu Ka radiation. The XRPD pattern
was measured over a 26 range from 10 to 130° with a step
width of 0.03° and a counting time of 1s per step.

The Rietveld analysis was carried out using a pro-
gran RIETAN-2000.2* The structural parameters of
LaySio07N2%t and LugSio07N2% refined by the neutron
powder diffraction data were used as structure models in

Fig. 2. A part of crysta structure of (a) LasSi,O7N2 (y = —0.06 to
0.35)2 and (b) LugSioO7N; (y = —0.03 to 0.27)% projected on the a—
plane. Areas drawn with white and black colors in the non-metal sites
refer to the occupancies of oxygen and nitrogen atoms, respectively.
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Table 1
Unit-cell parameters and volumes of LnsSioO7N2 (P21/c) refined by the Rietveld analysis of X-ray diffraction data, and R-factors
Ln  Unit-cell parameters (P2;/c) R-factors Preparation Second
alA b/A oA Bl Unitcdl Rp Ry Re R S R R lomperdue’C phas
volume/A3
Y  7.5620(5) 10.4639(5) 10.7361(7) 110.078(3) 797.90(8) 771 578 987 598 12894 201 115 1700
La 80398(4) 10.9951(4) 11.1096(5) 110.929(3) 917.28(7) 890 637 808 7.05 12622 207 099 1500
Pr 7.8964(5) 10.8159(6) 11.0210(7) 110.664(3) 880.71(9) 1149 883 1119 754 15239 432 261 1700 o
Nd 7.8488(4) 10.7386(5) 10.9982(6) 110.553(3) 867.98(8) 926 668 904 691 13400 201 1.03 1500 A
Sm 7.7514(4) 10.6293(4) 10.9347(5) 110.416(2) 844.34(7) 964 711 985 722 13350 321 150 1700
Gd 7.6902(5) 10.6425(6) 10.8228(7) 110.358(3) 830.44(9) 835 634 984 6.08 13730 293 142 1700 A
Tb  7.6419(3) 10.5411(4) 10.8098(4) 110.207(2) 817.17(5) 962 744 1205 695 13846 290 1.66 1700 e}
Dy 7.6006(3) 10.5156(4) 10.7541(5) 110.195(2) 806.68(5) 10.32 7.68 10.23 759 13595 332 1.61 1700
Ho 7.5637(4) 10.4481(5) 10.7577(6) 110.059(3) 798.58(7) 987 685 899 755 13077 192 121 1600 A
Er  7.5212(3) 10.4109(4) 10.7136(5) 109.999(2) 788.32(6) 873 649 865 7.26 12030 184 114 1700
Tm 7.4892(3) 10.3547(4) 10.6892(5) 109.924(2) 779.32(6) 634 490 853 463 13689 202 119 1700
Yb 7.4611(3) 10.3140(3) 10.6649(4) 109.892(2) 771.73(5) 976 7.07 854 758 12875 160 1.04 1700
Lu 7.4201(3) 10.2743(3) 10.6548(4) 109.793(2) 764.29(5) 944 666 821 743 12710 214 148 1700

2 O: rare-earth oxides, A: apatite (Ln1o(SiO4)sN2).

the Rietveld analysis. A part of the crystal structures of
LaySioO7N2 and LusSioO7N2 projected on the a—c plane
is shown in Fig. 2 in which the proportion of white and
black area in the nonmetal sites represents the occupancies

of oxygen and nitrogen (O/N) atoms, respectively. Because
the O/N ratio scarcely affected on the refinement results
using the XRPD data, the O/N occupancies were fixed to
those reported for LagSioO7N2 or LugSioO7N>.
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Fig. 3. X-ray powder diffraction patterns (Cu Ka) and Rietveld refinement profiles for (a) LaysSioO7N2 and (b) TmsSioO7N». Observed (+), calculated
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3. Results and discussion

Single phases of Ln,SioO7N, were obtained for Ln =Y,
La, Sm, Dy, Er, Tm, Y b, and Lu. Small amounts (<4 mass%o)
of apatite-type Lnig(SiO4)sN2 were included in the sam-
ples prepared with Ln = Nd, Gd, and Ho. When PrgO11
and Th4O7 were used as starting materials, the Jphase
yields about 90 mass%. In the case of Eu, no J-phase, but
a mixture of oxides and/or oxynitrides was synthesized,
as Montorsi and Appendino reported.® These facts suggest
that formation of LnySioO;N> is related to the stability of
trivalent Ln cations. Pr and Tbh atoms can easily take var-
ious valence states other than 3+, and Eu®t is stable in a
reduced atmosphere.

Yb ErYDy Gd Sm Pr
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The final results of the refined unit-cell parameters
(lengths a, b, c, angle B, and volume V) of LnySioO7N>
(monoclinic space group P21/c) are given in Table 1 together
with the final R-values. The multi-phase Rietveld analysis
was performed for the sample with Ln = Pr, Nd, Gd, Tb,
and Ho. The structural parameters except for the scale factor
and unit-cell parameters were fixed to the reported values
for Lnlo(SiO4)6N2,25 PI’203,26 and Tb203.27 Fig. 3 shows
examples of the observed and calculated XRPD patterns
and their differences resulted from the Rietveld analysis. By
adopting the LaySioO7N> structure model to LngSioO7N2
with Ln = La, Pr, Nd, and Sm, and the LusSioO7N2> model
to those with Ln = Y, Gd, Tb, Dy, Ho, Er, Tm, Yb, and
Lu, the structure of J-phases were refined well. When the

Yb ErYDy Gd Sm Pr
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Fig. 4. Refined unit-cell parameters (lengths and angles) and volumes of LnsSioO7N> as a function of the ionic radius of sixfold coordinated Ln3+. The
values with P2;/c cell and P2;/n cell are plotted with “O” and “x” marks, respectively.
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other model was used in each group, R-values rose about
1% and interatomic distances between Si and O/N atoms
remarkably scattered. For example, S—O/N distances for
ErsSioO7N2 by using LusSioO7N2 structure model ranged
from 1.62 to 1.73 A, but those by using La;Si>O7N» model
ranged from 1.33 to 2.02A. While R-factors and inter-
atomic distances vary depending on the structure model, it
is to be noted that the refined unit-cell parameters between
two structure models are close each other. For ErsSioO7No,
the parameters of « = 7.5212(3)A, b = 10.4109(4) A,
10.7136(5) A, and B = 109.999(2)° are obtained

cC =

Yb ErYDy Gd Sm Pr

from LusSi»O7N2> model and those of ¢ = 7.5220(4) A,
b =10.4121(4) A, c = 10.7150(6) A, and 8 = 109.998(3)°
from LagSioO7N2 moddl.

Fig. 4 plotstherefined unit-cell parametersof LnsSioO7N>2
listed in Table 1 against the ionic radii?® of sixfold coordi-
nated Ln3*. When the twofold symmetric axis of the mono-
clinic cell istaken in the b-axis (unique axis), there are three
possible cell choices of P2;/c, P23/n, and P21/a.19%329 |n
the structure refinement in this work, we chose the P2;/c
cell in accordance with “cell choice 1" in the International
Tables.?®
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As pointed out in the previous studies,1®23 the values of
the c-axis length and 8 angles of the P21/c cell are very
close but different to those of P21/n cell, whereas the a- and
b-axes between the P21/c and P21/n cells are common. The
relationships between the unit-cell parameters of P2;/c and
P21/n are expressed as follows:

an = dc N

by, = b, 2

Ccp = (af + cf + 2a.c, COS,BC)l/2 3
et | (€ —aZ =

where subscripts ¢ and n refer to the P2;/c and P21/n cells,
respectively. The c-axis lengths and 8 angles of the P21/n
cell converted from those of the P2;/c cell are plotted in
Fig. 4 withthe“ x” marks. It can be seen from thisfigure that
the differences of the c-axis lengths as well as the g8 angles
between the P2;/c and P21/n cells are small; for example,
0.037A and 0.494° for Ln = La and 0.071A and 0.950°
for Ln=Lu.

Theunit-cell lengths a, b, ¢, and angles 8, and the unit-cell
volumes V increased linearly with increasing ionic radii of
rear-earth elements from 1.001A (Lu) to 1.078 A (Gd) and
from 1.098A (Sm) to 1.172A (La). Slopes of the straight
linesfitted by the least-squares method from the correspond-
ing data are different between the two groups of Lh = La
toSmand Ln =Y and Gd to Lu. The remarkable disconti-
nuities or gaps of lines between Gd and Sm were seen for
the b- and c-axis lengths. The b-axis length dropped and the
c-axis length jumped up by a replacement of Gd with Sm.

It is interested that such Ln size dependence of the
unit-cell parameters in the series of LnySioO7N2 corre-
sponds to the temperature dependence of the unit-cell
parametersin Y 4Al,0g with a high-temperature phase tran-
sition in which the low-temperature Y 4Al,Og phase (space
group P21/c) transforms to the high-temperature Y 4AI20q
phase (space group P2;/c) at around 1370°C.3%3l The
unit-cell parameters of Y 4Al,0g increase gradualy with an
increase of temperature, and, at the transition temperature,
the unit-cell parameters change discontinuously with the
decrease of the a- and b-axis lengths and the increase of
the c-axis. The similarity of the unit-cell parameter changes
observed in the series of LnySioO;N2 and the phase tran-
sition of Y4Al>Og can be understood as a volume change
of atomic sites by ionic radii or by thermal vibration. Al-
though the critical cell volume for the structure change in
the LnySioO7N2 series has not been clarified in thiswork, a
solid solution system, such as (Gd,Sm)4SioO7N>, in which
Ln atoms with ionic radii larger and smaller than Eust
ionic radius are combined may give the explanation.

Fig. 5 compiles the unit-cell parameters of LnsSioO7N2
reported in the previous studies. The results of the present
study are represented with solid lines (P2;/c cell) and bro-
ken lines (P21/n cell) in this figure. The unit-cell lengths

of a and b, and volumes V are comparably plotted on the
same lines except for the data for Lh = Y, Dy, Er, and
Yb by Wills et a.57 and for Ln = La by li et a.12 Com-
plemental and systematical investigation was performed by
Marchand et al.8 and Montorsi and Appendino®1° for the
unit-cell parameters of LnsSioO7N> with various rare-earth
atoms. The values of the c-axis lengths and 8 angles re-
ported by them seem to be closed to our results of the
P2;/n cells at smaller Ln3* jonic radii and to those of the
P2;/c cells at larger ionic radii. These facts show an evi-
dence of the errant indexing on the XRPD data in the pre-
vious studies where the crystal structures of LnsSioO7N>
were uncertain. Liddell et al. considered the choice of the
unit cell (P21/a or P21/n) for the Jphase with Lh = Y
and Dy.1° The P2/a cells they reported were close to the
P21/c cells of ours by replacement of the a- and c-axes. The
unit-cell parameters of Y 4Si07N3 refined by the Rietveld
method using the P2;/c cell agreed with our results within
the standard deviation. From these comparisons, it was con-
cluded that the unit-cell parameters of LnySio,O7N2 were
obtained systematically with good precision in the present
study.

4. Conclusions

The crystal structures of the rare-earth silicon-oxynitrides
LnsSioO7N> at room temperature were classified into two
groups with Ln = La to Sm and with Ln = Gd to Lu and
Y. These results were demonstrated not only by judging for
the R-factors and interatomic distances given from the Ri-
etveld refinement using the structure models of LagSioO7N>
and LusSioO7N» whose structures had been determined with
the neutron powder diffraction data, but also by a contin-
ual change of the monoclinic unit-cell parameters (Iengths
a, b, ¢, angles g8, and volume V) refined with the P2;/c cell,
which were plotted on the linear lines in each Ln group
against the radii of the trivalent Ln cation. The clear gaps
were revealed between the lines of the two groups. The liner
change and the gaps of the unit-cell parameters with increas-
ing Ln3* radii for LnsSi»O7N, were analogous with the
change of unit-cell parameters observed for Y 4AI20g with
increasing temperature and at the high-temperature phase
transition. The scattered unit-cell parameters of LnsSioO7N»
reported in the previous studies were probably due to index-
ing of the diffraction peaks with the assumption of the same
cuspidine-type structurefor al LngSioO7N2 compounds and
without any attention to the choice of the P2;/c cell and the
P21/n cell.
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