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Tetragonal-cubic phase transition in RbGaSi,Og synthetic leucite analogue

Anthony Martin Thomas Bell ©2 and Francis Sweeney
Materials and Engineering Research Institute, Sheffield Hallam University, Sheffield, UK

(Received 24 January 2025; revised 27 October 2025; accepted 28 October 2025)

Abstract: The leucite group structures are tetrahedrally coordinated silicate framework structures
with some of the silicate framework cations partially replaced by divalent or trivalent cations. These
structures have general formulae A,BSisO;, and ACSi,Og¢, where A is a monovalent alkali metal
cation, B is a divalent cation, and C is a trivalent cation. These leucites can have crystal structures in
several different space groups, dependent on stoichiometry, synthesis conditions, and temperature.
Phase transitions are known for temperature changes. This paper reports a high-temperature X-ray
powder diffraction study on RbGaSi,Og, which shows a phase transition from /41/a tetragonal to
la3d cubic on heating from room temperature to 733 K. On cooling to room temperature, the crystal
structure reverts to I4,/a tetragonal.
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for Diffraction Data. This is an Open Access article, distributed under the terms of the Creative
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ricted re-use, distribution and reproduction, provided the original article is properly cited.
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I. INTRODUCTION

Synthetic anhydrous analogues of the silicate framework
minerals leucite (end-member KAISi,Og) and pollucite (end-
member CsAlSi,Og) can be prepared with the general formulae
A,BSi50;, and ACSi,0¢, where A is a monovalent alkali metal
cation, B is a divalent cation, and C is a trivalent cation (Torres-
Martinez and West, 1984, 1986, 1989; Torres-Martinez et al.,
1984). These structures all have the same topology, with Band C
cations partially substituting onto tetrahedrally coordinated sites
(T-sites) in the silicate framework and charge-balancing A cat-
ions sitting in the extra-framework channels. The A cations can
be replaced by ion exchange. Cs-containing silicate framework
minerals are of potential technological interest as storage media
for radioactive Cs from nuclear waste (Gatta et al., 2008). A
review paper on leucite crystal structures has been published
(Bell, 2025).

X-ray and neutron powder diffraction have been used to
determine and refine the ambient temperature crystal struc-
tures of leucite analogues with the general formulae
A,BSi50, and ACSi;,0g. Crystal structures have been refined
in the Ia3d cubic and I4,/a tetragonal space groups (A = K,
Rb, Cs; B=Mg, Mn, Co, Ni, Cu, Zn; C = Fe3+, Ga; Bell et al.,
19944, 2010; Bell and Henderson, 1994a, 1994b, 2018, 2020;
Bell and Stone, 2021). These structures all have disordered
T-site cations and have A cation sites fully occupied with
either K, Rb, or Cs. CsGaSi,Og also has a disordered T-site
structure in the space group I43d (Bell and Stone, 2021).
Crystal structures have also been refined at ambient temper-
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ature for P2;/c monoclinic crystal structures of leucite ana-
logues with the general formulae A,BSis0,, (A = K; B=Mg,
Fe2+, Co, Zn; Bell et al., 1994a; Bell and Henderson, 2018)
and also for Pbca orthorhombic (A =Rb; B=Mg, Mn, Ni, Cd;
Bell and Henderson, 1996, 2009, 2016) and (A = Cs; B = Mg,
Mn, Co, Ni, Cu, Zn, Cd; Bell et al., 1994b; 2010; Bell and
Henderson, 1996, 2009). These structures all have ordered T-site
cations and have A cation sites fully occupied with either K, Rb,
or Cs. RbCsX>*SisOy, (X = Mg, Ni, Cd) leucite analogues, with
two different extra-framework alkali metal cations, all have the
Pbca structure with ordered T-site cations (Bell and Henderson,
2019). For X = Ni and Cd, these structures have disordered extra-
framework cations, but for X = Mg, there is partial ordering of
the extra-framework cations. Cs,X**SisO;, (X = Cd, Cu, Zn) all
retain the cation-ordered Pbca orthorhombic structure below
10 K (Bell, 2021).

KAISi,O¢ (leucite), Rb-substituted leucite RbAlSi,Og,
Cs-substituted leucite CsAlSi,Og, and KFeSi,Og all have
the 14,/a disordered T-site cation structure at room tempera-
ture, but all undergo high-temperature phase transitions to the
pollucite Ia3d disordered T-site cation structure (Palmeret al.,
1997). KGaSi,Og¢ similarly undergoes a phase transition from
I4,/a to Ia3d over the temperature range from 673 to 970 K
(Bell and Henderson, 2020).

Cs,ZnSis01, undergoes a reversible phase transition
from Pbca (ordered T-site cation structure) to Pa3 (disordered
T-site cation structure) on heating to 566 K (Bell and Henderson,
2012). RbyCoSis50;, also has a phase transition from Pbca to
Pa3 on heating to 457 K (Bell, 2023). K,MgSisO,, and
K5,ZnSi50, both undergo phase transitions from P2,/c to Pbca
on heating to 622 K (K,;MgSisO;,; Redfern and Henderson,
1996) and over the temperature range from 843 to 868 K
(KyZnSis0q,; Bell et al., 2021).
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In this paper, a high-temperature phase transition in the
synthetic leucite analogue with stoichiometry of RbGaSi;Og
is reported.

Il. EXPERIMENTAL

A. Sample synthesis and ambient temperature X-ray
powder diffraction

The RbGaSi,O¢ synthetic leucite analogue was prepared
by heating a stoichiometric mixture of Rb,CO;, SiO,, and
Ga,0; to 1473 K; this produced a white powdered sample.
Before mixing, the starting materials SiO, and Ga,05; were
dried overnight at 383 K and Rb,CO3 was stored in a nitrogen
filled glove box. Ambient temperature X-ray powder diffrac-
tion and Rietveld refinement (Rietveld, 1969) showed the
presence of an RbGaSi,Og phase that was isostructural with
KGaSi,0¢ and KAISi,O¢. Ga,053 was present as an impurity
phase. For full details, see Bell and Stone (2021).

B. High-temperature X-ray powder diffraction data
collection

The RbGaSi,Og sample was loaded on a Pt flat plate sample
holder in an Anton—Paar HTK1200N high-temperature stage,
which was mounted on a PANalytical X’Pert Pro MPD using
Cu Ko X-rays, with a nickel B-filter and a 3.3473 °20 wide
255 channel PIXCEL-1D area detector. An initial ambient
temperature XRD scan was done over the range from 10 to
120 °20; this confirmed the presence of [4/a tetragonal
RbGaSi,06 and Ga,03 impurity phase. High-temperature
XRD data (run 1) were collected over the range from 25 to
27 °20 with a step width of 0.0131 °26 using Data Collector
5.5a (PANalytical, 2017a); the beam size was defined with a
10-mm mask, fixed antiscatter (% °) and divergence (¥ °)
slits. These data showed the tetragonal (004) and (400) Bragg
reflections for RbGaSi,Og¢ at room temperature. XRD data-
sets were collected at 298 K and then in 50 K temperature

steps from 323 to 973 K. The HTK1200N high-temperature
stage has a stage mover, which adjusts the sample height to
keep the centre of the sample in the X-ray beam with changes
in temperature.

More XRD data (run 2) were then collected using the
X’Pert over the range from 15 to 100 °28; 30-minute scans
were collected at 298 K, 623 K, and in 10 K steps from 673 to
823 K. A 10-hour scan was then done at 873 K to get Rietveld
quality XRD data before a final 30-minute scan was done after
cooling to 298 K.

No smoothing or o, stripping was done on any of these
data. The diffractometer was calibrated with an external NIST
640e silicon standard.

C. Scanning electron microscopy analysis

An FEI Quanta 650 scanning electron microscope (SEM)
is equipped with an Oxford Instruments energy dispersive
spectroscopy (EDS) system that incorporates an XMax
80-mm? detector capable of detecting all elements from Be
to Pu. This system was utilized to perform chemical analysis
on an RbGaSi,O¢ sample. Electron micrographs and EDS data
were recorded using an electron beam energy of 20 keV and a
beam current of 0.31 nA.

Prior to the SEM investigation, the sample was carbon-
coated using an EMITech K950X carbon coater for a duration
of 800 milliseconds, producing a thin electron transparent
coating with a thickness of <10 nm.

D. X-ray powder diffraction data analysis

The initial run 1 XRD data were collected over the range
from 25 to 27 °26. These data showed the tetragonal (004)
and (400) Bragg reflections for RbGaSi,Og at room temper-
ature. On heating, these two Bragg reflections get closer
together. By 773 K, these two reflections have merged into
a single peak, suggesting a transition to a cubic structure (see
Figure 1).
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Figure 1.
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High-temperature XRD data for RbGaSi,Og¢ over the range of 25-27°260, measured from 323 to 973 K.
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The subsequent run 2 XRD data were collected as
30-minute scans over the range from 15 to 100 °20 at
298 K, 623 K, and in 10 K steps from 673 to 823 K before a
10-hour scan at 873 K.

These run 2 powder diffraction data were analyzed using
HighScore Plus 4.7 (PANalytical, 2017b) and the ICDD Powder
Diffraction File (Kabekkodu et al., 2024). Analysis of the 298 K
powder diffraction data for RbGaSi,Og showed that this sample
consisted of two phases. The main phase was /4,/a tetragonal
RbGaSi,0¢ PDF# 00-037-0350 with C2/m monoclinic Ga,O;
PDF# 00-043-1012 as an impurity phase. Rietveld refinements
were done using FULLPROF (Rodriguez-Carvajal, 1993) for

XRD data collected up to 823 K. GSAS-II (Toby and Von
Dreele, 2013) was used for Rietveld refinements on the 873 K
data. Backgrounds were fitted by linear interpolation between a
set of background points with refinable heights. The Thompson—
Cox-Hastings pseudo-Voigt function (van Laar and Yelon,
1984), convoluted with asymmetry due to axial divergence
(Finger et al., 1994), was used to model the profile shape.

The crystal structure of RbGaSi,O¢ was refined using the
I4,/a structure of RbGaSi,O¢ (Bell and Stone, 2021) as the
starting model. In this crystal structure, all atoms were located
on the I4,/a 16f Wyckoff general position. There is one
16f position for Rb, three 16f positions for T-sites (with
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Figure 2. High-temperature XRD data for RbGaSi,Og over the range of 25-27°26, measured from 673 to 823 K.
150000 - .
RbGasi,0, - 873K
135000 -
120000 -
105000 -
90000 -
Z 75000 A
v
c
[
£ 60000 o
45000 -
30000 -
15000 uj...L lu FYWIY ST W PPN
[\ I AR SO AARAN AT AR AT AT R A0
. LA g
-15000 T T L T T T T T T T T T T T T T T "
15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
20
Figure 3. Rietveld difference plot for RbGaSi,Og from data collected at 873 K. The red circles represent the observed data points, the blue line represents the

calculated data points, and the green line represents the difference curve. The upper line of black crosses represents the positions of Bragg reflections for
RbGaSi,O¢, whereas the lower line of black crosses represents the positions of Bragg reflections for Ga,O3 impurity. R-factors for this refinement were

R, =2.044%, Ry, = 3.282%, Rexp = 1.013%, and * = 3.24.
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disordered occupancies of one-third Ga and two-thirds Si,
T-site occupancies were not refined), and six 16f positions
for O. The isotropic temperature factors of the T-site atoms Si
and Ga were constrained to be the same on each T-site but
were allowed to vary between different T-sites. All isotropic
temperature factors for the six O sites were constrained to
have the same value. The T-O interatomic distances were

a la3d- 873K

soft constrained to be 1.68 + 0.02 A (average bond distance
for tetrahedral Si—O and Ga-0), assuming complete T-site
disorder (1/3Ga:2/3Si on each T-site), as it was not possible
to refine chemically sensible T-site occupancies. Rietveld
refinements in non-cubic leucite structures without soft
interatomic distance constraints tend to give unrealistic
interatomic T-O distances. The crystal structure of Ga,O3

b I4i1/a - 298K

Figure 4. VESTA structure plots for RbGaSi,Og. Extra-framework Rb* cations are shown in pink, disordered (Si/Ga)O, tetrahedra in light green, and 0>
anions in red. Panel (a) shows the Ja3d cubic 873 K crystal structure, viewed down [111], showing the channel for extra-framework cations. Panel (b) shows the
14,/a tetragonal 298 K crystal structure, viewed down [1-11], showing the channel for extra-framework cations (Bell and Stone, 2021).

TABLE I. Variation of RbGaSi,Og lattice parameters and phase proportions on heating.

Temp (K) a(A) c(A) V(A®) cla wt.% RbGaSi,Og wt.% Ga,03
298 13.3752(6) 13.8040(6) 2,469.47(19) 1.03206(9) 87(1) 13.1(3)
623 13.5573(5) 13.7145(6) 2,520.71(17) 1.01160(8) 88(1) 11.7Q2)
673 13.5971(5) 13.6928(5) 2,531.55(17) 1.00704(7) 88(1) 11.7(2)
683 13.6044(5) 13.6870(5) 2,533.20(16) 1.00607(7) 88(1) 12.1Q2)
693 13.6130(5) 13.6818(5) 2,535.40(15) 1.00505(7) 88(1) 12.2(2)
703 13.6212(4) 13.6789(5) 2,537.92(15) 1.00424(6) 88(1) 12.02)
713 13.6289(4) 13.6763(5) 2,540.34(14) 1.00348(6) 88(1) 12.1(2)
723 13.6325(4) 13.6748(5) 2,541.40(14) 1.00310(6) 88(1) 12.3(2)
733 13.6483(3) 2,542.33(9) 87(1) 13.02)
743 13.6514(3) 2,544.11(9) 87.3(9) 12.7(3)
753 13.6534(3) 2,545.23(9) 87.1(9) 12.92)
763 13.6550(3) 2,546.10(8) 87(1) 12.8(2)
773 13.6566(3) 2,547.00(8) 87.3(9) 12.7(2)
783 13.6587(3) 2,548.15(8) 87.409) 12.7(2)
793 13.6601(3) 2,548.96(9) 87(1) 13.02)
803 13.6625(3) 2,550.28(8) 86.8(9) 13.2(2)
813 13.6632(3) 2,550.67(8) 87.1(9) 12.92)
823 13.6641(3) 2,551.20(8) 87.3(9) 12.7(2)
873 13.6731(3) 2,556.22(18) 87.4(1) 12.6(1)

X 298 13.3739(6) 13.8036(6) 2,468.93(19) 87(1) 12.7(3)
XX 298 13.3703(2) 13.7983(2) 2,466.66(7) 88.2(6) 11.8(1)

298-723 K: 141/a tetragonal; 733-873 K: Ta3d cubic. “X” denotes data collected in the furnace after heating, and “XX” denotes ambient-temperature data not

measured in the furnace (Bell and Stone, 2021).
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(da Silva et al., 2012) was used to fit the impurity phase; only
lattice parameters were refined.

The refined structural parameters were used as a starting
model for the 623 K data; subsequent refinements were done
with the refined parameters used as a starting model for the
next temperature up. As the temperature increased, the a and ¢
lattice parameters moved closer together. At 733 K, thea and ¢
lattice parameters were so close that it was possible to refine
the crystal structure for RbGaSi,Og with an Ia3d cubic struc-
ture that was isostructural with pollucite (CsAlSi;Og). In this
cubic structure, Rb replaced Cs on the extra-framework cation
site and Ga replaced Al on the disordered T-site. This cubic
structure was retained up to 873 K. Figure 2 shows the run 2

XRD data over the range from 25 to 27 °26 heating from
673 to 823 K. This shows how a closely overlapped double
peak for the tetragonal (004) and (400) Bragg reflections
merge to form a single cubic (400) Bragg reflection at
733 K. Figure 3 shows a Rietveld difference plot for RbGa-
Si,0¢ at 873 K this difference plot shows Bragg reflections
for cubic RbGaSi,Og and Ga, 03 impurity. Note that there are
also two weak unassigned Bragg reflections at 27.15 and
27.55 °20 in the 873 K difference plot.

VESTA (Momma and Izumi, 2011) was used to plot
crystal structures. Figure 4a,b, respectively, shows the crystal
structure plots for RbGaSi,Og at 873 and 298 K (Bell and
Stone, 2021).
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Figure 5. Variation of lattice parameters for RbGaSi,Og from 623 to 873 K.
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TABLE II. Refined cubic coordinates for RbGaSi,Og la3d at 873 K.

Atom Wyckoff X y z Occupancy Uiso(A?)
Rb 16b 0.125 0.125 0.125 1.0000 0.1008(13)
Ga 48¢g 0.66337(8) 0.58663(8) 0.125 0.3333 0.0309(8)
Si 48¢g 0.66337(8) 0.58663(8) 0.125 0.6667 0.0309(8)
(6] 96h 0.10384(21) 0.13692(21) 0.71767(12) 1.0000 0.0745(20)
lll. RESULTS AND DISCUSSION shows the refined interatomic distances and angles for RbGa-

Crystal structures have been refined for the RbGaSi,Og¢
leucite analogue from X-ray powder diffraction data over the
temperature range from 298 to 873 K. All refined structures
have disordered T-site cations. RbGaSi,Og is isostructural
with 14,/a tetragonal leucite (KAISi,O¢; Mazzi et al., 1976)
from 298 to 723 K. At 733 K, there is a phase transition, and
the crystal structure is then isostructural with Ia3d cubic
pollucite (CsAlSi,Og; Yanase et al., 1997). Table I shows
how the refined lattice parameters for RbGaSi,Og vary with
temperature, and Figures 5 and 6 show how the lattice param-
eters and unit cell volume for RbGaSi,O¢ vary with temper-
ature. Table II shows the refined coordinates, and Table III

TABLE IIl.  Refined distances and angles for RbGaSi,Og Ia3d at 873 K.
Atom pairs Distance(A) Distance(A)
Rb-Ox6 3.5052(29) 3.3797(29)
T-Ox2 1.6515(16) 1.6556(17)
Atom triplets Angle(°) Angle(°)
O-T-0 x2 114.49(17) 110.46(20)
O-T-O0 106.89(20) 100.22(17)
T-O-T 141.52(17)

“T” denotes the disordered Ga/Si site. Tetrahedral angle variance [¢?, deg?]
for Ia3d RbGaSi,Og at 873 K =28.92. 6° = (6 — 109.47)*/5 (Robinson et al.,
1971), where 0 is the O-T-O tetrahedral angle.

0.050

0.035

g
8

e
Q
X
o

o

strain magnitude
=]
8

Si,0¢ at 873 K.

Figure 6 shows how the unit cell volume for RbGaSi,Og
varies with temperature; there is no step change in unit cell
volume at the phase transition temperature at 733 K. This
suggests that RbGaSi,Og has a second-order /4,/a tetragonal
to Ia3d cubic phase transition. KGaSi,Og also has an 14,/a
tetragonal to Ja3d cubic phase transition (Bell and Henderson,
2020). However, this transition is different from that of
RbGaSi,0g in that there is a two-phase region in this transi-
tion. Bragg reflections for both cubic and tetragonal KGa-
Si,O¢ are present over the temperature range from 673 to
970 K; no similar two-phase region is observed for RbGa-
Si,Og. There is also a step change in unit cell volume from
tetragonal to cubic for KGaSi,Og, suggesting a first-order
phase transition.

The equations of Carpenter (Carpenter et al., 1998) have
been used to determine the spontaneous strain parameters for
RbGaSi,04 and KGaSi,Og below the tetragonal to cubic
phase transition temperatures. Figure 7 shows the variation
of the spontaneous strain, and Figure 8 shows the variation
of the e;; and e3; strain parameters for RbGaSi,Og and
KGaSi,0¢. These figures show that the magnitudes of the
strain parameters are greater for KGaSi,Og compared with
RbGaSi,Os. This may be due to the smaller K* extra-
framework cation causing a greater degree of framework
collapse (Taylor and Henderson, 1968) compared with the
larger Rb* extra-framework cation. Consequently, the tetragonal

Variation in spontaneous strain magnitude, AGaSi,Og.

s A=K
*A=Rb

580

Temperature (K)

Figure 7. Variation spontaneous strain parameters for tetragonal AGaSi,Og (A
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Variation in e and e33 strain parameters for tetragonal AGaSi,Og (A =K, Rb) from 298 to 873 K. Note that the A =K e33 and the A=Rb e1; and e33

strain parameters at 298 K cannot be resolved in this figure, as these parameters have similar values.

crystal structure for KGaSi,Og would show a greater degree of
strain compared with RbGaSi,Og.

Ga, 05 is present as an impurity phase at all temperatures.
Table I shows that the phase proportion of RbGaSi,Og is
constant within error limits over the temperature range. This
indicates that there is no further reaction of impurity Ga,0;
over the temperature range. However, Table I shows that the
Ga,03 is present as an impurity phase at approximately
12 wt.%. Rietveld refinements were done using the I4,/a
tetragonal (leucite) and Ia3d cubic (pollucite) crystal struc-
tures as starting models; this assumed that the T-sites were
occupied by Si and Ga in a 2:1 ratio. The presence of a
significant amount of Ga as an impurity means that this Si/Ga
ratio may be greater than 2. However, if this Si/Ga ratio has
become higher than 2, it has not got to the range where any
leucite analogues are replaced by Ga-containing feldspar
analogous to RbAISi;Og (Gasperin, 1971), which has a C2/m
monoclinic crystal structure.

To investigate the stoichiometry, specifically the Si/Ga
ratio in this RbGaSi,O¢ sample, SEM and EDS were used to
analyze different areas of this sample.

EDS mapping was used to investigate the spatial distri-
bution of the constituent elements of the sample qualitatively
(see Figure 9). From these maps, it is evident that in regions
where the gallium content is high, there is a drop in silicon
content. This is therefore consistent with there being an
increased volume fraction of Ga,Oj3 in this region. Further
investigation of the sample revealed inclusions of Ga,O3 in
the RbGaSi,0g matrix (see Figure 10a,b). Theoretically, for a
volume fraction of 12% Ga,0; in a matrix of 88% RbGa-
Si,0g, where both components are stoichiometric, we would
expect a composition of 31.23 wt.% O, 28.20 wt.% Ga,
24.47 wt.% Rb, and 16.08 wt.% Si. A wide area EDX spec-
trum was acquired from an approximate area of 1 mm?; the
averaged composition of this area is 32.5 wt.% O, 26.6 wt.
% Ga, 22.7 wt.% Rb, and 18.2 wt.% Si. This is in close
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agreement with the XRD result (see Figure 11a,b). Addition-
ally, a point spectrum (see Figure 10c) in the RbGaSi,Og
matrix gives a composition of 29.3 wt.% O, 21.5 wt.% Ga,
27.1 wt.% Rb, and 22.1 wt.% Si. This would suggest that the
RbGaSi,0g matrix has a Si/Ga ratio close to 2.

Figure 4a,b (873 and 298 K; Bell and Stone, 2021),
respectively, shows the VESTA crystal structure plots for
RbGaSi,0¢. Note that Figure 4b shows that the tetragonal
crystal structure has a slightly collapsed silicate framework
structure compared with the cubic structure shown in
Figure 4a.

| - |

25pm J 3

25pm

Figure 9. Qualitative EDX mapping of the RbGaSi,O¢ sample: (a) gallium
map; (b) rubidium map; (c) oxygen map; and (d) silicon map.
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Figure 10. Scanning electron microscopy image of a Ga,O; inclusion: (a) secondary electron image; (b) energy dispersive spectroscopy (EDS) spectrum
obtained from a Ga,Oj; inclusion; and (c) EDS spectrum recorded from the matrix.
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Figure 11. Scanning electron microscopy image acquired from an approximate area of 1 mm?: (a) secondary electron image and (b) energy dispersive

spectroscopy spectrum.

IV. CONCLUSIONS

RbGaSi,0¢ leucite analogue has a high-temperature phase
transition from /4,/a tetragonal (KAISi,Og leucite structure) to
Ia3d cubic (CsAlSi,Og pollucite structure) at 733 K. This tran-
sition is reversible on cooling to room temperature.

DEPOSITED DATA

CIF files containing information on the 873 K crystal
structure, interatomic distances and angles, and powder dif-
fraction data for RbGaSi,Og¢ synthetic leucite analogue were
deposited with the ICDD. These data can be requested from
ICDD at info@icdd.com.
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