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Abstract

This study presents an X-ray diffraction analysis and Rietveld structural
refinement of selected synthetic fluoroperovskite-type compounds including the Na,.
K:MgF3 solid solution series in addition to synthetic analogues of cryolite (Na;NaAlIFe)
and simmonsite (Na;LiAlF).

The Na;..K,MgF; solid solution series is comprised of three structurally distinct
perovskite phases. In order of increasing potassium they are: orthorhombic (Pbnm, a =
5.3609(1), b = 5.4862(1), ¢ = 7.6661(1), Z=4) in the x = 0 — 0.35 compositional range,

tetragonal (P4/mbm, a = 5.444(3), ¢ = 3.9217(3), Z = 2) in the x = 0.40 ~ 0.46

compositional range and cubic (Pm?m, a=39903, Z=1) in the x = 0.50 — 1.0
compositional range. The orthorhombic and tetragonal members are derived from the
cubic aristotype by octahedral rotation, a'a'c’ and a’a’c” respectively. Introduction of
potassium into the Na 4c¢ crystallographic site results in a decrease of octahedral rotation
and an overall reduction of structural distortion from f = 4.42 for the neighborite end
member to f = 5.0 for cubic members. This is accompanied by an increase in the
pseudocubic cell dimension in addition to a reduction in A4-site cationic displacement.
Angular and bond length distortion of the MgF¢ octahedron are at a maximum in the x =
0.20 intermediate member of the series and decrease linearly with additional potassium.
These effects are a direct result of cations approaching special positions in the unit cell as
potassium is introduced into the neighborite structure.

Synthetic cryolite (Na;NaAlFs) and synthetic simmonsite (Na,LiAlFg)
investigated exhibited similar structural characteristics such as 1:1 B-site cationic

ordering and an a'b’b” octahedral rotation scheme. Synthetic cryolite exhibited the



greatest structural and octahedral distortion (f = 4.07, A p = 0.016, & p» = 11.75) and
octahedral rotation (@ = 18.6) as compared to simmonsite (f = 4.52, Ap=0.06, 8 p» =
2.74 and @ p = 14.96). These ordered monoclinic perovskites (P2/n, a = b = \/2a,,, c=

2ap,) are derived from the cubic aristotype by octahedral rotation and B-site cationic

ordering.
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Chapter 1, Introduction and Experimental

1.1 Introduction

The family of fluoro - perovskite compounds includes a wide variety of minerals and
synthetic phases. Perovskite - type compounds are so - named because of their structural
similarities to perovskite sensu stricto, CaTiOs. Perovskite - type compounds conform to

ABXj stoichiometry, where 4 and B are cations and X is anionic The ideal structure is based

on cubic closest packed ions ina Pm 3 m space group, best described as a corner linked BXs
octahedral framework where, in the ideal structure, the A4 - site cations are in 12 - fold
coordination. Perovskite compounds are well known for their high tolerance of cationic
substitution in both the 4 and B structural sites, which may result in one or more structural
distortions, including: A4-site cationic displacement, B — site cationic displacement,
octahedral distortion and octahedral rotation. Such structural distortions result in a wide
variety of stable perovskite- type compositions.

Perovskites are of interest to both industrial and mineralogical researchers. Industrial
applications for synthetic perovskite - type compounds include capacitors and high
temperature superconductors, in addition to numerous other electronic applications.
Researching, understanding and developing new perovskite phases is crucial to the
development of many electronic and computer based technologies. In many cases, insight
into the stability of synthetic perovskite - type compounds comes from the study of naturally
occurring perovskite - type phases. In addition, perovskite — type compounds are also
undergoing investigations to determine their actinide ~ lanthanide sequestration properties,
significant to those who wish to find a repository for nuclear waste. Furthermore, it is widely

accepted that magnesium silicate perovskite (MgSi0O3) is the main constituent of the lower



mantle of the Earth. Unfortunately, this phase is not stable under ambient conditions.
Therefore the study of the geophysical properties, such as seismic velocity and elasticity
constants exhibited by low pressure, low temperature analogues of magnesium silicate
perovskite is necessary to understand better the characteristics of the lower mantle.
Interestingly, neighborite (NaMgF3) is isoelectronic and isostructural with MgSiO;
perovskite. The comparable ionic radii and 1:2 electronic charge ratio in NaMgF; and
MgSiO; make neighborite an ideal analogue for MgSiO; perovskite,

Neighborite exists in solid solution with potassium neighborite in a 1995 Oldoinyo
Lengai natro - carbonatite lava flow in Tanzania. The dissolution of potassium into
naturally-occurring neighborite structure has been documented only by Mitchell (1997).
Solubility of potassium into synthetic neighborite has been previously determined by Ross
(1998) and Zhao (1999).
1.2 Purpose

The main objective of this work is to determine the crystal chemical effects of the
substitution of potassium in the neighborite structure. The system NaMgF; - KMgF; is a
direct analogue of the fluoroperovskite minerals found in the Oldoinyo Lengai
natrocarbonatites. The system is investigated because the naturally - occurring material
forms crystals which are far too small to be extracted for X - ray diffraction analysis. In
addition, knowledge of the phase transitions induced in neighborite by large cation
substitution is important with respect to phase transitions to be expected in the lower mantle.

A second objective is to determine the structure of synthetic simmonsite, Na;LiAlFs.

The structure of this recently recognized mineral (Foord et al., 1999), whichisa 1:1 ordered



double perovskite, has not been solved as natural samples are complexly twinned and
intergrown with other fluorides

1.3 Apparatus

1.3.1 Hardware

Powder X-ray diffraction (XRD) patterns of synthesis products were obtained on a
Phillips 3710 diffractometer. (T = 20°C; radiation: CuKo; range 10-145° 20). Data were
collected in 0.02° 20 increments for a duration of 2-6 seconds per step. These data were used
as input files and are compared to a mathematically generated XRD pattern created by a
Rietveld refinement program such as FULLPROF or DBWS.

Composition and phase relations of samples were determined by X-ray energy-
dispersion spectrometry (EDS) using a Hitachi 570 scanning electron microscope equipped
with a LINK ISIS analytical system incorporating a super ATW light element detector. The
duration of spectra acquisition was in the 30 -120s range, however an accelerating voltage of
20kV and a beam current of = 0.86nA was used consistently. Spectra were processed using
the LINK ISIS-SEMQUANT software package. Well-characterized synthetic and natural
standards were employed for compositional determination.

1.3.2 Software
Rietveld Refinement

Structural parameters for compounds synthesized in this study were achieved by the
Rietveld refinement procedure for powder X-ray diffractive data. The XRD data were
analyzed using two similar refinement programs: DBWS, and FULLPROF (Rodriguez —
Carvajal, 1990). Both of these programs are based on the DBW code written by Young and

Wiles (1981), which in turn is based on the original Rietveld refinement program written by



Rietveld and Hewit (Young, 1981). The versions used in this study were FP 98 - V 0.2 and
DB24k for FULLPROF and DBWS respectively. They are nearly identical in input control
cards, matrix operations and output files; however, they differ in that FULLPROF has the
ability to generate 4,k / dependant FWHM parameters to account for size and strain effects,
in addition to A,/ dependant shifts or asymmetry caused by special defect types. Although
these features did not prove to be particularly advantageous in this study, structural
parameters and final agreement factors given herein are derived by FULLPROF. The peaks
were modeled using a pseudo — Voigt profile function corrected for asymmetry to 45° 26.
Thermal isotropic parameters for contaminant phases were fixed at previously determined
values.
Coordination and Bond Valence analysis

Atomic and cell parameters obtained from the Rietveld refinement procedure were
used in an input file for the coordination analysis software package: IVTON. (Balic — Zunic
and Vikovic 1996) When executed, this program creates an output file consisting of: bond
lengths, bond angles, polyhedral volumes, bond valence parameters in addition to other
crystallo-chemical information based on parameters specified by the user in the input file.
Graphics

Graphical representations of structures are drawn from ATOMS (Dowty 1970) and
CARINE (Boudias et al. 1997, V3.1) software programs. ATOMS provides the user witha
windows driven interface which allows the user to export the structure in one of several
graphical formats including VRML. ATOMS also provides a coordination analysis feature
providing redundancy for the validation of parameters given by IVTON. In contrast,

CARINE does not provide the various export features that ATOMS does, however,



CARINE gives the user a more direct interface with the observed structure. For example,
individual bond lengths and angles in addition to coordination spheres and polyhedral
identification may be obtained by a “point and click™ interface.
1.4 Synthesis
1.4.1 Aqueous Synthesis

Part of this research project included several syntheses of low - temperature, aqueous
neighborite perovskite, a technique which has not been previously documented. Data in

figure 1.4.1 are from synthesis products obtained from the low temperature reaction
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Figure 1.4.1
XRD pattern showing major peaks from neighborite (indexed) synthesized by aqueous

methods. * indicate reflections caused by contaminants. CuKa radiation




NaOH+ MgO + HF = NaMgF; + H,0

The reagents were mixed under water in an agate mortar and pestle and washed into a
Teflon crucible. Next, an excess of HF was added. The mixture was stirred for several
minutes and allowed to dry over a 24h period under low heat. The residuum was then
analyzed by the X - ray diffraction techniques outlined in section 1.3.1. Inspection of figure
1.4.1 shows clearly resolvable neighborite perovskite peaks and proves that this synthesis
was successful in the production of neighborite. Additional phases present consist mainly of
inifial reagents. The relatively large content of contaminants made these samples unfavorable
for structural refinement and they were therefore not analyzed by Rietveld refinement. Note
that these data indicate that neighborite can be made by low -temperature aqueous synthesis
i.e. an environment similar to that of the type locality in the Green River Formation, South

Ouray, Utah (Chao ef al. 1961).

1.4.2 Ceramic synthesis

Synthesis methods involving the mixture of stoichiometric quantities of NaF, KF and
Mgk are referred to here as ceramic synthesis. Initial reagents were mixed under acetone in
an agate mortar and pestle, dried under heat and synthesized at 750 °C. Several samples were
synthesized in different environments to determine the effects of air on the synthesis
products. Sellite (MgF») was occasionally present in trace amounts, whereas periclase (MgO)
was commonly present in amounts less than or equal to 5 volume percent. In an attempt to
produce a synthesis product free of contaminants, several different methods were employed.
Initially stoichiometric quantities of NaF, KF, and MgF, were mixed as above, placed in an

alumina crucible and annealed at 750 °C for 5 hours at 1 atm. This technique was successful



in the production of neighborite solid solution members, however, periclase was nearly
always present. Diffraction data from MgF, used in this study did not reveal the presence of
MgO as a contaminant; therefore, the MgO in the final products was attributed to the
volatilization of F and the subsequent oxidation of Mg to MgO. To remedy this problem,
samples identical to the ones above were placed in a tube oven (figl.4.2) under a constant
flow of N, gas at latm at 750 °C for 5 hrs. Although cumbersome, this method was
successful in the reduction of MgO observed in the XRD patterns.

It was noted that as charges approached end member composition the amount of
MgO observed in the XRD spectra was less than that for members of intermediate
compositions. On this basis, a third method was employed. Intermediate members were made
by mixing stoichiometric quantities of pre - synthesized end members. The end — member
mixture method was the most successful in producing samples virtually free of periclase (<2

vol%). Data reported herein are from samples synthesized in this manner.

flow meter

to fume hood/

e

——

tube furnace

Figure 1.4.2,
A schematic diagram of the tube oven employed to reduce the amount of periclase

contamination by synthesizing members in an anoxic environment.




Alumino — fluorides were synthesized by mixing pre — dried stoichiometric quantities
of binary fluorides under acetone with an agate mortar and pestle. The mixture was placed in
a silica tube fused at one end. This tube was then evacuated of air and subsequently
collapsed, sealed at the remaining end and placed in the furnace illustrated in figure 1.4.2 at
600°C for 24h. The low pressure synthesis environment does not appear to have an effect on
the structure at 1 atm. It should be noted that if water is present in the sealed tube during

synthesis bursting may occur.



Chapter 2, End — Member Fluoroperovskites

2.1.1KMgF;

Potassium - bearing neighborite occurs naturally as 2 - 10 um anhedral grains in the 1995
Oldoinyo Lengai lava flow (Mitchell, 1997; Dawson et al. 1995). The potassium content in
neighborite from Oldoinyo Lengai ranges from 15.6 - 16.8 wt.% K (Mitchell, 1997). Chemically
pure end member KMgF3 is the potassium analogue of neighborite and has not been observed in

nature.

2.1.2 XRD Data

Synthetic KMgF; was analyzed by the X - ray diffraction techniques outlined in section 1.3.1
and 1.3.2. Figure 2.1.2 shows a Rietveld refinement difference plot for X -ray diffraction data
acquired from KMgF;. The presence of peaks indexed with both odd and even indices indicates a

primitive unit cell. R- Bragg for the refinement is 3.90%. All available final agreement parameters

are given in appendix A-1.
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Figure 2.1.2

XRD diffraction pattern and Rietveld difference plot for KMgF; perovskite.
(This work). CuKa radiation, 20 — 110° 26 shown.




2.1.3 Structure

Least squares Rietveld structural refinement from this work (DBWS and FULLPROF) and

previous studies (Burns et al. 1996) show that KMgF; crystallizes in a cubic Pm3m (a=3.9903(0)
A) perovskite arrangement at ambient temperatures and pressures. Structural solution and refinement
methods (section 1.3.1) included atomic positions, cell dimensions and thermal isotropic parameters.
Final cell parameters given by the refinement were in good agreement with those derived by Burns
et al. (1996).

Cubic KMgF; perovskite has 3 crystallographically distinct atoms in its structure: potassium
(1b), magnesium (1a) and fluorine (3d). The absence of octahedral tilts in KMgF3 results in cubic
symmetry (Figure 2.2.1). Thus, the description of the octahedral tilt scheme would be a’a’ a’

(Glazer 1977) and @ = 0 (Zhao et al.1993a, defined below). Table 2.1.3 gives crystallographic

parameters for KMgF; (Pm§m, Z = 1) from this study and Burns et al. (1996) and shows that all
atoms in this structure are in special positions.

The holosymmetric character results in perfect cubic coordination of both cations. The 12 -
coordinated potassium atoms are centralized in a coordination sphere of radius 2.822(1)A, and
magnesium cations are in octahedral coordination by six fluorine anions at a distance of 1.995(1)A.
The first coordination sphere for fluorine contains only two magnesium atoms and reflects the B - X
- B angle of 180° illustrated in table 2.1.3.

Bond valence parameters (BVP) were computed utilizing the IVTON software package.
Submitted (Sub) and calculated (Calc) values for each crystallographically distinct ion are in

reasonable agreement and are given in adjacent columns in the fifth row of table 2.1.3.

10



Table 2.1.3 Comparison of crystallographic characteristics of KMgF; from this

work and Burns ef al.(1997)

Figure 2.1.3

&

Atom K Ma F

site 1a 1b 3¢

icoordination # 6 12 2

Point Symmetry m-3m im-3m 4/mmm

BVP [Sub [Calc 1.0 Mo Ppo Po }1.0 L1.0

IAtomic Coordinates x| 1/2 0 1/2
V12 0 1/2
211/2 0 0

N 1/48 1/48 1/48

7 1

Crvstal System cubic

Point Group m-3m

Space Group Pm3m

Reflection limiting conditions _ [none

la (A 3.9903(0) 3.9859

This studv Burns et al.(1997)

V(A% 63.536(3)

@ 0

2] 0

D 0

Bond lenath (A)

K-F 2.822(1)

Mg - F 1.995(2)

Bond Angle °

B-X-B 180

P 4

A - Site potassium ion

MgF. Octahedra

Cubic perovskite structure of KMgF;

11



2.2.1 Neighborite (NaMgFs)

Neighborite (NaMgF3;) was discovered in 1961 in the Green River formation South
Ouray, Utah by Frank Neighbor, a geologist for the Sun Oil Company (Chao et al. 1961).
Initially characterized by Chao er al. (1961), neighborite is of particular interest to mineralogists

because it possesses structural, chemical and electronic properties similars to those of MgSiO; —

perovskite, the phase believed to constitute the bulk of the lower mantle (Zhao et al. 1993).

Table 2.2.1 gives a comparison of cell dimensions and atomic coordinates of neighborite

as determined from this and previous studies (Chao et al. 1961, Zhao et al. 1993a, b, 1998).

Table 2.2.1Comparison of crystallographic characteristics of NaMgF; (Pbnm, Z=4)

from this work and previous studies.

WY CKOFF N This study Zhaoetal. Chao et al. Leutgert
POSITION (1992)
a 5.3609(1)  5.3596(1) 5.363(1)  5.325(3)
b 5.4862(1) 5.4867(1) 5.503(1)  5.484(3)
¢ 7.6661(1)  7.6657(1) 7.676(1)  7.654(3)
Volume 225.46(1) 225.42(1)  226.54(1) 2235
4c 0.5 Na
x 0.9897(3)  0.9893(3) 0.9896(3)
y 0.0439(2)  0.0443(3) 0.0441(2)
z 0.25 0.25 0.25
4b 0.5 Mg
X 0 0 0
y 0.5 0.5 0.5
z 0 0 0
4c 0.5 F(1) apical
x 0.0897(3)  0.0865(4) 0.0886(4)
y 0.4723(3) 0.4716(4) 0.473(3)
z 0.25 0.25 0.25
84 1 F(2) Equatorial
x 0.7035(2)  0.7013(3) 0.7027(2)
y 0.2961(2) 0.2953(3) 0.2948(2)
z 0.0474(1)  0.0468(2) 0.0459(1)

D= 0.59 (This work). N = Wyckoff number/ Multiplicity of the general position.

Note. Final agreement factors for synthetic neighborite are Rg=4.93, Rp =10.78, Ryp =14.25, S=1.77, D-W

12




The space group of neighborite is conventionally given as Pbnm, which is the cab setting
of space group no.62 (Zhao et al. 1993a,b). This setting normally places the longest unit cell
dimension parallel to the c-axis, the shortest parallel to the a-axis and the intermediate parallel to
the b-axis. Arrangements of the six symmetrically equivalent settings are illustrated in figure

2.2.1 (O’Keefe and Hyde 1996).

Figure 2.2.1

Various settings of space group no.62 illustrating the relative positioning
of symmetry elements with respect to the cell axes. Pbnm is preferred by solid
state scientists for orthorhombic perovskite structures.

13



2.2.2 X-Ray Diffraction Data

X-ray diffraction data were collected and processed by methods outlined in section 1.3.1
and 1.3.2. Figure 2.2.2.1 illustrates good agreement between the calculated and observed patterns

for neighborite in a Pbnm setting.
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D . .
g 312
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Figure 2.2.2.1
XRD Rietveld difference plot for neighborite, Cu Ko radiation 20 — 80° 26

14



The superlattice diffraction peaks of the distorted perovskite structure can be related
directly to octahedral tilting. The two types of octahedral tilting, namely ¢ and ¢, will result in
two distinct types of superlattice diffraction peaks. When indexed in a doubled pseudocubic cell
2a,x2a,x2a, (Z=8) inphase rotations such as ¢" develop reflections with indices odd-odd-even
(ooe) whereas antiphase rotations such as ¢ develop indices of the type odd-odd-odd (000).
Specifically, in the orthorhombic Pbnm phase with a tilt system of ¢, @, ¢." , ooo indicies such
as (113)2, (131)2, (311)y, indicate tilts of ¢ @,". Indices of the type ooe such as (130)y,,
(310)2p, (132)5p, (312),, indicate the ¢," tilt (Zhao e al.1993b).

Zhao has also shown that reflections of the type eeo, ie. (023),, (223),, indicate

antiparallel displacement of the A-site cation (Na) perpendicular to the [001], axis.

Transformation of Akl indices given for the multiple pseudocubic unit cell 2a,x24a,x2a,

(Z=8) to orthorhombic \/2ap X \/2ap X 2a, (Pbnm Z=4) indices is given by equation (7):

12 <12 0

(1) (hkDPbnm =(hk 1) 172 1/2 0

0 0 1

The inverse transformation: Pbnm — doubled pseudocubic unit cell, is given by equation (8):

1 1 0
(8) (h’ k: I)Zap = (h, k, I)anm
-1 1 0
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Thus, neighborite peaks with indices {121, 103, 211} ppnm indicate antiphase tilting 8=
¢ x+y» Whereas peaks with indices (120, 210)ppnm and (122, 212)ppnm indicate in-phase tilting

@ = ¢ ,about [001]. Finally, peaks with indices (113) ppam (023) ppam indicate the displacement of
the A-cation. (Zhao et al. 1993b). Superlattice diffraction peaks indicative of octahedral rotation

and A4 — site cationic displacement are illustrated in figure 2.2.2.2.

210 103 022 113 122 220 221
120 211 202 212 004 023
b 121 | I | | I I [

I
a-
—

Intensity, arbitrary units

AD

U

| ] | | 1 |
38.00 40.00 42.00 44.00 46.00 48.00
20, degrees

Figure 2.2.2.2
X — Ray powder diffraction pattern of neighborite (x =0, Cu Ko radiation) for 26 range

36 — 50°. Diffraction lines are indexed on a Pbnm cell; for refinement results see appendix A - 1.
The pattern incorporates “lattice” peaks and superlattice peaks indicative of anti phase rotation
(@), in — phase rotation (¢*) and A4 — site cationic displacement (AD).

16



2.2.3 Structure of Neighborite

The primary mechanism for the reduction of symmetry from the ideal cubic setting to the
pseudocubic, distorted orthorhombic neighborite structure is octahedral rotation. The octahedral
tilt system in neighborite consists of two equal antiphase tilts along the a; and a, pseudo-cubic
axes, and a third, inphase tilt, of differing magnitude about the pseudo-cubic a3 axis. Using the
notation described by Glazer (1977), neighborite has an a'a’c’ tilt scheme. Figure 2.2.3.1
illustrates the neighborite structure viewed along the c-axis. Successive layers of octahedra lying
in parallel planes perpendicular to the c-axis display the inphase ¢ tilting indicated by arrows 1
and 2.

The two antiphase a’a’ tilts are also shown in figure 2.2.3.1 (arrows 3,4,5 and 6) however
these tilts are better observed in figure 2.2.3.2, where the neighbourite structure is viewed close
to the [100],, direction.

Zhao et al. (1993b), also describe the octahedral tilt scheme of the perovskite structure.
Their approach utilizes three tilts (¢, 6, @) which are coincident with the [100],,, [110]4p, [111]4,
pseudocubic axes respectively. The two equal antiphase tilts, [100],, and [010],,, (¢ @), can be
combined into a single [110],, tilt (6.4,) tilt. When three tilts are present, they can be combined
and described as a single [111] 4, tilt. Figure 2.2.3.3 displays the orientation of the three tilt axes.
Note that the [100],, tilt axis corresponds to the same pseudocubic axis used in Glazers notation.

Similarly, the a'a’c” tilts described above can be described here as @@, ¢.". For neighborite ¢ =

8.52° 6=12.26" and @= 14.90° (this work)'.

" Derived from cell parameters, see section 3.3 method A.
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Figure 2.2.3.1

Neighborite perovskite structure viewed along the c-axis. Arrows 1 and 2 represent the in phase
c* tilt. Arrows 3 through 6 indicate two antiphase @'a” (equal magnitude) tilts. The relationship between
the cubic (dashed black line) and orthorhombic (solid) unit cells is illustrated.

18
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Figure 2.2.3.2
Neighborite perovskite structure. Note the antiphase tilting into the page along the a, pseudo-cubic

direction. There is an identical tilt scheme about the a; pseudo-cubic direction (arrows not shown).
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Figure 2.2.3.3
Octahedral diad, triad and tetrad rotational axes (tilts 6, @and ¢ respectively)
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2.2.4 Coordination Analysis

A coordination analysis was completed for neighborite utilizing the software
package IVTON and procedures described in section 1.3.2.

Coordination of both cationic sites is in good agreement with the bond valence

parameters calculated for each site by IVTON: Na, 1.009; Mg, 2.019; F, -1.007.

The ratio of the A — site polyhedral volume / B — site polyhedral volume (V ,/Vpg)

is an effective measure of structural distortion in perovskites. V4V values less than 5

indicate structural distortions resulting from octahedral rotation, whereas values greater
than 5 indicate structural distortions caused by cationic displacements, resulting in
hexagonal symmetry (Thomas 1989).

In neighborite, coordination of the A-site cation by X-anions is reduced from 12 in
the ideal cubic structure to 9 in the distorted orthorhombic structure. This decrease in
coordination results in “uncoordinated space” in the orthorhombic unit cell. To acquire
meaningful values of polyhedral volume ratios, the volume of the “uncoordinated” space
must be considered as part of the A-polyhedron. Calculation of the total 4 - polyhedral
volume is given by the expression
Va=Veen/ Z)—Vp (1)

Where; V4 is the volume of the A-polyhedra including the uncoordinated space, Vp is the
B-polyhedral volume and V.. is the unit cell volume

Deviation from the holosymmetric arrangement is given by variation in the B-X

bond lengths in table 2.2.4.1. X-B-X bond angles are not given as they do not deviate

significantly from the ideal values of 90° and 180° (section 3.8).
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Given the cell parameters from table 2.2.4.1 and the B-polyhedral volume given
by IVTON as 10.41A, the 4- polyhedral volume calculated by equation (1) is 45.98A°
producing a polyhedral volume ratio of 4.416 for neighborite.

Variables for fractional atomic coordinates chosen for neighborite are given in
column 1 of table 2.2.4.1 where u,v,w are fractional atomic displacements from special
positions in the unit cell. Values of atomic displacements (#,v,w) from special positions

in the ideal perovskite structure (column 3) are given in column 4.

Table 2.2.4.1 Atomic Displacements for NaMgF; (A).

Atom General (1)  Neighborite (2) Ideal Cubic (3) Difference (4)

A (Na)

x 1-u 0.9903 1 0.0097
y v 0.0433 0 0.0433
z 0.25 0.25 0.25 0

B (Mg)

x 0 0 0 0

y 0.5 0.5 0.5 0

z 0 0 0 0

X(1) (F-Apical)

x u 0.089 0 0.089
y 0.5-v 0.4736 0.5 0.0264
z 0.25 0.25 0.25 0

X(2) (F-Equatorial)

x 0.75-u 0.7034 0.75 0.0466
y 0.25+v 0.2964 0.25 0.0464
z w 0.0483 0 0.0483

Displacements of the F(1) atom in the # and v directions coupled with
displacement of the F(2) atom in the w direction results in the antiphase tilting among
the BXs octahedra about the [100],,, [010],, directions (¢ ++,) and are therefore directly

related to the {121, 103, 211} ppnm triplet. # and v displacements of the equatorial F(2)
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atoms are related to inphase octahedral rotation about the [001]s, axis (¢7.). These
displacements therefore develop the (120, 210)ppnm and (122, 212)ppam doublets.

The (¢#«+y) rotation results in an oscillatory distribution of fluorine atoms about
the rotational axes, developing axial glide parallel to b through a plane perpendicular to x
in addition to the n-glide perpendicular to y. Successive layers of octahedra perpendicular
to the [001],, axis have an inphase tilt (4#',) and are related symmetrically by mirror
symmetry through a plane perpendicular to [001],,.

Antiphase rotation of the BXg octahedra results in doubled periodicity along the
[100]4, [010],, [001],, directions, which necessitates reorientation of the unit cell @ and b
directions, illustrated in figure 2.2.3.1. Assuming rigid octahedra, deviation of the F(2) z
coordinate from the cubic setting results in doubled periodicity along the [001],,
direction. This results in reorientation of the unit cell such that the cell parameters for an

orthorhombic Pbnm setting are related to the cubic setting by the following expressions;

a,- a,\2 )
bo- a, \2 (3)
o= 2 a, 4)

Where a, b, and ¢, are the orthorhombic cell dimensions and a, is the
pseudocubic cell dimension. In addition, the pseudocubic subcell dimensions may also be
related to the orthorhombic structure by:

4= NV /2) (5

Where V.. represents the orthorhombic unit cell volume, Z is the number of

formula units in the cell and a, represents the pseudocubic cell dimension. A summary of

the pseudocubic cell dimensions calculated by each method above is given in table
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2.2.4.2. The mean pseudocubic cell dimension is based on the average value derived by
formulae 2, 3 and 4 whereas the pseudocubic cell dimension based on the unit cell
volume is derived by equation 5.

In addition to distortion of the octahedral framework, octahedral rotation causes
bending of the B — X — B bond angle, which, in turn results in shortening of the
pseudocubic cell dimension relative to the ideal cubic setting. Table 2.2.4.2 gives selected
bond angles and interatomic distances. Internal octahedral angles and ligand - ligand
distances do not deviate significantly from the ideal cubic setting and indicate relatively
low octahedral distortion. A detailed description of polyhedral distortion, bond angle and

bond length distortion is given in section 3.

Table 2.2.4.2 Selected Interatomic distances and bond
angles for neighborite

Selected Internal Octahedral Angles Ma - F Bond Lengths
F1- Mg - F1 180 Mg -F1 1.9818
F1- Mg - F2 88.50 Mg -F1 1.9818
F1 - Mg - F2 88.90 Mg -F2 1.9777
F1 - Mg - F2 91.50 Mg -F2 1.9898
F1- Mg - F2 91.10 Mg -F2 1.9777
F1- Mg - F2 91.50 Mg -F2 1.9898
F1- Mg - F2 91.10

F1 - Mg - F2 88.50

F1- Mg - F2 88.90

B - X - B Bond Angles Mg -Mg

Mg - F1- Mg 150.51 Mg - Mg 3.8353
Mg - F2 - Mg 150.34

Pseudocubic Cell Dimension
ap (mean) 3.8344(1)
ap (volume) 3.8342(1)

Selected Interatomic distances and bond angles for neighborite indicate
relatively low octahedral distortion. This assumption is required for
meaningful values of f, polyhedral volume ratios. For final agreement
parameters see appendix A-1.
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Chapter 3 Solid Solution Series Na;_, K, MgF;

3.1 Introduction
Investigation of synthetic Na;..K.MgF; compounds revealed a complete solid solution
between neighborite and its potassium analogue. The series has two structural phase transitions,

which are, in order of increasing potassium content: from orthorhombic Pbnm (Z = 4) to

tetragonal P4/mbm (Z = 2) at x = 0.35 - 0.40, and from tetragonal P4/mbm to cubic Pm3m
(Z=1)atx=04-0.5.
3.2 XRD Data

Orthorhombic superlattice diffraction peaks that directly reflect differences in a, b, ¢
axes such as the triplet {020, 112 ,200} ppmm and doublet {022, 202} ppnm gradually coalesce with
increasing potassium content becoming irresolvable at x = 0.35 (figure 3.2.1). The intensity of
peaks indicative of 4 — site cationic displacement such as {113 ,023} py,m decrease gradually
with increasing potassium and are not observed in members containing greater than 30 mol%
potassium. Orthorhombic reflections related to the antiphase ¢ .4+, tilts, namely the {121, 103,
211} ppnm peaks, decrease rapidly in the x = 0.10 — 0.20 range, and are not observed in the x =
0.40 member of the solid solution series. Finally, the orthorhombic {120, 210} ppnm and {122,
212} ponm peaks coalesce to form the (210)pgsmem and (211)pymsm primitive tetragonal peaks
respectively. These peaks, indicative of the inphase ¢, tilt, gradually decrease in intensity with
increasing potassium content. The (210)p4msm peak is the only remaining superlattice diffraction
peak in the x = 0.40 member of the series. The coalescent peaks are indicative of inphase tilting
and overall tetragonal symmetry (space group P4/mbm). The significance of these changes with
respect to polyhedral rotation, polyhedral distortion and ionic displacement is discussed further

in sections 3.4 — 3.9.
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Figure 3.2.1
INlustrates stacked XRD spectra from members in the x = 0.00 — 0.40 compositional

range Cu Ko radiation. Peaks indicative of symmetry changes are indexed.
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Figure 3.2.2 gives the probable sequences of successive structural phase transitions from

orthorhombic Pbnm to the cubic Pm 3 m symmetry (Aleksandrov 1976).

The distinction between P4/mbm and I4/mcm in the range x = 0.40 — 0.46 was based on
the emergence or disappearance of peaks characteristic of these space groups (figure 3.2.3). The
development of the primitive tetragonal (120)pymsm peak from the coalescence of the
orthorhombic {120, 210} is clearly resolvable in the x = 0.40 member of the series. The
(121)p4/mpm forms from the coalescence of the {122, 212} pyum peaks and is also an indication of
primitive tetragonal symmetry. The (121)py/mpm peak cannot be seen in the XRD powder pattern
for the 40 mol% member however, the intensity of this peak is in good agreement with
calculated pattern derived from the Rietveld refinement.

I4/mcm symmetry in the perovskite structure is characterized by the development of the
(211)14/mem from the coalescence of the {121, 103, 211} ppum peaks. The difference between theses
two tetragonal space groups in this context is whether the single remaining tilt is an inphase
(P4/mbm, a°a’c") or antiphase (I4/mem, a’a’c’) rotation of the BXjs octahedra about a
pseudocubic tetrad axis. Thus, the presence of the (120)pgmpm and the (121)pgmsm in addition to
the absence of the (211)14mem is good indication of overall tetragonal symmetry. A detailed

assessment of octahedral rotations is given in section 3.4.

Members containing greater than 50 mol% potassium are cubic Pm3m and do not
display significant changes in XRD patterns. Patterns for members in the compositional range x
= 0.6 — 1.0 are illustrated in figure 3.2.4. Cubic diffraction lines in this range shift to lower 20

with increasing potassium content, indicating progressively increasing cell dimensions.
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Progressive change in symmetry through the solid solution series Na,., K, MgF;. Development of a
primitive tetragonal phase is indicated by the presence of a tetragonal (120) peak. Cu Ko radiation.
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Cubic X-ray diffraction patterns for members in the x = 0.5 — 1.0 range. Some patterns contain a
minor amount of MgO not visible in this illustration. Final agreement factors for all XRD patterns are given

in appendix A-1. Cu Ku radiation
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3.3 Neutron Diffraction

Neutron diffraction data were collected using a DUALSPEC C2 high-resolution constant
— wavelength powder diffractometer located at Chalk River Laboratories, (Atomic Energy
Canada Limited) Chalk River, Ontario, Canada. In general, the diffraction data were collected
from 35° — 115° 20 using a wavelength of 1.32856 A. The neutron beam was monochromated by
Si (3 3 1 plane), with a take — off angle of 73.9(9)° 26. The samples were packed into vanadium
sample cylinders with a volume of approximately 1.5cm’. The neutron and X-ray diffraction data
were similar for those compositions which were investigated. Unfortunately only members with
compositions of x = 0.0, 0.3, 0.4, 0.5, 1.0. could be analyzed with neutron diffraction.

Table 3.3.1 compares the refined results acquired from each data source. Column 3 in
table 3.3.1 contains differences between values derived from the refinement of the two different
types of analyses. The Rietveld refinement of the neutron diffraction data gave higher Rprage
values than that for the X — ray diffraction data as a result of a poor neutron background fit.
However, peaks indicative of structural phase transitions were observed at the calculated angles
and intensities. Figure 3.3.1 is taken from the Rietveld difference plot of the neutron diffraction
pattern of the x = 0.4 member of the series in which peaks indicative of tetragonal P4/mbm
symmetry ((210) and (211)) are observed. Crystallographic parameters such as cell dimensions
and atomic coordinates derived from the Rietveld refinement of the neutron diffraction data are
in good agreement with those derived from the X — ray diffraction data (Table 3.3.1).

To improve peak resolution for intermediate member x = 0.50, long wavelength (2.3548
A) neutron diffraction data were collected. Unfortunately, these data did not improve the
resolution of the (210)pympm reflection. A Rietveld difference plot for this analysis is given in

figure 3.3.2. All analyses of the x = 0.50 member (X — ray and neutron) gave similar results for
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the (210)pymsm peak. There is evidence of a peak in the 56.0° — 59.0° 20 range, however this

reflection is sufficiently broadened to prevent an unequivocal refinement in either cubic

(Pm 3 m) or tetragonal (P4/mbm) symmetry. The broadening effect may be attributed to the

presence of a mixture of cubic and tetragonal domains (further discussed in 3.10).

Table 3.3.1 Comparison of X — ray and neutron diffraction data for x = 0.30, 0.40 and

0.50
x=0.30 Pbnm x=0.40 P4/mbm x=0.50 Pm3m
Neutron X-ray Difference Neutron X-ray  Difference Neutron X-ray  Difference
a 5.501(1) 5.4947(0) 0.006257 5.5434(4) 5.5459(0)-0.00128 3.9354(2)3.9403(1)-0.004874
b [5.521(1) 5.5199(0) 0.001152 5.5434(4) 5.5459(0)-0.00128 3.9354(2)3.9403(1)-0.004874
c [7.804(2) 7.8057(0) -0.001376 3.9221(0) 3.9232(0)-0.001189 3.9354(2)3.9403(1)-0.004874
Na x 10.9873(2) 0.9954(8) -0.00806 1 1 0 0
y [0.009(4) 0.0153(8) -0.00601 0 0 0.5 0.5
z 1025 0.25 0 0 0 0
K x )0.9873(2) 0.9954(8) -0.00806 1 1 0 0
y 0.0093(4) 0.0153(8) -0.00601 0 0 0.5 0.5
z 025 0.25 0 0 0 0
Mg x (0 0 0 0 0 0
y 0.5 0.5 0 0 0 0
z 0 0 0 0 0 0
F(1) x 10.048(3) 0.0561(1) -0.00841 0 0 0 0
y 0.493(3) 0.4941(10)-0.00091 0 0 0 0
z_0.25 0.25 0.5 0.5 0.5 0.5
F(2) x [0.718(1) 0.7157(6) 0.0024 0.2699(8) 0.2711(6)-0.00119
y 0.271(1) 0.2843(7) -0.01252 0.7699(8) 0.7711(6)-0.00119
z 0.011(1) 0.0213(6) -0.01022 0 0
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Calculated and observed neutron diffraction patterns for x = 0.40. The lower line represents a

difference plot from the two above patterns. For final agreement parameters see section A -1
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Ilustration of the peak broadening effect observed in the neutron diffraction pattern from 56° —

59° 20 in the x = 0.50 intermediate member.
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3.4 Octahedral tilts

Description of the octahedral tilts in the (Na,K,)MgF; solid solution series using the
notation developed by Glazer (1977) gives a'a’c for the orthorhombic Pbrnm members (x = 0 -
0.40). This method requires deconvolution of octahedral rotations into three component rotations
about the three cubic tetrad axes. Deduction of the tilt system will indicate the symmetry of the
octahedral framework but may not be indicative of the crystal symmetry. Octahedral distortion
and cationic displacement may result in a further decrease of overall crystal symmetry.

A - site cationic displacements in orthorhombic members of the (Na;.K,)MgF; solid
solution series are restricted to the x — y plane and are concordant with the glide symmetry
present in the Pbnm space group. For non — cubic members of the series investigated there is no
B — site cationic displacement and BXj octahedral distortion is low (&< 0.02, section 3.4.3). In
the x = 0.35 member of the series (fig 3.4.1) reflections indicative of 4 — site cationic
displacement are indistinguishable from the background, the observed (113) diffraction line is
<1% relative intensity. However, reflections indicative of both the inphase (¢#,") and antiphase
(@y) tilts are present (indicated in figure 3.4.1). Table 3.4.1 gives the crystallographic
characteristics of the x = 0.35 member of the series, note that the 4 — site cation is not displaced
from the ideal position. These observations indicate that the overall crystal symmetry is only
influenced by octahedral rotation, and not by cationic displacement. The refinement for this
member converged with an unusually high Rprge 0f 10.80 %; which is attributed to low relative
intensity and overlap of reflections indicative of fluorine displacements.

The tetragonal (P4/mbm, Z, = 2) members of the series have a single inphase tilt about the
¢ — axis and belong to the a’a’¢" tilt system. This tilt system is present only in the x = 0.40

member of the series.
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Figure 3.4.1
XRD Pattern of x = 0.35 showing no resolvable (113) reflection indicative of A4 — site cationic

displacement. Cu Ko radiation

Table 3.4.1 Crystallographic Characteristics of x = 0.35

Na K Mg F(1) F(2)

a 5.5218(4) |x 0 0 0 0.0587(1) 0.7168(6)
5.5387(4) 0 0 0.5 0.4920(10) 0.2843(7)
7.8319(5) |z 025 0.25 0 0.25 0.0206(6)

ap 39123 |B  2.46(5) 2.46(5) 0.82(4) 2.3(2) 1.7.(1)
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Members of the solid solution series with x = 0.5 — 1.0 are cubic and all tilts are absent,

i.e. tilt system a’a’d.

Glazer (1972) does not give a method for determining the magnitude of any given tilt,
restricting this scheme to a qualitative description of the relative magnitude and nature (inphase
vs. antiphase) of the tilt system.

Zhao et al. (1993b) recognize and resolve this problem by giving several different
methods of calculating octahedral tilts. The magnitude of the tilts may be derived from: cell
dimensions (Method A); B—-X-B bond angles (Method B); or a combination of cell dimensions
and anionic displacements from special positions in the unit cell (Method C). Equations for the

derivation of the magnitude of these tilts are given below.

Method A Method B

f=cos” (a/c) 0=((180° - < B—X(1) - B>)2)
g=cos’ (V2alc) cos @=cos ¢ y*cos ¢,

@=cos™ (N2 d*/ be) = cos’ & x

Pty = acosVcos 8

¢." = (180° - <B — X(2) — B>)/ cos #»

Method C

S
I

acos (cos ¢ +cos 6)
0= tan’ (4 « (\x’ F(1)+\y’F(1))/c)

¢=tan'(4 = ("X’ FQ)+\)’FQ)N(@’ + b%)

@ = acos (cos ¢ *cos 6)

*x and y represent atomic displacements in angstroms from special positions for Method C, i.e.( u * a),( v *b),
(weo).
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Figures 3.4.2, 3.4.3 and 3.4.4 illustrate trends in octahedral tilts calculated by methods A,
B and C respectively. Discrepancies among tilts calculated by the three methods arise from
octahedral distortion and the insensitivity of the X-ray diffraction method to the position of the
fluorine atoms in this structure. Interestingly, complimentary neutron diffraction data did not
yield data that are more accurate (section 3.3). For the purposes of this study, Method B is
considered to be most accurate as a result of relatively low BXj octahedral distortion, (section
3.5.2). A common feature of all three methods is a decrease in octahedral rotation with

increasing potassium content.
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Octahedral tilts from Cell Dimensions, Method A.
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Octahedral tilts from Atomic Displacements, Method C.
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Table 3.4.2 Comparison of octahedral tilts derived from methods A, B and C

Space group Pbnm Pbnm Pbnm Pbnm Pbnm P4/mbm

Composition (x) 0.00 0.10 0.20 0.30 0.35 0.40
Tilts (degrees)

Method A

¢ 8.52 7.38 7.08 5.43 4.39

7 12.27 10.27 8.67 5.48 4.48

/) 14.90 12.62 11.17 7.71 6.27

Method B

@ 10.46 9.32 8.75 6.69 5.31

@z 10.60 9.32 7.02 6.03 5.47 4.80
% 14.75 13.15 12.35 9.45 7.50

D 18.01 16.07 15.10 11.56 9.18

Method C

¢ 10.49 9.44 8.93 7.67 6.42 4.82
6 14.75 13.14 12.59 9.47 4.04

) 18.03 16.13 15.40 12.17 7.58

Note: The ¢ tilt given by method C indicates the ¢ tilt only.

Table 3.4.2 compares tilt angles calculated by the three methods. Methods B and C give
an additional individual calculation for the (001), &', tilt, the only tilt present in tetragonal
members. Figure 3.2.1 illustrates the gradual disappearance of reflections associated with
octahedral rotations characteristic of the neighborite perovskite structure. The {121, 103, 211}
triplet (@, tilt) coalesce from x = 0 to x = 0.20, then, decreases rapidly towards x = 0.30.
Reflections indicative of inphase rotation {120, 210} and {122, 212} also coalesce, but do not
decrease as rapidly as their antiphase counterparts, showing no significant change in intensity
among members that contain less than 30 mol% potassium. They exhibit significant decrease in
the x = 0.30 — 0.40 compositional range but remain after the disappearance of the “antiphase

peaks”, indicating primitive tetragonal symmetry (section 3.2)
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3.5 Cell Dimensions

The relationship of the pseudocubic subcell to the orthorhombic cell is illustrated
in figure 2.4.1. Equations 2 — 5 are from section 2.5 and show two methods by which the

pseudocubic cell dimension may be calculated from the orthorhombic cell dimensions.

a- a,\2 2)
br— a, 2 (3)
c=2a, “@)

ay=*N(Vear / Z) (5)

Equations 2 — 4 give derivations of subcell dimensions based on each
crystallographically distinct axis. Figure 3.5.1 illustrates subcell dimensions calculated
for each member of the series. The orthorhombic members show the greatest variance in
subcell dimension which nearly converge for the x = 0.40 member of the series.

For comparison, figure 3.5.2 shows data from each of the above methods, where
the arithmetic mean is taken from values derived by equations 2 — 4. Inspection of figure
3.5.2 shows excellent agreement between the two methods and an overall linear increase

in the pseudocubic subcell dimension.
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Figure 3.5.1
Pseudocubic subcell dimensions where a’,b’,¢’, are subcell dimensions derived from the a,b,¢

orthorhombic axes respectively.
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Figure 3.5.2
Pseudocubic subcell dimensions derived by taking the arithmetic mean of values derived by

equations 2 — 4 and plotting with subcell values derived by equation 5.
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3.6 Polyhedral Volume Ratio

For members of the (Na;.,K,)MgF3 solid solution series the coordination of the 4-
site cation changes with potassium content. The 4 — site polyhedron in neighborite
contains 9 fluorine atoms, representing the smallest A — site cationic coordination number
of all members of the series. In the x = 0.10 intermediate member of the series, the A —
site polyhedron includes 10 F atoms. In this member, there are 4 magnesium atoms closer
to the sodium (Na — Mg 3.2105A <2 and 3.2924A +2) than the remaining two fluorine
atoms (Na — F 3.29364). For these members, (x = 0, 0.10, 0.20) where the 4 — site cation
has fewer than 12 anions in the first coordination sphere, there remains “uncoordinated”
space, given as:

AV =Ven!Z)—(V4+ Vp) (modified version of eq. 1)

The ratio of the A — site / B — site polyhedral volume introduced in section 2.5 is
described quantitatively as f, and is equal to 5 for ideal cubic perovskite structures
(Andrault et al. 1991):

f=V4/Vp

Where V4 and Vj are the polyhedral volumes.

When deriving f, the uncoordinated volume must be added to the A4 — site
polyhedral volume such that the entire volume of the 4 — site in the structure is
considered in the calculation, i.e. V4 for AX},. Figure 3.6.1 illustrates f values gradually
approaching 5 with increasing potassium content, i.e. decreasing octahedral rotation. f =
5 for all cubic members. In neighborite the 4 — site cation is coordinated by 9 fluorine

anions giving a AV value of 15.83 A’ comprising 28.06% of the unit cell volume.
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Figure 3.6.1

Increasing polyhedral volume ratio (f) with increasing potassium content. (This work)

Table 3.6.1 Comparison of polyvhedral data for selected members of the

Na; . K.MgF; Solid Solution Series

Pbnm P4/mbmPm 3mPm3mPm3m

Space group Pbnm  Pbnm  Pbnm  Pbnm

Composition (x) 000 0.0 020 030 035 040 050 0.60 0.70
53609 5.4092 54473 54947 55218 5.5459 3.9403 3.9545 3.9659
54862 5.4973 55102 55199 55387 5.5459 3.9403 3.9545 3.9659

¢ 76661 7.7135 7.7628 7.8057 7.8320 3.9232 3.9403 3.9545 3.9659

Veat 225.47 22937 233.01 236.75 23953 120.67 61.18 61.84 62.38

Veer /Z (Vap) 5637 5734 5825 5919 59.88 6033 61.18 61.84 6238

v, Ivton 30.14 38.66 49.54 5029 51.05 51.05 5098 51.53 51.98

VA 15.83 834

v, calc 4597 4699 47.94 4895 4969  50.11

Vs 1039 1035 1031 1024 1020 1023 . 1020 1031  10.40

7 442 454 465 478 487 499 500 500  5.00

given by IVTON

Where: Veell is the unit cell volume, Veell/Z is the pseudocubic cell volume, V4 Ivton is the
calculated volume of the A —site first coordination sphere given by IVTON, V, is the
“uncoordinated space” given above by equation 5, V4 calc Is the calculated volume of the 4 — site
polyhedron derived from the addition of ¥,and ¥, Ivton, and Vj is the B — site polyhedral volume
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3.7 Bond Length Variance (A)

In most perovskite structures the BXs polyhedra are considered not to undergo significant
distortion during tilting. Experimentally determined B — X bond lengths demonstrate that in most
perovskite — type compounds this assumption is correct (Sasaki et al. 1987). The octahedra may
exhibit small distortions which result in an increase or decrease of B — X bond lengths and/or
angular distortion of the B — X bond angles from 90° or 180°.

Polyhedral bond length distortion is defined as:

A=1/nx X{(ri—r)/r}* x 10* (Shannon 1976)

Where r; and r are individual and average bond lengths respectively and n is the number
of bonds. For the neighborite end member 4 = 0.0030. For comparison 4 = 0.0017 for TiOg in
CaTiO3 (Buttner & Maslen 1992). It should be noted that these distortions are quite small
relative to those observed for Jahn — Teller distorted octahedra e.g. 4 = 8.799 for CuFg in KCuF3
(Burns et al. 1997).

Figure 3.7.1 shows variation in MgFg octahedral bond lengths. Note that the bond length
variance is sensitive to the positions of the fluorine atoms in this structure, which are not
sensitive to the X — ray techniques used here. Thus, the purpose of figure 3.7.1 is merely to
illustrate the relatively low variance of bond lengths in the BX; octahedra. The relatively high
values for x = 0.20 and x = 0.30 members may be considered to be the result of poor refinements.
However, the refinement of the x = 0.20 member converged with an Rpragg 0f 4.66 indicative of
good agreement between the calculated and observed patterns. Therefore bond lengths in the BXj
octahedra exhibit maximum variance in the x = 0.20 — x = 0.30 compositional range followed by

a rapid decrease in variance from x =0.30 — x =0.50
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A — site cations in the Pbnm perovskite may be regarded as being coordinated by 8, 9 or
10 anions (Park and Parise 1997) thus forming a distorted square anti — prism. In this study it
was determined by bond valence analysis that the coordination number for orthorhombic phases
was 9 for neighborite; 10 for x = 0.10 and 12 for the remaining members of the series (section
3.6). Data in figure 3.7.2 represent all 12 F atoms about the A — site cation, which, for the x =0

and x = 0.10 members, includes F atoms outside of the first coordination sphere.
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Figure 3.7.1
Bond length variance of the MgF octahedra for members of the (Na;,)K MgF;
solid solution series.
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Bond length variance of the AX|, polyhedra for members of the (Na,..K,)MgF; solid

solution series.
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