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ABSTRACT: Cubic ReOs-type fluorides often display negative or very low thermal expansion. However, they also typically undergo phase
transitions on cooling and/or modest compression, which are undesirable from the perspective of potential applications. Density measurements
and total scattering data for Mgi.Zr1+:Fery x = 0.15, 0.30, 0.40 and 0.50 indicate that the introduction of excess fluoride into cubic MgZrFs is
accompanied by the population of interstitial fluoride sites and the conversion of corner to edge shared coordination polyhedra. Unlike
MgZrF¢, no phase transitions are seen on cooling these materials to 10 K, and the first high pressure phase transition in these compositions
occurs at much higher pressures than that previously reported for MgZrFs (0.37 GPa). The introduction of excess fluoride also provides for
control of thermal expansion. For all of the compositions studied, negative thermal expansion is seen at the lowest temperature examined and
positive thermal expansion is observed at the highest temperature. The temperature at which zero thermal expansion occurs varies from ~ 150
K for x = 0.50 to ~ 500 K for x = 0.00. High pressure diffraction also indicates that increasing the amount of excess fluoride elastically stiffens

the cubic ReO:s related structure and reduces the extent of pressure induced softening.

1. INTRODUCTION

Thermal expansion is a key consideration when designing compo-
nents that have to display excellent dimensional stability in the face
of temperature variations, or in any application where there are
rapid or large temperature changes. Zero thermal expansion (ZTE)
provides for both excellent dimensional stability in precision opti-
cal and other devices, and good thermal shock resistance. Negative
thermal expansion (NTE) can be used to compensate for the posi-
tive thermal expansion (PTE) of other materials using either com-
posites made from both NTE and PTE materials or by incorporat-
ing NTE components into a device. Since Sleight’s report on NTE
in ZrW,Os over a very wide temperature range," there has been a re-
surgence of interest in the discovery and development of NTE and
ZTE materials.”® This body of work has included the examination
of magnetic materials where magneto-volume effects are exploited,

1! and anti-perovskite nitrides,”” ferroelec-

including intermetallics
trics that display NTE coupled to the paraelectric-ferroelectric tran-
sition,”'* NTE associated with charge transfer in, for example,
BaNiO;'* and SrCusFe;Oy,," and a diverse group of relatively low
density framework solids including oxides, fluorides, cyanides and
MOFs.>*¢ For the latter group, low frequency vibrational modes
that soften on volume reduction are responsible for the NTE.'”$
Unfortunately, framework materials displaying NTE also typically
display structural phase transitions at low pressure.'” This is a sig-
nificant weakness from an applications perspective, as they can ex-
perience stresses while being processed or due to thermal expan-
sion mismatch when used in composites.

Amongst framework NTE materials, metal fluorides with ReOs-
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type structures have received attention®** as they provide many

opportunities for chemical substitution and, with the correct choice
of cations, they can provide optical transparency from the UV
down into the mid-IR.** After the initial discovery of NTE over a
very wide temperature range in ScF3,*® cation substitution in this
material,”>*3® 33 and in cubic cation ordered ReOs-type solids re-
lated to CaZrFe**?* %33 has been explored as a means of tailor-
ing properties. While this approach provides some control, cation
substitutions that reduce the magnitude of the NTE often destabi-
lize the cubic NTE phase and lead to undesirable transitions to a
lower symmetry PTE phase on cooling or very modest compres-
sion.”>?** The large low temperature NTE in materials that remain
cubic on cooling, such as ScFs and CaZrFs, has been associated
with a quantum structural phase transition or incipient instability.**

3940 and redox insertion*' in ReOs-type solids have

3 Nano sizing
also received some attention as methods for the rational tuning of
properties. Methods for tuning the NTE of ReOs-type fluorides
while stabilizing the cubic phase against unwanted phase transi-
tions on cooling and compression are needed. The incorporation of
“excess fluoride” into ReOs-type compositions, where the extra flu-

oride is in interstitial sites, is one possible route to this goal.

Many different cubic ReOs related phases containing “excess fluo-
ride”, meaning more than three fluorides per metal ion, are known,
for example, cubic LnZrF; (Ln - Tm, Yb, Lu),** Ti14Z1:F3.,* and
[M"1Zr,]) ZrFeiox (M" — Mg, Ca, Mn, Fe, Co, Ni, Zn).** Some,
such as, Sci-Zr.Fsi5," YbZrFy;,7* TiZtFo-*° and Tii+Z1t:F31,,* have
received very recent attention from the perspective of controlled
thermal expansion. In materials such as YbZrF-,* TiZrF;.** and
Ti14Z1F3u, ™ the excess fluoride is believed to be incorporated into
the structure by replacing a single fluoride, acting as a shared corner
between two octahedra, with a pair of fluorides, serving as a shared



edge between two coordination polyhedra.*>**° A substitution of
this type changes the flexibility of the framework and, hence, the
phonons responsible for the material’s thermal expansion charac-
teristics. It is also likely to impede the correlated tilting of octahedra
associated with the structural phase transitions that are often seen
on cooling and compressing ReOs-type fluorides. In the current
work, the incorporation of excess fluoride into the structure of
MgZrFs as magnesium is replaced by zirconium, is examined along
with its effect on thermal expansion and the material’s response to
compression. Prior work on this solid solution, MgiZr1+:Fs, indi-
cates a solid solubility limit of x ~ 0.7.%

2. EXPERIMENTAL SECTION

2.1. Syntheses. All syntheses were carried out in a dry, nitrogen-
filled glovebox. ZrF4 (99.9%) and MgF, (99.5%) were purchased
from STREM Chemicals and Alpha Aesar respectively. Mg
Z11:Ferx (x = 0.15,0.30, 0.40 and 0.50) were prepared via the solid
state reaction of ZrF.and MgF,. The reactants were mixed accord-
ing to the target stoichiometry, ground, pelletized, and placed into
nickel tubes with approximate lengths and internal diameters of
100 and 10 mm respectively, which were then sealed via arc-weld-
ing under an argon atmosphere. The unjacketed nickel tubes were
heated to 850 °C (heating rate: 4.13 °C/min), held at 850 °C for 18
h, and then quenched into ice water. The final samples were white
powders. The syntheses were performed on a ~ § g scale for use in
both the X-ray and neutron experiments.

2.2.X-ray Powder Diffraction and Total Scattering. Powder dif-
fraction data were collected at the 17-BM beamline of the Ad-
vanced Photon Source, Argonne National Laboratory using a pre-
cisely determined wavelength of 0.45240 A and a Perkin Elmer
amorphous silicon 2D detector. The samples were sealed, using
epoxy, in Kapton capillary tubes under a dry nitrogn atmosphere.
Temperature was controlled using an Oxford Cryosystems Cry-
ostream (100 — 500 K). Most of the data sets were recorded with a
sample to detector distance of 450 mm leading to Quax ~ 5.8 A™.
However, for each sample a data set was collected at nominally 100
K using a sample to detector distance of 250 mm, giving Qua ~ 8 A°
'. As the set point temperature of the Cryostream does not indicate
the true sample temperature, actual sample temperatures were esti-
mated by a separate run with a thermocouple in place of the pow-
dered samples.

Room temperature data (usable Qua: ~ 25 A™!) suitable for the cal-
culation of pair distribution functions were recorded for all the
samples at beamline 11- IDB of the Advanced Photon Source. A
wavelength of 0.1378 A was used for these measurements.

2.3. Neutron Powder Diffraction and Total Scattering. Neutron
diffraction measurements were made using the PAC (POWGEN
AutoChanger) sample environment on the POWGEN beamline at
the Spallation Neutron Source, Oak Ridge National Laboratory. ~2
g Mgi.Zr1..Fsi:x samples were loaded into vanadium cans under he-
lium. They were cooled to 10 K and heated in steps to 300 K with 3
min equilibration times at each temperature prior to recording a
diffraction pattern. Data were acquired using a 1 A wide wave-
length band, centered at ~0.7 A, with ~15 min of data acquisition
per sample. Additionally, for each sample higher quality data (~4
hour data acquisition) suitable for the calculation of a pair distribu-
tion function (PDF) were collected at 10 K (usable Qi ~ 35 A™).

2.4. High-Pressure X-ray Diffraction. High-pressure X-ray pow-
der diffraction data (298 K, Pmix ~6 GPa) were recorded for the
Mgi+Zri4xFsio samples at beamline 17-BM of the Advanced Photon
Source using an EasyLab “Diacell Bragg-(G)” diaphragm diamond
anvil cell (DAC) while the pressure was continuously increased
with the aid of a programmable syringe pump. The samples were
loaded into the DAC under a dry nitrogen atmosphere. CaF, was
used as an internal pressure calibrant and silicone oil obtained from
Alfa Aesar (mol wt 237 g mol™') served as the pressure-transmitting
fluid. The pressure was determined using the unit cell volume for
CaF, along with its known equation of state.’

2.5. Rietveld Analyses. Rietveld/Le Bail refinements were used to
determine structural parameters and lattice constants. All the fits
were done using the General Structure Analysis System (GSAS)*
along with the EXPGUI® interface. Fourier difference maps calcu-
lated in GSAS from both the X-ray and neutron data were used to
develop a structural model for the excess fluoride containing mate-
rials.

2.6. Density Measurements. Powder samples were lightly pressed
into pellets, weighed and then loaded into a Micromeritics Ac-
cuPyc-2 1340 helium pycnometer. The weight of each pellet was
used along with its volume to determine the sample densities. All
sample handling was performed in a glove box filled with dry nitro-
gen.

3. RESULTS AND DISCUSSION

3.1 Sample Purity and the Mechanism of Excess Fluoride In-
corporation. Powder X-ray diffraction data collected both in house
(Fig. S1) and using synchrotron radiation (Fig. 1) indicate that all
four samples (Mg).Zr1:F sz, x = 0.18, 0.30, 0.40 and 0.50) are cu-
bic (Fm-3m) cation ordered double ReO;-type materials at room
temperature, giving a unit cell edge length twice that of a simple
ReO:-type fluoride such as ScFi. Over the composition range exam-
ined, their lattice constants decrease with increasing zirconium
content in an approximately linear fashion (inset Fig. 1).
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Figure 1. Room temperature synchrotron XRD patterns for Mg
xZr1::Fei2x. Ticks at the bottom indicate peaks from cubic Mg;.
+Zr1:xFs+2x (pink) and silicon (neon green), which was added as an
internal standard. The inset shows the lattice constant as the zirco-
nium content is increased.

In principle, the incorporation of excess fluoride while maintaining
a single ReOs-type phase can occur by either the generation of cat-
ion vacancies or anion interstitials. These two scenarios are readily
distinguishable by density measurements and prior work on ReOs-



type materials containing excess fluoride indicates that the genera-
tion of anion interstitials is the norm.*»* Density measurements
(Fig. 2) clearly indicate that as the zirconium content of Mg..
«Zri+<Feax increases beyond x = 0, which corresponds to stoichio-
metric MgZrFs, the excess fluoride is predominantly incorporated
in interstitial sites. The slight difference between the measured den-
sities and those predicted for the anion interstitial model could
arise from void volume in the sample pellets that is not accessible to
helium, some evaporative loss of ZrF, during synthesis, or the oc-
currence of more than one defect type.
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Figure 2. Measured densities for the Mgi..Zr1.+Fe.2x samples (dark
blue) compared to those calculated for anion interstitial (orange)
and cation vacancy (teal) defect mechanisms. All the density calcu-
lations used experimentally determined unit cell volumes. The un-

certainty in the experimental densities is estimated to be 0.02 gcm’
3

3.2 Local Structure of Mgi..Zr1.:Fs.2« as seen by X-ray and Neu-
tron Total Scattering. The X-ray and neutron derived pair distri-
bution functions (Fig. 3) show systematic changes with increasing

zirconium content indicative of major changes in local structure.

T

Neutron

Figure 3. Pair distribution functions (PDFs) from room tempera-
ture X-ray and low temperature (10 K) neutron total scattering
data. Dashed vertical lines have been added as guides to the eye in

some regions where peak position and areas change significantly
with composition.

In both the neutron and X-ray derived PDFs, the nearest neighbor
M -F peakat~2 Abroadens and moves to longer average dis-
tance as the zirconium content increases from x = 0.15 to 0.50 (Fig.
3 and Fig. $8). In stoichiometric MgZrF, two distinct but very sim-
ilar metal fluoride distances (Mg - F and Zr - F) associated with
linear Mg — F — Zr links are expected. As the density measurements
clearly support the incorporation of excess fluoride by an anion in-
terstitial mechanism, the introduction of extra zirconium must lead
to the replacement of some magnesium by zirconium so that the ex-
cess fluoride materials will contain both Mg — F - Zrand Zr - F -
Zr links. The presence of multiple types of link presumably leads to
the observed broadening of the nearest neighbor M — F peak. The
observed decrease in lattice constant with increasing zirconium
constant (see Fig. 1) is not consistent with the increase in average
M - F distance, seen in the PDFs, if all of the fluoride lies on a line
between the cations. However, if the incorporation of interstitial
fluoride is associated with a change from all corner sharing polyhe-
dra to a mixture of corner and edge sharing units (see Fig. 4), as
previously proposed by Poulain for YbZrF;* and supported by
other recently published work,** the average M - F distance can
increase while the average nearest neighbor M — M distance, and
the lattice constant, decreases. An increase in average M — F dis-
tance is to be expected as the coordination number of the metal
ions increases due to the introduction of interstitial fluoride.
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Figure 4. The incorporation of excess fluoride transforms pairs of
corner sharing octahedra to edge sharing polyhedra.

The nearest neighbor F - F correlation peak in the neutron PDF (~
2.7 A) is quite sharp for the x = 0.15 sample, but develops shoulders
at both higher and lower distances as extra zirconium and fluoride
are introduced into the samples. This is consistent with a move
away from corner sharing octahedra, where a single nearest neigh-
bor F — F distance within each octahedron is expected, to more ir-
regular geometry higher coordination number polyhedra, which are
partially edge sharing. F — F pairs that lie on a shared edge are likely
to be closer together, see for example B—BaZr,F1¢** and o.-SrHfFs*
where distances of 2.38 and 2.35 A respectively were reported for F
— F pairs associated with the shared edges of two ZrF, or HfF; pol-
yhedra. It is also notable that the Zr — Zr and Hf — Hf separations
across this shared edge were 3.61 A%*and 3.63 A respectively.

In the X-ray PDFs, a peak grows in at ~ 3.6 A as extra zirconium is
introduced. A similar feature in the X-ray PDF for YbZrF; * was at-
tributed to the development of a short M — M distance as the intro-
duction of extra fluoride leads to the conversion of corner sharing
octahedra to edge sharing polyhedra (see Fig. 4). This distance is
consistent with the observed Zr - Zr separation for edge sharing
polyhedra in B—BaZr,Fi1o,** o-SrHfF¢* and ZrF..**¥ However, in
studies of TiZrF-.* and Ti1Zr,F3.," a similar peak in the PDF was
attributed to the development of a new M - F distance associated
with a change in metal coordination number. As the correlation



peak at ~ 3.6 A is much more obvious in the X-ray derived PDFs
than in the neutron derived PDFs for the same samples, the assign-
ment of this peak to the distance between pairs of metals lying on
opposite sides of a shared polyhedra edge appears to be appropriate
for the current samples.

In both the X-ray and neutron derived PDFs there are systematic
changes in the region 4 - 5 A. For the end member composition
MgZrFs, with pure octahedral coordination for both cations, near-
est neighbor M — M and next nearest neighbor F — F distances are
expected to be 4 A. The proposed transformation of corner sharing
octahedra to edge sharing polyhedra with higher coordination
number is expected to both broaden the distribution of next nearest
neighbor F - F distances and introduce both short andlong M - M
nearest neighbor distances, where the short M — M distance are as-
sociated with metal pairs on opposite sides of a shared edge, and
the longer distances are associated with pairs of metals in higher co-
ordination number polyhedra sharing a common corner. The ob-
served changes in the PDFs are consistent with these expectations.

3.3 Crystal Structure of Mg:..Zr1..Fe.2« as seen by X-ray and
Neutron Powder Diffraction. A crystallographic (average struc-
ture) model was developed for MgosZr1sF; using a combination of
the X-ray data collected nominally at 100 K, using a short sample-
to-detector distance, and the neutron diffraction data collected at
10 K. Initially, the X-ray data were fit using a model based on the
ideal MgZrFs structure, but with a mixture of zirconium and mag-
nesium on the magnesium site to give a stoichiometry of

“MgosZr1sFs”, using GSAS.” A Fourier difference calculation was
then used to look for any metal displacements from the ideal posi-
tions. The model was updated and the occupancies and positions
were refined with constraints on both the isotropic atomic displace-
ment parameters (ADPs) and the fractional occupancies for the
metal sites in order to maintain the correct stoichiometry. This
model was then used to fit the low temperature neutron diffraction
data. Another Fourier difference calculation was performed, which
revealed new positions around the original fluoride site and indi-
cated that the occupancy of the original fluoride site was too high.
The model was updated to include the new fluoride sites and the
coordinates, occupancies, and atomic displacement parameters
were refined. All the metal sites were constrained to have the same
isotropic ADPs and the ADPs for the three fluoride sites were al-
lowed to vary independently of one another. An anisotropic APD
was used for the fluoride on the normal site for a double ReOs-
structure (F1) as in stoichiometric materials such as CaZrFs and
CaNbF;s the ADP for this sites is highly anisotropic even at 10 K>
** Constraints on the fractional occupancies maintained the stoichi-
ometry while allowing for population of the interstitial sites. The
resulting model (Table 1) was then used in Rietveld fits of the both
the X-ray and neutron diffraction data (Fig. 5). While the Bragg
peaks were fit very well, a strong diffuse background associated with
local deviations from the average structure is apparent in both data
sets.

Table 1. Coordinates, occupancies and atomic displacement parameters for Mgo.sZr,.sF;, modeled in space group Fm-3m, derived from

the 10 K neutron diffraction data.

Wryckoff X y z Fractional Total Occ.# Ui (A2)
symbol Occ.

Mgl 4a 0 0 0 .5000 2.000 .0129(3)
Zrl 4a 0 0 0 25(3) 1.000 0129(3)
Zr2 24e 0 .044(2) 0 .041(4) 0.984 .0129(3)
Zr3 4b 5 5 5 1.000 4 0129(3)
F1 24e 2493(4) 0 0 872 (6) 20.928
F2 96j 249(5) 135(2) 0 034(2) 3.264 047(4)
F3 96k 251(4) .0986(6) 0986 (6) 039(1) 3.744 032(3)

* U1 and Uy are 0.0105(3) and 0.0413(3) A2 respectively, # the composition based on the occupancies is Mga.000Zrs.984F27.936 which is equivalent to Mgo.sZr1.50Fs.98

The final anion interstitial model includes Zr2, (0, .044, 0), slightly
displaced from the original magnesium location, (0, 0, 0), in stoi-
chiometric MgZrFs. This is consistent with the proposal of short
cation-cation distances due to the presence of edge sharing polyhe-
dra. Additionally, there are two new fluoride positions correspond-
ing to the locations of interstitial anions. These fluoride positions
could form the shared edge of two polyhedra within the framework.
However, the distances calculated for the shortest F - F pairs (2.20
and 2.14 A) that might correspond to these edges are short when
compared to those seen in p—BaZr:F1o* and o-StHfF™ (~2.35 A)
and the main shoulder on the nearest neighbor F-F correlation in
the neutron derived PDF for the x = 0.5 sample is seen at ~ 2.55 A

(Fig. 3).
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Figure 5. Rietveld fits to the a) nominally 100 K X-ray data and b)
the 10 K neutron diffraction data using the model for Mgo.sZr1.sF~
shown in Table 1. The sample used for the X-ray experiment in-

cluded asilicon internal standard, whose peak positions are marked
in teal.

3.4. Temperature Dependent Phase Behavior and
Thermal Expansion. In previous work, stoichiometric
MgZrFs was found to display a phase transition from Fm-3m to R-3
on cooling to less than ~100 K.22 Below the transition temperature,
the material showed strong positive volume thermal expansion.
Above 120 - 130 K, negative thermal expansion was observed on
heating up until ~ 500 K. In contrast, the neutron diffraction data for
the fluoride excess materials show no evidence of any structural
phase transition above 10 K, which was the lowest temperature stud-
ied. The phase transition seen in stoichiometric MgZrF is associ-
ated with a cooperative tilting of the MgFs and ZrFs corner sharing
octahedra. The introduction of interstitial fluoride, and the conver-
sion of an all corner sharing ReOs-type framework to one containing
edge-shared polyhedra, apparently prevents this cooperative tilting
from occurring even for relatively low levels of excess fluoride. For
the proposed local structure model, in the lowest fluoride content
sample, with x = 0.15, ~ 5% of the links between neighboring poly-
hedra would involve shared edges rather than corners.

Le Bail fits were performed on both the variable temperature X-ray
and neutron diffraction data to obtain lattice constants. Individual
plots, derived from the X-ray experiments, showing lattice constant
vs. temperature and expansion coefficient vs temperature are
shown in Figs. $3 and $4. The results from the X-ray and neutron
diffraction data are consistent with one another and show a clear
trend with composition (Fig. 6a). For all the compositions, the unit
cell volume goes through a minimum (zero thermal expansion) on

heating, and the temperature at which zero thermal expansion oc-
curs (Fig. 6b) decreases smoothly with increasing zirconium con-
tent. This clearly indicates that the deliberate introduction of excess
fluoride can be used as a strategy to tune the thermal expansion of
ReO:;-type materials and that samples with x ~ 0.22 would likely
show exactly zero thermal expansion at close to room temperature.
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Figure 6. a) Unit cell volumes, normalized to their values at 300 K,
determined by Le Bail analysis of the neutron and X-ray diffraction
data (on heating). The ~300 K unit cell volumes for the x = 0.15,
0.30, 0.40 and 0.50 samples as determined from the X-ray and neu-
tron measurements were (X-ray) 501.07, 497.30, 495.43, and
493.86 A3 and (neutron) 500.95, 497.75, 495.66 and 493.90 A3re-
spectively. b) The temperature at which zero thermal expansion oc-
curs, and negative thermal expansion ends on heating, as a function
of composition for Mgi.xZr1+Fe:2x (0.00 < x < 0.50). The data forx =
0.00 are from Hester et al.?? c) Lattice constant versus temperature
for the x = 0.50 sample on heating and cooling, along with the lattice
constant for the silicon internal standard. The ranges for the two y-

axes were selected to span the same Aa/a.



For modest amounts of excess fluoride (x = 0.15) the volume coef-
ficient of thermal expansion (CTE) reaches a minimum value of ~ -
16 ppmK™* at ~ 175 K (see Fig. $4). On heating the volume CTE
increase to + 3 ppmK™ at 475 K. These values are slightly different
from those observed for MgZrFs (0lvi7sk ~ -12 ppmK™ and Ovarsk ~
-2 ppmK™). Most notably the NTE at 175 K for the fluoride excess
material (x = 0.15) is greater in magnitude than that for the stoichi-
ometric material, presumably because the incorporation of excess
fluoride completely suppresses the occurrence of the cubic to
rhombohedral phase transition that is seen on cooling the stoichio-
metric material to ~ 100 K. On increasing the amount of excess flu-
oride in the samples, both the observed minimum and maximum
volume CTEs move to greater values. For the x = 0.50 sample on
heating, aviask ~ -5 ppmK"' and Ovarsk ~ +37 ppmK. As has previ-
ously been observed for the fluoride excess material YbZrF;, the
unit cell volumes and thermal expansion coefficients for the fluo-

*

Pressure (GPa)

10 15 20 25 3.0 35 40 45 50

2
0
x

Pressure (GPa)

10 15 20 25 30 35 40 45 50
c) Q (A"

ride excess Mgi<Zr1+:Fe:2. are not fully independent of thermal his-
tory (see Fig. 6¢). The synchrotron diffraction measurements for
the x = 0.50 sample, along with a silicon internal standard, show a
significant thermal history dependence for the lattice constant of
the sample, but none for the internal standard. This implies that
the structural features associated with the incorporation of the ex-
cess fluoride relax on heating during the experiment.

3.4. Phase Behavior and Compressibility as a
Function of Pressure. Open framework NTE materials, in-
cluding ReOs-structured solids, are susceptible to phase transitions
at relatively low pressures.”® This is a significant weakness when it
comes to their potential application in composites, where they can
experience stresses due to differential thermal expansion of the filler
and matrix. Consequently, it is important to understand, and ideally
tailor, the response of NTE solids to stress or, less generally, pres-
sure.
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Figure 7. Powder diffraction data for Mg1.Zr1:Fe:2x on compression in a diamond anvil: a) x = 0.15, b) x = 0.30, ¢) x = 0.40 and d) x = 0.50.

*indicate peaks from the pressure standard CaF..

The synchrotron powder diffraction data shown in Fig. 7 indicate
that as the zirconium content of the Mgi<Zr1:<Fs:2x samples in-
creases, the initial cubic (Fm-3m) ReOs-type phase becomes stable
to higher pressures. The first phase transition from cubic to rhom-
bohedral (R-3) for the stoichiometric sample (x = 0.00) was re-
ported to occur at ~0.37 GPa.*> However, for x = 0.15 the cubic
phase remains until ~ 0.65 GPa and for greater fluoride excesses the
cubic phase survives until > 3 GPa. The suppression of this initial
phase transition, which is associated with the cooperative tilting of
octahedra,” is consistent with the conversion of corner sharing oc-
tahedra to edge sharing polyhedra as excess fluorides is incorpo-
rated into the structure. The edge sharing units do not provide the
flexibility to readily rotate in a cooperative fashion.

In stoichiometric MgZrFy, a second crystalline to crystalline phase
transition was seen on compression to ~1 GPa. For thex=0.15
sample, a similar transition seems to occur at ~ 3 GPa, but there are

no signs of a related transition for the other samples. On decom-
pression to ambient the x = 0.15 sample largely recovered (Fig. 8).
Similar behavior was not seen for the x = 0.30 and 0.40 samples
(see Fig. $6), although in the case of the x = 0.40 sample the pres-
sure on decompression never went below 1. 9 GPa. Surprisingly,
decompression of the x = 0.50 sample led to essentially complete
recovery of the starting cubic phase (Fig. $6). The reason for the
different behaviors on decompression is unclear, but it may be re-
lated to the amount of sample packed in each DAC and the associ-
ated presence of non-hydrostatic stresses for some samples but not
others.
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Figure 8. Selected diffraction patterns for the MgixZr1Fe:2x, X =
0.15, sample on compression and decompression. *indicate peaks
from the pressure standard CaF..

A Birch-Murnaghan equation of state (EoS)*® was fit to unit cell
volume versus pressure for the cubic phase of each sample using the
program EoSfit7.*” These data, along with a best fit to either a 3 or
4" order EoS, are shown in Fig. 9. Separate plots of the fits for each
sample are shown in Fig. SS.
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Figure 9. Unit cell volume vs. pressure for Mgi.xZr1:xFs:2x with x =
0.15, 0.30, 0.40 and 0.50, along with fits to 3 or 4" order Birch-
Murnaghan equations of state.®

The parameters from the EoS fits are given in Table 2 along with
the values previously reported for MgZrFes.”> The maximum pres-
sure used in each fit was chosen so that it was either just below the
phase transition pressure, or so that all the data in the fit range
could be reliably described by the EoS. For x = 0.15, the maximum
pressure at which a reliable fit could be obtained was ~ 0.64 GPa.
Beyond this pressure shoulders begin to appear on the most promi-
nent peaks indicating that the peak-splitting that leads to the R-3
phase had already begun (Fig. 8).

Table 2. Parameters from fitting a Birch-Murnaghan equation
of state*® to unit cell volume vs. pressure for cubic Mgi.Zr1.xFe:2x.

X Vo (&%) Ko (GPa) K’ K”o(GPa)
0.00* 500.77(1) 48.2(5) -53.2(2)
0.15 500.4(1) 54(4) -36(9)
0.30 496.9(1) 55(2) -18(2) 2.5(4)
0.40 495.0(3) 61(5) -16(5) -1.6(5)
0.50 494.8(1) 77(2) 21(1) 2.1(2)

*from Hester et al.??

The parameters from fitting the Birch-Murnaghan EoS (Table 2)
indicate that as excess fluoride is introduced into the structure, by
replacing magnesium with zirconium, the bulk modulus (Ko) of the
sample increases. This stiffening is consistent with the conversion
of corner sharing octahedra to edge sharing polyhedra as interstitial
fluoride is introduced, which should reduce the flexibility of the
structure. All of the samples show softening upon compression
(negative K'o), which has been predicted to be common amongst
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materials with a vibrational mechanism for their NT
seen in other ReOs-type NTE materials.”*>?* As the amount of ex-
cess fluoride increases, the extent of the pressure induced softening,
as indicated by Ko’ generally decreases in magnitude, which is con-
sistent with both the conversion of corner to edge sharing polyhe-
dra and the stability of the cubic phase to increasingly high pres-

sures.

4. CONCLUSIONS

The introduction of excess fluoride into cation ordered MgZrFs, by
replacing some Mg™* with Zr*, involves the population of intersti-
tial fluoride sites and the conversion of the initially all corner shar-
ing framework to one where some polyhedra share common edges.
The presence of excess fluoride suppresses the symmetry lowering
phase transition seen on cooling MgZrF¢ and it also stabilizes the
cubic ReOs-type phase on compression. Both of these effects pre-
sumably arise because the conversion of corner shared to edge
shared polyhedra inhibits the correlated rotation of coordination
polyhedra, which is typically associated with phase transitions in
ReO:-type structures. The deliberate introduction of excess fluo-
ride provides a powerful means of tuning thermal expansion, with
the temperature at which zero thermal expansion occurs varying
from ~ 500 K at x = 0.00 to ~ 150 K for x = 0.50, while simultane-
ously avoiding unwanted structural phase transitions that plague
many other open framework NTE materials.
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