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ABSTRACT: Strong volume negative thermal expansion over a wide temperature range typically only occurs in ReOs-type fluorides that
retain an ideal cubic structure to very low temperatures, such as ScFs, CaZrFs, CaHfFs and CaNbFs. CaTiFs was examined in an effort to ex-

pand this small family of materials. However, it undergoes a cubic (Fm? m) to rhombohedral (R? ) transition on cooling to ~120 K, with

a minimum volume coefficient of thermal expansion {(CTE) close to -42 ppm K" at 180 K and a CTE of about -32 ppm K" at room tempera-
ture. On compression at ambient temperature, the material remains cubic to ~0.25 GPa with Ko = 29(1) GPa and K’y = -50(5). Cubic CaTiFs
is elastically softer, and shows more pronounced pressure induced softening, than both CaZrFs and CaNDbFe. In sharp contrast to both CaZrFs

and CaNbFs, CaTiFsundergoes a first order pressure induced octahedral tilting transition to a rhombohedral phase (R? ) on compression

above 0.25 GPa, which is closely related to that seen in ScFs. Just above the transition pressure, this phase is elastically very soft with a bulk
modulus of only ~4 GPa as octahedral tilting associated with a reduction in the Ca-F-Ti angles provides a low energy pathway for volume
reduction. This volume reduction mechanism leads to highly anisotropic elastic properties, with the rhombohedral phase displaying both a
low bulk modulus and negative linear compressibility parallel to the crystallographic c-axis for pressures below ~ 2.5 GPa. At ~3 GPa a further
ordered phase occurs.

phase transition to a poorly

375 K)."”?* However, open framework NTE materials frequently

1. INTRODUCTION

Control of thermal expansion is highly desirable for applications undergo structural phase transition on modest compression, which
: TR . . 2324
where dimensional stability or good thermal shock resistance are can make their application in composites problematic.

needed. The fabrication of composites from mixtures of positive Amongst open framework NTE materials, there has been consider-

18 able recent interest in metal fluorides with ReQOs-related

and negative thermal expansion (NTE) materials'® is a possible

route for creating tailored thermal expansion materials.” However,
in such composites the expansion mismatch between different
components induces stresses on the materials, which can adversely
affect their expansion characteristics.» > ''* Therefore, the response
of NTE materials to stress, or less generally pressure, needs to be
understood along with their expansion characteristics.

Several distinct mechanisms for NTE are well established.’*** In
materials where phase transitions of various types are involved,
strong NTE may occur over a somewhat limited temperature
range, for example, Big.osLao.osNiO3 (aL= -82 ppm/K, AT: 320-380
K), SrCusFeiOn (a= -22.6 ppm/K, AT: 200-230 K),
(Mno.osFeo.04)3(ZnosGeos)N (av=-25 ppm/K, AT: 316-386 K), and
MnCo0ssCro.0:Ge (au= -116 ppm/K, AT: 250-305 K 1518

In open framework solids, with a phonon mechanism for negative
thermal expansion, NTE can be present over a very wide tempera-
ture range, for example ZrW>Os (a1= -8.7 ppm/K, AT: 0.3-693 K),
ScFs (= -5 ppm/K, AT: 10 - 1000 K), [Cus(btc),] (a= -4.1
ppm/K, AT: 80-500 K), and Zn(CN); (ar=-16.9 ppm/K, AT: 25-

structures.”” >*** Using an appropriate choice of metal cations, low
or negative thermal expansion can be combined with optical trans-
parency ranging from the mid-IR into the UV, which is potentially
valuable for multispectral optical applications.”® Strong negative
thermal expansion in ReOs-type fluorides is typically found in
compositions that maintain an ideal cubic structure to very low
temperatures, for example, ScFs,** CaHfFs, CaZrFs*® and CaNbFs.*
However, only a small subset of ReO:s-type fluorides, where the
cations are very electropositive, remain cubic on cooling rather
than going through a symmetry lowering phase transition. CaTiFs
was examined in an effort to expand the range of fluorides known to
display strong isotropic NTE over a wide temperature range. The
solid state synthesis and an initial characterization of CaTiFs was
reported by Hagenmuller and co-workers in 1970,” with subse-
quent mention by Reinen and Steffen in their 1978 work on struc-
ture and bonding in MIVM™E.#



2. EXPERIMENTAL
2.1. Synthesis

CaF; and TiFs, purchased from Sigma Aldrich and STREM respec-
tively, were ground together in a 1:1 molar ratio under a dry nitro-
gen atmosphere. The mixture was pressed into a pellet, and placed
in a copper tube. The tube was sealed by arc welding in argon, and
then sealed inside an evacuated fused quartz ampoule. The am-
poule was heated to 400 °C, held at 400 °C for 24 h, annealed at
350 °C for 24 h, and then cooled to room temperature. The reac-
tion produced CaTiFs, as an off-white powder, with ~ 2 wt% CaF,
as an impurity (see Figure S1).

2.2. High Resolution Variable Temperature X-ray
Powder Diffraction Measurements

High resolution x-ray powder diffraction data were collected on the
11-BM beamline at the Advanced Photon Source, Argonne Na-
tional Laboratory at a wavelength of 0.41272 A using a sample
sealed in a Kapton capillary tube. An Oxford Cryostream 700+
nitrogen gas blower was used for data collection between 300 and
500 K (denoted as “N;” later in the paper). An Oxford Instruments
closed-flow helium cryostat (OptistatCF), denoted “He”, was used
for data sets between 10 and 300 K.

2.3. High Pressure X-ray Diffraction Measure-
ments
High pressure powder x-ray diffraction data were collected on a
Perkin-Elmer amorphous silicon 2D detector, using beamline 17-
BM at the Advanced Photon Source, Argonne National Laborato-
ry, at a precisely determined wavelength of 0.45240 A. These
measurements made use of an EasyLab “Diacell Bragg-(G)” dia-
mond anvil cell, which was equipped with a diaphragm so that the
pressure could be increased under computer control. A low molec-
ular weight silicone oil (Alfa, MW = 237 g-mol™') was used as the
pressure transmitting medium. Pressure was determined from the
lattice constant of CaF», which was added as pressure marker, using
the equation of state reported by Angel.” Data were acquired while
the pressure was continuously increased using a syringe pump to

supply high pressure methanol to the diaphragm.

2.4. Rietveld Analyses of the Powder Diffraction
Data

All Rietveld refinements were performed using the General Struc-
ture Analysis System (GSAS) coupled with EXPGUL** In the
analyses of both the low temperature ambient pressure data and the
high pressure ambient temperature data, the fits to the rhombohe-
dral model were less than ideal due to the presence of some scatter-
ing between Bragg peak maxima, which is attributed to strain asso-
ciated with the domain structure that is present once the ferroelas-
tic cubic to rhombohedral transition has occurred.?® Representative
profile fits for the cubic and rhombohedral phases are shown in Figs
S1 -S4. As the high pressure data had a high background and rela-
tively low Quax (5.5 Al) , a structural model consisting of isotropic
atomic displacement parameters for each atom and fluorine coor-
dinates was adopted. The accuracy of the structural information
from these analyses, especially for pressures close to the phase tran-
sition at 3 GPa where there is significant peak broadening, is lim-
ited. Parameters for the refined structural models and the lattice
constants are reported in the SL

3. RESULTS AND DISCUSSION

3.1. Response to Heating and Cooling

Above 120 K CaTiFs adopts a cubic cation ordered ReOs-type
structure. The peak splitting seen in the variable temperature x-ray
powder diffraction data suggest a phase transition on cooling to ~

120 K from cubic (Fm 3 m) to rhombohedral (R 3 ), which

involves correlated octahedral tilting (Glazer notation aaa).*
Transitions of this type are commonly seen in ReOs-type metal

fluorides.**®
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Figure 1: a) Unit cell volume per formula unit, b) volumetric coeffi-
cients of thermal expansion (CTE), and c) lattice constant versus tem-
perature for CaTiFs. The curves shown in (b) were obtained by differ-
entiation of six and five term polynomial fits to the unit cell volumes of
the cubic and rhombohedral phases, respectively. Additionally, the
CTE was determined point by point (purple/magenta and green sym-
bols). He and N denote helium cryostat and nitrogen Cryostream
sample environments respectively.

The volume per formula unit, volume thermal expansion coeffi-
cients and lattice constants versus temperature obtained from
Rietveld analyses are shown in Figure 1. As is typical of ReOs-type



metal fluorides, the rhombohedral phase shows strong volumetric
positive thermal expansion (PTE), which is highly anisotropic.”® %
In the rhombohedral phase the octahedra are tilted so the Ti-F-Ca
angle is < 180°. As this phase is heated the bond angle increases
(~158.8° and ~165.5° at 16 and 12 K respectively), leading to
very strong positive thermal expansion in the a-b plane of the hex-
agonal unit cell. Just above the phase transition temperature the
cubic phase displays PTE, which is presumably due to the presence
of local structural distortions away from the ideal cubic structure.
This interpretation is supported by the atomic displacement
(APD) parameters shown in Figure 2; the transverse component of
the ADP (Uy,) for fluorine increases on cooling from 130 to 120 K.
Above 130 K the cubic phase of CaTiFs shows NTE up to the high-
est temperature studied (500 K). The NTE is strongest at 177 K
with a oy = -42 ppm K. The expansion coefficient slowly increases
up to -18 ppm K at 488 K.
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Figure 2: Atomic displacement parameters for CaTiFs determined by
Rietveld analysis of data from variable temperature X-ray diffraction
measurements using a helium cryostat (He) and nitrogen Cryostream
(N2). F Ui values are the principle components of the anisotropic atom-
ic displacement ellipsoid for fluorine in the rhombohedral phase.

The thermal expansion of CaM*Fs (M - Zr, Hf, Nb and Ti) are
compared in Figure 3. At low temperatures, the behavior of CaTiFs
is distinct from the other compositions, as it is the only one that
undergoes a phase transition on cooling. The ideal cubic form of
the ReO; structure is reported to be preferred on electrostatic
grounds, with the commonly reported distortions away from cubic
symmetry perhaps arising from polarization of fluoride or covalen-
cy.” Titanium has a higher electronegativity (1.32)* and smaller
size (six coordinate Ti*, 0.605 A)% than zirconium, hafnium and
niobium (1.22, 1.23, 1.23;° 0.72 A, 0.71 A, 0.68 A)*' consistent
with the occurrence of a distortion on cooling CaTiFs, but not the
other CaM**Fe.

L
o o
T
1

v
|
B
o
T

CTEa (ppmK™)
1
(&%)

CaHifF,

=70 E 1
0 50

1 1 1 L 1 1 =
100 150 200 250 300 350 400
Temperature (K)

Figure 3: Temperature dependence of the volumetric coefficients of
thermal expansion for CaM*Fs (M - Zr, Hf, Nb, Ti).? 28 The curves
are six term polynomials, which were fit to the point by point CTE data
for each material to best represent the temperature dependence of their
thermal expansion.

All four CaM*Fs have similar CTEs at close to room temperature.
However, CaNbFs and CaHfFs show the largest NTE at low tem-
peratures, with the volumetric CTE of both dipping down to ~ -70
ppm K. The atomic displacement parameters (ADPs) obtained
from Rietveld analyses of data for CaTiFs are shown in Figure 2.
The overall pattern for the cubic phase is similar to that previously
reported for CaZrFs and CaNbFs. The transverse component of the
ADP for F (Un) is much larger than that of the component parallel
to the M-F bonds, strongly dependent on temperature and extrapo-
lates to a large value (~0.02 A?) at 0 K. This is consistent with a
very soft potential for the transverse motion of the fluoride and the
NTE in the material being driven by this transverse motion, as is
typically the case of cubic ReOs-type fluorides.” Below the phase
transition to a thombohedral structure, the values of the refined
atomic displacement parameters are less well behaved. This is likely
a consequence of parameter correlations for temperatures just be-
low the transition, where the split peaks associated with the sym-
metry lowering are poorly resolved, and also less than ideal fits to
the data for the thombohedral material. As mentioned earlier, the
poor fits arise because there is scattering between the Bragg pre-
sumably due to strains in multiply twinned grains.*® The refined
ADP:s for fluorine are consistent with a relatively soft potential for
fluorine displacements even in the rhombohedral phase.

3.2. Response to Compression

The high pressure x-ray diffraction data (Figure 4a) recorded at
room temperature (~295 K) indicates the occurrence of at least
two structural phase transitions in CaTiFs on compression to 6.5
GPa. Below ~ 0.25 GPa the material is cubic. On increasing pres-
sure, the Bragg peaks split in a fashion consistent with an octahedral

tilting transition to a rhombohedral (R? ) phase, as was seen on

cooling CaTiFs to 120 K. Phase coexistence at ~ 0.25 GPa suggests
that the transition is first order. Structural transitions of this type
commonly occur at low pressures on compressing cubic MF; and
MM’Fs ReOs-type phases™ ** and they are a potential impediment
to application in controlled thermal expansion composites, where
the materials are likely to be subject to stresses from thermal expan-
sion mismatch. However, CaZrFs and CaNbFs do not display an
analogous octahedral tilting transition on compression. Cubic Ca-
ZrFs transforms to a disordered material on compression to ~ 0.4



GPa® at room temperature, and cubic CaNbF; transforms to a new
crystalline phase at ~0.4 GPa.”® These differences may arise in part
because both Zr(IV) and Nb(IV) are much larger than Ti(IV), and
can more readily accommodate an increase in coordination num-

ber.
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Figure 4: a) x-ray powder diffraction data for CaTiFs as it is com-
pressed in a diamond anvil cell. b) Diffraction patterns for CaTiFs at
selected pressures. Peaks from the CaF: pressure calibrant are marked
*¢

At ~ 3 GPa a further phase transformation occurs leading to the
quite abrupt disappearance of the peak at ~ 2.2 A! from the rhom-
bohedral phase and the appearance of broad scattering maxima at ~
1.75 and 1.9 AL,

changes so that is dominated by a single broad maximum at 1.9 Al

Between S and 6 GPa the scattering pattern

On decompression, the sample remained essentially amorphous. A
comparison of the diffraction patterns in each pressure range of
interest is given in Figure 4b.

In Figure S, unit cell volume versus pressure (P < 0.25 GPa) is
shown for cubic CaTiFs along with a fit to a 3" order Birch-
Murnaghan equation of state, which was performed using
EoSFit7.%* The zero pressure bulk modulus, Ko, was estimated to be
~ 29 GPa, indicating that CaTiFs is softer than both CaZrFs and
CaNbFs (Ko 36 and 33.7, respectively). CaTiFg, like several other
cubic MM’Fs phases and the anion excess ReOs-type material
YbZrF;,* shows strong pressure induced softening, Ko’ ~-50(5),
prior to undergoing a transformation to a rhombohedral phase.
The magnitude of this softening is greater than that seen in both
CaZrFs and CaNbFs (Ko’ of -26 and -23, respectively). Most mate-
rials stiffen on compression as volume reduction brings atoms clos-
er together and increases the repulsion between them. However,
Dove et al. have argued that framework structures likely to display
NTE are also likely to show pressure induced softening.**¢ Pres-

sure induced softening has previously been reported for the NTE
materials ZrW,Os and Zn(CN),.5*
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Figure 5: Volume versus pressure for cubic CaTiFs along with a best fit
using a 3" order Birch-Murnaghan equation of state.

The variation of unit cell volume and lattice constants with pressure
(Figure 6) indicates that the elastic properties of rhombohedral

(RT ) CaTiFs are very different from those of the cubic (Fm?

m) phase. In the rhombohedral phase further octahedral tilting (aa
a’), involving rotation around the 3-fold axes of the octahedra, is
associated with a reduction in the Ca-F-Ti bond angles (see Figure
7a) and provides a relatively low energy pathway for volume reduc-
tion, at least for pressures where the Ca-F-Ti bond angle is signifi-
cantly above that expected for close packing of the anions.
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Figure 6: a) Pressure dependence of the unit cell volume, and b) lattice
constants for the rhombohedral phase of CaTiFs. The lattice constants
for the rhombohedral phase have been scaled so that they can be com-



pared to that of the cubic phase. There is phase coexistence in the re-
gion bounded by dashed lines.

The behavior of the rhombohedral phase on compression could
not be adequately described using a Birch Murnaghan equation of
state. A polynomial fit to In(V) versus pressure was used to deter-
mine how the phase’s bulk modulus varied with pressure (Figure
S5). At pressures just above the cubic to rhombohedral phase tran-
sition the material is very soft, with a bulk modulus of between 3
and 5 GPa for pressures below 0.5 GPa. However, its bulk modulus
increases almost linearly on compression, becoming > 30 GPa for
pressures higher than 2.5 GPa. This stiffening is presumably due to
the structure approaching that where the fluoride is closest packed.
The compressibility of the rhombohedral phase is highly aniso-
tropic. In the a-b plane, the material is soft as the volume reducing
a‘aa” tilts involve rotation parallel to the c-axis. However, parallel to
the crystallographic c-axis the material displays negative linear
compressibility (NLC) up to ~2.5 GPa (see Figure 6b). Similar
behavior has been reported in rhombohedral FeF; and other triflu-
orides.”*’ The NLC was attributed to a distortion of the individual
octahedra, where the F-F distances between fluorine on an octahe-
dral face lying perpendicular to the c-axis (diu) decreased more
readily on compression than the F-F distances between pairs of
fluorine lying on opposite triangular faces of the same octahedron
(dan). This distortion can be quantified as an octahedral strain

using &m = (dant — dine) / (dant + aiw) (see Figure 7b)
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Figure 7: Pressure dependence of a) the Ca-F-Ti bond angle, b) the
octahedral strain for the CaFs and TiFs units, as described in the text,
and c) the Ti-F and Ca-F bond lengths.

The CaFs and TiFs octahedra that make up the rhombohedral
structure respond differently to pressure. As might be expected, the
longer Ca-F bond lengths are more compressible than the shorter
Ti-F distances (Figure 7c), and on compression the CaFs units
display much greater octahedral strain than the TiFs units (Figure
7b). The maximum octahedral strain observed in the TiFs units is
similar to that reported for FeF; on compression, but that seen in
the CaFs is approximately three times greater.

At ~3 GPa, where rhombohedral CaTiFs transforms to a poorly
ordered material, the Ca-Ti-F bond angle is approaching that ex-
pected for close packing (132°), consistent with a phase transition
involving a new mechanism for volume reduction on compression.

4. CONCLUSIONS

The behavior of cooling and compressing CaTiFs is distinct from
that of both CaZrFs and CaNbFe, but similar to that of MgZrFs.>%*
CaTiFs undergoes an octahedral tilting transition on cooling below
120 K, which leads to anisotropic positive volume thermal expan-



sion at low temperature, whereas CaZrFs and CaNbFs remain cubic
to at least 10 K. This difference may be associated with the smaller
size and higher electronegativity of Ti*, as highly ionic bonding is
thought to favor the cubic structure over distorted variants. CaTiFs
also undergoes an octahedral tilting transition on compression at
ambient temperature. This is in contrast to CaZrFs and CaNbFs,
where other volume reduction mechanisms lead at ~ 0.4 GPa to
disordering in the case of CaZrFs and what appears to be a recon-
structive crystal to crystal transition in CaNbFs. The pressure in-
duced cubic to rhombohedral transition in CaTiFs at 0.25 GPa is
likely to limit its potential for application in controlled thermal
expansion composites, as in such a composite it would experience
stresses due to thermal expansion mismatch.
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Synopsis

CaTiFs was examined in an effort to expand the small family of fluorides known to retain the cubic ReOs-type structure to low temperature
and display very strong negative thermal expansion. However, it undergoes a cubic (Fm 3 m) to rhombohedral (R 3 ) transition on cool-

ing to 120 K. On compression it shows very strong pressure induced softening and only remains cubic to ~0.25 GPa. Immediately above this
pressure, the material is elastically very soft and displays negative linear compressibility.




