A Hybrid Double Perovskite containing Helium: [Hez][CaZr]Fe
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ABSTRACT: Perovskites are of great technological and geological importance, in large part due to their considerable compositional and struc-
tural flexibility. However, the formation of perovskites with neutral species on their A-sites is very unusual. The formation, phase transitions
and properties of [He,][ CaZr]F¢, which is the first helium containing perovskite to be made, are reported. It is likely that a large family of related
materials can also be prepared. On compression in neon, the negative thermal expansion material CaZrFs amorphizes at ~ 0. S GPa. However,
on compression in helium at room temperature, gas is inserted into the structure to form a perovskite with helium on the A-site. This suppresses
the amorphization until > 3 GPa. Volume versus pressure and Raman measurements suggest that filling of the A-site, to give [He.][CaZr]F, is
complete at > 1 GPa. The presence of helium on the A-site in this perovskite leads to a reduction in the magnitude of negative thermal expansion
when compared to the parent phase CaZrF, likely due to steric impediment of the transverse vibrational motion of fluoride. Helium also leads
to considerable stiffening of the structure. At room temperature and ~2.5 GPa, the helium containing hybrid perovskite has a bulk modulus of
~ 47 GPa, whereas CaZrFshas a bulk modulus of ~ 40 GPa at ambient. Cubic perovskite [He,][CaZr]Fsundergoes a structural phase transition
at 15 K on compression, which may involve a cooperative tilting of framework octahedra to give a lower-symmetry phase, which is tentatively
assigned as tetragonal.
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tle boundary for Jupiter. Recently, several groups have computation-
ally investigated the insertion of helium into H,O and NH; at high
pressure.”*?® The driving force for the formation of new phases in-
cludes a component from the modification of electrostatic interac-
tions on helium insertion,* and superionicity involving the diffusion
of protons and/or helium has been predicted for some helium wa-
ter’”” and helium ammonia phases.”®

Much of the recent work on novel solid helium compounds has fo-
cused on moderate to very high formation pressures (10 GPa - 4
TPa). However, it has recently been shown that helium will insert
into the ReOs-type material CaZrFs at low pressures, resulting in the
formation of a defect perovskite [He,-.0.][CaZr]Fs which could
be recovered to ambient pressure atlow temperature. This is the first
example of a perovskite with helium as a structural component and,

3031 several of which

as there are many known ReOs-type fluorides,
show large isotropic negative thermal expansion (NTE),*** there is
considerable scope for developing a new family of hybrid gas con-
taining perovskites and exploring their properties. As a high volu-
metric density of gas can be trapped in these materials and recovered
to ambient pressure, application in gas storage and separation may

be possible.

The current work advances the previous study of helium insertion
into CaZrFs, which was limited to a maximum pressure of 0.5 GPa
leading to x ~1.0 for [Hex.0O.][ CaZr]Fs.** High-pressure synchro-
tron diffraction experiments, using diamond anvil cells (DACs)
along with helium and neon as pressure media, were performed to
estimate the pressure required for formation of the stoichiometric
perovskite [He;][CaZr]Fs and examine the high-pressure behavior
of this material. These experiments were complemented by a Raman
study. A diffraction experiment in a DAC at low temperature was
also performed to explore the thermal expansion and phase transi-
tions of [He:][CaZr]Fs.

2. EXPERIMENTAL
2.1. Synthesis of CaZrFs

CaF- (99.5%, Sigma Aldrich) and ZrF, (99.9%, STREM) were used
to prepare CaZrFs via solid state reaction using a procedure adapted
from Hancock el al.** A 1:1 molar ratio of starting materials was thor-
oughly ground together under dry nitrogen. The reactant mixture
was pressed into a pellet and loaded into a nickel tube. The tube was
sealed by arc welding under argon and then sealed inside an evacu-
ated fused silica ampoule. The reaction mixture was heated to 750
°C, held at 750 °C for 48 h, and then cooled to room temperature.

2.2. High-Pressure Ambient Temperature Diffraction
Measurements

High-pressure powder X-ray diffraction data were collected using
GSECARS beamline 13-BMD at the Advanced Photon Source, Ar-
gonne National Laboratory. Diffraction data were recorded on a Per-
kin-Elmer amorphous silicon 2D detector using a wavelength of
0.3344 A. The detector geometry was calibrated using a NIST LaBs
standard. A defocused beam (~100 x 100 pum) was used in order
minimize difficulties with sampling statistics, as CaZrFs disorders on
heavy grinding. In each experiment, the samples were compressed in

BX-90 diamond anvil cells equipped with 800 ym culet diamonds
and stainless-steel gaskets (400 pym holes). Helium and neon, loaded
using the high-pressure gas loading system at GSECARS, were used
as pressure transmitting media.** The known equation of state and
the measured lattice constants of CaF, or NaCl were used to deter-

mine the pressure.’*”’

2.3. Low-Temperature, High-Pressure Diffraction Meas-
urements

Low-temperature diffraction data were acquired using beam line 16-
BMD at Argonne National Laboratory’s Advanced Photon Source
(APS). The sample was mixed and ground in a ~ 4:1 volume-to-vol-
ume ratio with sodium chloride, for use as a pressure calibrant, prior
to loading into a symmetric DAC equipped with 600 pm culet dia-
monds. Ruby spheres were included in the cell for pressure estima-
tion. The DAC was initially sealed with helium (~0.25 GPa) as a me-
dium using the high-pressure gas loading system at GSECARS.*
The cell was mounted on the cold finger of an in vacuum helium flow
cryostat and equipped with compression and decompression dia-
phragms for pressure control. Data were taken at a wavelength of
0.49594 A (25 keV), using a defocused beam to help with sampling
statistics (~50 pm FWHM), and recorded on a MAR345 image
plate detector. The reported pressures were estimated from the unit
cell volume of the NaCl using a third-order Birch-Murnaghan equa-
tion of state. Values of Vo(T) and Ko(T) for the EoS (see Table S3)
were estimated from thermal expansion data in Touloukian®® and a
polynomial expression for the temperature dependence of the com-
pressibility reported by Wang and Reeber.* Ko’ was assumed to be §
at all temperatures.

Data were recorded at 300 K as the pressure was increased in steps
to ~2.3 GPa. The sample was then cooled to 200 K, while still under
pressure. Data were then taken above ~1.9 GPa at 200 K. The DAC
was warmed back to 300 K, and adjusted, prior to recooling to 200
Kat ~1.5 GPa. After collecting further data between 1.3 and 1.5 GPa
at 200 K, the sample was cooled to 100 K at ~1.5 GPa. After collect-
ing data at 100 K, the sample was further cooled to 15 K while under
pressure (~1.5 GPa). Datawere then collected on compression at 15
K. The pressures used for the measurements are given in the SI.

2.4, Reduction, Le Bail, and Rietveld Analyses of the Pow-
der Diffraction Data

For the powder diffraction data collected on 13-BM, the 2D data
were integrated and the resulting 1D data background subtracted us-
ing DIOPTAS.* The 2D data collected on 16-BM were integrated
using GSAS-II. Le Bail and Rietveld refinements were performed us-
ing the General Structure Analysis System (GSAS), coupled with
EXPGUI, or GSAS-II, to determine unit cell volume as a function of
pressure.*' A cation-ordered cubic ReOs-type model (Fm3m) was
used in all the Le Bail and Rietveld analyses of the cubic phase , while
the I4/m tetragonal space group was used for the low-temperature,
high-pressure phase observed at 15 K.



2.5 High Pressure Raman Measurements

Raman spectra were recorded using the optical spectroscopy system
for diamond anvil cell studies at GSECARS,* Advanced Photon
Source, Argonne National Laboratory, using an excitation wave-
length of 532 nm. The sample was ground and loaded into BX-90
DAC:s along with ruby spheres for pressure calibration. One DAC
was gas loaded with neon, and the other with helium, using the
GSECARS gas loading system for DACs.* The spectra were fitted
using the commercial software package Origin 9.7. A quadratic func-
tion was used for the background. Typically, three independent Lo-
rentzians were used to fit the region around 235 cm™. Some of the
spectra suffered from considerable peak overlap in this region.

3. RESULTS AND DISCUSSION

3.1 Response of CaZrFs to Compression in Helium and
Neon at Ambient Temperature

Two independent, high-pressure diffraction experiments using Ca-
ZrF¢ in a helium pressure medium were conducted at 13-BMD. In
one case CaF, was used as an internal pressure standard and, in the
other, NaCl was used. Rietveld fits to the data recorded at the start-
ing pressures (0.28 GPa, 0.21 GPa) for these measurements are
shown in the supplementary material (Fig. S1 and Fig. S2). The
overall fit quality is quite good. However, in both cases, there are two
impurity peaks at ~ 1.2 and 1.7 A" These peaks were not present in
the diffraction pattern of the sample prior to grinding the material
forloading into the DACs, but we have previously observed them for
samples of CaZrFs and related materials that have been heavily
ground™ suggesting that this phase arises from the stresses generated
during grinding. As the peaks from the impurity do not overlap sig-
nificantly with those from cubic CaZrFs, they should not adversely
affect the lattice constants estimated for CaZrFo.

High-Q data from the set of measurements in helium with NaCl as
the pressure standard are shown in Figure 1a. Interestingly, the peaks
from cubic CaZrFs visibly shift to lower Q between ~ 0.3 and 0.7
GPa, indicating an increase in unit cell volume due to the insertion
of helium into the empty “A-site” of ReOs-type structure. This is in
agreement with our previously reported (0 - 0.5 GPa) neutron dif-
fraction study, but shows that helium continues to be inserted up un-
til at least ~0.7 GPa.”” Using X-ray diffraction data, it is not possible
to determine the site occupancy for helium and directly demonstrate
the helium content of the high pressure perovskite phase. However,
based on the changes in unit cell volume versus pressure (Figure 2)
and the changes in the observed pressure dependence of the vibra-
tional modes noted in our Raman experiment (see section 3.2),
complete occupancy of the A-site with helium at ~1.0 GPa is likely.
Diffraction peaks from the helium-containing perovskite
[He2][CaZr]Fs persists up to > 3 GPa where a gradual amorphiza-
tion occurs. It is unclear if the amorphization is associated with the
extrusion of helium from the structure, or if some helium is trapped
in the amorphous product. No sample peaks remain above ~ 6 GPa.
This behavior contrasts with that seen on compression in neon
(Figure 1b). The CaZrFs begins to disorder at pressures above ~0.5

GPa, which is consistent with the previously reported behavior in sil-
icone oil,” indicating that, unlike helium, neon can’t be inserted into
CaZrFs at room temperature.
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Figure 1. High-pressure X-ray diffraction data for CaZtFe in a) helium
and b) neon. Peaks from the NaCl pressure standard are marked *.

Unit cell volume versus pressure in helium, obtained using Le Bail
fits, is shown in Figure 2. The two sets of experiments with different
internal pressure standards are in very good agreement. The inset in
Figure 2 clearly shows that on initial compression the unit cell vol-
ume decreases, but between ~0.35 and 0.7 GPa it increases, which is
attributable to the insertion of helium into the structure. The in-
serted helium stabilizes the cubic perovskite up to ~ 3.5 GPa. There
is an approximately linear variation of unit cell volume with pressure
between ~ 1 and 3.5 GPa, although the slight curvature indicates
that, unlike most solids, the material’s bulk modulus decreases on
compression. Alinear fit to InV'vs P over the range 1.5 - 3.6 GPa gave
estimated average bulk moduli of 48.8(1) and 45.5(8) GPa (see Fig.
S3 in the SI) for the experiments using CaF, and NaCl as internal
pressure calibrants, respectively, and a similar fit over the pressure
range 1.2 — 1.9 GPa gave estimated bulk moduli of $7(2) and 62(2)
GPa. These values are significantly larger than those for CaZrFs with
no helium inside (~40 GPa at < 0.31 GPa),* indicating that helium
on the perovskite A-site stiffens the structure, presumably by steric
interactions with the fluoride, which impede their transverse vibra-
tional motion as the material is compressed. The observed pressure-
induced softening, a decrease in bulk modulus on compression,
could be a consequence of lattice dynamics, as NTE frameworks are
well known to display this phenomenon.**® However, it could also



be associated with the extrusion of helium from the structure prior
to its pressure-induced amorphization.
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Figure 2. A comparison of unit cell volume for CaZrFs versus pressure in
helium for experiments with NaCl and CaF: as pressure calibrants. Inset
shows details of the low-pressure behavior. The error bars are one esti-
mated standard deviation, as obtained from the Rietveld derived unit
cell volume uncertainties.

3.2 Raman Spectra on Compression

The ambient pressure Raman spectrum of CaZrFs has major peaks
at235 and 635 cm’', and aless prominent broad feature at ~600 cm’
'. These peaks have previously been assigned as Fag, Agand E; modes,
respectively, in an elevated temperature Raman study of CaZrFe.*
On the basis of a DFT calculation, the Fo;mode was determined to
involve the displacement of fluoride transverse to the Ca — Zr vec-
tors, whereas the A; mode was associated with a breathing type mo-
tion.”” Figure 3 shows the evolution of the spectra on compression
in neon (Fig. 3a) and helium (Fig. 3b). On compression above ~0.55
GPa in neon, the peaks associated with the Fy; and A; modes largely
disappear, consistent with the loss of long range order seen in the
diffraction measurements (Figure 1b). The peaks that remain
and/or seem to grow in on compression at close to 200 cm™ (Figure
3) may arise from the product formed on disordering, or possibly a
phase that formed on originally grinding the sample. If they are
growing in as a consequence of disordering, the data in Figure 3b
would suggest that some disordering took place for the sample in he-
lium at 1.4 GPa or less. The behavior on compression in helium is
distinct from that in neon. The signal associated with the Fa; and Aq
modes persists until over 3 GPa. This is again consistent with the
corresponding diffraction data, which show the perovskite phase
persisting to ~ 3.5 GPa.
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Figure 3. Selected Raman spectra on compression of CaZrFs in a) neon
and b) helium. Their background has been subtracted.

The peak shifts on compression for the sample in helium are distinct
from those seen in neon (Figure 4). The Fs; mode frequency is es-
sentially invariant with pressure in neon, consistent with the prior
report that the Griineissen parameter for this mode is almost zero.*’
However, in helium this mode stiffens on compression, presumably
as a consequence of gas being inserted into the structure and imped-
ing the transverse vibrational motion of fluoride. The stiffening on
compression appears to vary with pressure, consistent with filling the
vacant A-sites in the ReOs- structure at low pressure (< 1 GPa) fol-
lowed by compression of a completely filled helium perovskite at
higher pressures. The FWHM of the peak assigned to the Fs;mode
increased almost linearly on compression in helium, from ~ 10 cm™
at 0 GPa to 21 cm™ at ~ 2 GPa, but no change in peak width with
pressure was observed for the A; mode at < 3 GPa. The A; mode stiff-
ens on compression in both neon (~4 cm™/GPa, over 0 - 0.75 GPa)
and helium, but to a greater extent in helium (~8 cm™/GPa, over 0 -
3 GPa), consistent with the formation of a helium containing perov-
skite and its assignment as a breathing mode.
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Figure 4. Raman peak positons for the a) Fs; and b) A; zone center
modes as a function of pressure for CaZrFs in neon and helium. The er-
ror bars are one standard error, as obtained from least squares fitting of
the spectra. In cases where no error bar is visible, the standard error is
less than the symbol size.

3.3 Low-Temperature Behavior of [He,][CaZr]Fs

Perovskites are well known to display arich array of phase transitions
inresponse to changes in thermodynamic conditions, many of which
involve the cooperative tilting of octahedra.*® A low-temperature,
high-pressure diffraction study of CaZrFs in helium was conducted
to study the thermal expansion, elastic stiffness and phase behavior
of [He;][CaZr]Fs at low temperature. All the cooling steps were
done at sufficiently high pressure (>1.5 GPa) that essentially com-
plete occupancy of the perovskite A-site by helium is anticipated
based on the data shown in Figures 2 and 4. However, complete oc-
cupancy could not be directly verified.

Unit cell volumes, obtained by Rietveld analyses of the data, are
shown in Figure 5. The overall behavior on compression at 300 K is
the same as that observed in the earlier ambient temperature experi-
ments, with a local maximum in the volume at ~0.8 GPa. However,
the volume at the local maximum is not as high as that seen in the
earlier measurements. The reason for this difference is not clear, alt-
hough the CaZrFs sample and the extent of grinding were different
for the two experiments. On cooling successively to 200, 100, and 15
K, the volume per formula unit of the material increased, for pres-
sures < 1.6 GPa, indicating that the insertion of helium into the
ReO:s-structure to create a perovskite did not completely suppress its
negative thermal expansion. The general behavior of volume versus

pressure at 100 K diverges from that seen at 300 K below ~1.2 GPa,
suggesting that at 100 K helium is trapped in the framework struc-
ture as the pressure is reduced. This is consistent with previous neu-
tron diffraction and direct gas uptake and release measurements per-
formed at < 0.5 GPa.”
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Figure S. Unit cell volume for cubic CaZrFs in helium versus pressure at
different temperatures. The Rietveld estimated errors in the unit cell vol-
ume are smaller than the symbol size.

The sample’s bulk moduli, estimated by fitting a straight line to
In(V) versus P over the pressure range 1.2 - 1.9 GPa, were 70(10),
53(5) and 76(8) GPa for 300, 200, and 100 K respectively, suggest-
ing no statistically significant change in stiffness on cooling. The
same method for estimating the bulk modulus gave values of $7(2)
and 62(2) GPa from the room temperature data discussed in section
3.1

Volume coefficients of thermal expansion (CTE) were estimated at
~1.2 and 1.4 GPa from the data shown in Figure 5. In both cases the
average CTE over the temperature range 300 to 15 Kwas close to ~-
24 ppmK™. Negative thermal expansion in framework materials such
as CaZrF originates from low-frequency vibrational modes that dis-
play pressure-induced softening; in other words, they have negative
mode Griineisen parameters.* The parent material, CaZrFe, shows
a volume CTE of -45 ppmK™" over the same temperature range at
ambient pressure. The apparent large reduction in the NTE, on in-
clusion of helium, is presumably because helium serves to sterically
impede vibrational motions that are important to the framework’s
NTE.

Compression at 15 Kled to peak broadening and the appearance of
shoulders for some peaks in the diffraction data (Figure 6), likely in-
dicating a phase transition. Based on the observed peak broadening,
the onset of this transition appears to be at ~ 1.8 GPa. The splittings
at the highest pressure (~2.9 GPa) were compared with those pre-
dicted, for symmetry lowering octahedral tilting transitions in cat-
ion-ordered double perovskites, by Howard et al.* The peak split-
ting pattern is not consistent with the Fm3m to R3 transition that is
often seen on cooling or compressing cation-ordered double ReO:s-
type fluorides.***>*! While the symmetry of the high-pressure phase
cannot be assigned definitively based on the available data, due to its
modest quality (see Figure S4), the peak broadening is consistent
with tetragonal or perhaps lower symmetry. Given the limited qual-
ity of the data, we did not pursue an analysis with symmetry lower
than tetragonal. Howard et al.* proposed two possible subgroups for
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a simple second-order transition to a tetragonal phase, I4/m (a%a’c’)
and P4/mnc (a%a’c*) (see Fig 6b). Fits to the data using the space
group I4/m were used to estimate lattice constants, volume per for-
mula unit and a bulk modulus for the high-pressure phase (see Fig.
6¢). Surprisingly, c/a is estimated to be less than sqrt(2), which is
not what is expected for a transition involving the tilting of un-
distorted octahedral. The bulk modulus, based on the tetragonal
model, is estimated to be ~ 33 GPa, which is lower than that of its
cubic parent.
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Figure 6. a) Diffraction data on compression at 15 K. Bragg peaks from
the sample, between 2.9 and 3.5 A", clearly broaden and split on com-
pression, indicating a structural phase transition in HexCaZrFs. Blue as-
terisks - Bragg peaks from a phase formed during the grinding of cubic
CaZrFe. Red circles - Bragg peaks from the NaCl pressure calibrant. p —
parasitic scattering from the cell/cryostat. b) Possible tetragonal struc-
tures generated by octahedral tilting on compression. c) Volume per for-
mula unit versus pressure at 15 K.

4. CONCLUSIONS

Helium can be inserted at 300 K into the cation-ordered ReOs-type
fluoride CaZrF to form a perovskite with helium on the A-site. The
change in unit cell volume versus pressure and the change in Raman
mode frequency on compression both suggest that this process is
complete by ~ 1 GPa. The insertion of helium stabilizes the ReOs-

type framework against amorphization on compression, and the per-
ovskite persists until > 3 GPa. It is unclear if the amorphous product
formed at higher pressures contains helium. The perovskite
[He,][CaZr]Fs displays NTE, although its magnitude is much lower
than that of the parent CaZrFs phase, which is presumably due to
changes in lattice dynamics associated with helium insertion. Re-
markably, the interaction with helium is not enough to completely
suppress NTE. Raman data directly show that helium insertion leads
to an enhanced stiffening of the Raman active modes on compres-
sion. [He,][ CaZr]Fs has a greater bulk modulus than cubic CaZrFe.
This change in properties is consistent with helium on the A-site ste-
rically interfering with transverse vibrational motion of the fluoride.
At 15K, a phase transition was observed on compression above ~1.8
GPa, that is tentatively assigned to a cooperative tilting of the frame-
work octahedra leading to a tetragonal phase.
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