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High-pressure structures and vibrational spectra of barium fluoride:
Results obtained under nearly hydrostatic conditions
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Powder x-ray diffraction and Raman spectroscopy experiments, together with first-principles calculations,
have been carried out to corroborate and clarify the pressure-dependent structural evolution of barium fluoride.
X-ray diffraction experiments were performed both with and without a pressure-transmitting medium. The
latter serve to reproduce past experimental results, while the former show a marked difference. Specifically, the
experiments employing helium as a pressure-transmitting medium yield observed relative intensities and vol-
ume compression consistent with the proposed Ni,In structure of barium fluoride at pressures greater than 14
GPa. The Raman spectroscopy measurements corroborate the proposed Ni,In structure, as the spectra exhibit
the two modes expected for the high-pressure phase. The experiments also demonstrate that barium fluoride
remains an insulator up to at least 77 GPa, and the results of first-principles calculations suggest that a
subsequent insulator-metal transition may not be expected well into the megabar regime.
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I. INTRODUCTION

The pressure-dependent properties of ionic AX, com-
pounds are of considerable interest in a number of applied
and fundamental respects. For example, many of the oxides
are relevant in various industrial' and geological® contexts,
and several of the hydrides have been examined as possible
systems for hydrogen storage and exchange® and for eluci-
dating hydrogen lattice dynamics.* Furthermore, as relatively
simple binary compounds, many AX, compounds are well
suited to powerful computational methods over a broad
range of thermodynamic conditions. BaF, has played an im-
portant role in the study of these materials. It served as the
first explicit example of a pressure-induced structural phase
transition for which the high-pressure structure is character-
ized by a cation coordination number of 11 (Ref. 5) and both
computational® and experimental’ studies have predicted an
insulator-metal transition at the relatively modest pressures
(modest with respect to the current limits of static high-
pressure techniques) of 33 and 87 GPa, respectively.

At ambient conditions, BaF, adopts the cubic fluorite
structure (Fm3-m, Z=4) (Ref. 8). A pressure-induced phase
transition at approximately 3 GPa was first identified by
Smith and Chen’ and shortly thereafter confirmed and clari-
fied by Seifert,' who proposed the cotunnite structure
(orthorhombic, Pnam, Z=4) for the high-pressure phase.
This proposed structure was later corroborated by the Raman
spectroscopy measurements of Kessler et al.,'! carried out at
low temperature (77 K) and high pressure (up to approxi-
mately 3 GPa).

Upon undertaking powder x-ray and neutron-diffraction
studies, Leger et al.’ reported they could expect, based on
their previous work,'? that at yet higher pressures BaF,
would adopt a monoclinic structure. This would follow the
structural progression cubic — orthorhombic — monoclinic
which in turn would be characterized by a progression in the
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cation coordination number 8 —9 — 10. Instead they found
upon increasing pressure that at approximately 15 GPa, BaF,
undergoes a first-order structural phase transition with a pro-
posed Ni,In structure (hexagonal, P63/ mmc, Z=2). As men-
tioned above, this was the first explicit example of cation
coordination number 11 among AX, compounds, although
Leger et al. noted that the structure proposed by Lebech et
al. for YbH, at pressures greater than approximately 14.3
GPa (Ref. 13) is the same as that proposed for BaF, at pres-
sures greater than approximately 15 GPa, and would there-
fore also constitute an example of cation coordination num-
ber 11 in ionic AX, compounds. Furthermore, by extending
their study up to 40 GPa, they demonstrated that if BaF, does
undergo a subsequent insulator-metal transition, the later
work of Kanchana et al.® which predicted a metallization
pressure of 33 GPa was certainly an underestimate. Table |
summarizes the structural details of the three observed
phases of BaF, for various pressures at ambient temperature.

The work of Leger et al’ has been influential as it has
served as the archetype for the cotunnite — Ni,In structural
progression in a number of experimental and computational
studies on AX, compounds. This has been of particular im-
portance, for example, in the case of recent experimental
work on the heavy alkaline-earth hydrides'#~!7 which adopt
the cotunnite structure at ambient conditions and subse-
quently transform to the Ni,In structure upon increasing
pressure. In these instances, powder x-ray diffraction mea-
surements alone were not sufficient to locate the position of
hydrogen. Similarly, it has been important in computational
works (see, for example, that on Li,O) (Ref. 18), where pro-
posed transition pressures approach or exceed the limits of
routine static pressure experiments.

A close examination of Ref. 5, however, reveals some
difficulties with the proposed Ni,In structure. Specifically,
the cotunnite structure is such that throughout the stable
pressure regime, the a axis should be substantially more
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TABLE I. Summary of the known structures of BaF, at ambient temperature. The refined x and z coordinates of the cotunnite phase are

from data obtained at 7.9 GPa.

Type Symmetry Space group  Z-value  Atom  Wycoff site X y b4 Stability range (GPa)
Cubic fluorite Cubic Fm3-m 4 Ba®* 4a 0 0 0 0-3
F!- 8¢ 1/4 1/4 1/4
Cotunnite Orthorhombic Pnma 4 Ba%* 4c 0.246(2) 1/4  0.119(1) 3-14
F!- 4c 0.3703) 1/4  0.415(4)
F!- 4c 0.987(5) 1/4  0.705(3)
Ni,In Hexagonal P65/ mmc 2 Ba’* 2c 1/3 2/3 1/4 14-77+
F!- 2a 0 0 0
F!- 2d 1/3 2/3 3/4

compressible than the b and ¢ axes, which is precisely what
was observed. Similarly, upon transformation to the Ni,In
structure, the ¢ axis should be more compressible than the a
axis (due to the close relationship between the two respective
structures), resulting in a decreasing c/a ratio with increas-
ing pressure. The opposite pressure dependence was ob-
served. Furthermore, the observed relative diffraction inten-
sities for the Ni,In phase differ significantly from those
expected based on the proposed structure; the observed dif-
ferences can only be accounted for by severe or essentially
total preferred orientation. Finally, there has been no subse-
quent account of complimentary experimental techniques to
corroborate the proposed structure. With the above in mind,
it is expedient to revisit the pressure-dependent structural
progression of BaF,.

The following work presents angle-dispersive powder
x-ray diffraction and Raman spectroscopy experiments, to-
gether with first-principles calculations, in an effort to re-
solve the aforementioned difficulties. In the case of the dif-
fraction experiments, samples were prepared both with and
without a pressure-transmitting medium; the respective ex-
periments revealed marked differences. In the absence of a
pressure-transmitting medium, the x-ray diffraction results
reproduced well the results (including the difficulties men-
tioned above) reported in Ref. 5. Conversely, with the use of
helium as a pressure-transmitting medium, the pressure de-
pendence of the lattice parameters evolved in accord with
that expected for the Ni,In structure, viz., the c¢/a ratio de-
creased with increasing pressure. Also, the observed relative
intensities were more consistent with those expected from
the structural model. Furthermore, subtle precursor phenom-
ena proposed by Kunc et al.'® were observed for the cotun-
nite structure at pressures just below the Ni,In transition. The
Raman spectroscopy results further corroborate the Ni,In
structure, as the two expected Raman-active modes were ob-
served. Finally, our observations indicate that BaF, remains
an insulator up to at least 77 GPa—the maximum experimen-
tal pressure attained in this study—and if a possible
insulator-metal transition occurs in the same manner as ob-
served for BaH, (Ref. 15), calculations suggest it is not ex-
pected to take place well into the megabar regime.

II. EXPERIMENTAL AND THEORETICAL DETAILS

Three separate samples were prepared from the same bulk
powder sample of BaF, (Sigma-Aldrich, 99.999% trace met-
als analysis). Membrane-type diamond-anvil cells with
300 wm flat culet anvils were used. Rhenium gaskets with
an initial thickness of 250 um were preindented to
45-70 um, after which compression chambers 75-125 um
in diameter were drilled using electric spark erosion. Two of
the three samples were loaded without a pressure-
transmitting medium. For the first sample, the primary objec-
tive was to collect diffraction data up to the highest pressure
possible (perhaps as high as 100 GPa) in an effort to find the
proposed insulator-metal transition. It should be noted that
pressure-transmitting media (with the exception of helium or
similarly hydrogen) offer marginal benefit at such high pres-
sures and can complicate the diffraction data with unwanted
x-ray scattering. For the second sample, the primary objec-
tive was to collect unambiguous Raman spectra to corrobo-
rate the Ni,In structure, consequently no pressure-trans-
mitting medium was used (at the expense of not obtaining
the pressure dependence of the Raman-active modes under
hydrostatic conditions). The third sample was loaded with
helium using a high-pressure gas loading system available at
the BL10XU beamline at SPring-8. We here note that al-
though the sample cannot be characterized as truly hydro-
static upon solidification of the helium pressure-transmitting
medium, we hereafter refer to this sample and the corre-
sponding experimental results as hydrostatic. In each sample,
a single ruby microsphere was placed in the compression
chamber prior to loading and pressure measurements were
carried out using ruby luminescence, P=A/B[(N\/N\y)5—1],
selecting appropriate parameters for pressure calculations
based on the use (or lack) of a pressure-transmitting medium
(A=1904 GPa with B=5 for nonhydrostatic conditions'® and
B=7.665 for hydrostatic conditions).?

Two separate angle-dispersive powder x-ray diffraction
experiments were performed using synchrotron radiation.
The first was carried out at the HXMA beamline at the CLS
(Ref. 21) on one of the samples loaded without a pressure-
transmitting medium. An incident wavelength of 0.515 96 A
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was selected using the Si (I111) crystals of a fixed-exit
double-crystal monochromator. Beamline optics were used
for collimating and focusing the white beam and monochro-
matic radiation, respectively, and a final beam size of 30
X 30 um? was defined using a square-aperture tungsten car-
bide collimator. Powder x-ray diffraction images were cap-
tured on a Marresearch mar345 imaging plate detector
(scanned at 100 wm pixel resolution) located 271.71(2) mm
from the sample. The sample-to-detector distance was deter-
mined using x-ray diffraction images of silicon (National In-
stitute of Standards and Technology, Standard Reference Ma-
terial 640c), and research samples were located at the same
position as the standard using a centering technique based on
the x-ray transmission of the gasket.”” During a typical ex-
posure of 8 min, the sample was rocked over 6° to minimize
detector saturation and to improve the intensity distribution
along Debye rings.?? Starting at ambient pressure, images
were collected upon increasing pressure up to a maximum
pressure of 77.1 GPa.

The second diffraction experiment was carried out at the
BL10XU beamline at SPring-8 (Ref. 23) on the sample
loaded with helium as a pressure-transmitting medium. A
wavelength of 0.352 69 A was selected using the diamond
(111) crystals of a double-crystal monochromator. The x-ray
beam was focused using glassy carbon compound refractive
lenses (CRL) followed by another CRL made of an SU-8
polymer (an epoxy-based negative photoresist) providing a
final beam spot 20X 20 um? at the sample. Powder x-ray
diffraction images were captured on a Rigaku R-Axis IV
imaging plate detector (scanned at 100 wm pixel resolution)
located 307.74(2) mm from the sample. The sample-to-
detector distance was determined using powder x-ray diffrac-
tion images of CeO,, and research samples were located at
the same position as the standard using automated micros-
copy. During a typical exposure of 10 min, samples were
rocked over 10°. Starting at 0.7 GPa, images were collected
upon increasing pressure up to a maximum pressure of 32.7
GPa.

All powder x-ray diffraction images were processed and
integrated using FIT2D (Ref. 24) to obtain x-ray diffraction
patterns of intensity vs 26. XRDA (Ref. 25) was used for
pattern analysis and indexing. Whole-pattern refinements
were performed on all patterns using FULLPROF.2® Due to
several complicating factors (see Sec. III A for more details),
the Le Bail method of profile matching was applied to dif-
fraction patterns of the high-pressure phases collected from
the sample without a pressure-transmitting medium. Refined
parameters included background, scale, lattice parameters,
and pseudo-Voigt peak profile parameters. Rietveld refine-
ments were carried out on all other patterns. Additional re-
fined parameters included an overall isotropic displacement
parameter, a Rietveld-Toraya correction for preferred orien-
tation for the high-pressure phases, and fractional atomic co-
ordinates for the cotunnite structure.

Raman spectroscopy measurements were performed on
the two samples loaded without a pressure-transmitting me-
dium. Spectra were collected from the same sample used in
the diffraction experiment (starting at the maximum pressure
of 77.1 GPa) upon decreasing pressure down to ambient
pressure. For the second sample, spectra were collected from
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0.3 GPa upon increasing pressure up to 31.5 GPa. Raman
spectra were collected in near-backscattering geometry using
a Jobin-Yvon S3000 triple-grating subtractive spectrograph
equipped with a nitrogen-cooled charge-coupled device
(CCD) detector. The 488 nm line of an Ar ion laser was used
for excitation. All diffraction and spectroscopy experiments
were carried out at ambient temperature.

First-principles calculations of the electronic structure
were performed using the software package VASP.?’ Perdew-
Becke-Erhenzof (PBE) projected augmented potentials
(PAW) (Ref. 28) were used in all calculations. The 55>5p%6s>
electrons of Ba were treated as valence. Monkhorst-Pack &
meshes? of 10X 8X 12, 12X 12X 8, and 8 X8 X 12 were
used for the cotunnite, Ni,In, and AIB, structures, respec-
tively. The unit-cell size (and fractional atomic coordinates,
in the case of the cotunnite structure) was optimized for se-
lected volumes, and the corresponding pressures were calcu-
lated directly from the stress tensor. In all cases, the plane-
wave energy cutoff was set at 875 eV. The convergence
criterion for energy calculations was 10~ eV and for geom-
etry optimizations, the residual forces on the atoms were
smaller than 1.0X 107 eV/A. Phonon frequencies and
eigenvectors for the Ni,In phase were obtained using the
ABINIT code® using the generalized gradient approxi-
mation®® employing the pseudopotential plane-wave density-
functional method on 8 X 8 X 8 Monkhorst-Pack k meshes.?
Troullier-Martins pseudopotentials®' were employed for the
phonon calculations treating the 6s> electrons as valence.
Equations of state data were obtained with Troullier-Martins
and Hartswigsen-Goedecker-Hutter pseudopotentials®? treat-
ing 65> and 5s5>5p%6s> electrons of Ba as valence, respec-
tively.

III. RESULTS AND ANALYSIS
A. Powder x-ray diffraction

An x-ray diffraction image was first obtained from BaF,
at ambient pressure and temperature conditions. The result-
ing pattern revealed no signs of impurity; the refined lattice
parameter of the cubic fluorite structure was a
=6.197 7(5) A consistent with previous measurements.’
Figure 1 shows representative whole-pattern refinements
from each of the three phases (cubic fluorite, cotunnite, and
Ni,In structures) from the nonhydrostatic (left) and hydro-
static (right) diffraction experiments. As expected, the char-
acteristic features of the respective experiments showed
marked contrast. The diffraction patterns of the high-pressure
phases obtained from the nonhydrostatic sample exhibited
substantial strain broadening as compared to those obtained
from the hydrostatic sample (compare, for example, the res-
olution of closely spaced peaks at even modest 26 values).
Similarly, the nonhydrostatic experiment suffered from se-
vere preferred orientation, as evidenced by the remarkable
differences in relative intensities for the Ni,In phase. Perhaps
less expected was the nature of the pressure-induced phase
transitions. In the nonhydrostatic case, the phase transitions
were distinct and complete. The patterns obtained at 5.2 and
18.5 GPa (the first pressure points above the expected tran-
sition pressures of approximately 3 and 14 GPa) exhibited
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FIG. 1. (Color online) Representative Rietveld (or Le Bail, where indicated) refinements for the three observed phases of BaF, from the
nonhydrostatic (left) and hydrostatic (right) powder x-ray diffraction experiments. Each plot includes the observed diffraction intensity
(symbols), corresponding fit (solid line), expected Bragg peaks (vertical bars), and difference (bottom solid line). Additional Bragg peaks
account for the scattering from the rhenium gasket (), the persistent cubic fluorite phase (), or solid helium (¥). Trace amounts of the
persistent cotunnite phase are indicated by arrows (bottom right). Note that the background has been subtracted from the plots obtained under
hydrostatic conditions (right) to facilitate comparison against the expected Bragg peaks.
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FIG. 2. Pressure dependence of the lattice parameters (top) and
relative volume (bottom) for each of the three phases, as well as the
¢/a axial ratio for the Ni,In phase (bottom). Open and closed sym-
bols denote data from the nonhydrostatic and hydrostatic diffraction
experiments, respectively. The gray squares represent the refined
lattice parameter for the persistent cubic fluorite phase in the stable
pressure regime of the cotunnite phase for the hydrostatic
experiment.
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peaks only from the cotunnite and Ni,In structures, respec-
tively. Conversely, in the case of the hydrostatic experiment,
the phase transitions were extremely sluggish. The first
(trace) sign of the cotunnite phase appeared at approximately
2 GPa but did not constitute the majority phase (based on
quantitative analysis) until approximately 5.5 GPa, and the
cubic fluorite phase persisted as a minority phase up to at
least 13 GPa, nearing the onset of the cotunnite — Ni,In
phase transition. Similarly, trace amounts of the cotunnite
phase persisted throughout the stable pressure regime of the
Ni,In phase up to the maximum sample pressure of 32.7
GPa. As further discussed below, this introduced complica-
tions with carrying out structural refinements and with ob-
taining accurate experimental equations of state.

1. Cubic fluorite phase

The cubic fluorite phase was stable up to approximately 3
GPa. Full structural refinements were carried out on patterns
from both the nonhydrostatic and hydrostatic experiments, as
shown in Fig. 1 (top). Figure 2 shows the refined lattice
parameters and relative volume for each of the three phases,
together with the results of the first-principles calculations.
While the narrow pressure range and correspondingly small
volume compression of the pure cubic fluorite phase pre-
cluded obtaining a meaningful experimental equation of
state, the data nevertheless agree well with the equation of
state obtained by fitting the results of the first-principles cal-
culations to a third-order Birch-Murnaghan equation of state.
The resulting isothermal bulk modulus By=58.2(3) GPa is
in good agreement with that obtained from ultrasonic mea-
surements obtained at ambient pressure.’3 See Table II for
complete experimental and theoretical equation of state pa-
rameters for all phases.

2. Cotunnite phase

Above approximately 3 GPa, a pressure-induced phase
transition was indicated by the marked change in the x-ray
diffraction images. Indexing the orthorhombic cotunnite
phase was straightforward for patterns from both of the dif-
fraction experiments. Note that here the indexing is consis-
tent with the Pnma permutation (as opposed to Pnam per-

TABLE II. Equation of state parameters for the three phases of BaF, obtained by fitting P(V) data to a
third-order Birch-Murnaghan equation of state. Vy=59.52(1) A3/BaF, based on the x-ray diffraction data

obtained at ambient conditions.

Expt. Theor.
By (GPa) B, VIV, By (GPa) B|, VIV,
Fluorite 57% n/a 58.2(3) 4.67(2) 1.022(1)
Cotunnite 51(4) 4.7° 0.92(1) 52(1) 4.7(3) 0.937(1)
Ni,In 56(5) 4.67° 0.86(2) 69(1) 4.67(2) 0.864(2)

4Reference 33.
bAssumed, based on theoretical results.
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mutation used in Refs. 10 and 5; for a detailed discussion on
the various permutations of the Pnma space group, see Hy-
bler’s work* with regard to a-PbCl,). As shown in Fig. 2
(top), there is a marked difference in the pressure depen-
dence among the various lattice parameters. Specifically, the
a axis is much more compressible than the b and ¢ axes,
decreasing by approximately 0.046 A/GPa as compared to
0.008 and 0.016 A/GPa, respectively. Despite the relatively
narrow stable pressure regime for the cotunnite phase, the
experimental data were fit to a third-order Birch-Murnaghan
equation of state, yielding an isothermal bulk modulus B,
=51(4) GPa (B, fixed at 4.7, the value obtained from the
theoretical calculations). This result is less than 79(10) GPa
reported in Ref. 5, however, the underestimate here is likely
due to the coexistence of the cubic fluorite and cotunnite
phases. A volume collapse of approximately 10% was ob-
served at the transition pressure of 3 GPa.

Of the three stable structures of BaF, studied in this work,
the cotunnite structure is the only one for which the atoms
are not located in special positions. Specifically, each of the
three atoms in the asymmetric unit occupies the 4¢ position,
with only the y coordinate constrained by symmetry. Unfor-
tunately, the preferred orientation present in the nonhydro-
static experiment precluded a full structural refinement, as
ambiguity was introduced by the strong correlation between
the degree/direction of the preferred orientation and the frac-
tional x and z coordinates of the respective atoms. Similarly,
the coexistence of phases in the hydrostatic experiment does
not rule out ambiguity in the refined atomic positions. Nev-
ertheless, to obtain full structural refinements, the atomic po-
sitions obtained from the first-principles calculations were
initially used. These atomic positions are in excellent agree-
ment with the refined positions reported in Ref. 5. Table I
includes the refined atomic positions for data obtained at 7.9
GPa. Figure 1 (middle) shows representative Le Bail and
Rietveld refinements for the nonhydrostatic and hydrostatic
experiments, respectively.

In their first-principles investigation of Li,O, Kunc et a
suggested precursor phenomena that accompany the
cotunnite — Ni,In transition. At ambient conditions, Li,O
adopts the cubic antifluorite structure and undergoes a
pressure-induced structural phase transition to the anticotun-
nite structure at approximately 50 GPa (Ref. 35). (Note the
antiphase nomenclature refers to A,X, as opposed to AX,,
compounds.) Their computational results suggested that
Li,O will subsequently transform to the Ni,In structure at
approximately 135 GPa, with precursor phenomena to the
phase transition characterized by distinct nonlinearities in the
¢/b and a/b axial ratios (the latter more so than the former)
of the anticotunnite structure. Interestingly, they specifically
suggested that BaF, would serve as a good candidate to ex-
plore these phenomena experimentally. Figure 3 (top) shows
these axial ratios for the cotunnite phase of BaF, (from the
hydrostatic experiment) over the stable pressure range of
3-14 GPa, which exhibit the proposed nonlinearities. Fur-
thermore, as shown in Fig. 3 (bottom), these nonlinearities
are the result of a sharp decrease in a, together with a slight
increase in b, just before the phase transition—precisely as
suggested in Ref. 18.

To summarize the x-ray diffraction results for the cubic
fluorite and cotunnite phases, the results of the nonhydro-
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FIG. 3. Pressure dependence of the axial ratios (top) and lattice
parameters (bottom) of the cotunnite phase from the hydrostatic
experiment, detailing the precursor phenomena observed just prior
to the NiyIn transformation. The solid lines represent linear fits
obtained from the first four data points of the respective ratios or
lattice parameters.

static and hydrostatic experiments—as well as the results of
the first-principles calculations—are essentially in agree-
ment, and moreover, are in general agreement with the re-
sults of Ref. 5. We here add to the description the precursor
phenomena for the cotunnite phase just prior to transforming
to the Ni,In structure. It is upon transforming to the Ni,In
structure that the various results begin to show marked dif-
ferences.

3. Ni,In phase

Above approximately 14 GPa, a subsequent phase transi-
tion was observed, indicated again by distinct changes in the
x-ray diffraction images. The resulting x-ray diffraction pat-
terns were readily indexed to a hexagonal unit cell. As shown
in Fig. 2 (top), there was excellent agreement for the refined
values of the a axis among the nonhydrostatic and hydro-
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FIG. 4. (Color online) A comparison of x-ray diffraction patterns
of the Ni,In phase from the nonhydrostatic and hydrostatic diffrac-
tion experiments reveals marked differences in intensity and line
position due to severe preferred orientation and atypical axial
compression.

static experiments, the results of Ref. 5, and the theoretical
results. The same cannot be said about the ¢ axis. A signifi-
cantly larger ¢ axis was observed in the nonhydrostatic ex-
periment and (to a lesser extent) in Ref. 5, as compared to the
hydrostatic and theoretical results. Furthermore, the former
two showed an increase in the c/a ratio with increasing pres-
sure, while the latter two showed the opposite pressure de-
pendence. As already discussed, the close relationship be-
tween the high-pressure structures suggests that the highly
compressible a axis in the cotunnite structure should in turn
result in a highly compressible ¢ axis in the Ni,In structure.

These observed differences can be accounted for by pre-
ferred orientation. With the ¢ axis of the Ni,In phase normal
to the load axis—and consequently the incident x-ray
beam—the (00/) reflections would be absent, and (hkl) re-
flections with /# 0 would show marked decreases in inten-
sity. Furthermore, upon compression along the load axis of
the cell, the compression along the a axis would be close to
what would be observed even under hydrostatic conditions,
while the compression along ¢ would be minimized due to
the orientation of the crystallites. This is well illustrated in
Fig. 4, which compares intensities over a selected region of
O space from the nonhydrostatic and hydrostatic experiments
at approximately the same pressure, viz., 35.0 and 32.7 GPa,
respectively. It is important to note that the background has
been subtracted from the pattern obtained under hydrostatic
conditions, and a small Q shift in the nonhydrostatic experi-
ment of 0.15 nm™! (equivalent to 0.07° 26) has been applied
to aid in comparing peak positions; however, no intensity
scaling has been applied to either pattern. The intensities of
the (100) reflection [i.e., an (hkO) plane] are in excellent
agreement. However, the (101) reflection shows extreme dif-
ferences in intensity and position due to preferred orientation
and minimized compression along the ¢ axis, respectively.
The effect on intensities is most extreme in the case of the
(002) peak [i.e., a (00]) peak], which is completely absent in
the nonhydrostatic case.
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FIG. 5. The pressure dependence of the observed Raman modes
(top) and several Raman spectra obtained upon increasing pressure
(bottom). The inverted triangles represent data collected upon de-
creasing pressure; all other data were collected upon increasing
pressure. The arrow indicates the first sign of the low-wave-number
mode associated with the Ni,In phase. The intense narrow peak at
approximately 105 cm™' (#) arises from stray light associated with
collecting spectra from very low wave numbers (its position re-
mains constant with pressure). For clarity, the intensity of the bot-
tom two spectra has been halved and a vertical offset has been
added to all spectra.

The pressure-dependent volume of the Ni,In phase was fit
to a third-order Birch-Murnaghan equation of state, yielding
By=58(5) GPa (B, fixed at 4.67, the value obtained from the
theoretical calculations). Again, this is likely an underestima-
tion due to the coexistence with the cotunnite phase up to the
maximum pressure of the study. But nevertheless, it is clear
after measuring the compression under the best possible hy-
drostatic conditions that the Ni,In phase of BaF, is much
more compressible than previously reported. The volume
collapse at the transition pressure of 14 GPa was approxi-
mately 5%.
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B. Raman spectroscopy

The primary purpose of the Raman experiments was to
corroborate the proposed Ni,In structure of BaF,. A group
theoretical analysis indicates that only two modes should be
observed, according to the irreducible representation I'g,man
=2E,. Similarly, for the cubic fluorite and cotunnite phases,
the irreducible representations of the Raman-active modes
are I'rgman=T>, (a single mode) and TI'gym,n=064,+3B,
+6B,,+3B5, (18 modes), respectively. Figure 5 shows the
pressure dependence of the observed Raman modes from the
two nonhydrostatic samples (top), together with several Ra-
man spectra from the experiment taken upon increasing pres-
sure (bottom). Considering first the data taken upon increas-
ing pressure, at ambient pressure the spectrum exhibited a
single peak at 240 cm~!. The peak shifted to higher wave
numbers with increasing pressure at a rate of just over
8 cm~!/GPa, in excellent agreement with that observed in
Ref. 11. At 3.2 GPa, the peak intensity fell sharply and sev-
eral broad peaks appeared on either side, indicating the onset
of the transition to the cotunnite structure. Given the experi-
ment was carried out at ambient temperature, it was not pos-
sible to resolve the many peaks in the 150—300 cm™' range,
and furthermore, many of the modes observed by Kessler ef
al.'' at lower wave numbers were not observed. Neverthe-
less, the broad multimode band at ~200 cm™, together with
the triplet in the 225-300 cm™' range, was consistent with
the previous study. The pressure dependence of these modes
over the stable pressure regime ranged from approximately
3-6 cm~'/GPa, in agreement with that observed for a-PbF,
(Ref. 11). Above 10 GPa, the intensity of the peaks again
decreased significantly, and an asymmetry of the doublet at
approximately 325 cm™' developed, with a small shoulder
emerging on the high-wave-number side. These develop-
ments may constitute the Raman manifestation of the precur-
sor phenomena observed in the x-ray diffraction experi-
ments. At 14.1 GPa, a weak peak emerged at approximately
95 cm! (indicated by the arrow in Fig. 4, bottom) and the
weak shoulder of the peak at 325 cm™' became dominant.
Above 16 GPa, the phase transition was complete and the
two peaks remained the only Raman features in the spectra
up to the maximum pressure of 31.5 GPa. First-principles
calculations of the two expected Raman modes for the Ni,In
phase at 40 GPa yielded expected frequencies of 115 and
590 cm~!. While these calculated frequencies are higher
than the observed values, the general range is nevertheless
consistent with what was observed experimentally.

For the next sample studied upon decreasing pressure (the
same as that used in the nonhydrostatic diffraction experi-
ment), at 77.1 GPa, the spectrum had a single, weak, and
broad peak at approximately 525 cm™'. The peak shifted to
lower wave numbers with decreasing pressure; however, due
to the poor signal-to-background ratio and the breadth of the
peak, it was difficult to obtain a satisfactory fit for the peak,
hence the observed scatter in the data. However, the ob-
served peak was consistent with the high-wave number peak
observed for the Ni,In phase in the companion experiment.
The low-wave-number peak was not observed, however. Be-
low 5 GPa, the group of peaks characteristic of the cotunnite
phase emerged about this single peak. The group remained
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down to ambient pressure, and the peak associated with the
cubic fluorite phase emerged, indicating a mixture of phases.

IV. DISCUSSION

As mentioned in Sec. I, a computational study predicted
metallization of BaF, at 33 GPa (Ref. 6); however, it had
already been demonstrated by Leger et al. that the Ni,In
phase was stable, and the sampled remained completely
transparent to visible light, up to at least 40 GPa. More re-
cently, in situ conductivity measurements on BaF, were car-
ried out by Hao et al.” up to a pressure of approximately 60
GPa. While no metallization was observed, it was suggested
that BaF, could be characterized as a wide-gap semiconduc-
tor at pressures above 25 GPa (with a band gap of approxi-
mately 1.2 eV) and based on extrapolation of the measured
band gap as a function of pressure, metallization (zero band
gap) would occur at approximately 87 GPa. However, no
conclusion was made as to whether this would be accompa-
nied by a first-order structural phase transition.

A high-pressure powder x-ray diffraction study of BaH,
by Kinoshita et al.'®> was the first to report a post-Ni,In struc-
ture for an ionic AX, compound. Specifically, the onset of the
pressure-induced structural phase transition appeared at ap-
proximately 50 GPa, with the phase transformation com-
pleted at approximately 65 GPa, and furthermore the transi-
tion was reversible (however, large hysteresis was observed).
The AIB, structure (hexagonal, P6/mmm) was proposed for
the post-Ni,In phase. The authors’ unpublished research of
BaH, agrees with Kinoshita et al., and we here add to the
characterization of the high-pressure phase by noting that
upon transforming to the AlIB, structure, the band gap is
narrow enough that the sample is no longer transparent to
visible light. It is reasonable to suggest that if BaF, is to
undergo a subsequent structural phase transition, it might be
characterized by the same structure as BaH,. However, the
current study demonstrates that the Ni,In structure remains
stable up to at least 77 GPa, and furthermore the sample
remains transparent to visible light, viz., the band gap must
still be significantly larger than 1 eV. We thus conclude that
BaF, does not transform to a metallic state up to the maxi-
mum pressure reached in this study.

A linear relationship between the molar volume and the
cube of the mean cation-anion distance has been established
for several ionic AX, compounds: both at ambient- and high-
pressure conditions (see, for example, Refs. 1 and 5). Spe-
cifically, Viypou=kds/N, where k=14.4(6), d, is the mean
cation-anion distance, and N is the cation coordination num-
ber. It has been shown for CaH, and BaH, that the relation-
ship holds not only at ambient pressure and immediately
following a pressure-induced phase transition, but also
throughout the stable pressure range of a given phase.!” Fig-
ure 6 shows this relationship also holds for each of the three
phases of BaF, throughout the respective stable pressure
ranges. Notably, the relationship suggests that the ionic na-
ture of the bonding is maintained up to the maximum pres-
sure of 77.1 GPa; further suggesting that BaF, remains an
insulator.
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FIG. 6. (Color online) Molar volume vs the cube of the mean
cation-anion distance for 8-, 9-, and 11-coordinated Ba®*. Open and
closed symbols denote data from the nonhydrostatic and hydrostatic
diffraction experiments, respectively. The asterisk (*) indicates am-
bient pressure. Upon increasing pressure, data tend toward the ori-
gin, or in the case of a phase transition, increase in coordination
number (as well as mean cation-anion distance) as indicated by the
dotted lines. The relationship holds throughout the stable pressure
regimes of the respective phases, up to the maximum pressure of
the study (77.1 GPa), indicating that the bonding remains charac-
teristically ionic.

Figure 7 shows a comparison of the calculated energy vs
pressure for the observed Ni,In phase and the hypothetical
high-pressure AlB, phase for BaF,. The results clearly show
a transition to the AlB, structure as observed for BaH, is not
expected to occur for BaF, up to at least 250 GPa. Further-
more, our calculations of the band gap suggest that the Ni,In
phase remains insulating at pressures greater than 500 GPa.
In short, if BaF, does undergo a subsequent pressure-induced
phase transition, it is either at pressures which exceed current
experimental static pressure limits or it is characterized by a
different structure than that observed for BaH,.

Difficulties arising from nonhydrostatic pressure condi-
tions, such as anisotropic strain broadening and preferred
orientation, are frequently encountered. As hexagonal struc-
tures are particularly prone to texture, it is not necessarily
surprising that the nonhydrostatic and hydrostatic experi-
ments exhibited marked contrast for the Ni,In data (although
the magnitude of the contrast is certainly surprising, e.g., a
difference of almost 10% in the ¢ axis at approximately 35
GPa). On the other hand, difficulties arising from hydrostatic
pressure conditions are less frequently encountered; in this
particular case, hydrostatic conditions gave rise to extremely
sluggish pressure-induced phase transitions. As for a possible
explanation, we here suggest that microscopic domains may
be present in the sample, and these domains are preserved by
the hydrostatic conditions. As a portion of the sample in a
given domain transforms to a higher-density phase, the cor-
responding local volume collapse permits a portion of the
sample in the same domain to persist in the lower-density
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FIG. 7. (Color online) The calculated energy vs pressure for the
observed Ni,In structure and hypothetical AlB, structure of BaF,
suggest that BaF, does not undergo an insulator-metal transition
analogous to that observed for BaH,.

phase. Conversely, the shear forces present under nonhydro-
static conditions are sufficient to break down the domain
boundaries, resulting in distinct, complete phase transitions.
The same result could likely be achieved in the hydrostatic
case through annealing by means of laser heating or a con-
ventional furnace. A more thorough exploration of phase co-
existence over such a broad pressure range presents an op-
portunity for further study.

V. CONCLUSION

The primary purpose of the current work was to corrobo-
rate the proposed Ni,In structure of BaF, for pressures above
14 GPa. Compression under nonhydrostatic conditions gave
rise to atypical compression of the lattice parameters in the
high-pressure phase, as well as poor agreement between ob-
served and expected relative intensities due to preferred ori-
entation. These difficulties were resolved by carrying out the
experiment under the best possible hydrostatic conditions.
The Raman experiments further support the proposed struc-
ture, as the spectra exhibited two Raman-active modes as
expected for the Ni,In phase. The previously proposed pre-
cursor phenomena accompanying the cotunnite — Ni,In tran-
sition were clearly observed in the hydrostatic x-ray diffrac-
tion study and this may be further indicated by the marked
decrease in intensity of the majority of the observed Raman
modes prior to the Ni,In transition. Finally, the Ni,In phase
of BaF, remained stable up to at least 77 GPa and no indi-
cations of metallization were observed. If BaF, is to undergo
a subsequent pressure-induced phase transition in a manner
similar to BaH,, it is likely that this will not occur until well
into the multimegabar regime, or alternatively, it will be
characterized by a different crystal structure.
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