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ABSTRACT: The phase transition of AF, difluorides strongly depends on pressure, 50

temperature, and cationic radius. Here, we have investigated the phase transition of three — gggi I I

difluorides, including MgF,, CaF,, and BaF,, at simultaneously high pressures and ol 700 K

temperatures using Raman spectroscopy and X-ray diffraction in externally heated \ Niin

diamond anvil cells up to 55 GPa at 300—700 K. Rutile-type difluoride MgF, with a small ~ §, \

cationic radius undergoes a transition to the CaCl,-type phase at 9.9(1) GPa and 300 K, to Qg Cotunnite

the HP-PdF,-type phase at 21.0(2) GPa, and to the cotunnite-type phase at 44.2(2) GPa.  § 5 \\

The phase transition pressure to the HP-PdF, and cotunnite structure at 300 K for our ., | ~

single crystal was found to be higher than that in previous studies using polycrystalline 108\ HP-PdF:

samples. Elevating the temperature increases the transition pressure from rutile- to the _ .- \\ ! _

CaCl,-type phase but has a negative influence on the transition pressure when MgF, ol = | Fluorite : i
08 0.9 1.0 11 1.2 1.3

transforms from the HP-PdF,- to cotunnite-type phase. Meanwhile, the transition pressure
from the CaCl,- to HP-PdF,-type phase for MgF, was identified to be independent of the
temperature. Raman peaks suspected to belong to the @-PbO,-type phase were observed at 14.6—21.0(1) GPa and 400—700 K. At
300 K, difluorides CaF, and BaF, in the fluorite structure with larger cationic radii transform to the cotunnite-type phase at 9.6(3)
and 3.0(3) GPa at 300 K, respectively, and BaF, further undergoes a transition to the Ni,In-type phase at 15.5(4) GPa. For both
CaF, and BaF,, elevating the temperature leads to a lower transition pressure from fluorite- to the cotunnite-type phase but has little
influence on the transition to the Ni,In structure. Raman data provide valuable insights for mode Griineisen parameters. We note
that the mode Griineisen parameters for both difluorides and dioxides vary linearly with the cation radius. Further calculations for
the mode Griineisen parameters at high pressures for MgF,, CaF,, and BaF, yield a deeper understanding of the thermodynamic
properties of the difluorides.

Cation radius (A) at 1 bar

1. INTRODUCTION earth’s deep interior, following a similar high-pressure
transition sequence of rutile-type difluorides but much higher
i, 16-18 1+ .

transition pressure. Difluorides are thus regarded as good
analogues of dioxides in earth sciences.'”?° Therefore, the
complex polymorphism and unique physical properties of
difluorides under extreme conditions have captivated wide
attention.”!

AF, difluorides, in which cation A represents group-II alkaline
earth (ie, Mg, Ca, St, and Ba) and transition metal elements
(i.e., Zn, Co, and Mn), are widely used as optical components
and luminescent materials owing to their desirable optical and
mechanical properties.”” The structure of the difluorides

exhibits systematic dependence on ionic radii of cations and o . . .

. . 3%s The phase transition sequence of difluorides at high
electronic properties.” ~ Influenced by the geometry and the ressures is stronelv dependent on the cation radi
mutual contact of the large anions, difluorides with larger ionic E 357101222 5 30 g i; rutIi)le e difluorides such as MgF

.. . . . . . . y ‘typ 2
radii of cations tend to have higher coordination at ambient with a small cation radius of 0.72 A undergo a second-order

e 5,6 . )
conditions.” When the cation radius ranges from 0.9 to 1.35 transformation to the orthorhombic CaCly-type structure

A, difluorides normally crystallize in the cubic fluorite-type .
st;'ucture (Fm3m, Z = Z) w?t’h a coordination number of 8 S’t};gg (Pnnm, Z = 2) at ~9 GPa and then transforms to the cubic

: HP-PdF,- tructure (Pa3, Z = 4, also misidentified
As the cationic radius drops below 0.9 A, the inability of rtype structure (Pa3, 4 also misidentified as a

contact between the anion and cation reduces the repulsive
forces balancing the Coulomb forces in this high-coordination
structure, resulting in a tetragonal rutile-type structure (P4,/ Revised: ~ May S, 2024
mnm, Z = 2) for these difluorides.”~*'"""> Of particular Acce_Pted‘ May 10, 2024
interest is the same rutile-type structure of some dioxides, such Published: May 22, 2024
as Si0,, TiO,, etc., as difluorides at ambient conditions."*™"

These oxides are important rock-forming minerals in the
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“pyrite-type” structure in some studies) at ~14 GPa.'*****
However, an additional @-PbO,-type phase was predicted by
theoretical calculation to be stable between CaCl,- and HP-
PdF,-type phases.'’ Further elevating pressure to ~38 GPa
leads to the transition to the cotunnite-type structure (Pnma, Z
= 4).'%2°7 Increasing the cation radius leads to a decrease in
the phase transition pressure to CaCl,- and HP-PdF,-type
structures.”” For example, ZnF, with a cation radius of 0.74 A
transitions to the CaCl,-type phase at 4.5 GPa and to the HP-
PdF,-type structure at 10 GPa, which are much lower than
those of MgF, at 300 K."** Of particular interest is the rutile-
type MnF,, which transforms to the ZrO,- or Srl,-type rather
than CaCl,-type structure at ~3 GPa.'”” In contrast to the
HP-PdF,-type MgF,, which directly transitions into the
cotunnite structure at higher pressures, some transition metal
difluorides like ZnF, and CoF, will transform into the AgF,- or
cubic fluorite-type structures before changing to the cotunnite
structure.”*

When the cation radius is greater than 0.9 A, the fluorite-
type difluorides will transition into the cotunnite-type structure
at high pressures.”’*”** CaF, with a relatively small cation
radius of 0.99 A has a transition pressure of 9 GPa at 300 K,
while SrF, with a large cation radius of 1.12 A has a lower
transition pressure of S GPa.” BaF, has the largest cation radius
of 1.35 A among this group, and the transition pressure is the
lowest (3 GPa).”*>*® Difluorides in cotunnite-type structure
will further transition into the hexagonal NiIn-type phase
(P63/mmc, Z = 2) at higher pressures.s’%36 The transition
pressure of CaF, is 72 GPa, which is much greater than those
of StF, (29 GPa) and BaF, (14 GPa).” For PbF, the
cotunnite-type phase will transform to a 10-fold Co,Si
structure at 22 GPa rather than a Ni,In-type structure.””

Temperature also plays a key role in the structure of
difluorides.””*”*® At 1 bar, rutile-type difluorides like MgF,
tend to retain their original phase at high temperatures up to
1100 K.*7 In contrast, fluorite-type difluorides such as CaF,,
StF,, and BaF, undergo a phase transition from the fluorite
phase to the superionic state at 1100—1400 K and ambient
pressures.’’>>**~*" For rutile-type difluorides, the experi-
ments at simultaneously high pressure—temperature (P—T)
conditions were only conducted on MgF,, ZnF,, and MnF,
using the X-ray diffraction (XRD) method to investigate their
structure stability up to 15 GPa and 750 °C.””*** Of
particular interest is the different structures observed in these
difluorides at high P—T conditions.””**** The XRD measure-
ment in the large-volume apparatus has been conducted in
MgF, up to 15 GPa and 750 °C, which indicated that the a-
PbO,-type phase of MgF, was partially transformed from the
CaCl,-type phase at 13 GPa and 600 °C and became a single
phase at 12.7 GPa and 750 °C.*’ However, there are only one
or two scattered experimental points for each phase of MgF,,
making it difficult to determine the Clapeyron slopes of the
phase boundaries.*’ The study about MnF, focuses on the
high-pressure behavior upon decompression at high temper-
atures.”” Interestingly, it has been observed that the a-PbO,-
type phase and a phase with the space group P4,m are stable
between 1 and 4 GPa at 500—700 K during the decompression
process.”

For fluorite-type difluorides, the experiments at high P—T
conditions have been conducted on CaF,, SrF,, and BaF, using
differential thermal analysis or by measuring dielectric
properties up to 6.0 GPa and 2200 K.**~*' These studies
indicated that CaF,, SrF,, and BaF, exhibit the fluorite-to-

cotunnite phase transition at temperatures up to ~1300 K with
a slightly negative Clapeyron slope, which also been supported
by recent theoretical calculation.”*****~*' The experiments
were also conducted on PbF, by laser-heating XRD methods
up to 64.5 GPa and 2430 K.** Different from the transition
sequence at room temperature, cotunnite-type PbF, will
transform to a Ni,In-type structure at 25.9 GPa after heating
to 1400 K.** However, the high P—T results related to higher
pressure, which may show a distinct phase transition, are still
scarce for most difluorides with alkaline earth elements. To
better understand the impact of temperature on the phase
boundary of AF, difluorides, it is crucial to experimentally
investigate their high-pressure behavior under simultaneous
high P—T conditions.

In this study, we investigated the phase transition of three
difluorides, including MgF,, CaF,, and BaF,, at simultaneously
high P—T conditions using Raman spectroscopy and XRD up
to 55 GPa and 700 K in diamond anvil cells (DACs). These
representative difluorides have cationic radii in the range of
0.72—1.35 A, which can systematically reveal the influence of
the cationic radius at high P—T conditions on the structure of
difluorides. Our experimental results provide crucial con-
straints on the phase boundary and mode Griineisen
parameters of these difluorides at high P—T conditions.
Together with previous experimental results, we provide a
more comprehensive understanding of the influence of
pressure, temperature, and cation radius on the structure of
difluorides.

2. EXPERIMENTAL DETAILS

Single-crystal MgF,, CaF,, and BaF, (purity 99.99%) were
purchased from Hefei Kejing Materials Technology Co., Ltd.
All of the sample crystals were double-sided polished to 20—30
pum in thickness for high P—T Raman measurements. For all
three difluorides, a number of sample pieces with different
crystal orientations, including some specific orientations, such
as (100), (111), and (001), were prepared for the measure-
ments. For MgF,, we prepared additional platelets ~10 gm in
thickness for XRD measurements.

High-pressure Raman and XRD measurements at 300 K
were conducted using short symmetric diamond anvil cells
(DACs) equipped with a pair of 300, 400, or S00 ym culet
diamonds. The sample platelets were loaded into the center of
the diamond culets, and rhenium was used as the gasket
material. The gasket holes with radii of 165, 210, and 295 ym
were laser-drilled for 300, 400, or 500 ym culet diamonds,
respectively. For Raman measurements, one or two small ruby
spheres were loaded into each sample chamber for pressure
determination.** For XRD measurements, Au was used as the
pressure calibrant.*> Argon was used to provide a quasi-
hydrostatic environment for all of the Raman and XRD
measurements below 40 GPa, while neon was used for
measurements greater than 40 GPa.***’ To explore the
combined effect of P—T on the structure of difluorides, the
samples were loaded into the BX90-type externally heated
DACs (EHDACS) for high P—T measurements, while the size
of the diamond culets, gasket, and the hydrostatic pressure
transmitting media were same as the high-pressure and 300 K
measurements.”® Due to the increased line width of the
fluorescence lines and reduced accuracy of ruby’s signal above
~550 K, we used cubic boron nitride (¢cBN) as the pressure
calibrant for high-temperature Raman measurements.”” The
pressure difference before and after the measurement was less
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Figure 1. Raman spectra of difluorides at high pressures and 300 K. (a) MgF,. The weak By, mode of the rutile-type structure at ambient
conditions is enlarged as an illustration. (b) CaF,. (c) BaF,. The short lines with different colors indicate the position of different Raman modes.

Table 1. Raman Frequencies v (cm™), First-Order and Second-Order Pressure Coefficients (dv/dp (cm™'/GPa) and d*/dp”
(cm™2/GPa?), Respectively), and Mode Griineisen Parameter y of the Rutile- (1 bar), CaCl,- (9.9 GPa), HP-PdF,- (31.2 GPa),

and @-PbO,-Type Phase (1 bar) of MgF, at 300 K

phase mode symmetry v
rutile (1 bar) E, 292.9(1)
Ay 405.6(1)
By 511.2(6)

CaCl, (9.9 GPa) A, 58(1)
By, 3332(3)
B;, 333.2(3)
A, 472.3(1)
HP-PdF, (31.2 GPa) A 251.1(2)
T, 325.4(5)
E, 404.2(9)
a-PbO, (1 bar) 186.4(3)
254.4(8)

v, (fit) dv/dp d*v/dp* ¥i
294.3(6) 4.1(1) 1.42
407.7(7) 6.8(1) 1.68
—41(4) 12.3(4) —0.15(1) 20.10
307.2(1) 2.79(S) 1.17
307.2(1) 2.79(5) 1.17
421(1) 5.7(1) —0.058(3) 1.34
198.0(8) 1.74(2) 1.64
240(14) 2.8(4) 2.02
290(3) 3.6(1) 1.77
186.7(7) 0.2(1)

256.0(7) 1.0(1)

“The fitting values of zero-pressure frequency are also displayed for different modes.

than 0.5 GPa. A K- or R-type thermocouple was attached to
the surface of the diamond 500 ym from the diamond culet to
determine the temperature (Figure S1). The uncertainty of the
temperature in the EHDAC was within +5 K.

Raman signals were excited by a 532 nm wavelength laser of
200 mW output power, and Raman measurements were
conducted at the High-Pressure Mineral Physics Laboratory,
University of Science and Technology of China (USTC). The
phonon wavelengths were calibrated using the Raman
spectrum of the peak of silica at 520.5 cm™, and the
uncertainty was within +0.5 cm™. At ambient conditions, all
of the Raman spectra were collected without using the DACs.
For MgF,, the acquisition time for each Raman spectrum was
30 s, and we normally collected five spectra at given P—T
conditions. For CaF, and BaF,, the acquisition time is ~10 s
with S to 10 accumulations. At high pressures, Raman
measurements were performed at an interval of ~1 to ~40
GPa. After the compression experiments, all of the samples

23677

were decompressed to 1 bar, and the spectra were collected
every 5 GPa during decompression. For simultaneously high
P—T experiments, Raman spectra were collected between 300
and 700 K in 50 K steps at a given pressure. The temperature
increase rate was 0.3 K/s. After reaching the target temper-
ature, the temperature was held for 3—10 min before starting
measurements. After the compression experiments, the
temperature was quenched to 300 K, and samples were
decompressed to 1 bar.

We performed additional XRD measurements for single-
crystal MgF, up to 55 GPa and 700 K at the 13-BM-C
beamline of the GSECARS, Advanced Photon Source (APS),
Argonne National Laboratory (wavelength: 0.4340 A), and
BL15U1 of Shanghai Synchrotron Radiation Facility (SSRF;
wavelength: 0.6199 A). At both facilities, diffraction images
were collected using a MAR165 CCD detector.””" At the 13-
BM-C beamline of the GSECARS, the distance between the
sample and the CCD detector was 196.4974 mm, and LaBy
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Figure 2. Raman shifts of high-pressure phases for difluorides at 300 K. (a) MgF,. Black: rutile-type phase; pink: CaCl,-type phase; purple: PdF,-
type phase; gray dashed lines: the calculated frequencies from Zhang et al.>* (b) CaF,. Blue: fluorite-type phase; green: cotunnite-type phase; gray
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Figure 3. Raman spectra of difluorides at high P—T. (a) MgF,. (b) CaF,. (c) BaF,. The short lines with different colors indicate the positions of

different Raman modes.

powder was used as diffraction calibration, while at the
BL15U1 of SSRF, the sample—detector distance was 133.2123
mm, which was calibrated using a CeO, standard. The XRD
patterns at 300 K were collected up to 55 GPa with a pressure
interval of 1—2 GPa. For high P—T experiments, we first cold-
compressed the sample to ~4 GPa and then gradually
increased the temperature. The XRD patterns were collected
in a 100 K step from 300 to 700 K at each pressure. The
temperature rising rate was the same as Raman measurements
(0.3 K/s), while the temperature was only held for 0.5—3 min
before data collection. The exposure time for the acquisition
was 10—30 s, while the sample stage was rotated from —15 to
15° during data acquisition to obtain more diffraction spots.
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3. RESULTS

3.1. MgF,. Under ambient conditions, two distinct Raman
peaks at 292.9(1) and 405.6(1) cm™ were observed in all of
the samples with different orientations for MgF,, while an
additional low-intensity wide band at 511.2(6) cm™" was only
noticeable in the (111) orientation (Figure land Tables 1 and
S1). Besides, our Raman spectra displayed many low-intensity
peaks at 50—200 cm™", which could possibly be associated with
the fluorescence from the sample—laser interactions. Similar
peaks were also observed in our other difluoride samples, and
they maintained their frequencies even under high-pressure
conditions (Figure S2). The Raman shift of the peaks at
292.9(1) and 405.6(1) cm™ exhibits a monotonic increase
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Figure 4. Temperature dependence of the Raman modes for difluorides at a given pressure. (a) MgF,. The rutile-type phase at 5.4(1) GPa, CaCl,-
and a-PbO,-type phases at 17.5(1) GPa, and the HP-PdF,-type phase at 25.0(1) GPa; (b) CaF,. The fluorite-type phase at 4.8(1) GPa and the
cotunnite-type phase at 17.5(1) GPa. (c) BaF,. The cotunnite-type phase at 4.8(1) GPa and the Ni,In-type phase at 17.5(1) GPa. Solid circles:

experimental data; lines: fitting results.

with pressure (Figure 2). The peak at 405.6(1) cm™ can be
observed up to 35.3(2) GPa, whereas the peak at 292.9(1)
cm™! disappeared at 26.0(2) GPa. The signal of the wide band
at 511.2(6) cm™ was under the detection limit at high
pressures. We observed the appearance of a new peak at 58(1)
ecm™ at 9.9(2) GPa, but it disappeared at 36.8(2) GPa.
Another notable change was observed at 21.0(2) GPa, marked
by the appearance of a new peak at 236(1) cm™". Two more
peaks at 325.4(5) and 400.3(7) cm™ appeared successively at
~30 GPa. The Raman shifts of these three peaks increased to
265.4(2), 345.8(6), and 429.6(7) cm™" at 38.5(1) GPa. The
behavior upon decompression from 38.5(1) GPa is very
different with compression, as the Raman shifts of three peaks
at 265.4(2), 345.8(6), and 429.6(7) cm™ at 38.5(1) GPa
exhibited a linear decrease to 213.8(4), 268(2), and 331(3)
cm™ at 10.0(1) GPa, respectively (Figure S3). Both peaks at
213.8(4) and 331(3) cm™' disappear upon further decom-
pression with the appearance of a new peak at 192.0(4) cm™!
(Figure S3). When decompressed to ~4 GPa, we observed the
presence of two new peaks, the Raman shifts of which
decreased to 292(1) and 406(1) cm™ at 1 bar, respectively.
To explore the combined effect of pressure and temperature
on the phase diagram of MgF,, we collected Raman spectra up
to 35 GPa and 700 K (Figures 3 and S4). Raman shifts for all
of the active modes follow a linear decrease with temperature
at a given pressure (Figure 4). In general, at high temperatures,
MgF, follows the same transition sequence as it does at 300 K
with increasing pressure. For example, a new peak at 58(1)
cm™! was observed at 9.9(2) GPa and 300 K, and it was
present at a slightly higher pressure of 14.2(2) GPa at 700 K
(Figures 3 and S4). The second major change in the Raman
spectra of MgF, at 300 K occurs at 21.0(2) GPa, represented
by the appearance of a new Raman peak at 236(1) cm™. This
peak at high temperatures occurs at pressures nearly identical
to those at 300 K. At 300 K and ~30 GPa, we observed two
new Raman peaks at 325.4(5) and 400.3(7) cm™. However, at
elevated temperatures, the pressures at which these two Raman
peaks appear are slightly lower than at 300 K. For example, at
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700 K, these two peaks were observed at ~27 GPa. In contrast
to samples with other orientations, two new peaks at 200(1)
and 275(1) ecm™!, which were never observed at 300 K, were
present clearly at 400—700 K between 14.6(1) and 21(1) GPa
in the (111) orientation (Figures 4 and S4). Both peaks
disappeared at ~21 GPa at high temperatures.

In XRD measurements, we observed 5—14 reflections in the
rutile-type phase of MgF, at high P—T conditions (Figure SS).
At 300 K, the 101, 200, 210, 310, 301, 400, and 410 reflection
spots split into pairs of reflection points of (101 and 011),
(200 and 020), (210 and 120), (310 and 130), (301 and 031),
(400 and 040), and (410 and 140) at 10.1(1) GPa,
respectively. When the temperature was elevated to 600 K,
these changes were observed at a slightly higher pressure of
12.1(1) GPa (Figures S and SS). We observed a dramatic
change in the XRD pattern at 21.7—22.8(4) GPa for all of the
investigated temperatures, marked by the transformation of
reflection spots to lines and the occurrence of 4—8 new
reflection lines (Figure SS), which indicates the transition
between the CaCl, and HP-PdF, structures. At 300 K, two new
additional peaks appeared at 44.2(1) GPa, and the number of
the peaks gradually increased with pressure, suggesting the
transition to the cotunnite structure. At 700 K, similar
phenomena were observed at a slightly lower pressure of
42.7(3) GPa (Figure SS).

3.2. CaF,. In the Raman spectra of CaF,, a single peak at
323.0(1) cm™' was observed under ambient conditions
(Figures 1 and 2 and Tables 2 and S1). The Raman shift of
this peak increases linearly with pressure up to 9.6(3) GPa, and
the disappearance of this single peak accompanied by the
appearance of 14 new peaks at 168—433(1) cm™' was
observed (Figures 1 and 2). Except for one peak present at
265 cm™! at 9.6(3) GPa, the Raman shifts of all of the new
peaks displayed a linear increase with pressure (Figures 1 and
2). During decompression from 39 GPa, these high-pressure
peaks persisted down to S GPa (Figure S3). At high
temperatures, increasing the pressure leads to a similar change
in the Raman spectra of CaF, at 300 K (Figures 3, 4, and S4).
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Figure S. High P—T phase diagrams of MgF,, CaF,, and BaF,. (a)
MgF,. Black: rutile-type phase; pink: CaCl,-type phase; purple: HP-
PdF,-type phase; green: cotunnite-type phase; solid circles: Raman
results; solid squares: XRD results; solid circles with white dots: the
mixture of CaCl,- and a-PbO,-type phases. (b) CaF,. Blue: fluorite-
type phase; green: cotunnite-type phase; black dashed lines: the
calculated phase boundary from Cazorla and Errandonea;®' black
dotted dashed lines: the calculated phase boundary from Nelson et
al.*® (c) BaF,. Blue: fluorite-type phase; green: cotunnite-type phase;
red: Ni,In-type phase; gray dashed lines: experimentally determined
phase boundary from Samara;*" black dashed lines: the calculated
phase boundary from Cazorla et al.** Black and gray solid lines: phase
boundary determined in this study.

However, the change in Raman spectra occurred at a slightly
lower pressure than that at 300 K. For example, we observed
the presence of 13 new peaks at 7.8(2) GPa and 600 K
compared to 9.6(3) GPa and 300 K.

3.3. BaF,. There was only one active Raman mode
observed at 240.9(1) cm™ at ambient conditions for BaF,
(Figures 1 and 2 and Tables 3 and S1). The Raman shift of this
peak increased linearly with pressures up to 3 GPa. A distinct
change was observed at 3.0(3) GPa, with the disappearance of

Table 2. Raman Frequencies v (cm ™), First-Order Pressure
Coefficients dv/dp (cm™'/GPa), and Mode Griineisen
Parameter ¥ of the Fluorite- (1 bar) and Cotunnite-Type
Phases (10.1 GPa) of CaF, at 300 K“

mode
phase symmetry v v, (fit) dv/dp Yi

fluorite (1 bar) T, 323.0(1)  3227(5)  5.26(9) 132
cotunnite B, 168.4(8)  152(2) 1.11(5)  0.81
(10.1 GPa) A, 168.4(8)  147(1) 1.8(1) 1.34
By, 184(1) 163(1) 1.5(6) 1.22

A, 223.6(5)  2152(7)  0.79(5) 048

By, 255(1) 230(2) 2.5(1) 1.12

A, 273.1(9)  255(4) 2.3(5) 0.94

By, 294(1) 276(1) 3.1(7) 0.77

By 318.8(4)  315.5(5) 0.34(4) o0.10

By, 3452(3)  338(1) 0.86(6) 027

A, 397.2(9)  385(1) 1.54(3) 044

By 397.2(9)  365(2) 3.0(1) 0.88

B, 413(1) 375(2) 4.0(1) 1.07

A, 433.4(7)  389(2) 4.7(3) 121

“The fitting values of zero-pressure frequency are also displayed for
different modes.

Table 3. Raman Frequencies ¥ (cm™), First-Order Pressure
Coefficients dv/dp (cm™'/GPa), and Mode Griineisen
Parameter ¥ of the Fluorite- (1 bar), Cotunnite- (6.3 GPa),
and Ni,In-Type Phases (15.5 GPa) of BaF, at 300 K*

mode
phase symmetry v v, (fit) dv/dp ¥i

fluorite (1 bar) T 240.9(1) 242.2(6) 6.2(3) 1.45
cotunnite A, 1702(4)  158(1) 1.8(2) 0.83
(6.3 GPa) By 1862(7)  163(1) 35(1) 147
A, 205.0(7)  189(1) 2.5(1) 0.94
B, 219(2) 192(3) 4.0(3) 1.44
B,, 249.7(2)  2344(7)  234(6) 074
A, 275.7(4)  256(1) 3.0(2) 0.87
B, 300.3(2)  270(1) 4.9(1) 1.29
A, 310(1) 274(1) 5.5(1) 1.40
By, 357(1) 324(4) 5.2(4) 1.14
Ni,In E, 101.1(1)  93(1) 048(5)  0.63
(15.5 GPa) E, 379.6(1)  332(1) 2.98(6)  1.04

“The fitting values of zero-pressure frequency are also displayed for
different modes.

the single peak and the appearance of the nine new peaks at
166—348(2) cm™" (Figure 2). The Raman shifts of all nine
peaks increase with increasing pressure. Another significant
change occurred at 15.5(4) GPa, characterized by the
appearance of two new peaks at 101.1(1) and 379.6(1) cm™
and an apparent softening in the Raman shift of one peak
previously observed at 163.1(4) cm™ at ~3 GPa (Figure 2).
Meanwhile, the Raman modes previously observed at 3—15
GPa either transform into three wide peaks at ~220, 270, and
350 cm™ or gradually decrease in intensity until they
completely disappear at ~20 GPa (Figures 1 and 2). The
Raman shifts of the peaks at 101.1(1) and 379.6(1) cm™
exhibit a linear increase with pressure up to 39 GPa. Upon
decompression from 39 GPa, these two peaks were observed
down to 12 GPa, whereas nine new peaks at 159—371(2) cm™!
gradually occurred at 10—15 GPa (Figure S3). When the
pressure inside the DAC is completely released, the Raman
spectrum of BaF, returned to having only one peak at 241
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cm ™" under ambient conditions. Under high P—T conditions,
the change of the Raman spectra of BaF, was similar to that at
300 K and high pressure (Figures 3, 4, and S4). The first
change was characterized by the disappearance of the single
peak at 241 cm™ and occurred at slightly lower pressures with
increasing temperature. The second major change in Raman
spectra occurred at 15 GPa, independent of the temperature.

4. DISCUSSION

4.1. Phase Transition of MgF, at High P—T. According
to the group theory, the rutile-type structure of difluorides
exhibits four Raman-active modes (Blg, E; A Bzg).16 At
ambient conditions, the observed peaks of MgF, at 292.9(1),
405.6(1), and $11.2(6) cm™" correspond to E, A, and B,,
modes, respectively (Table S1).'"® Previous XRD measure-
ments and theoretical studies have revealed that MgF,
undergoes a second-order ferroelastic transition to the
CaCl,-type phase at 4.8—12.3 GPa and 300
K.'0232572730325%55 pccording to the Landau theory, the
transition pressure from rutile to the CaCl,-type phase could
be determined by the intersection of squared Raman shifts of
Bjgand A, modes.**” In this study, although the fluorescence
peaks within the range of 50—200 cm™' partly impede the
detection of the B;, mode in the rutile-type phase, the A, mode
in the CaCl,-type structure has a much greater intensity than
the fluorescence peaks and was present at 58(1) cm™ at 9.9(2)
GPa (Figures 1 and S3). We observed the splitting of the
refraction spots at 10.1(1) GPa in the collected diffraction
patterns (Figures S and SS). The transition pressure could also
be determined by the intersection of the linear extrapolation of
a straight line of the squared symmetry-breaking strains from
the lattice parameters (e;—e,)* and the pressure axis (Figure S6
and Table $2).°*°® This yields a transition pressure of 8.6(2)
GPa and 300 K, consistent with our Raman results."’

Previous results have shown that the CaCl,- to HP-PdF,-
type phase transition of MgF, occurs at 13.5—15.4 GPa, and
the HP—PdFZ—t):ge phase has five Raman-active modes (Eg + A,
+ 3Tg).10’25’30" However, there is no new peak or other
noticeable change in our Raman spectra until 21.0(2) GPa.
Since MgF, and ZnF, have the same transition sequence, here,
we assign the observed modes based on the findings from
ZnF,.”* The new peak emerged at 21.0(2) GPa from the HP-
PdF,-type phase with a Raman shift of 236(1) cm™, which is
consistent with the strongest A, mode. The other modes,
originally expected to occur with the A; mode, exhibited
delayed appearances due to their weak intensities. Both T, and
E, modes became detectable at pressures as high as 30 GPa,
while the other two modes remained undetected. Meanwhile,
we observed a dramatic change in the diffraction pattern of
MgF, at 22.8(4) GPa. This change in the XRD pattern should
be caused by the CaCl,- to HP-PdF,-type phase transition and
occurred at a slightly higher pressure than that observed in
Raman measurements. All of the diffraction lines can be well
indexed into a cubic unit cell of the HP-PdF,-type structure
(Figure $5).'° Although our Raman measurements indicate no
additional changes up to 38.5(1) GPa, two additional peaks
were observed at 44.2(2) GPa in our XRD pattern, which
should be related to the transition to the cotunnite structure.

The observed transition pressures between the CaCl, and
HP-PdF, structures (21 GPa) and between the HP-PdF, and
cotunnite structures (44 GPa) are higher than previous
experimental results (14 and 38 GPa), which used powder
samples in XRD measurements (Figure 6).'” The difference in
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Figure 6. Relationship between the phase transition pressures and
cation radii for difluorides at 300 K. Solid circles: results from this
study; open circles: results from previous experiments;>”>""~1>%
open diamonds: results from theoretical calculation;®" solid lines:
phase boundary determined based on our results and those from the
literature; dashed lines: phase boundary determined by Dorfman et
al.”

the transition pressure between this study and previous
experimental results might be attributed to the choice of the
pressure medium and the morphology of the samples. Previous
experimental studies used powder MgF, samples and a
methanol—ethanol—water (MEW) mixture as the pressure
medium.'’ Compared to Ar or Ne used in this study, MEW
remains hydrostatic within 10 GPa but develops a large
pressure gradient and deviatoric stress with increasing
pressure.”” Meanwhile, numerous crystal defects exist between
individual grain boundaries in the powder samples. As the
magnitude of deviatoric and micro stress increases with
pressure, the transition pressure shifts to lower pressures.”’
These explain the relatively low transition pressures of powder
MgF, samples from CaCl, to the HP-PdF, structure and
subsequently to the cotunnite structure while using MEW as
the pressure medium.

In our spectra upon decompression from 38.5(1) GPa, two
new peaks at 192.0(4) and 268(2) cm™ at 10.8(2) GPa
occurred along with two weak peaks trailing the positions of
the rutile-type phase, representing the emergence of a new
structure (Figure S3). Previous XRD experiments reported that
HP-PdF,-type MgF, and other AX, compounds such as ZnF,
and SnO, were transformed into a mixture of rutile- and a-
PbO,-type phases upon decompression.'”'#** The mixture
arose from the competition between the formation of rutile-
and a-PbO,-type materials, with the latter serving as a unit-cell
twin of the rutile phase.'”'* Nevertheless, we detected only
two previously unknown peaks below 12 GPa. As we lack
sufficient evidence to definitively attribute these two peaks, we
tentatively associate them with the a-PbO,-type phase. This
assumption is based on the similarity in the relative positions
and slopes of these Raman-active modes with the only two
strong peaks below 300 cm™' observed in the a-PbO,-type
phase of TiO, and MnF, (Table $3)."7°*** Consequently, we
propose that MgF, maintains its HP-PdF,-type polymorph
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down to 12 GPa and transforms into a mixture of rutile and a-
PbO,-type phases upon decompression from 38.5 GPa.

The high P—T phase diagram of MgF, by combining Raman
and XRD results is plotted in Figure S. The transition pressures
from rutile to the CaCl, structure are 11.5(1) and 14.2(1) GPa
at 500 and 700 K, respectively, which are higher than that at
300 K. The Clapeyron slope of the boundary between the
rutile and CaCl, structures was determined to be 8.7(9) MPa/
K. The next dramatic change characterized by the occurrence
of A, mode and new peaks in XRD spectra indicated that the
phase transition from CaCl, to the HP-PdF, structure occurred
at 21(1) GPa at both 500 and 700 K. The impact of
temperature on this boundary was very small, with a Clapeyron
slope approaching —0.3(3) MPa/K. The new peaks
encompassing all those observed at room temperature and
those reported by Haines et al.'’ for the cotunnite structure in
our XRD spectra indicated that the transformation from HP-
PdF, to the cotunnite structure occurred at 43.4(3) and
42.7(3) GPa for 500 and 700 K (Figure SS). Therefore, the
Clapeyron slope between the boundary between HP-PdF, and
cotunnite structures was negative (—3.8(3) MPa/K). Notably,
a similar transition sequence has been reported for SiO, based
on experimental and theoretical studies, the Clapeyron slopes
of which are 5.8—20 MPa/K for the rutile-to-CaCl, transition,
0 MPa/K for the a-PbO,-to-HP-PdF, transition, and a
negative value for the HP-PdF,-to-cotunnite transi-
tion.*”***7% As a low-pressure analogue of SiO,, the
Clapeyron slopes observed in this study for MgF, are very
similar to those reported for Si0,.******~7°

Another particular issue is the a-PbO,-type phase in AX,-
type compounds. As discussed by Haines and Léger,'" it is
more difficult for the CaCl, structure in AX,-type compounds
to transform into the a-PbO, structure than the HP-PdF,
phase at ambient temperature because the former requires
more significant activation energy to induce large structure
changes. So far, the transformation from CaCl, to the a-PbO,
structure in dioxides during compression has only occurred
under nonhydrostatic conditions (i.e., SnO,) or after laser
heating (i.e., SiO, and GeO,)."*”"~”* Similarly, this phenom-
enon has also been observed in difluorides.”® Different from
the transition sequence at 300 K, the CaCl,-type MgF, was
previously observed to partially transition into the a-PbO,-type
phase at 13.0 GPa and 600 °C using XRD in a large-volume
press.43 Between 14.6(1) and 21.0(1) GPa above 400 K, we
observed the presence of two additional new peaks at 200 and
274 cm™ in our collected Raman spectra for the samples with
(111) orientation, coexisting with the peaks of the CaCl,-type
phase (Figures 3 and S7). These two peaks closely resembled
those observed below 11 GPa during decompression,
suggesting their association with the a-PbO,-type phase. We
thus suggest that the mixture of a-PbO,- and CaCl,-type
phases may exist between 14.6(1) and 21.0(1) GPa at 400—
700 K. The coexistence of the a-PbO,- and CaCl,-type phases
was not observed in the Raman measurements for the samples
with other orientations, indicating that the a-PbO,-type phase
of MgF, may be easier to be present along a certain
orientation. However, the reason why the a-PbO,-type phase
was not observed in the XRD pattern may be due to the
limited temperature holding time before measurements began.
On account of the insufficient heating, the change of free
energy is relatively low, which makes it difficult for MgF, to
cross the energy barrier and enter the a-PbO,-type phase.

4.2. Phase Transition of CaF, at High P—T. According
to the group theory, only one mode (T,,) is Raman-active in
the fluorite-type structure for CaF,, which is the peak at
323.0(1) cm™' at ambient conditions. Previous experimental
studies indicated that at 300 K, fluorite-type CaF, transforms
to the cotunnite structure at 8.7—9.3 GPa.””" 13 new peaks
occurred at 9.6(3) GPa in our spectra, indicating the
transformation of CaF, from the fluorite- to cotunnite-type
phase, which is in agreement with previous experimental
results.>** According to recent computational results, there are
18 Raman-active modes (6A, 3By, 6B,, 3Bs,) in the
cotunnite-type phase (Figures * and 2).5% # The observed
13 peaks at 168—433(1) cm™" at 9.6—39 GPa are related to 13
modes (5Ay, 2By, 4B,, 2B;,) among them. The peak at ~265
ecm™ at 9.6(3) GPa, which exhibits downward dependence
with pressure, is not the Raman-active mode of CaF, but is
possibly due to the influence of fluorescence (Figures 1 and 2).
With the elevating pressure, there was no significant change in
our Raman spectra up to 39 GPa. This is also consistent with
previous XRD results, which have shown that the next phase
transition of CaF, occurs at 72 GPa upon laser heating.” High
P—T results allow us to determine the Clapeyron slope
between the fluorite and cotunnite phases to be —6.6(3) MPa/
K, showing a much stronger temperature dependence than that
predicted by previous theoretical studies.******”°

4.3. Phase Transition of BaF, at High P—T. Similar to
CaF,, the only peak of BaF, at 240.9(1) cm™ at 1 bar is the
T mode. The presence of nine new peaks at 3.0(3) GPa
indicated the transition to a cotunnite-type phase. The
transition pressure from fluorite to the cotunnite structure
determined in our study is consistent with previous results (3—
3.2 GPa).”*° The observed nine peaks correspond to 4A, By,
3B, and By, modes in the cotunnite structure.” ? Softening of
the A, mode at 15.5(4) GPa together with the presence of two
new peaks indicates the transition to the Niln structure,
consistent with literature results.”*® Two peaks above 15 GPa
are E; modes in the leln structure. Three wide peaks at ~220,
270, and 350 cm™' belonging to the cotunnite-type phase
persisted until 20 GPa before completely disappearing. This
could be caused by the energy barrier between these two
phases.”> At high P—T conditions, the Clapeyron slope
between the fluorite and cotunnite structures of BaF, was
determined to be —2.4(7) MPa/K, showing a stronger
temperature dependence for this phase transition than the
previous predicted value of —0.6 MPa/K from the theoretical
study but in good agreement with the experimental results.”>*!
In contrast, the phase transition from cotunnite to the Ni,In
structure is weakly dependent on temperature, with a small
Clapeyron slope of 0.3(3) MPa/K.

The above discussion shows that the phase transition of
difluorides strongly depends on pressure, temperature, atomic
radius, and electronic properties. In Figure 7, we plot the phase
transition sequence of different difluorides at high P-T
conditions with varying atomic radii. Only our results and
the theoretical results are included due to the lack of
experimental results of other difluorides at high temper-
atures.”*" In general, our experimental results indicate that
elevating the temperature can increase the transition pressure
between rutile and CaCl, structures for difluorides with small
cation radii such as MgF,. However, the effect of the
temperature on the CaCl,- to HP-PdF,-type phase transition
pressure is negligible. On the other hand, regardless of the
cation radius, the phase transition pressure from HP-PdF, and
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50M9 Ca Sr Ba obtained Raman frequency shifts with pressure, the isothermal
I ! mode Griineisen parameters can be calculated as follows

Oy Vdy  Kpdy

40 T Tomv T Ldv 4 dp
. Nizin where v; is the ith mode of vibration of the lattice, V is the
£ 30 volume, and K7 is the isothermal bulk modulus for different
) ) phases at a given pressure. The values of v at each pressure and
g Cotunnite dv/dp of MgF,, CaF,, and BaF, are derived by fitting the high-
a pressure Raman data in this study using a polynomial function

B 20 ) LA

S (Tables 1-3). Ky, of rutile-type MgF, is derived from our
XRD results with a fixed pressure derivative of Ky = 4, while
CaClz that of fluorite-type CaF, and BaF, is from the experimental
10 data of Dorfman et al.” (Tables S2 and S4). The v, dv/dp,
Rutile T and Ky, of other typical rutile- and fluorite-type AX,

Fluorite =~ ===

0-+——mr
0.8

T T T
0.9 1.0 1.1
Cation radius (A) at 1 bar

Figure 7. Relationship between the phase transition pressures and
cation radii for difluorides at high P—T conditions. Circles and solid
lines: 300 K; squares and dashed lines: 500 K; hexagons and dotted
lines: 700 K; solid symbols: results in our study; open symbols: results

from previous studies; lines: phase boundary at different temper-
atures, 20384041

fluorite to the cotunnite structure exhibits a negative
dependence on temperature. For BaF, with a large cation
radius, the transition pressure from cotunnite to the Ni,In
structure is also not sensitive to temperature.

4.4. Mode Griineisen Parameters. The Griineisen
parameter is a numerical parameter that elucidates the impact
of pressure and chemical bonding among atoms on materials.
It serves as a key factor in interpreting the thermoelastic
behaviors of materials at high P—T conditions. From the

compounds are from previous Raman and XRD measurements
(Table $4).>>'>'%7%77 Since some dioxides crystallize as
rutile-type structures at ambient conditions, we also compare
the y,, of rutile-type difluorides with these dioxides (Table
§4),101878=80 2= and F~ have different ionic radii. Here, we
use the normalized ratio of cation radius/anion radius to
eliminate the influence of the anion.

We first investigate the effect of the radius and d electrons
on the mode Griineisen parameters of Raman-active modes
under ambient conditions. Our results show that the y,, values
of the Raman-active modes of MgF,, CaF,, and BaF, are
between 1 and 2 (Figure 8 and Tables 1—3). Except for ZnF,,
the y, values of E, Ay, and B,; modes for rutile-type
difluorides exhibit a linear increase with increasing cation
radius, while the B;; mode has a negative y,, which decreases
with cation radius. For fluorite-type difluorides, the y, of the
F,, mode exhibits a positive but weaker dependence on the
cation radius. Compared to dioxides, the absolute values of the
Yo of difluorides are larger, and y, values of A, E,, and B,
modes show a stronger dependence on the cation radius.
Ignoring the transition metal compounds TiO, and RuO,,
increasing the cation radius leads to the same linear increase in

MgZnCoFeMn CdCa Sr Ba Si Ge TiRu Sn MgZnCoFe Mn
(a) AF, 2.04] (b) Rutile-type AX, @
1.70t
241 A
®e/ " 1.36] .//.//L ——07"
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20 252} o
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Figure 8. Mode Griineisen parameters of typical difluorides and dioxides: (a) difluorides and (b) rutile-type dioxides and difluorides. The data for
dioxides and difluorides were calculated from the experimental and theoretical calculations using the bulk modulus summarized in Table

G4, 3916,18,28,62,76-80,82

Solid lines represent least-squares fits to the data.
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Figure 9. Mode Griineisen parameters for the high-pressure phases of difluorides at 300 K. (a) MgF,. (b) CaF,. (c) BaF,. Gray dotted lines: the

phase boundary of different phases.

the 7, of the B,, mode for difluorides and dioxides. Either
difluorides or dioxides with transition metals as cations have
the y, value that deviates from the general trend, which may be
related to the d electron of the cation or the presence of
magneto-elastic coupling.”’

We only calculate the Griineisen parameters at high
pressures for MgF,, CaF,, and BaF, due to a lack of
experimental constraints on other difluorides (Figure 9 and
Tables 1—3). Using our XRD data of MgF, at high pressures,
we derived Kro = 82(3) and 119(4) GPa for the CaCl,- and
HP-PdF,-type phases with a fixed Ky’ of 4, respectively (Table
S4). Bulk modulus values for the high-pressure phases of CaF,
and BaF, were calculated using the equation of state from a
previous experimental study.” Our calculation shows that the
mode y values of MgF, in the rutile structure increase with
pressure. Due to the instability of the structure around
transformation and the influence of the B,; mode, the y value
of the A, mode that occurred at $8(1) em™" at 9.9(2) GPa of
the CaCl, structure is 10—20 larger than those of other modes
and shows a highly nonlinear decrease with pressure to 2 at 35
GPa. Like this A, mode, the y of another A, mode present at
472.3(1) cm™ and 9.9(2) GPa also shows a downward trend.
In contrast, the mode y values of all of the other high-pressure
phases for MgF,, CaF,, and BaF, increase with pressure.

5. CONCLUSIONS

To constrain the combined effect of pressure, temperature, and
radius on the phase transition of AF, difluorides, we perform a
series of Raman and XRD measurements for single-crystal
MgF,, CaF,, and BaF, up to 55 GPa and 700 K. The rutile
structure MgF, with a small cationic radius transitions to CaCl,
structure at 9.9(1) GPa, consistent with previous studies.
However, the transition pressures to HP-PdF, structure at
21.0(2) GPa and the cotunnite structure at 44.2(2) GPa are
greater than previous experimental results using polycrystalline
samples. The difference in the transition pressure could be
caused by using a less hydrostatic pressure medium above 10
GPa in previous study and the physical forms of the samples.
Experiments at high P—T reveal that these three phase
transitions have very different Clapeyron slopes: 8.7(9) MPa/
K for the rutile-CaCl, phase transition, —0.3(3) MPa/K for the
CaCl,—HP-PdF, phase transition, and —3.8(3) MPa/K for the
HP-PdF,-cotunnite phase transition. Meanwhile, our study has
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also shown that the increase in temperature may help to lower
the energy barrier from the CaCl,- to a-PbO,-type phase and
allow the latter one to appear above 400 K in some specific
crystallographic orientations, such as (111). Difluorides, CaF,
and BaF,, with larger cationic radii transition from fluorite to
the cotunnite structure at 9.6(3) and 3.0(3) GPa at 300 K,
respectively, and BaF, will further transform to the Ni,In-type
phase at 15.5(4) GPa. Although elevating temperature causes a
lower transition pressure from fluorite to the cotunnite-type
phase for both CaF, and BaF,, it hardly changes the transition
pressure from cotunnite to the Ni,In structure for BaF,. We
further calculated the mode Griineisen parameters for
difluorides and dioxides to decipher the influence of cationic
radius on these important parameters. The increase of the
cationic radius causes a linear increase in the Griineisen
parameters for difluorides and dioxides, except for the ones
with transition metals as cations. Our results are important for
understanding the transition sequence and vibrational proper-
ties of AX,-type minerals.
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