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Abstract—The high pressure behaviors of hydrous zirconium tetrafluoride have been investigated by in situ
synchrotron X-ray diffraction, Raman spectroscopy and infrared (IR) absorption measurements. The phase
transition occurs under high pressure (0—28 GPa). The o phase transforms into 3 phase at 7.3 GPa and then
Yphase at 13.2 GPa. The high pressure y phase can be quenched to the starting phase when pressure is releas-
ing to 0 GPa, indicating the reversible phase transition. Furthermore with increasing pressure, fluid molec-
ular water occurs around 11.0 GPa from starting structurally bonded water state according to IR absorption
which offer a clue to obtain pury anhydrous salts because of instability of hydrous zirconium tetrafluoride

under ambient conditions.
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INTRODUCTION

Zirconium tetrafluoride (ZrF,) is the major con-
stituent of the well-known nonoxide fluorozirconate
glasses which are commonly referred to as the heavy-
metal fluoride glasses. This heavy metal fluoride
belongs to the most remarkable ionic glass which is
quite unusual compared to traditional oxide glasses.
ZrF, has been found to have certain desirable physical
and chemical characteristics which make it ideally
suitable for a wide variety of applications in optical
systems. The glasses based on ZrF, have a broad opti-
cal transmission window extending into the near IR
region and thereby a potential for ultra-low optical
losses [1, 2]. They are prime candidates for using as
optical-fibers for communications or transmission of
optical power to develop IR fiber optic applications.
The successful utilization of such fibers hinges on high
optical quality in the IR range and superior mechani-
cal properties of the fluorozirconate glass [3]. Besides,
ZrF,-based materials exhibit the higher conductivities
due to fluoride ions, available in the amorphous state.
Comprehensively understanding the crystal vibra-
tional properties of ZrF, can offer a better knowledge
of the anionic conduction mechanism which has a
potential application in lithium ion batteries as solid
electrolyte.

However, under ambient conditions the presence
of the neutral molecule ZrF, is rare and it often exists
in its hydration state, such as ZrF, - 3H,0. If heated, it

cannot transform into pure ZrF, without H,O and it
will change into Zr(OH), - HF, ZrO, - HF - H,0 and
Zr0, - ZrF, - H,0. The behavior of ZrF, strongly
depends on the instrinsic structure, especially the
existence of different ZrF, (n = 4—8) polyhedra pre-
senting a large variety of F—Zr—F bond angles and
many possibilities in the local arrangement. The prop-
erties are determined by the association of these poly-
hedra sharing corners or edges. Some works reported
improved physical and optical properties of ZrF,-

based materials by doping Ho>*, Nd3*, and Eu®" cat-
ions which act as network modifiers to break the peri-
odicity of the lattice and thereby the external behaviors
[4—7]. In practice, introduction of dopant cannot lead
stable phase with consideration of size and crystal-
lochemistry of these cations. The stabilization mecha-
nism should be explored from the existence of polyhe-
dral differing according to their size from ZrFn poly-
hedral. It is necessary to develop more progressive
techniques to induce structural modifications of ZrF,-
based materials. The structural modification occur-
ring strongly depends on the materials and the expo-
sure conditions.

Simon Gross et al. [8] reported the femtosecond
laser induced structural changes in fluorozirconate
glass. They investigated the structureal changes within
the glass network induced by high repetition rate fem-
tosecond laser pulses and revealed the origin of the
observed decrease in refractive index by using Raman
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Fig. 1. The hydrous zirconium tetrafluoride loaded in
DAC (a) and synchrotron X-ray diffraction rings:
(b) 0.5GPa, (c) 28.0 GPa upon compression.

microscopy. Three crystalline phases of ZrF, have
been reported, oo (monoclinic), B (tetragonal, Pearson
symbol tP40, space group P42/m, no. 84) and y phase.
B and y phases are unstable and irreversibly transform
into the o phase at 400°C [9]. For a long time the
unknown y-ZrF, structure can not be indexed because
of the difficulties in synthesis of high-quality single
crystals. Recently, with the advanced technique and
modern apparatus, Jean-Paul Laval reported the crys-
tal structure of zirconium tetrafluoride, y-ZrF,, under
high pressure of 4—8 GPa. The obtained crystal struc-
ture is based on the association by corner- and edge-
sharing of ZrFy triangulated dodecahedra, forming a
three-dimensional framework. It presents some anal-
ogies with high-temperature o.-ZrF, but clearly con-
stitutes a new MX, structure type [10]. In recent years,
pressure can provide a clean way to study the stabilities
and the structural transitions of various materials for
exploring the potential application in material science
[11—15]. However, to the best of our knowledge, there
is almost no high pressure studies on hydrous zirco-
nium tetrafluoride (ZrF, - 3H,0), It is an interesting
research topic for investigating the unique evolution
process of ZrF, - 3H,0 under high pressure. In this
paper, we report the pressure-induced phase transi-
tions of ZrF, - 3H,0 using in situ synchrotron X-ray
diffraction (XRD), Raman spectroscopy, and IR
absorption in diamond anvil cells (DACs) at room
temperature.
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EXPERIMENTAL

The hydrous zirconium tetrafluoride (ZrF, - 3H,0,
99.9%) was purchased from Alfa Aesar without further
purification. The X-ray diffraction (XRD) confirmed
the triclinic structure at ambient pressure. A symmet-
ric type diamond anvil cell (DAC) with 500 um diam-
eter culet was used to generate high pressure. ZrF, -
3H,0 sample was loaded into a 180 um diameter hole
drilled in T301 stainless steel gasket which was pre-
indented to a thickness of 50 um. To produce a quasi-
hydrostatic environment around the sample, we used
silicone oil as a pressure transmitting medium. Pres-
sure was determined by pressure dependent spectral
shift of the sharp ruby fluorescence R1 line [16, 17].
The in-situ high pressure XRD experiments were per-
formed at the 15U1 beamline of Shanghai Synchro-
tron Radiation Facility (SSRF). The incident wave-
length of the beam was 0.6199 A with a beam size of
2 x 7 um?2. The high purity CeO, powder was used to
calibrate the geometric parameters. The FIT2D soft-
ware was used to integrate the diffraction rings into
one-dimensional patterns [18]. The XRD patterns
were analyzed with Rietveld refinement using the
GSAS program package with a user interface EXP-
GUI [19, 20]. In-situ high pressure Raman scattering
were performed using a Renishaw inVia Raman spec-
trometer with excitation wavelength of 532 nm. High
pressure infrared absorption measurements were car-
ried out with Hyperion 2000, giving a resolution of
2cm™L

RESULTS AND DISCUSSION

Figure la shows the well-loaded hydrous zirco-
nium tetrafluoride sample in the DAC for in-situ high
pressure synchrotron XRD experiments. Figures 1b
and 1c show synchrotron diffraction rings of the start-
ing and compressed sample. As is shown in Fig. 1b, at
0.5 GPa in the process of compression the sample is
characterized as powder polycrystalline. The sample
at the highest pressure shown in Fig. lc still main-
tained its main diffraction peaks but other peaks are
very weak and even disappear, which indicating the
lattice structure changes with pressure.

Figure 2 shows the pressure evolution of synchro-
tron XRD patterns for ZrF,- 3H,O upon compression
(a) and decompression (b). The diffraction peaks
identified in starting structure were consistent with the
diffraction planes of triclinic structure (o phase),
agreeing with the PDF file no. 70-0583. The weak
peak located at 5.5° of 26 should be due to the exis-
tence trace of monohydrate zirconium tetrafluoride
(ZrF, - H,0). During compression shown in Fig. 2a,
the main peaks of (010), (—110), (0—11), (—111) and
(011) moved to high diffraction angle and became
broadened, indicating the reduction of d-spacing or
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shrinkage of the wunit cells. When the pressure
increased to 6.3 GPa, the peak (—110) (marked with *)
disappeared and the peak (1—11) (marked with #) also
disappeared at 7.3 GPa, and meanwhile the new peak
appear (marked with B). This indicated the o phase
started to transform into the B phase. With further
increasing pressure, almost all the peaks of (001),
(010), (—101), (—111), (011) and (101) in the starting
structure disappeared due to the complete phase tran-
sition. At 13.2 GPa 3 phase completely transformed to
the high pressure yphase [10]. The weaken intensity of
peaks for y phase implied a low-ordered structure and
partial amorphous phase forming. Until the pressure
maximum of 28.0 GPa, the y phase still existed with
weakened and broadened peaks, indicating the struc-
ture stability. Upon decompression shown in Fig. 2b,
when the pressure released to 13.9 GPa, the y phase
started to transform back to [ phase, and recovered to
o phase at 5.6 GPa. Finally when the pressure released
to ambient pressure, the high pressure phase was
quenched to the starting phase, which implied the
phase transitions were reversible under high pressure.

Raman spectra features are related directly to the
vibrational motions of the structural units. Figure 3
shows the Raman spectra of hydrous zirconium tetra-
fluoride during compression (a) and decompression
(b). In Fig. 3a, at 0.9 GPa pressure, there are two
Raman active modes observed at 541 and 771 cm™".
The higher frequency mode (541 cm™') could be
assigned to the symmetric stretching vibration of the
F—Zr—F bands, which is a common feature from
[ZrF,] polyhedra as a basic structural units. And the

weak peak locating at 771 cm~! was due to pressure
transmitting medium: silicone oil, which has been
confirmed with other pressure transmitting medium
[21—23]. With the pressure increasing, the Raman
peak 541 cm~! weakened with blueshift, and disap-
peared at 13.8 GPa. When the pressure achieved
20.8 GPa, The Raman signal can not be detected fur-
ther. This is basically consistent with the results of
XRD in which the two phase transition processess
appeared. Upon decompression, in Fig. 3b the inten-
sity of the Raman peak turns obvious until the pressure
is released to 14.6 GPa. When the pressure is released
to 0.2 GPa, the high pressure phase almost completely
transformed back into the starting phase, which
revealed the sampe has reversible phase transition
under high pressure. This phase transition has been
conformed by the results of synchrotron XRD.

The high pressure IR spectra of hydrous zirconium
tetrafluoride are shown in Fig. 4. The bands in the
region 600—750 cm~! are zirconium-fluorine stretch-
ing modes which are not obvious because of the inten-
sity of hydrous compounds bands [24]. The broad
absorption peaks observed at around 3300 cm~! are in
the range of the OH-stretching vibration and those
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Fig. 2. Synchrotron XRD patterns of hydrous zirconium
tetrafluoride under high pressure. (a) Compression;
(b) decompression.

observed at 1600 cm~! are assumed to be caused by the
HOH-bending vibration mode [25, 26]. Kagi et al.
[27] argued the vibration mode locating at 1600 cm™!
should be attributed to the molecular water occurring
both as fluid inclusions and/or as structurally bound
molecular water in their hydrous ringwoodite (y-Mg,SiO,)
samples. For hydrous zirconium tetrafluoride, upon com-
pression shown in Fig. 4a the band of 1600 cm~! should be
ascribed to the structurally bound molecular water at
starting state. With increasing pressure, the peak
intensity of 1600 cm~! turns weak or even blurry above
11.0 GPa which reveals more fluid molecular water
occurs. This means pressure can induce ZrF, - 3H,0
losing part molecular water while maintain the chem-
ical composition of ZrF, which is different under
ambient conditions. Thus pressure can be a method to
obtain pury anhydrous salts. The broad band around
3300 cm~! always exist upon compression because the
OH-stretching vibration exist all through the hydrous
or anhydrous zirconium tetrafluoride. As shown in
Fig. 4b, upon decompression when the pressure is
releasing to ambient pressure the IR spectrum agrees
with the stating state which indicates the process is
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Fig. 3. In situ high pressure Raman spectra at various pres-
sures: (a) compression; (b) decompression.

reversible. This is consistent with the results of syn-
chrotron XRD and Raman which reveal phase transi-
tions were reversible under high pressure.

CONCLUSIONS

The high pressure-induced phase transitions were
studied by in situ synchrotron radiation, Raman spec-
troscopy, IR absorption in hydrous zirconium tetra-
fluoride as starting material. The XRD results revealed
the phase transition from o phase to 3 phase and then
to Y phase in the process of compression to 28 GPa. In
the process of decompression the high pressure ¥
phase can be quenched to the starting phase, indicat-
ing the reversible phase transition. The form of molec-
ular water in hydrous zirconium tetrafluoride under
high pressure has been discussed according to IR
absorption measurement. Upon compression free
molecular water can be dissociated from the ZrF, -
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Fig. 4. Infrared spectrum of hydrous zirconium tetrafluo-
ride at high pressure: (a) compression; (b) decompression.

3H,0 which offer us a method to obtain the anhydrous
salts from their hydrates. These high pressure behav-
iors about hydrous zirconium tetrafluoride provide
reference for a series of nonoxide fluorozirconate
glasses.
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