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As a fundamental thermodynamic variable, pressure can alter the bonding patterns and drive phase transitions leading
to the creation of new high-pressure phases with exotic properties that are inaccessible at ambient pressure. Using the
swarm intelligence structural prediction method, the phase transition of TiF3, from R-3c to the Pnma phase, was predicted
at high pressure, accompanied by the destruction of TiFg octahedra and formation of TiFg square antiprismatic units. The
Pnma phase of TiF3, formed using the laser-heated diamond-anvil-cell technique was confirmed via high-pressure x-ray
diffraction experiments. Furthermore, the in situ electrical measurements indicate that the newly found Prnma phase has a
semiconducting character, which is also consistent with the electronic band structure calculations. Finally, it was shown that
this pressure-induced phase transition is a general phenomenon in ScF3, VF3, CrF3, and MnF3, offering valuable insights

into the high-pressure phases of transition metal trifluorides.

Keywords: high-pressure structure transition, crystal structure prediction, high-pressure x-ray diffraction ex-

periments, transition metal
PACS: 61.50.Ks, 64.70.K—, 62.50.—p

1. Introduction

Transition metal trifluorides, a class of materials with the
chemical formula MF3 (M = Sc, Ti, V, Cr, Mn, and so forth)
have attracted considerable attentions owing to their versa-

tile applications in negative thermal expansion materials, !~

[5-7) and hydrogen storage materials.®~'? More im-

batteries,
portantly, they have been demonstrated to be ideal ma-
terials to study the Jahn-Teller and spin—orbit coupling
effects.!'>!41 Under ambient conditions, MF3 usually adopts
a simple perovskite-like structure with a completely vacant A
site,l1>1°1 in which the metal atom is surrounded by a tilted
octahedron of corner-shared fluorine atoms. Moreover, the
tilting angle of the octahedron decreases with increasing tem-
perature, causing a high-temperature phase transition to the
cubic ReOjs-type structure.[!7-?%! It is essential to note that the
physical and chemical properties of MF3 are generally asso-
ciated with structural parameters, such as polyhedral volume
and octahedral tilt.?!=28] Therefore, investigating the struc-
tural changes in MF3 will provide new insights for designing
functional materials.

It is well known that pressure is a key thermodynamic

variable that modifies the crystal structure and effectively con-
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trols material properties. For example, high-pressure experi-
ments have led to the discovery of novel materials with unique
properties (e.g., high-temperature superconductors such as
H;3S,12%301 LaH;(,B31:321 and C-S—-H[*31). The high pressure
thus offers exciting opportunities for discovering new mate-
rials that do not exist under ambient conditions.**~°1 High-
pressure does not necessitate the destruction of the MFg oc-
tahedron in MF3 systems. In practice, the pressure-induced
structural evolution is only the cooperative tilting of the MF¢
octahedra,[*1~*3) which can be summarized as follows: (i) an
elongation of the MFg octahedra along the ¢ axis leads to a
small octahedral strain, (ii) the MF¢ octahedral strain disap-
pears, and (iii) MF¢ octahedral elongation occurs along the a
axis.

In this work, we adopted a combination of first-principle
calculations and experiments to explore the high-pressure
phase of TiF3. Our results suggest that TiF3 transforms from
the rhombohedral (R—3c) phase to an orthorhombic (Pnma)
phase at high pressure, accompanied by the destruction of the
TiF¢ octahedra and formation of TiFg square antiprismatic
units. The high-pressure Pnma phase of TiF3 is confirmed
by the laser-heated diamond-anvil-cell experiment and shows
semiconducting character with a band gap of 2.65 eV. We fur-
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ther confirmed that the pressure-induced transition from R-3c¢
to Pnma phase is a general trend in transition metal trifluo-
rides, such as ScF3, VF3, CrF3, and MnFs3.

2. Methods

Ab initio calculations The search for TiF3 structures (1—
4 formula units) was performed at pressures of 20 GPa and
50 GPa via an unbiased swarm intelligence based method,
Crystal structure AnalYsis by Particle Swarm Optimization
(CALYPSO), #4461 which is designed to search for the most
stable or metastable structures of given compounds.!#7=>7]
Our first-principle calculations were based on density func-

1331 as implemented in the VASP package.>”!

tional theory,
The core electrons were treated by the projector-augmented
wave approximation,[®l and the exchange—correlation func-
tional was given by the generalized gradient approximation pa-
rameterized by Perdew, Burke, and Ernzerhof.[%!) The plane-
wave cutoff energy was set to 800 eV, and Monkhorst—Pack
k meshes with a spacing of 27 x 0.03 A~! were chosen for
Brillouin zone sampling to ensure that all the energy calcula-
tions converged well to ~ 1 meV/atom. The Heyd—Scuseria—
Ernzerhof (HSE) hybrid functional %> was employed to accu-
rately evaluate the electronic properties. The dynamic stability
of the predicted structure was verified by phonon dispersion
analysis using the direct supercell method, as implemented in
the PHONOPY code. %!

Experimental procedures TiF; was obtained from Alfa
Aesar and verified by powder x-ray diffraction (XRD).!!6]
TiF3 powder, together with a ruby ball, was loaded into
a symmetric diamond-anvil-cell (DAC) with a culet size of
320 wm with no pressure transmitting medium, and the pres-
sure was determined by ruby fluorescence.®*! The sample was
first compressed to 20 GPa and then heated to approximately
2000 K using a laser heating system with a diode-pumped
CW ytterbium fiber laser (central wavelength of 1080 nm and
maximum power of 100 W). Synchrotron XRD patterns were
recorded at beamline BL10XU of Spring-8 (Japan) with a
wavelength of 0.414 A, and the refinement was fitted using the
GSAS software!®! and EXPGUI interface.!%®! In situ electri-
cal conductivity measurements, under high pressure and low
temperature, were conducted in a DAC equipped with a van

der Pauw-type microcircuit.[*7]

3. Results and discussion

TiF3 usually adopts a VF3-type structure with a space
group of R—3c¢ at ambient pressure,['®%8 in which Ti is
surrounded by a tilted octahedron of corner-shared fluorine
atoms. The tilting angle of the octahedra decreases with an in-
crease in temperature, leading to a phase transformation from
rhombohedral to cubic at 370 K. The cubic structure with

the Pm-3m space group is isostructural in ReO3, consisting
of the TiFg octahedra without tilt fluctuations. To determine
the high-pressure structure of TiF3, we performed extensive
structural searches at pressures of 20 GPa and 50 GPa. In
our structural searches, all the experimental structures of the
TiF3;, R-3c, and Pm-3m phases were successfully reproduced
using the CALYPSO method, validating the reliability of our
structure-searching method. In addition to the known exper-
imental structures, an orthorhombic structure with the space
group of Pnma was successfully observed at 20 GPa.
Enthalpy as a function of pressure for the Pnma phase
relative to the R-3c¢ phase is shown in Fig. 1(a). It is appar-
ent that the ambient-pressure phase of R—3c transforms to the
Prnma phase at 12 GPa, where the F atoms are in square an-
tiprismatic coordination of the Ti atoms (Fig. 1(b)), which is

e.l% It is generally ac-

isostructural to YF3 at ambient pressur
cepted that high-pressure phases of lighter elements or com-
pounds in the periodic table are expected to be identical to the
ambient structures of the corresponding heavier elements or
compounds.!”?! At 20 GPa, the largest and average Ti—F bond
lengths in the Pnma phase are 2.12 A and 2.05 A, respectively,
while all the bond lengths of Ti—F are equal to 1.93 A in the
R-3c phase. Furthermore, the coordination number of Ti in-
creases from 6 to 8, weakening individual Ti—F bonds and in-
ducing longer Ti-F bond lengths. Interestingly, compared with
the R—3c phase of TiF3, in which the A-cation site of the per-
ovskite structure is unoccupied, the newly found high-pressure
Prnma phase of TiF3 can be considered a variant perovskite
structure with a completely vacant B site. Thus, under certain
circumstances, increasing the pressure has demonstrated to be
an efficient strategy to tune the vacant coordination sites of
cations in perovskites.

We calculated the phonon dispersions of the predicted
Pnma phase of TiF3 at 20 GPa (Fig. 1(c)) and observed no
imaginary frequencies, indicating that the predicted structure
is dynamically stable. Our systematic assessment of ener-
getic and dynamic stabilities suggests that the Pnma phase of
TiF; could be realized experimentally. To verify our theoreti-
cal predictions, we performed high-pressure measurements on
TiF;. The synchrotron XRD pattern of TiF; was obtained at
20 GPa after laser heating to approximately 2000 K, with Ri-
etveld fitting as shown in Fig. 1(d). The obtained peaks agree
well with the predicted orthorhombic Prnma structure. The re-
fined lattice parameters of the orthorhombic Pnma structure
are a =5.14 A, b =6.25 A, and ¢ = 4.38 A, which are in
excellent agreement with our theoretical results.

After the successful synthesis of the Pnma phase in
TiF3, we investigated its bonding characteristics and electronic
properties. To determine the nature of the bonding, we exam-
ined the electron localization function. A less localized charge
distribution is observed in the Ti—F bonds (Fig. 2(a)), indicat-
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ing a significant degree of ionicity between the F anions and
Ti cations. Furthermore, from Bader charge analysis,!’!! the
charge values on Ti and F were calculated at 20 GPa. There is
a charge transfer of 1.89¢ from Ti to F, comparable to that of
typical ionic compounds of NaCl.!”?! Moreover, the electronic
band structure calculations at the HSE hybrid functional level
demonstrated that the Pnma phase of TiF3 is a semiconductor
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with a band gap of 2.65 eV (Fig. 2(b)). To verify the electrical
characteristics of the newly found Pnma TiF3, an in situ high
pressure electrical conductivity measurement was conducted,
based on the van der Pauw-type microcircuit technique.l”3 As
shown in Fig. 2(c), the electrical resistance monotonically in-
creases with decreasing temperature, confirming the semicon-

ductor characteristics of Pnma TiF5.
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Fig. 1. (a) Enthalpy vs. pressure curves for Pnma phase of TiF3 relative to the R—3c¢ phase. (b) Crystal structure of the Pnma phase formed by TiFg
square antiprismatic units. The Pnma structure contains 16 atoms/cell, wherein Ti atoms occupy the 4c¢ (0.13, 0.75, 0.47) positions and the F atoms
occupy the 8 (0.17, 0.06, 0.65) and 4c¢ (0.03, 0.25, 0.13) positions. At 20 GPa, the optimized structural parameters are a = 5.30 A, b=06.24 A,
and ¢ = 4.40 A. (c) Phonon dispersion relations of the Pnma phase at 20 GPa. Here, the fractional coordinates of high-symmetry k points are given
as follows: I"(0,0,0), X(1/2,0,0), Y(0,1/2,0), Z(0,0,1/2), R(1/2,1/2,1/2), S(1/2,1/2,0), T(0,1/2,1/2), U(1/2,0,1/2). (d) Measured powder
x-ray diffraction (XRD) pattern of TiF3 at 20 GPa with Le Bail method (XRD 2D image is given on the top). Vertical ticks correspond to Bragg peaks
of the Pnma structure (pink). The refined lattice parameters of the orthorhombic Prnma structure from the XRD data are a = 5.14 A, b=6.25A, and

¢ =4.38 A. The x-ray wavelength is 0.414 A.
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Fig. 2. (a) Calculated ELF of the Pnma phase on the (0 1 0) plane at 20 GPa, in which the bond lengths (in units of A) of the Ti-F bonds are
shown. (b) Band structures of the Pnma structures at 20 GPa. The red and green colors denote the spin-up and spin-down bands, respectively.
The energy of the topmost valence band state is set to 0 eV. Here, the high-symmetry & points are the same as those in Fig. 1(c). (c) Experimental

resistance—temperature curve of TiF3 at 20 GPa.
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Considering that the R—3c¢ phase is a prototype structure
of transition metal trifluorides under ambient conditions and
the discovery of the high-pressure phase of Pnma in TiF3, we
deliberated whether this pressure-induced phase transition is
a common phenomenon in transition metal trifluorides. Thus,
the neighboring metal elements Sc, V, Cr, and Mn were cho-
sen. The enthalpies of the Pmna phase as a function of pres-
sure with respect to the R-3¢ phase for ScF3, VF3, CrFs, and
MnF; were calculated and shown in Fig. 3. The phase tran-
sition from R-3c to Pnma is a general trend in those metal
trifluorides, and the corresponding pressures are calculated to
be 5 GPa, 33 GPa, 112 GPa, and 40 GPa for ScF3, VF3, CrF3,
and MnF3, respectively. Therefore, the predicted Pnma phase
could be a prototype structure widely adopted by transition

metal trifluorides at high pressure.
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Fig. 3. Calculated enthalpies of Pmna phase as functions of pressure with
respect to R—3c¢ phase for ScF3 (a), VF3 (b), MnF3 (¢), and CrF; (d) systems.

4. Conclusion

In summary, by combining structure-searching methods
with first-principle calculations, a pressure-induced R-3c to
Pnma phase transition was predicted in TiF3, which was
further confirmed by high-pressure experimental synthesis.
The first-principle calculations and electrical measurements
demonstrated that the high-pressure Pnma phase of TiF3 ex-
hibits semiconducting characteristics. Further, since the R-3¢
phase of TiF3 is a prototype structure for transition metal tri-
fluorides at ambient pressure, it was shown that the pressure-
induced phase transition from R-3c to Pnma is a general trend

in transition metal trifluorides.
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