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SPECIAL TOPIC — Structures and properties of materials under high pressure
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Exploring new structures and properties of matter is a central topic in condensed matter physics. In this work, first-
principles calculations and structure prediction methods were employed to investigate fluorine-rich yttrium compounds.
Two new stable phases, Pmmn-YF3 and Amm2-YFg, have been identified under high pressure. Pmmn-YFj is stable over a
pressure range of 50 GPa to 500 GPa, and Amm2-YFg remains stable at pressures beyond 429 GPa. Analysis of the band
structure, density of states (DOS), and Bader charge for these two stable compounds reveals that Pmmn-YF3 is an insulator
and Amm?2-YFg is a metal, elucidating their chemical bonding characteristics. F-F bond lengths and Bader charge analysis
confirm the +3 oxidation state of yttrium in the molecular crystal YF3 and the crystal structure YFg. Our work provides a
valuable theoretical foundation for elucidating the properties of the rare earth transition metal yttrium.

Keywords: lattice dynamics, first-principles theory, solid—solid transitions, crystallographic aspects of phase

transformations, pressure effects
PACS: 63.20.dk, 61.50.Ks
DOI: 10.1088/1674-1056/ae1f02

1. Introduction

Yttrium, a rare earth metal, has been the subject of ex-
tensive investigations into its stable space group, crystal struc-
ture, and electronic properties under ultrahigh pressure.!!=3]
The valence electrons of yttrium primarily reside in the out-
ermost 5s orbital and the second outermost 4d orbital. The
Ss orbital is fully occupied with two electrons, and the 4d
orbital is occupied by one electron.[*! This configuration de-
termines the chemical properties of yttrium. It readily loses
its three valence electrons to form a trivalent cation, which
is the most common oxidation state of yttrium.*3 The elec-
tronegativity value of yttrium is 1.22.1°) The compounds of
yttrium (Y) exhibit unique physical and chemical properties,
leading to extensive applications in various fields. Yttrium
barium copper oxide (YBa;CuzO7_,, YBCO)!"8! is one of
the most representative high-temperature superconducting ma-
terials. It exhibits a critical temperature of approximately
90 K.!®! This material is used to manufacture superconduct-
ing cables, superconducting magnets, and superconducting
motors,!”! with efficiency far exceeding that of conventional
conductors. Owing to the clathrate structures of yttrium super-
hydrides (YHg,[!>131 YHo[!!=14])  they have high supercon-
ducting critical temperatures, making them promising can-
didates for room-temperature superconductors.!'>16! Yttrium
oxide has a high dielectric constant and thermal stability,
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which makes it useful as a polarizer.!'”! Therefore, exploring
yttrium and its compounds to discover new physical and chem-
ical properties could lead to important practical applications.

Fluorine has seven electrons in its outermost shell, mak-
ing it highly prone to gaining one electron to form the stable
fluoride ion (F™). Its electronegativity is 3.98,[°! which is the
highest among known elements and one of the strongest oxi-
dizing agents. Fluorine, as an oxidizing agent, can undergo in-
tense reactions with other elements, obtaining electrons from
them to change their valence states, thereby forming new phys-
ical and chemical properties.!'® The only fluoride of yttrium
that has been discovered so far is yttrium trifluoride (YF3),
and its crystal structure is orthorhombic with the Pnma space
group.!'®~21 Yttrium fluoride has a high refractive index and
transparency, and can be used for coating optical lenses and
as a material for crystal lasers.[*?l The band gap of YF; is
7.58 eV according to density functional calculations and is es-
timated to be 12.5 eV from spectral emissions. Therefore, it
is necessary to study other structures of YF3, as well as other
stoichiometries and their physical and chemical properties in
this system.

High pressure can alter the physical and chemical prop-
erties of elements at normal pressure, creating new chemi-
cal structures, unconventional stoichiometry, and extraordi-
nary physical and chemical properties.[>>~2) Recent studies
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of unknown high oxidation states, such as Au*t in AuF4
and Au®t in AuFg,* as well as Hg>* and Hg** in HgF;
and HgF,,[>2%! and the exotic helium-bearing compounds
(FeOOHe!?"! and FeF3He!?®)) that do not exist at normal pres-
sure, demonstrate that unconventional stoichiometry emerges
under high pressure. For example, NH;y, NH;;, and NH;;

[29] and the transition of metals

are stabilized by NH4 units,
to semiconductors at high pressure highlights the significance
and necessity of high-pressure technology in uncovering new
properties.

In this study, a systematic investigation of the Y-F sys-
tem under high pressure was performed using a combination of
first-principles calculations and structural prediction methods.
It was confirmed that YF3 exists stably under ambient pres-
sure, and new high-pressure phases of YF3 were discovered.
Additionally, a novel stoichiometric phase YFg was found to
be stable at 429 GPa. Interestingly, electronic property calcu-
lations show that both the ambient pressure and high-pressure
phases of YF3 are insulators, while YFg is a metal. The ther-
modynamic and kinetic stability of these new phases, as well
as their diffusion properties at 300 K, have all been calculated.
These results deepen our understanding of the properties of
yttrium fluoride compounds.

2. Computation detail

The CALYPSO prediction method and code3%3!1 were
used to search for stable structures in the Y-F system at ul-
trahigh pressures of 100 GPa, 300 GPa, and 500 GPa. The
search targeted stoichiometries with 1-4 formula units per
cell, constrained to a maximum of 36 atoms. Our calcula-
tions were based on the principles of density functional theory
(DFT).1%2] The Perdew—Burke-Ernzerhof (PBE) exchange-
correlation functional,?3! generalized gradient approximation
(GGA),?* and all-electron projector-augmented wave poten-
tials in the Vienna ab initio simulation package (VASP)[*3]
code were used in the calculations. We set the cutoff energy
at 800 eV and used a Monkhorst—Pack k-point grid sampled at
a spacing of 27 x 0.03 A~! in the Brillouin zone. The va-
lence electrons considered for F and Y atoms were 2s°2p’
and 4s24p®4d'5s?, respectively. The Phonopy*®! code was
used to calculate the phonon spectrum via the finite displace-
ment method. The interaction between yttrium and fluorine
was analyzed using the crystal orbital Hamilton population
(COHP).’7! Ab initio molecular dynamics (AIMD) simula-
tions were performed in the canonical (NVT) ensemble using
a Nosé thermostat.[3¥] The simulations spanned 20 ps, with
the initial 2-5 ps allocated to system equilibration. The sim-
ulation cells for YF3 and YF¢ contained 144 and 189 atoms,

respectively.

3. Result and discussion

In this study, an intelligent structure search was per-
formed on fluorine-rich YF,, (n = 1-8) systems with the ob-
jective of identifying thermodynamically stable compositions
at corresponding pressures. By calculating the formation en-
thalpies relative to the dissociation products of the constituent
elements and using the formula
H(YF,)—H(Y)—nH(F)

n+1
convex hull diagrams of the Y-F system at various pressures
were constructed, as shown in Figs. 1(a) and 1(b). In the
pressure range of 300-500 GPa, the Cmca phase is stable for
fluorine, 311 and the Fddd phase is stable for yttrium.[!! Y-F
compounds positioned on the convex hull are thermodynam-
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Fig. 1. (a) Convex hull of YF, (n = 1-8) compounds under 300 GPa.
(b) Convex hull of Y-F compounds under 500 GPa. Compounds located
on the solid line (filled symbols) are thermodynamically stable; com-
pounds positioned on the dotted line (unfilled symbols) are metastable.
(c) Pressure-composition phase diagram of the Y-F system in the range
0-500 GPa.
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and potential synthetic feasibility. In contrast, phases posi-
tioned above the convex hull are thermodynamically unstable.
Figure 1(a) shows that YF3 is thermodynamically stable at
300 GPa, and Fig. 1(b) indicates that both YF3 and YFg are
thermodynamically stable at 500 GPa. To confirm the stable
pressure ranges of YF3 and YFg, we calculated a pressure-
composition phase diagram, as shown in Fig. 1(c). It illustrates
that Pnma-YFj3 is stable between 0 GPa and 50 GPa, Pmmn-
YF; becomes stable above 50 GPa, and Amm2-YFg exhibits
stability above 429 GPa. The Pnma-YF3 stable structure we

at atmospheric pressure, which verifies the reliability of our
calculation results.

Phonon dispersion calculations were conducted for these
phases to evaluate their dynamic stability, with results pre-
sented in Fig. 2. No imaginary frequencies are observed
in the calculated phonon spectra throughout the entire Bril-
louin zone, confirming the dynamic stability of Pmmn-YF3
and Amm?2-YFg under their respective pressures. Thus, it can
be concluded that the Pmmn-YF3 and Amm2-YFg structures
are both thermodynamically and kinetically stable under their

calculated is consistent with the one previously reported!!-2!] respective pressures.
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Fig. 2. Phonon dispersion curves for (a) Pmmn-YF3 at 300 GPa, (b) Amm2-YFg at 430 GPa, and (c) Amm2-YF4 at 500 GPa.
0.04 vr, —Y vE, =Y with twelve F atoms. Analogous to the cage-like structure
—F —F . .
~ 0.02 formed by H atoms in /4/mmm-YH3, H atoms in YH3 form
<
S o an Hy4 cage.*”) For Pmmn-YF3, the nearest Y-F bond length
0
= 0.02 is 2.02 A, and the shortest F—F bond length is 2.03 A, much
—0.04 longer than 1.44 A?* of a covalent F—F bond. The phase tran-

0 2 4 6 8 100 2 4 6 8 10
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Fig. 3. Mean-square displacement (MSD) of yttrium and fluorine in (a)
YF; at a density of 10.02 g/cm?, and (b) YFg at a density of 11.21 g/cm?
at 300 K.

AIMD simulations were performed to quantitatively char-
acterize the extent of atomic displacement. Figure 3 shows the
simulated mean-square displacement (MSD) of YF3 at a den-
sity of 10.02 g/cm?® and YFg at a density of 11.20 g/cm>. For
both YF3 and YFg, the MSD values of the Y and F atoms re-
main nearly constant, indicating that the system is stable in the
solid state, with all atoms vibrating around their equilibrium
positions.

The crystal structures of Pnma-YF3;, Pmmn-YF3, and
Amm?2-YFg are shown in Fig. 4, while the lattice parameters
and atomic coordinates for Pmmn-YF3 at 300 GPa and Amm2-
YFg at 500 GPa are tabulated in Table 1. For Pnma-YF3 at am-
bient pressure, each Y atom coordinates with eight F atoms, lo-
cated at the center of an Fg cage. In Pnma-YFs3, the lengths of
the nearest Y-F and F-F bonds are 2.20 A and 2.58 A, respec-
tively. The F-F bond length is much longer than the 1.44 A of
a covalent F-F bond.?*

For Pmmn-YF3 at 300 GPa, F atoms form an Fi, cage,
with Y atoms residing at the center; each Y atom coordinates

sition from Pnma-YF3 to Pmmn-YF; at 50 GPa is character-
ized by a reduction in Y-F and F-F bond lengths, an increase
in the Y coordination number, and a change in the F cage from
Fg to Fy».

For Amm2-YF¢ at 500 GPa, the structure exhibits rela-
tively high symmetry. Compared to Pmmn-YF3, the F atoms
in YF¢ form an Fi5 cage, with Y atoms positioned at the cen-
ter and exhibiting a higher coordination number. Analogous
to the cage-like structure formed by H atoms in /m-3m-YHg,
the H atoms in YHg form an Hoy cage.*?) For Amm2-YFg, the
nearest Y-F and F-F distances are 1.91 A and 1.64 A, respec-
tively. The F-F distance is longer than that of a covalent F-F
bond (1.44 A?*!), indicating that the F-F bonds in YFg are not

covalent.

2.20 A

Fig. 4. Crystal structures of (a) Pnma-YF3 at 0 GPa, (b) Pmmn-YF3 at
300 GPa, and (c) Amm?2-YFg at 500 GPa. In this depiction, blue and gray
spheres represent Y and F atoms, respectively.
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For a more in-depth understanding of the electronic
structure and bonding characteristics of yttrium-fluorine com-
pounds, the electron localization function (ELF) was com-
puted, and the results are presented in Fig. 5. It is well estab-
lished that ELF values greater than 0.5 are associated with lone
pairs, core electrons, or covalent bonds, with an ELF value of
1 indicating complete electron localization. Ionic bonding, by
contrast, is associated with lower ELF values (< 0.5), where
ELF = 0 corresponds to complete electron delocalization. For
metallic bonding, the typical ELF value is 0.5, indicating an
electron pairing distribution analogous to that of a free elec-
tron gas. (43!

For Pmmn-YF3, the highest ELF values are localized near
F atoms, approaching 0.82, indicating strong electron localiza-

tion in the vicinity of F atoms. ELF values in the Y-F and F-F
interatomic regions are approximately 0.18 and 0.09, respec-
tively, indicating that Y-F bonds are dominated by ionic char-
acter and that no covalent bonds are formed between F atoms.
Similar to HgF3, the regions surrounding F atoms in our sys-
tem also exhibit extremely low ELF values,*! suggesting a
lack of significant covalent bonding character between these F
atoms and other atoms.

The ELF characteristics of Amm2-YFg are analogous to
those of YF3. High values of approximately 0.82 are localized
near F atoms, while values in the Y-F and F-F interatomic re-
gions are very low, approaching 0.13 and 0.08, respectively.
These low values confirm that the bonding in YFg is primarily
ionic.

Table 1. Structural parameters of Pmmn-YF3 at 300 GPa and Amm2-YFg at 500 GPa.

Space group parameters Lattice (A) Atom coordinates (fractional)
Pmmn-YF3 a=3.344,b=4.161,c =3.476 Y1 0.500 0.00 0.188 la
o=p=y=90° Y2 0.00 0.500 0.812 la
F1 0.500 0.250 0.679 la
F2 0.00 0.250 0.321 la
F3 0.00 0.00 0.825 la
F4 0.00 0.750 0.321 la
F5 0.500 0.750 0.679 la
F6 0.500 0.500 0.175 la
Amm?2-YFq a=3.320,b=3.232,¢c=5.599 Y1 0.00 —0.500 0.167 2a
o=p=y=90° F1 —0.240 —0.500 0.500 2a
F2 —0.00 —0.500 —0.167 4c
F3 —0.500 —0.745 —0.248 4e
F4 —0.500 —0.500 —0.003 2b

Table 2. Bader charges of Pmmn-YF3 and Amm2-YFg.

Compound Pressure (GPa) Ae/atom (Y) Ae/atom (F)

Pmmn-YF3 300 220e —0.74e/—0.73 ¢
500 22le —0.74e/—0.73 ¢
Amm?2-YFg 300 225e¢ -0.70 ¢/ —0.40 ¢/ —0.25 ¢
500 220e —0.70 e/ —0.39 ¢/ —0.24 ¢

Fig. 5. Electron Localization Function (ELF) maps for (a) Pmmn-YF3
on the (100) plane at 300 GPa, and (b) Amm2-YF¢ on the (100) plane at
500 GPa.

Bader charge analysis was conducted on YF3; and YF¢
to quantify the electron transfer between yttrium and fluorine
atoms (Table 2). In Y-F systems, yttrium atoms function as
electron donors, whereas fluorine atoms act as electron accep-
tors. For Pmmn-YF3 at 300 GPa, each Y atom donates 2.20

electrons to the surrounding F atoms. According to the bond-
ing type and Bader charge, fluorine atoms fall into two dis-
tinct types: one type, with only one fluorine atom, gains 0.74
electrons; the other type, with two fluorine atoms, gains 0.73
electrons.

For Amm2-YFg at 500 GPa, each Y atom donates 2.20
electrons. F atoms fall into three distinct types: the first type,
with two fluorine atoms, gains 0.39 electrons; the second type,
with three fluorine atoms, gains 0.24 electrons; the third type
gains 0.70 electrons.

Previous studies have established that Y,O3 is stable un-
der ambient conditions due to the Gibbs—Thomson effect, and
that yttrium exhibits a +3 valence state in this compound. ¥
Previous calculations on yttrium oxides with exotic stoi-
chiometries showed that the Bader charges of Y1 and Y2 in
YO;3 at 100 GPa are 2.04 and 2.12 electrons, respectively.
These values are close to the 2.12 electrons calculated for /a-
3-Y,03 at 1 atm, indicating that Y in YOs is in the +3 ox-
idation state.[* Subsequently, the high-pressure phase transi-
tion of yttrium monoxide was discovered: upon compression,
Fm-3m-YO transforms into Pm-3m-YO. The absolute Bader
charge value of Y in both Fm-3m-YO and Pm-3m-YO is close
to that of O in their respective structures, indicating that Y has

036301-4
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a 42 formal oxidation state in YO.

Research on nitrogen-rich yttrium compounds has iden-
tified the stable phase P2;-YN, at ambient pressure.* It is
composed of Y2t cations and N%f anions, and the valence
state of Y in YN; is +2.[431 In studies on the reaction between
Y™ and molecular oxygen or carbon monoxide, Y was ob-
served mostly in its ground state using a flow tube (FT) ion
source, confirming the existence of Y*.[46] Through theoreti-
cal research on the first and second rows of transition metals,
and by comparing YT with Sc*, it was found that Y™ has a
552 ('S) ground state, which has lower energy than other states
(4d'ss' D), 4d'5s! ('D), 4d* CF)).[47]

The F-F bond length in YFs; is calculated to be 2.03 A,
much longer than the covalent F-F bond length of 1.44 A,
which indicates that Pmmn-YFj3 is a molecular crystal. Given
that Y loses 2.20 electrons in the Pmmn phase and the molec-
ular crystal characteristics of YF3, Y in YF3 is in the 43 oxi-
dation state. The calculated Bader charge for Y in Amm2-YF¢
at 500 GPa is 2.20 electrons, identical to the value in Pmmn-
YF3 at 300 GPa and close to the 2.12 electrons in Ia-3-Y,03
at 1 atm, indicating that the oxidation state of Y in YFg is also
+3.
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Fig. 6. Electronic band structure and projected density of states (PDOS)
of (a) Pnma-YF3 at 0 GPa, (b) Pmmn-YF3 at 300 GPa, and (¢c) Amm2-YFg
at 500 GPa. The Fermi energy (black dashed line) is set to zero.

The band structure and projected density of states (PDOS)
for Pnma-YF3, Pmmn-YF3;, and Amm2-YFg are presented in

Fig. 6. The new Pmmn phase of YF; is an indirect bandgap
insulator with a band gap of approximately 8.14 eV. At ambi-
ent pressure, the Pnma phase of YF3 is also an insulator with
a band gap of ~ 7.58 eV, similar to that of the Pmmn phase.
As observed from the DOS diagrams, below the Fermi
level, F-2p orbitals are predominant, whereas above the Fermi
level, Y-4d orbitals dominate. At the Fermi level, Amm2-YFg
shows an overlap between the conduction and valence bands,
classifying it as a metal. The overlap of conduction and va-
lence bands under high pressure signifies metallic behavior in
R-3-AuFg,?* C2/c-0sFg,*8) and Pnma-1rFg.[*°1 Unlike YFg,
the d orbitals of the metal are primarily dominant at the Fermi
level. The band structure of Amm?2-YFj is relatively flat, im-
plying a high effective mass and hence low carrier mobility. °°!
Figure 6(b) shows that F-2p orbitals dominate at the
Fermi level, while contributions from F-2s, Y-4d, and Y-4p
orbitals are minor but nearly equal, as seen in the rightmost
panel. Similar to Cmcm-YO3 and Fm-3m-YO, at the Fermi
level, the O-2p orbitals dominate, with minor but nearly equal
contributions from O-2s, Y-4d, and Y-4p orbitals.[*]
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Fig. 7. COHP for (a) and (c) Pmmn-YF3 at 300 GPa, and (b) and (d)
Amm?2-YFg at 500 GPa. The Fermi energy (black dashed line) is set to
zero.

COHP calculations were performed for YF3; and YFg
(Fig. 7) to enhance the understanding of chemical bonding
properties and formation mechanisms in Y-F compounds.
COHP is employed to extract chemical bonding information

[51

regarding structural stability.>'! Bonding and antibonding in-

teractions are associated with negative and positive COHP val-
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ues, respectively, while non-bonding interactions correspond
to a COHP value of zero.®!]

For Pmmn-YF;3 at 300 GPa, the negative COHP values
between Y-5s/4p and F-2p orbitals indicate bonding interac-
tions. A positive COHP value associated with Y-4d and F-
The inte-
grated crystal orbital Hamilton population (ICOHP) values
for Y-5s/4p and F-2p orbital interactions are —0.06 eV and
—0.10 eV, indicating their primary contribution to the stability
of the Y-F bond. The large positive ICOHP value of 12.64 eV
for the Y-4d and F-2p orbitals indicates a strong antibonding

2p orbitals indicates an antibonding interaction.

interaction that destabilizes the Y-F bond. Bonding interac-
tions are indicated by negative COHP values of the Y-F and Y-
Y pairs, while an antibonding interaction is associated with the
positive COHP value of the F-F pair. The calculated ICOHP
values reveal that bonding in YF3 is dominated by the Y-F
pairs, whereas the F-F pair shows a weak antibonding interac-
tion with a small positive ICOHP of 0.01 eV.

For Amm?2-YF¢ at 500 GPa, the COHP values for the Y-
5s/4p orbitals and F-2p orbitals are negative, indicating bond-
ing interactions. In contrast, the Y-4d and F-2p orbitals exhibit
a positive COHP value, indicating antibonding. The ICOHP
values for the Y-5s, Y-4p, and Y-4d orbitals with F-2p are
—0.02 eV, —0.27 eV, and 15.63 eV, respectively. The strong
antibonding interaction between Y-4d and F-2p destabilizes
the Y=F bond. It is evident that the bonding character between
Y and F primarily arises from the hybridization of Y-4p and F-
2p orbitals, stabilizing the new structure. The Y-F, Y-Y, and
F-F pairs all show negative COHP values, indicating bond-
ing interactions. The calculated ICOHP for Y-F is —3.29 eV,
confirming that the stability of the YFg structure mainly stems
from the Y-F interaction. A key difference from YF; is the
presence of a weak F-F bonding interaction in YF.

4. Conclusion

In summary, we have conducted a systematic investiga-
tion of the stable structures and electronic properties of the
Y-F binary system using first-principles methods. Two new
stable structures, Pmmn-YF3 and Amm2-YF¢, were discov-
ered. The space group of YF3 under ambient pressure is Pnma,
which transitions to the Pmmn phase at 50 GPa, remaining
stable in the range of 50-500 GPa. A new compound with a
stoichiometry of YFg was discovered, stable above 429 GPa.
AIMD simulations show that all atoms in YF3 and YFg vi-
brate around their equilibrium positions. Electronic property
calculations provide insights into bonding characteristics. The
Y-F bonds in YF3 and YFg are primarily ionic, arising mainly
from the interaction between Y-4p and F-2p orbitals. F-F bond
lengths and Bader charge analysis indicate a +3 oxidation
state for yttrium in Pmmn-YF3. The calculated Bader charge
on Y in Amm2-YF¢ at 500 GPa is 2.20 electrons, identical to

that in Pmmn-YF3 at 300 GPa, further confirming that yttrium
retains the +3 oxidation state in YF¢. This research deepens
the understanding of the electronic and physicochemical prop-
erties of transition metal fluorides.
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