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Abstract. Pressure can profoundly change the electronic structure, leading to
the formation of new phases and materials with exotic properties. Herein, using
evolutionary algorithms and density functional theory, we systematically investigate
the behaviour of materials in the yttrium-chlorine binary system under pressure.
Electrons are found to be spatially confined at low pressures in yttrium chlorides
and tend to form new electrides. In particular, a novel yttrium chloride, Y3Cls, is
predicted to be thermodynamically and lattice dynamically stable at approximately 10
GPa. Further analyses of the electron localization function and partial charge density
identify trigonal Y3Cly as a new 2D high-pressure electride (HPE) with partially
localized electrons contributing to the conduction. By further increasing the pressure,
electrons in the yttrium-chlorine binary system tend to delocalize with the electrides
decomposing into two new compounds (Y3Cl and YCly) and a new YCI phase (space
group P63/mmc) above 20 GPa. These newly discovered phases are all metallic in
their stable pressure range according to band structure simulations without interstitial
electron localization. The discovery of these unconventional yttrium chlorides may
inspire strategies to search for low-pressure electrides in other rare-earth halogenide
systems.
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1. Introduction

Electrides are a class of peculiar materials with spatially trapped excess electrons serving
as anions.[1, 2] Induced by the particular electron states in electrides, the unusual
chemical, electronic or optical performances enable various applications as catalysts[3, 4],
battery anodes[5], or electron-injection barrier materials.[6] Compared with organic
electrides, inorganic electrides are expected to exhibit better stability and superior
capabilities [7, §].

Since the synthesis of the first room-temperature-stable inorganic electride
CaggAlygOg4,[9] only a handful of inorganic electrides have been found under ambient
conditions (e.g., Y5Si3[4], CaaN[10], YoC[11], Sr3CrN3[12]). As the bonding patterns and
stability of materials can be significantly changed by compression, unexpected phases
and crystal structures that are inaccessible under ambient conditions with intriguing
properties may be obtained.[13, 14, 15] Pressure application has also become an effective
approach in research on exploring electrides. On the basis of theory-assisted material
predictions, a variety of novel high-pressure electrides (HPEs) have been identified.
Accompanied by a metal-insulator transition, an optically transparent dense sodium
phase was found by Ma et al. at approximately 200 GPa.[16] This insulating Na phase
was categorized as a canonical 0D electride due to the formation of localized interstitial
electron pairs (interstitial quasiatoms).[16, 17] Similar 0D HPEs were also observed in
some pressurized elemental phases, e.g., Li,[18, 19] K,[20] Ca,[21] and Al[22]. In some
other elements such as thallium[23], HPEs were absent even at terapascal pressures.
Pressure-induced phase transitions between 2D electrides and 0D HPEs were found in
alkaline-earth-metal subnitrides (CayN, SroN and BayN) in both theoretical structural
searches and high-pressure synchrotron experiments.[24] Some HPEs were induced
by the formation of unexpected cation-rich compounds. Dong et al. theoretically
predicted the existence of a 0D HPE with the formation of a thermodynamically stable
compound between Na and inert He (NagHe), and this compound was later confirmed
in an experimental synthesis.[25] High-temperature superconducting HPEs were also
experimentally realized in pressure-stabilized Li-rich phosphides with unconventional
stoichiometries (e.g., LigP, LisP, Li;; P2).[26]

Yttrium chlorides, as important halides, have attracted much attention in electride
research. The most common compound in the Y-Cl binary system is YCls. This
colourless solid crystallizes in a monoclinic structure (space group C2/m, Pearson
symbol mS16) under ambient conditions and is widely applied as an additive for
batteries[27] or as a Lewis acid for reactions[28]. The two other compounds in the Y-Cl
binary system observed under ambient conditions are Y,Clsz and YCI[29], which belong
to a new class of electrides[30]. Y,Cls possesses a monoclinic structure (space group
C2/m, Pearson symbol mS20) with a prototype of GdyCl;. In contrast to insulating
YCl3[31], Y2Cl3 is a semiconductor with an indirect bandgap of 1.14 eV.[30] Electron
localization is found in the channel-like voids in Y5Cls, and the confined electrons are
weakly bonded with each other, making Y,Cls a quasi-1D electride.[32, 30] Similar
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to typical CagN-type 2D electrides,[33] YCI also adopts a laminar structure in the
R3m space group. Nonetheless, anionic electrons are observed between every two Y-Cl
layers instead of in all interlayer spaces.[30] Therefore, YCI was identified as a quasi-2D
electride.[30] In addition, the Y in these reduced rare-earth halides adopts an oxidation
state of +2 rather than the more common oxidation state of +3[34], quantifying these
two electrides as [YCl]*-e™ and [Y2Cls]™-e™.[30]

Despite the study of Y-Cl compounds at ambient pressure, the behaviour of
the Y-CI system under pressure is largely unexplored. Here, we have systematically
investigated the Y-Cl binary systems under hydrostatic pressures up to 60 GPa based on
first-principles structural searches with evolutionary algorithms. Novel pressure-induced
stable and metastable phases in the Y-CI binary system are predicted, and the related
electronic properties are studied. Localized electrons under pressure are observed in the
Y-Cl system with the formation of a new stable HPE and several potential metastable
HPEs. At higher pressures, the HPEs are predicted to spontaneously decompose into
energetically preferable phases, which have unconventional stoichiometries and exist in
a large pressure range.

2. Computational methods

Evolutionary algorithm-based crystal structure predictions within the framework of
density functional theory (DFT) under pressure were performed using USPEX [35]
interfaced with the Vienna ab initio simulation package (VASP) [36]. The maximum
number of atoms in a randomly generated unit cell was set to 18. The crystal
structures of all compounds in the Y-Cl system available in the Materials Project
database [31] were taken into account as seeds in the search.[37] The first generation
consisted of 50 randomly generated crystal structures and seeds. Each subsequent
generation with 40 new crystal structures was generated by heredity (40%), random
(20%), softmutation/coormutation (20%), and transmutation (20%). The structural
searches were stopped as the best structures remained unchanged for 20 generations.
The projector-augmented wave (PAW) method [38] was applied with the generalized
gradient approximation (GGA) of Perdew-Burke-Ernzerhof (PBE) [39]. All crystal
structures were relaxed into their ground states by calculating the atomic forces and
the full stress tensor. The I'-centred Monkhorst-Pack method [40] at a grid spacing of
approximately 0.03 x 2 A~! was used in meshing Brillouin zones. A plane-wave energy
cut-off of 340 eV was applied in all DF'T computations, and the convergence criterion
for electronic self-consistent calculations was set to 107% eV. Supercells (3 x 3 x 3 with
135 atoms for Y3Cly, 3 x 3 x 3 with 162 atoms for Y,Cl, 4 x 4 x 2 with 128 atoms
for YCI, and 4 x 4 x 4 with 192 atoms for YCl,) were adopted to study the phonon
properties using the small displacement method [41]. To ensure the accuracy of phonon
dispersions, a more stringent total energy convergence criterion of 1078 eV was used.
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3. Results and discussion

No energetically preferable compound with Cl1/(Y+4Cl) > 0.75 is found in our structural
searches up to the maximum pressure (60 GPa) we consider in this work. Thus, the
enthalpies of formation in Fig. 1 are computed with respect to the most stable Y and
YCl; phases at each selected pressure. It is seen from the convex hulls in Fig. 1 that
the experimentally observed YCI (R3m, hR12), YoCl3 (C2/m, mS20) and YCl;3 (C2/m,
mS16) are all reproduced as the lowest-energy phases at 0 GPa, indicating the reliability
of our predictions. It is worth noting that our calculations suggest that Y,Cls and YCl;
are thermodynamically stable, while YCl is metastable (above the convex hull) at 0 GPa.
Localized electrons are observed in the YCI and Y,Cls electrides at 0 GPa based on the
calculations of the electron localization function (ELF) (see Fig. S1 in the Supporting
Information), which is consistent with previous research[30].
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Figure 1. Stability of predicted yttrium chlorides at various pressures. Gray and
green circles represent high-energy crystal structures and potential metastable HPEs,
respectively.

By exerting a hydrostatic pressure of 10 GPa, no structural phase transition is
found in the quasi-2D electride YoCl3. On the other hand, YClj is predicted to undergo
a phase transition into an orthorhombic structure with the C'mem space group at 10
GPa. In addition to these two long-known compounds, a novel compound with a
counterintuitive Y:Cl stoichiometry of 3:2 becomes energetically favourable at 10 GPa.
It has a trigonal crystal structure in the R3m space group with layered Y-Cl-Y-Cl-
Y stacking. Detailed structural information of the predicted phases is summarized in
Table S1 in the Supporting Information. In addition to the thermodynamic stability,



Pressure-induced electrides and metallic phases in the Y-Cl system 5)

the lattice dynamic stabilities of the Y3Cly, compound and the new YClz phase are also

studied. As displayed in Fig. S2 in the Supporting Information, no imaginary phonon
mode is observed at either 10 GPa or 0 GPa, indicating that C'mem-YClz and Y3Cl,
are dynamically stable at both 10 GPa and 0 GPa. Thus, high-pressure C'mem-YClg
and Y3Cl, may be quenchable to ambient conditions.
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Figure 2. Electronic band structures and projected density of states of predicted
stable yttrium chlorides at 10 GPa. Fermi levels are shifted to 0 eV.

ELF

Figure 3. (a) Electron localization function of Y3Cly at 10 GPa. The isosurface is set
at a value of 0.75. Y and Cl atoms are coloured purple and white, respectively. (b) ELF
contours of Y3Clz on the (110) plane. (c) Partial charge density distribution (+0.05
eV from Ey) of Y3Cly on the (110) plane. The positions of different ELF attractors
(non-nuclear ELF maxima) are highlighted by red and black dashed circles.
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Figure 4. Electronic band structures and projected density of states of predicted
stable yttrium chlorides at 20 GPa. Fermi levels are shifted to 0 eV.

Fig. 2 presents the computed electronic band structures and projected density of
states (DOS) of the predicted stable compounds at 10 GPa. Significant differences in the
electronic structures among these three compounds are noted. Similar to the insulated
C2/m phase of YCl3 under ambient conditions, the pressure-induced C'mem phase is
also found to be an insulator with a large indirect bandgap of approximately 3.02 eV at
10 GPa. The conduction band minimum (CBM) and the valence band maximum (VBM)
are located at the Y and I" points, respectively. The bottom of the conduction bands are
mainly contributed by the Y 4d states; the top of the valance bands largely originate
from the Cl 3p states. For Y,Cls under a hydrostatic pressure of 10 GPa, it remains
semiconducting with a small indirect bandgap of approximately 0.33 eV. In contrast to
the C2/m phase of YCl3, the Y 4p and /d orbitals contribute the dominant parts of the
DOS around the VBM of Y,Cl;. Particularly, a metallic character is found in Y3Cls,
as electronic bands cross the Fermi level (Er). The most significant contribution to the
DOS in the vicinity of EF is found to originate from the Y 4d orbitals.

The Bader charges of Y and Cl in Cmem-YCl; are found to be +2.06 and -0.68,
respectively. Therefore, strong ionic bonds are expected, and the valence states in
Cmem-YCls at 10 GPa are +3 and -1 for Y and Cl, respectively, rationalizing the
insulation state of C'mem-YCls. On the other hand, the Bader charges of Y are found
to be +0.86/+1.41 in Y,Cl3, suggesting a lower oxidation state of 42, consistent with
the previously proposed formula of [YoCl3]"-e~ [30]. The extra electron localizes in
space, leading to the semiconducting state of Y,Clz at 10 GPa. Even lower Bader
charges (40.45/+0.98) are predicted for Y in Y3Cly, suggesting an oxidation state of
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+1 and a formula of [Y3Cly]T-e™. As will be discussed in the following, although Y3Cl,
is predicted to be an electride at 10 GPa, the electron localization may not be strong
enough to produce an insulating state.

The ELF and partial charge density are further calculated to analyse the electride
characteristics of Y3Cly. As depicted in Fig. 3 (a-b), two different kinds of ELF
attractors (ELF maxima off the nuclei) can be observed between two adjacent Y-Cl-
Y-CIL-Y layers, indicating that Y3Cl, is a 2D HPE. Similar to the attractors in R3m-
YCI and Y,Cl3[30], these attractors are connected to delocalized electrons throughout
the interlayer interstitial spaces. Moreover, the confined electrons are more localized
at attractor A sites than at B sites, with a higher maximum ELF value. The partial
electron density corresponding to the region near the Fermi energy (Fig. 3 (c)) suggests
that the excess electrons near the attractor A sites do not demonstrate conducting
behaviour, whereas the electrons near B sites contribute to the electronic transport of
the system. In contrast, the energies of the localized electrons in quasi-1D HPE Y,Cl;
are all below the Fermi level [30], leading to a semiconductor instead of a metal. In
addition to Y3Cly and Y5Cls, a few other potentially metastable yttrium chlorides at
10 GPa (the low-energy phases near the convex hull in Fig. 1) are also predicted to be
HPEs (see the Supporting Information), implying the tendency for interstitial electron
localization in the Y-Cl system at 10 GPa.

By further compressing the Y-Cl binary system, we find more unexpected
compounds to be stable. Four energetically preferable compounds (Y2Cl, YCI, YCl; and
YCl3) are predicted on the convex hulls in Fig. 1 at 20 GPa. All these compounds remain
energetically favourable up to 60 GPa without any structural phase transition. The large
pressure range where these four compounds are predicted to be stable suggests that
they are more likely to be synthesized in experiments. The chemically counterintuitive
tetragonal compounds Y,Cl and YCly possess space groups of 14/mem and I4/mmm,
respectively. The newly discovered YCI high-pressure phase has a hexagonal crystal
structure with the P63/mmc space group. Unlike the previously known metastable R3m
phase under ambient conditions, P63/mmc is an energetically stable phase. Moreover,
the disappearance of Y3Cl, and Y,Cls on the convex hull at 20 GPa implies their
potential spontaneous decomposition at this pressure. Based on the calculated phonon
dispersions (shown in Fig. S6 in the Supporting Information), it is notable that large
imaginary vibrational frequencies exist in Y5Cl at 0 GPa, whereas no imaginary phonon
mode is found for Y,Cl at 20 GPa. Therefore, Y,Cl is lattice dynamically stable only
under pressure. In contrast, P63/mmc-YCl and YCly are lattice dynamically stable
at both high pressure and 0 GPa, suggesting that they may be quenchable to ambient
conditions.

As the pressure increases to 20 GPa, the electronic properties of the compounds
are also significantly altered. From the gapless electronic band structures shown in
Fig. 4, P63/mmc-YCIl, Y,Cl and YCl, are all metallic at 20 GPa. From the projected
DOS shown in Fig. 4 (a), the Y 4p and 4d orbitals contribute most to the DOS of
Y,Cl near the Fermi level. In contrast, the metallization of P63/mmec-YCl and YCl,
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Figure 5. Electron localization function of predicted stable yttrium chlorides YoCl
(a), YCI (b) and YCl; (c) at 20 GPa. The isosurfaces are set at a value of 0.75. Y and
Cl atoms are coloured purple and white, respectively.

mainly originates from Y 4d orbitals. Bader charge analysis at 20 GPa also shows an
increase in the electron donation of Y atoms as the ratio of Y in compounds decreases
(the Bader charges of Y are +0.50, 40.94, +1.52 and +2.03 in Y,Cl, P63/mmc-YCI,
YCly and Cmem-YClg, respectively), implying an enhancement of the ionic bonding
character in compounds with a higher Cl ratio. In addition, none of these high-pressure
compounds are HPEs, as no obvious spatially confined electrons are found from their
ELFs, as shown in Fig. 5. Therefore, a higher pressure tends to delocalize electrons in
the Y-CI system.

4. Conclusions

The Y-CI binary system is systematically investigated under hydrostatic pressures up
to 60 GPa based on first-principles structural searches with evolutionary algorithms.
Novel stable and metastable yttrium chlorides are predicted from our computations. In
particular, trigonal Y3Cl, is found to be energetically and lattice dynamically stable at
approximately 10 GPa. The confined excess electrons between two adjacent yttrium
layers, which partially contribute to the electrical transport, suggest that Y3Cly is a
2D HPE. Above 20 GPa, the electrides are predicted to simultaneously decompose into
Y,Cl, YCI, and YCI, compounds, which are all metallic above 20 GPa. Therefore, as
pressure increases, electrons in the Y-Cl binary system first become localized with the
formation of new HPEs and then become more delocalized with the formation of new
metallic phases. Our results provide guidance on the discovery of new HPEs in other
rare-earth halide systems.
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