PHYSICAL REVIEW RESEARCH 6, 023249 (2024)

Topological electride of -YCI

Yiwei Liang ®,' Xinyan Lin,”> Biao Wan,? Zhaopeng Guo,?> Xuyan Cao,' Dexi Shao,>" Jian Sun,*>'" and Huiyang Gou'-*

Center for High Pressure Science & Technology Advanced Research, Beijing 100193, China
2School of Physics, Hangzhou Normal University, Hangzhou 311121, China

3Key Laboratory of Materials Physics of Ministry of Education, School of Physics and Laboratory of Zhongyuan Light,

Zhengzhou University, Zhengzhou 450052, China

4National Laboratory of Solid State Microstructures and School of Physics, Nanjing University, Nanjing 210093, China

3Collaborative Innovation Center of Advanced Microstructures, Nanjing 210093, China
® (Received 12 March 2024; accepted 8 May 2024; published 5 June 2024; corrected 27 November 2024)

Topological electrides have attracted extensive attention, not only serving as good platforms for studying
Dirac fermion, Weyl fermion, and diverse quasiparticles beyond the Dirac and Weyl fermions, but also hosting
rich physical and chemical properties such as low work function, high conductivity, and high electron mobility.
Motivated by the synthesized YCI and Y,Cl; electrides with nontrivial topology, we have explored the Y-Cl bi-
nary system under pressure. Based on the first-principles calculations and crystal-structure prediction techniques,
we find a #-YCI phase with the space group of P4/nmm that is both thermodynamically and lattice dynamically
stable, and also recoverable to the ambient condition. Based on the k - p method and irreducible representation
analyses, we propose that #-YCI has a topological nodal chain surrounding the Z point in the Brillouin zone
without spin-orbit coupling (SOC), and evolves into a Dirac semimetal phase with two Dirac points protected by
R4, symmetry when taking SOC into consideration. In addition, based on the band representation (BR) analyses,
we find the highest occupied bands belong to A1@2a BR. Since both the Y and CI atoms occupy the 2c Wyckoff
positions, i.e., no atom in 7-YCl system locates at the 2a Wyckoff positions, it thus suggests the unconventional
nature of an uncompensated state at the 2a Wyckoff position. Remembering the ionic compound nature, the
unconventional #-YCl phase hosts great potential to be an electride material, which has been further verified by
our electron localization function calculations, with the uncompensated state at 2a Wyckoff position contributed
by the interstitial quasiatoms. Our work provides a good theoretical and experimental platform for the study of

pressure-induced topological electride states.

DOI: 10.1103/PhysRevResearch.6.023249

I. INTRODUCTION

Since the proposals of Weyl and Dirac semimetals [1-4],
topological semimetals (TSMs) have been at the forefront
of condensed-matter physics. Unlike topological insulators,
topological semimetals exhibit band crossings near the Fermi
level. It is beneficial to the study of various quasiparticles
in condensed-matter physics. Depending on the nodal di-
mensions (denote as “d”) and configurations, many TSMs
have been proposed and classified, such as Weyl semimetals
[1,5-15], Dirac semimetals [2,3,16-22] for d = 0, node-
line semimetals [23-26], nodal-chain semimetals [27-31]
for d =1, and many other semimetals with unconventional
quasiparticles beyond Dirac and Weyl fermions [32]. These
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findings have greatly improved our understanding of gapless
topological phases.

In addition, electrides are a special class of materials in
which not all the electrons are bounded around the corre-
sponding atoms, with extra electrons present in the interspace
between cations. The interspace occupied with extra electrons
behaves as an anion and is therefore also called an interstitial
quasiatom (ISQ) [33-35], whose electronic charge centers do
not match the real atomic positions. It has been widely used in
high-performance catalysts, electron emitters, spintronic de-
vices, nonlinear optics, high-pressure superconductors, high
electron mobility carriers, ion batteries, low-temperature su-
perconductivity [36—41] field, etc. Due to the lack of strong
confinement in ISQs [42—44], electrides tend to exhibit high
electron mobility, low work function [45,46], and floating
bands close to Fermi level (Er) [47]. Due to the fascinating
physical properties and prospects of the electride and topo-
logical materials, topological electride materials hosting ISQs
and topological nontrivial band structures have aroused great
interest in materials field. However, although a large number
of TSMs and electride materials have been proposed, few
electrides with nontrivial TSM phase have been proposed.
According to the topological quantum chemistry (TQC), most
of the TSM phases can be deduced from the compatibility
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relations, and simultaneously, the mismatch between the
electronic charge centers and the atomic positions in the
unconventional materials can be derived from band represen-
tation (BR) analyses, which suggests that symmetry analyses
(with compatibility relation analyses and BR analyses) are
very useful for finding topological electrides.

Since transition metals with d orbitals have the electron-
rich nature, which are very important for the construction
of electrides, the binary Y-Cl system has great potential in
finding topological electride candidates. For example, in the
synthesized Y,Cl; and YCI at ambient pressure, the native
quasi-1D and 2D electrides have been proposed [48]. Simul-
taneously, a 2D-electride YCI system was proposed to have
nontrivial band topology [49]. In addition, applying pressure
is considered as a powerful method to search for and explore
more interesting materials [50,51], such as making electrides
by squeezing the elections off from the valence shell [52,53].
Thus, in this work, we explore the binary Y-CI system under
pressure from O to 100 GPa through MAGUS and CALYPSO
methodology and first-principles calculations. Interestingly, a
tetragonal YCI (#-YCl) phase with a topologically nontrivial
band structure and ISQ appears at 10 GPa. Based on density-
functional theory (DFT) calculations and symmetry analysis,
we find that #-YCl is a topological nodal-chain semimetal,
with two nodal rings touching each other surrounding the Z
point. Taking SOC into consideration, the nodal chain disap-
pears, leaving two Dirac points protected by R4,. Thanks to the
TQC proposed by Bradlyn et al. [54], BR [55] analysis shows
that the highest occupied bands belong to A1@2a BR, indi-
cating its unconventional nature. Further DFT calculations of
the electron localization function (ELF) confirm the existence
of an uncompensated state at 2a Wyckoff positions occupied
by zero-dimensional (OD) ISQs with 2.091 e¢~. Meanwhile,
t-YCI has a low work function (WF) of 2.724 eV on the
(1 0 0) surface, which also indicate the loose bound character
of delocalized electrons. As a result, the #-YCl is a topological
electride whose nontrivial topology is mainly contributed by
ISQs. Our work provides a platform for the study of topolog-
ical electrides.

II. CALCULATION METHOD

The CALYPSO [56,57] codes based on the swarm intelli-
gence structure prediction technique were performed to search
the Y-CI system under pressures from 0 to 100 GPa, and the
final results can also be obtained by the MAGUS [58-60] codes.
Structural relaxations and electronic structure calculations are
based on density-functional theory using the Vienna Ab initio
Simulations Package (VASP) [61]. The exchange-correlation
functional is given by the generalized gradient approxima-
tion parametrized by Perdew, Burke, and Ernzerhof [62]. The
plane-wave cutoff energy of 500 eV and Monkhorst-Pack k
meshes with a grid spacing of 27 x 0.02 A~! are adopted
to give energy and force convergence precisions of 107¢
eV and 107> eV A~!, respectively. The dynamic stabilities
of the predicted structures were verified by phonon calcu-
lations using the direct supercell method with the PHONOPY
code [63]. Ab initio molecular dynamics (MD) simulations
are carried out using the Nosé-Hoover chain thermostat with
highest temperature of 2000 for 6 ps with a time step of

1 fs. The work function (®wg) of ¢-YCI considers (1 0
0), (0 0 1), and (1 1 0) surface and constructs the slab
models with 56, 40, and 40 atoms perpendicular or parallel
to the layer, and vacuum was about 20 A. Using Gamma
scheme, the k-point grides were setas 1 x 5 x 2,5 x5 x 1,
and 1 x 3 x 4, respectively. The WF value was calculated
through the formula of ®wr = Eyyc — Ep (Eyae 1S vacuum
level, Er is Fermi level). The IRVSP [64] and POS2ABR
[65] codes were used for the irreducible representations and
BR analyses.

III. RESULTS AND DISCUSSION

A. Phase diagram of Y-Cl system

We construct the convex hull of Y-Cl at 0, 50, and
100 GPa, respectively. As presented in Fig. 1(a), our crystal-
structure search strategy reproduces the synthesized structures
of I4/mem Y,Cl, R-3m YCI, and C2/m Y,Cl3 and YCl;. In
particular, the metastable R-3m YCI has a rather high positive
formation enthalpy, about 48 meV per atom at 0 GPa, which
is relatively smaller than that of Yu et al. [66] (derived from
their convex hull graph, close to 88.7 meV per atom), and the
possible reason may be that the effect of magnetism of R-3m
YCI is not considered in the calculation. We predict seven
structures, which are Cmcm Y,Cl at 9-11.6 GPa, P4/mbm
Y;Cl, at 96-100 GPa, P4/nmm YCI at 10-10.7 GPa, Cmcm
YCI above 64.1 GPa, P2{/m YCIl, at 8.2—13 GPa, P2,/c YCI;
at 45-66.3 GPa, and Pnma YCl; above 66.3 GPa. Detailed
structural parameters are provided in Supplemental Material
[67], Table SI. Some predicted metastable phases with energy
differences <5 meV/atom are also summarized in Supplemen-
tal Material [67], Table SII.

B. Crystal structures and stability of Y-Cl compound

Y,Cl is thermodynamically stable starting from 9 GPa,
has an orthorhombic structure with a space group of Cmcm,
and each Cl atom is coordinated with six Y atoms to form
a two-dimensional AA stack structure, which is composed of
misaligned Y layers enclosing Cl atoms [Fig. 2(a)]. Above
11.6 GPa, it transforms into an energetically favorable tetrag-
onal structure, synthesized at ~41 GPa and ~2000 K [68]
with a space group of I4/mcm, where the Cl atoms now
coordinate eight Y atoms, forming a robust 3D framework
[Fig. 2(b)]. With the increasing Cl concentration, the 2D high-
pressure electride [66] Y;Cl, with space group of R-3m is
thermodynamic stable at 10 to 12.1 GPa; the structure has the
“AB” stacked Y-CI-Y-CI-Y five-story layer and Cl atoms have
a longitudinal symmetry in coordination with six Y atoms
[Fig. 2(c)]. Above 96 GPa, a thermodynamically stable tetrag-
onal phase appears with a space group of P4/mbm; each CI
atom is coordinated with eight Y atoms to form 3D framework
[Fig. 2(d)].

For YCI, the thermodynamic stability of #-YCI begins at
10 GPa with a space group of P4/nmm, where Cl atoms are
coordinated by five Y atoms and are wrapped into a sandwich-
like Y-CI-CI-Y layer. These thick layers are AA stacked,
showed in Fig. 2(e). The stability interval of this structure is
very narrow and it will transform into a hexagonal structure of
P63/mmec at 10.7 GPa, where each atom has six coordination
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FIG. 1. (a) Calculated convex hull of the Y(Cl, (x =1, 2 and y = 1 — 4) system at 0, 50, and 100 GPa. Thermodynamically stable and
metastable stoichiometries are presented as blue squares and red crosses, respectively. (b) Phase diagrams for Y-Cl from 0 to 100 GPa.

to form 3D frame [Fig. 2(f)]. When the pressure increases
above 65.1 GPa, the orthorhombic Cmcm phase become ener-
getically favorable, and Y atoms insert the seven Cl atoms of
the coordination and construct the 3D framework [Fig. 2(g)].
In contrast to YCI, Y,Cls, has a monoclinic structure with
a space group of C2/m at ambient pressure, synthesized at

()

1000 K [69], but becomes unstable at 11.4 GPa; it is composed
of the layers of chained Y octahedra with Cl “ears” [Fig. 2(h)].

For YCl,, we find a monoclinic phase with space group
P2,/m at 8.2 GPa, whose framework resembles a stacked
twisted chain layer that is connected by CI atoms [Fig. 2(i)].
When the pressure reaches 13 GPa, it transforms into a tetrag-

FIG. 2. Crystal structures of (a) Cmcm and (b) I4/mcm Y,Cl at 10 and 50 GPa; (c) R-3m and (d) P4/mbm Y;Cl, at 10 and 100 GPa;
(e) P4/nmm, (f) P6;/mmc and (g) Cmcm YCI at 10, 20, and 100 GPa; (h) C2/m Y,Cl; at 0 GPa; (i) P2,/m and (j) I4/mmm YCl, at 10 and
50 GPa; (k) C2/m, (1) Cmcm, (m) P2,/c and (n) Pnma YCl; at 0, 10, 50, and 100 GPa, respectively.
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FIG. 3. Phonon dispersions and phonon density of states (PhDOS) for z-YCI at (a) 10 GPa and (c) 0 GPa 300 K. (b), (d) The energy
fluctuations in AIMD simulations for 7-YClI at 10 GPa 2000 K and 0 GPa 300 K. The insets are snapshots of structures at the original state and

final state.

onal phase with a space group of I4/mmm, a structure formed
by stacking “ABA” layers, each Y atom is coordinated with
eight Cl atoms to form the CI-Y-CI sandwiches [Fig. 2(j)].

The monoclinic YCl; with a space group of C2/m was syn-
thesized at atmospheric pressure of 680° [70]; AA is stacked
by a layer of chlorine octahedron connected by edges. Y atom
is trapped in an octahedron with the coordination number of 6
[Fig. 2(k)]. According to our calculations, it transforms into an
orthorhombic Cmcm phase at 1.2 GPa. Like the C2/m YCl;,
it can be seen as a stacked structure, but with an AB stacking,
consisting of a layer of edges or atoms connected to chlorine
decahedra, Y atoms in cage is added to eight coordination
[Fig. 2(1)]. When reaching 45 GPa, the phase becomes a mon-
oclinic structure with a space group of P2,/c; in this structure,
Y coordination increase to 9, forming the tetrakaidecahedron
unit of chlorine. The units are stacked through shared faces or
edges to form a three-dimensional framework with interstice
[Fig. 2(m)]. Finally, above 61.6 GPa, the phase transforms
into an orthorhombic structure with a space group of Pnma,
and the Y atomic coordination number increases to 12, form-
ing a hexadecahedron stacked with the chlorine through a
shared surface [Fig. 2(n)]. This Pnma phase is modulated by
a predicted Pmmn structure with the imaginary frequency of
phonon spectrum.

In terms of the #-YCI, both Y and CI atoms occupy the
2¢ Wyckoff positions of (0.5, 0.0, 0.816 59) and (0.5, 0.0,

0.353 03) at 10 GPa; the Y-CI distances are 2.793 A (four
along the fold plane) and 2.889 A (one along the c axis).
Phonon spectra calculations confirm the dynamic stability
of 1-YCI, as there are no imaginary frequencies throughout
the Brillouin zone [Fig. 3(a)]. MD simulations show that the
structure of #-YCl can withstand temperature up to 2000 K
without structural damage [Fig. 3(b)], indicating the high-
temperature stability. We also examine the recoverability at
ambient conditions; as shown in Figs. 3(c) and 3(d), t-YCI
structures can be maintained at 0 GPa and 300 K. At 10 GPa,
the superconductivity is estimated based on the Allen-Dynes-
modified McMillan equation with a Coulomb pseudopotential
of u* = 0.1; T is close to zero. The dynamical stability of
other structures at the corresponding pressure is confirmed by
the absence of imaginary frequencies in phonon dispersion
(see in Supplemental Material [67], Fig. S1).

C. Topological electronic property and work function

As the band structures without SOC presented in Fig. 4(a),
there exists a band inversion near the Z point, forming a band
crossing along the I'—Z line. To give more insights of the
band inversion and the band crossing near the Z point, we
have established an effective Hamiltonian by k - p method.
Taking the crystal symmetries and time-reversal symmetric
(TRS) into consideration, the effective Hamiltonian can be
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FIG. 4. (a) The orbital-projected band structure and PDOS [states per eV per f.u. (formula unit)] of #-YCI and (b) band with ISQ at 10 GPa.
(c) Schematic diagram of the nodal chain in the BZ. (d) The 2D projected band structures of 1-YCl system in the k, = k, plane near the Z point.

written as follows:

H(K) = go(B)to + g:(K): + g. (k)
go(k) = Mo — Bo(k} + k;) — Cok?

(k) = A(k; — k)
g-(k) = M. — B.(k + k%) — C.kZ. (1

Here, the 7, and t, are Pauli matrices ;7p is a 2 x 2
identity matrix. This system hosts both TRS and inversion
symmetry (IS); thus, the component of 7, must be zero. By
diagonalizing the 2 x 2 effective Hamiltonian, the eigenvalues
of the two-level system can be obtained as E(I?) = go(%) +
V& + g2. When g, = g. = 0, band crossings occur. It is clear
that g.(k) =0 gives us M.B, > 0 and M.C. > 0, which is
exactly the condition of band inversion, and the corresponding
solution is an ellipsoid surrounding the Z point. Further-
more, g, (l;) = 0 confines the band crossings in the R4,-related
ky = %k, planes. As a result, the solutions of gz(§) =0 and
g:(k) =0 are nothing other than intersecting lines between
the ellipsoid and the k, = £k, planes, which gives a nodal
chain consisting of two nodal lines located on the k, = k, and
ky = —k, planes, respectively. On the basis of theoretical anal-
ysis, 2D band scanning near Z in the k. = k, plane between
the conduction-band minimum and valence-band maximum
is presented in Fig. 4(c); a nodal ring in the k, = k, plane
can be clearly obtained. Combining the R4, -related nodal line
in the k, = —k, plane, the nodal chain appears, as shown in
Fig. 4(d).

SOC often plays an important role in engineering topo-
logical states, such as quantum spin Hall effect in graphene
[71,72] and Ta,M3Tes (M = Pd, Ni) compounds [73,74], 3D
large SOC-gap topological insulator in Bi;Se; and NaCaBi
families [75,76], and so on. In terms of the #-YCI system,
once SOC is included, this nodal chain disappears, leaving
only two Ry,-protected Dirac points locating at (0, 0, %k.)
with k. = 0.3193 %

Thanks to the recently developed theory of TQC [54],
BR has been listed in all space groups [55]. The irreducible
representations of the high-symmetry k points are calculated
and labeled in Fig. 4(a). Accordingly, BR analysis indicates
that the two lowest conduction bands belong to A1@2a BR.
Since the Y and Cl atom occupy the 2¢c Wyckoff positions,
i.e., no atoms in ¢-YCI locates the 2a Wyckoff positions,
suggesting the unconventional nature (obstructed) atomic

limit [47,65,77,78]. Based on BR analysis, the ionic #-YCI
with the unconventional nature has great potential to be an
electride material.

According to the ELF of 7-YCI shown in Fig. 5(a), an
attractor (non-nuclear maxima in the ELF maps) off the nu-
clei can be observed in the interlamination at 2a Wyckoff
positions. Further, the contours of ELF show that the centers
of ELF attractors are very strong, with the value close to
1 [Fig. 5(b)]. This strong aggregation of electrons without
nucleus suggests the ISQ’s feature. Therefore, -YCl is a 0D
electride with ISQ locating at 2a Wyckoff positions.

To further uncover the influence of ISQs, the band struc-
ture, and projected densities of states (PDOS), consider the
ISQs are adopted [Fig. 4(a)]. The ISQ curves in band struc-
tures and DOSs are calculate by adding pseudoatoms [35,79]
with a sphere radius of 1.5 A to fit the volumes. As shown
in Fig. 4(a), the integration of projected density reveals the
quantity of electrostatic charge of ISQs is ~2.091 e,, which
mainly come from Y atoms. Further analysis shows that the
ISQs are obviously gathering at Fermi surface and make a
major contribution to the band inversion, participating in the
topological band inversion.

To determine the WF of ¢-YCI, we consider the (1 0 0),
(00 1), and (1 1 0) surfaces, and Figs. 5(c) to 5(e) illustrate
the WF of each optimized slab at 0 GPa. The results show that
the ®wg of £-YClin the (1 00), (00 1), and (1 1 0) planes are
2.724, 3.135, and 2.95 eV, respectively. Therefore, the work
function of #-YCl is 2.724 eV, which is a relatively low value
compared to those of Y (3.1 eV) [80] and SrsP; (2.8 eV)
[81], Y5Siz (3.5eV) [38] and Y,C (2.84 eV) [79]. This result
reveals the loose bound character of delocalized electrons in
t-YCl and explains the contribution of ISQs clustered nearby
the Fermi level.

For other Y-Cl phases, the calculated ELF is presented
in Fig. S2 of Supplemental Material [67]. At corresponding
pressure, the significant non-nuclear charge accumulations
in Cmcm Y,Cl, R-3m Y;Cl,, C2/m Y,Cls, and P2,/m YCI,
indicate their electride feature. Including the R-3m Y;Cl, and
C2/m Y,Cls reported before, the electrides of Cmcm Y,Cl,
t-YCl, and P2{/m YCl, are also stable at around 10 GPa,
which proves that the moderate pressure is conducive to
the production of electronic compounds in the Y-Cl sys-
tems. The electronic structure calculations show the metallic
properties of Cmcm and I4/mcecm Y,Cl, R-3m and P4/mbm
Y;Cl,, P63/mmc and Cmcm YCI, P2;/m and I4/mmm YCl,
at counterpart pressures. While C2/m Y,Cls, C2/m, Cmcm,
P2i/c, and Pnma YCl3 exhibit nonmetallic properties, with
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FIG. 5. (a) ELF of -YCI at 10 GPa with isosurface of 0.8. (b) ELF contours of 7-YCI on the (0 0 1) and (1 0 0) planes at 10 GPa;
the division adopts linear mode with interval of 0.1. Calculated work functions as a function of position (A) along ¢ axis for -YCl in the
(c) [100], (d) [001], and (e) [110] crystal planes; the Fermi level is set as O eV.

the band gap ~0.754, 4.972, 3.018, 2.875 and 1.177 eV un-
der pressure, respectively (see in Supplemental Material, [67]
Fig. S3).

IV. CONCLUSION

In summary, we studied Y-CI binary system under pressure
by crystal-structure prediction, and identified seven structures,
including Cmcm Y,Cl, P4/mbm Y3Cl,, P4/nmm YCI, Cmcm
YCL, P2y/m YCl,, P2;/c YCl3, and Pnma YCls, in which the
Cmem Y,Cl, t-YCI, C2/m Y,Cls, and P2{/m YCI, phases
are found to be electrides. Based on DFT calculations and
symmetry analyses, we find that the #-YCl is not only a topo-
logical nontrivial material, but also an electride. In addition,
calculations of the phonon spectrum and MD indicate that
the #-YCI can be obtained at high pressure and annealed to
at ambient conditions. Analyses of the topological electronic
band structure reveal that the #-YCl is a nodal-chain semimetal
without SOC. Once including SOC, this nodal chain disap-
pears, leaving only two Ry,-protected Dirac points locating
at (0, 0, £k.) with k. = 0.3193277. Utilizing the TQC with
BR analysis, we find the highest occupied bands belong to
Al@2aBR, which indicates the unconventional nature. As ex-
pected, the first-principles calculations confirm the existence
of an uncompensated state at the (0,0,0) and (0.5,0.5,0) site
with no atoms occupying but ISQs there. Through PDOS and

projected band analyses, we found that the 0D ISQs in #-YCI
with near 2.091 electrons are concentrated near the Fermi
level and contributes to the band inversion for the nodal chain.
The relatively low WF (2.724 eV) at (1 0 0) surface revealed
the loose bound character of delocalized electrons in electride.
This result determined that #-YCI is a topological electride
whose topological state is mainly contributed by ISQs. We
believe that the current work may inspire further theoretical
and experimental investigations.
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from the corresponding authors upon reasonable request.
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