Chinese Physics B

TOPICAL REVIEW

High-pressure electrides: From design to synthesis

To cite this article: Biao Wan et al 2019 Chinese Phys. B 28 106201

View the article online for updates and enhancements.

This content was downloaded from IP address 130.241.16.16 on 23/10/2019 at 09:36


https://doi.org/10.1088/1674-1056/ab3f95

Chin. Phys. B Vol. 28, No. 10 (2019) 106201

TOPICAL REVIEW — CALYPSO structure prediction methodology and its applications to materials discovery

High-pressure electrides: From design to synthesis

Biao Wan(/jJ%)'2, Jingwu Zhang(5k## )", Lailei Wu(5%3K7%)!, and Huiyang Gou(% £ [H)>

HPSTAR
826-2019

1Key Laboratory of Metastable Materials Science and Technology, College of Material Science and Engineering,
Yanshan University, Qinhuangdao 066004, China

2Center for High Pressure Science and Technology Advanced Research, Beijing 100094, China

(Received 12 June 2019; revised manuscript received 6 July 2019; published online 30 September 2019)

Electrides are unique ionic compounds that electrons serve as the anions. Many electrides with fascinating physical
and chemical properties have been discovered at ambient condition. Under pressure, electrides are also revealed to be
ubiquitous crystal morphology, enriching the geometrical topologies and electronic properties of electrides. In this Review,
we overview the formation mechanism of high-pressure electrides (HPEs) and outline a scheme for exploring new HPEs
from pre-design, CALYPSO assisted structural searches, indicators for electrides, to experimental synthesis. Moreover, the
evolution of electronic dimensionality under compression is also discussed to better understand the dimensional distribution

of anionic electrons in HPEs.
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1. Introduction

As an emerging class of unconventional ionic solids, elec-
trides have attracted considerable attention in recent years.
In electrides, the excess electrons are confined in the vacant
crystallographic sites of the lattices, serving as anions.!!=!
These anionic electrons are originated from cations and in-
dependent of any particular atom or molecule in the host
structures. Due to the loose binding nature of anionic
electrons, electrides exhibit many interesting physical and

chemical properties, such as high electronic mobility,*6]

[7.8] and anisotropic electronic and

ultra-low work functions,
optical responses,”!91 which make electrides the promis-
ing materials in high performance catalysts,!!!~1% organic
light-emitting diodes (OLEDs),!">!61 superconductors!!’-19]
and novel electrode materials for batteries.[>%?!] The first
crystalline electride of Cs™(18C6),e~ was found in organic
in 1983,221 which are consti-
After-
wards, several organic electrides have been discovered, e.g.,
K+ (cryptand-2.2.2)e~, 1231 [Cst(15C5)(18C6)e16(18C6), 1241

and Li*(cryptand-2.1.1)e.[*>! However, the very poor ther-

compounds by Dye et al.
tuted by alkali elements and organic complexant.

mal stability, extreme air- and water-sensitivity of or-
ganic electrides inhibits their potential applications. In
2003, the first room-temperature stable inorganic elec-
trides of [CaxAlxgOgsa]*T(e7)s (termed C12A7:e™) was
synthesized through generating two oxygen defects in
[(12Ca0'7A1203)2].[5] There are four electrons left in two
cages (per unit cell) eventually. The features of low work
function and high electron mobility render C12A7:e™ a great

candidate for ammonia synthesis!!!! and electron-injection
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material.['>! In 2003, high-pressure electride Na-hP4 was

synthesized successfully.[?®!

Later on, a layered electride
[CapN]Te~ was discovered in 2013, where the anionic elec-
trons are trapped in the interlayer spaces of Ca;N.[?” Since
then, a large number of inorganic electrides have been pro-
posed.

Based on the dimensionality of the anionic electrons
and interstitial voids where the anionic electrons are con-
fined, electrides can be classified into zero-dimensional (0-
D), one-dimensional (1-D), two-dimensional (2-D), and three-
dimensional (3-D) electrides. The representative 0-D elec-
trides are C12A7,0! Li;;Mg3Sis,!?®! and Ti»0,?°! in which
the anionic electrons are trapped in atomic cages. The highly
localized anionic electrons in 0-D electride lead to a narrow
band in the band structure, termed as ‘interstitial band’ or
‘cage states’.[3%] 1-D electrides are exemplified by Na3S,13!]
[LagSry(SiOy4)6]* :4e=,321 Y, Cl3, "1 Y5Si3,33) and Cs30,34
in which the anionic electrons are distributed in the channel
voids, forming 1-D electron gas. 2-D electrides are revealed
in CaoN,?71 YCL ™! and Y,C,P%! in which the anionic elec-
trons are trapped in 2-D interstitial voids having 2-D electron
gas. In 2-D electrides, the anionic electrons having higher di-
mensionality exhibit much delocalized energy band in com-
parison with 0-D electrides. 3-D electrides are reported rarely;
Li4sNB0! and Ca,CB7 were reported theoretically to be 3-D
electrides, however, 3-D electrides are still not confirmed in
experiment.

High pressure is an effective way to discover or
modify materials with intriguing physical and chemical
properties. 33421 Extensive theoretical and experimental ef-
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forts greatly enrich the variety of high-pressure electrides
(HPEs). For example, elemental electrides of Li,*3]
Na,[26:46] g [4547] g 481 A1 491 and C;[59 and new com-
pounds of NayHe,l’!! CasC,,05% LigP,!'81 Na,K,53 and
TiZO.[zg] Under compression, moreover, some electrides un-
dergo interesting physical and chemical alternations, such as
metal-to-semiconductor transition in CapN.P*35] Thus, ex-
ploring new electrides and their electronic properties under
pressure is very interesting. In the past few years, advanced
structural searching methodologies were used to explore new
electrides, P which significantly accelerate the discovery
of HPEs. The swarm-intelligence based CALYPSO struc-
ture searching method!®*-?! is one of effective means to de-
sign and discover HPEs. In this review, we focus on the
CALYPSO-assisted HPEs discovery to gain the basic under-
standing of discovery and characterization of HPEs.

2. High-pressure electrides: formation mecha-
nism

Under strong compression, sodium is found to exhibit
surprising ionic state when metal—insulator transition occurred
over 100 GPa.l**! This intriguing phenomenon is confirmed
by subsequent DFT calculations and experimental observa-
tions, and the proposed high-pressure phase of Na-hP4 is re-
vealed to be an electride.2%46:93-66] The insulating Na-hP4 na-
ture is further verified by HSEO6 calculations with a band gap
of about 9.5 eV at 1.75 TPa.!%®! Elemental electrides are also
observed in Li, #3451 K [45:47] Cg 1481 A 491 and C,B9 ynder
extreme compression up to 650 TPa. To understand the under-
lying origin of alkali metals under compression, Rousseau and
Ashcroft!®”l proposed the r./rg parameters (positively corre-
lated with pressure) to describe the compression ratio, where
the r. is the core sphere of metals and r is the Wigner—Seitz
radius. When the r./r; ratio increases, the electron charge
density at the interstitial voids tends to deviate from the free
electron gas, leading to the formation of localized electrons in
the interstitial voids. In terms of band structure, the increased
r¢ /1 ratio significantly reduces the band width, which leads to
metal-to-semiconductor transformation under pressure.

To further interpret the formation mechanism of high-
pressure electrides (HPEs), Miao and Hoffman proposed a
unified theory of HPEs by treating electrons in the intersti-
tial voids as interstitial quasi-atom (ISQ).[03-08.6%1 In the 1SQ
model, the energy levels of ISQ and valence orbitals of atoms
vary significantly under pressure (Fig. 1). When the energy
level of ISQ shows lower energy at certain pressure, the elec-
trons transfer from the atomic orbitals to the interstitial voids
to form the interstitial electrons. Such phenomenon is exem-
plified by the group IA (Li—Cs), IIA (Be—Sr), and Al and B
elements. Under compression, the energy level of both s- and
p-orbitals increases more significantly compared with those of

ISQ; while d orbitals show the opposite tendency. Through the
investigation of the variation of orbital energy level in different
elements; three general rules were proposed: (1) the ionization
potential (IP) of the frontier electrons shows the negative ef-
fect on the formation of HPE. (2) Elements having frontier s
or p electrons associated with incompressible core are easier
to form ISQ. (3) Elements with valence d electrons is diffi-
cult to form ISQ. These aspects give a good description for
the HPEs formation and provide a direct understanding of the

high-pressure electrides.
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Fig. 1. Pressure induced enthalpy variation of atomic valence orbitals com-
pared with ISQ levels. Adapted with permission from Ref. [63] and full
reference therein.

3. Exploring HPEs: from design to experimen-
tal synthesis

Advanced structural searches, effective indicators for
electrides, and high pressure experimental confirmations pro-
vide the great opportunities to quickly search and discover new
HPEs. Here, the scheme for the exploration of new HPEs is
illustrated in Fig. 2 from pre-design to experimental synthe-
sis assisted by CALYPSO methodology. The detailed descrip-
tions of these aspects are discussed below.

/) design

experiment

structure
search

potential
electrides

£ DFT
MD
indicators

Fig. 2. Scheme for exploring new HPEs from pre-design, CALYPSO
assisted structural searching, indicators for electrides, to experimental
synthesis.
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3.1. Design principles

The searching of metal-rich stoichiometries with the pos-
sible charge imbalanced compounds is helpful to discover new
electrides. Those compounds, which do not have intrinsically
excess valence electrons, may also form electrides only when
the anionic elements are aggregated (forming pairs or polyhe-
dron) in the lattice to be the electron-rich systems. The con-
stituted elements in the host structures are also found to have
significantly effects on the formation of electrides. Using CA-
LYPSO method, Zhang et al. carried out extensive structure
search to explore electrides in the systems of A,B and AB (A =
electrons donor, B = electrons acceptor).[>’] 89 compounds
were suggested to be potential electrides. It was also found
that the electronegativity of elements is critical to the forma-
tion possibilities of electrides (proportion of electrides in all
the generated phases within CALYPSO structural searches),
since it is a direct measurement of electron affinity of an atom.
For the anionic elements, the formation of electrides was sur-
veyed in CapX systems (X = anionic elements) (Fig. 3(a)). In
all the electron-rich CaX (X is the group of VA (N — Sb),
VIA (O — Te), and VIIA (F — I) elements) compounds, the
formation possibility is extremely high (approximate 100%).
On the other hand, Ca,X (X = B, C, Si, Ge) compounds show
lower possibilities of electrides (less than 50%), which are
caused by the intrinsic electron-poor or charge balanced char-
acters. The possibility of cationic elements to form electrides
in metal nitrides is illustrated in Fig. 3(b). The alkali and alkali
earth metal elements, early transition metal elements (group
IIB elements) and Al atom, having the low electronegativity,
are easier to form electrides in nitrides (Fig. 3(b)). Accord-
ing to the ISQ model, the energy level of interstitial electrons
is found to decrease under compression in comparison with
the frontier s- or p-orbital electrons. Thus, the system con-
taining alkali or alkaline earth metal elements, early transition
metal elements (such as Sc, Y, Hf) tends to form high-pressure
electrides. Furthermore, the elements of Ac, Ti, and Zr with
lower formation possibilities of electrides are easier to form
electrides under strong compression. These results provide an
empirical rule to guide the design of high-pressure electrides.

=
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Fig. 3. Possibility to form electrides in CayX systems (X = anionic ele-
ments) (a) and metal nitrides (b).37)

3.2. Structural searches

Based on the constituted elements and compositions for
pre-designed compounds, one can carry out extensive struc-
tural searches to explore the potential high-pressure electrides
Within CALYPSO method, the parti-
cle swarm optimization (PSO) algorithm has exhibited signif-

at specific pressure.

icant advantages in the electride searching, e.g., rapid conver-
gence and few parameters to input.[®17%-711 Benefitting from
these advantages, the CALYPSO method has made great suc-
cess in exploring new HPEs, such as the noble gas contain-
ing electrides of Mg-NG (NG = Xe, Kr, Ar);[4% 3-D LiyN
electride; %! Ti oxides electride;[>*! and superconducting LisP
electride (T, = 39.1 K).I'®! To assist the experimental high-
pressure phases for electrides, ‘X-ray diffraction data assisted
structural prediction’ in CALYPSO code can significantly fa-
cilitate the materials discovery under pressure./’?!

3.3. Electrides identification

Identifying an electride in practice is not an easy task,
since the localized electrons in the interstitial voids are diffi-
cult to detect in experiment. Nevertheless, the ‘anionic elec-
trons’ can be still inferred from the experimental methods,
e.g., angle resolved photoemission spectroscopy.!’?! On the
other hand, theoretical calculation can provide a direct and
feasible way to resolve the experimental challenges, which has
been widely used to identify electrides. Although the excess
valence electrons in host lattices can be found out through pre-
design process; however, in some cases, the separation of the
excess valence electrons and the metal-metal bonding is diffi-
cult in the generated compounds. Thus, the additional indica-
tors to identify an electride are discussed below.

(i) Atomic voids. One of the most challenges to iden-
tify electrides is to separate the anionic electrons and metal—
metal multi-center bonding. To form anionic electrons, the
host structures need to have enough atomic voids to accom-
modate the excess electrons. Although the high electron den-
sity can also be observed in some interstitial voids, the rela-
tively smaller interstitial voids preclude the formation of elec-
tride, due to the contributions of the metal-metal multi-center
bonding. In our previous yttrium and scandium chlorides,
the interstitial-voids topology is proposed for the discovery
of potential electrides.!”) The F-center interstitial voids are
most common interstitial voids, which can accommodate the
excess electrons. In particular, it is valid for the transition
metal containing inorganic electrides. In yttrium and scan-
dium chlorides, there are five electrides identified, 2-D elec-
trides of YCI and ScCl; 1-D electrides of Y,Cl3, Sc5Clg, and
SC7C110.
octahedrons with large scale volumes, forming the layer-like
(YCI and ScCl), channel-like (Y2Cls and ScsClg) or double

All these compounds possess the irregular metal
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channel-like (Sc7Cljp) voids in the host structures. The near-
est octahedrons also form a metal tetrahedron. High charge
densities are observed in both the metal octahedrons and metal
tetrahedrons. However, the smaller interstitial volume in the
metal tetrahedrons cannot accommodate the anionic electrons,
as we suggested. Detailed electronic analysis reveals that these
electrons observed in the metal tetrahedrons stem from metal—
metal = bonding; while the electrons in the metal octahedrons
are confirmed to be the anionic electrons, which stays far away
from the metal atoms and metal-metal bonds.

(ii) Electron localization function (ELF). ELF is an effi-
cient way to measure the electron localization.[”47>! Highly
localized electrons such as cores, bonds, and lone pairs have
great ELF values close to 1, while the homogeneous elec-
tron gas is corresponding to the ELF value of 0.5. In elec-
trides, the anionic electrons can be directly observed through
the ELF analysis, since the highly localized interstitial elec-
trons can result in the great ELF values that are far away from
the nuclei and metal-metal bonds. Such criteria for electrides
identifications is also suggested by Zhu et al.[’®! They pro-
posed that the ELF topology in electrides was characterized
by the ELF attractor (non-center ELF maxima) in the inter-
stitial voids. Through the ELF analysis, the inorganic elec-
tride of C12A7:2e™ was identified theoretically. Martinez-
Canales et al. also identified the high pressure electrides car-
bon in FCC lattice by checking the ELF maxima in the va-
cancy voids.P Subsequently, great ELF values off the nuclei
have been widely used to describe electrides.

(iii) Density of states (DOS) and band structure. Anionic
electrons have high charge density in the interstitial voids,
which can be reflected in the DOS and band structure. In
the band structure, the anionic electrons may be distributed in
the interstitial bands or projected onto the bands of the neigh-
boring real atoms, e.g., LaCoSi, LaRuSi, and CaRuSi.l'477]
Through the visualization of the electron density in these

bands, where the anionic electrons were confined, one can un-
ambiguously distinguish the distributions of the anionic elec-
trons. Analogy to the ELF attractors, high charge density stay-
ing away from the ions and bonds can also be observed in the
interstitial voids. Moreover, in the energy range (in the DOS
curves) where the anionic electrons are distributed, the contri-
bution of anionic electrons to DOS can be separated quantita-
tively, which is much higher than other atomic orbitals.

3.4. Experimental synthesis

The theoretical predictions of HPEs can provide a guide

Many HPEs were predicted
54,551

to experimental synthesis.
and synthesized successfully, such as Na,[?%! Ca,N,!
SrsP3,0071 and NayHe.’H The metal-to-semiconductor tran-
sition in CaN is also predicted under pressure. Two semi-
conducting high-pressure phases of I-4,d- and Cc-type Ca;N
was predicted to be 0-D electrides, and these two electrides
are found in later experiment. In our recent work, we di-
rectly observe such metal-to-semiconductor transition under
pressure (Fig. 4) by experimental identification, together with
the help of CALYPSO method (Fig. 4(a)).!5>! Under compres-
sion, we found that the layer-like R-3m-type structure trans-
formed to the Fd-3m structure with small volume collapse
(1.8% at 2.8 GPa). With increasing pressure, we success-
fully reproduced two I-4,d- and Cc-type structures at 11.2 and
20.6 GPa, respectively.'>*! In-situ synchrotron X-ray diffrac-
tion using diamond anvil cell (DAC) device indicated the for-
mation of three high-pressure structures of CapN (Fig. 4(b)).
The electrical resistance measurements also directly detected
the metal to semiconductor transformation under compression
(Fig. 4(c)). Since the Fermi level is dominantly contributed by
the anionic electrons, the reducing electronic dimensionality
of electrides from 2D- (R-3m) to 1D- (Fd-3m lattice) and fi-
nally OD-type (/-4,d and Cc lattice) electrides was found due
to the changes of electronic conductivity.

(b)
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Fig. 4. (a) Predicted structural transformations of Ca;N under pressure. (b) Rietveld refinements of XRD patterns of CapN in R-3m,
Fd-3m, I-4,d, and Cc lattices. (c) Measured electrical resistance as a function of temperature at different pressure.[sﬂ

106201-4



Chin. Phys. B Vol. 28, No. 10 (2019) 106201

4. Electronic dimensionality evolution under
compression

High pressure has significant effects on the distribution
of anionic electrons. As proposed by Rousseau and Ashcroft,
the increased pressure can weaken the connections between
interstitial electrons and free electron gas.[%”! On the other
hand, the high-pressure phases usually take closely packed ar-
rangement compared with the ground state structures. Con-
sequently, the volume of interstitial voids can decrease sig-
nificantly. When compressing an electride, the electronic

dimensionality of electrides is usually reduced. Such phe-

2D electride (metal)

0'90 o o ©O 9 @ © &
- o
o®_o° PRI 0,0 o

X
0_2Ae%as @)

(110) (110)

1D electride (semimetal)

o g0
AeCa,

nomenon has been verified in the high-pressure investigation
of Ca;N,[! a 2-D electride under ambient condition. As
shown in Fig. 5, with pressure increasing, the electronic di-
mensionality undergoes the reduction from 2-D (R-3m struc-
ture), 1-D (Fd-3m structure), to 0-D electride (I-4,d and Cc
structures). Since the Fermi level is dominantly contributed
by the interstitial bands, the anionic electrons are confined;
the reduction of electronic dimensionality in Ca,N results in
the decreased electronic conductivity. The studies of variation
of electronic dimensionality and the corresponding physical

and chemical properties in electrides are still ongoing.

OCaON O Anionic electrons (Ae)

Fig. 5. Reduction of electronic dimensionality in Ca, N under pressure: from 2D-, 1D-, to 0D electrides. [55]

5. Challenges

Despite of many successful predictions for HPEs, there
are few of them synthesized in experiments, because of the
following several reasons: (i) Many predicted HPEs can only
be stabilized under ultra-high pressure, such as metal N elec-
tride at TPa pressures,!’®! LigP at 178 GPa,!'8! and Mg,05 at
500 GPa,*! which is difficult to be synthesized based on cur-
rent experimental approach. (ii) Most of HPEs are unquench-
able to ambient conditions, which limits further characteriza-
tions and applications. (iii) Many inorganic electrides are air
and water sensitive. For example, electrides possess strong hy-
drogen affinity,>77>8%1 caused by the small atomic radius and
high electronegativity of H atoms. (iv) Under compression,
many systems such as Li-S, 8!l Li-P, 2] and Li-Nal®3¥! show
quite rich stoichiometries; moreover, the relative energy dif-
ferences between different compositions are very small, e.g.,
Li4N.3% In practice, it is very difficult to separate and charac-
terize these potential HPEs due to the phase coexistence and

competition.

6. Conclusion

In summary, we overview the formation mechanism, de-
sign principles, structural searching assisted by CALYPSO
method, theoretical indicators to identify electrides, and exper-
imental synthesis of HPEs. We discuss the structural changes
and electronic dimensionality evolution under compression of
electrides under compression. Despite of the successes of elec-
tride investigations, the obtained HPEs in experiment are still
rare, the realization of quenchable HPEs and exploration of
the utilizations of HPEs remains open.
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