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ABSTRACT: In this work, we determined the phase diagram and
electronic properties of the Li-Cs system by using an evolutionary
crystal structure prediction algorithm coupled with first-principles
calculations. We found that Li-rich compounds are more easily
formed in a wide range of pressures, while the only predicted Cs-rich
compound LiCsj; is thermodynamically stable at pressures above 359
GPa. A topological analysis of crystal structures concludes that both
Lis,Cs and Li;,Cs have a unique topology that has not been reported
in existing intermetallics. Of particular interest is the fact that four
Li-rich compounds (Li;,Cs, LigCs, Li,Cs, and LizCs) are found to be
superconductors with a high critical temperature (~54 K for LizgCs
at 380 GPa), due to their peculiar structural topologies and notable
charge transfer from Li to Cs atoms. Our results not only extend an
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in-depth understanding of the high-pressure behavior of intermetallic compounds but also provide a new route to design new

superconductors.
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P ressure, as a thermodynamic parameter, can not only be
used to dramatically alter the atomic and electronic
structure of materials, making a rich phase diagram and thus
exhibiting exotic physical or chemical properties' "' but also
to design novel functional materials not accessible under
normal conditions, enriching the realms of superconductiv-
ity,'*~"” photovoltaic materials,"”*" superhardness,”* ** and
high energy density.”””° Alkali metals, long thought to be
“simple”, display nontrivial behavior under pressure.”” Of these
metals, lithium, as the “simplest” metal under ambient
conditions, undergoes a series of symmetry-breaking phase
transitions under compression, exhibiting anomalous electronic
properties, including s—p orbital mixing,”® superconductiv-
ity,29‘30 and highly counterintuitive metal-to-semiconductor
transitions.”*' Na enters a wide-gap insulating state above 180
GPa, becoming transparent to visible light.7 The high-pressure
behavior of cesium has also been extensively studied.”** The
complex structural and electronic behavior of cesium is closely
related to pressure-driven electrons transfer from the 6s to the
5d band (referred to as a s—d transition).” The s—d transition
strongly enhances the d character of cesium, enabling unusual
chemical reactions with other elements; in particular, this
makes cesium more electronegative than lithium and sodium at
high pressure.”* Is it then possible to generate a Li-Cs
compound by means of external pressure since no Li-Cs
compound exists under ambient conditions? There have been
two theoretical studies based on density functional theory
(DFT) attempting to explore ordered stoichiometric phases in
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the Li-Cs system at high pressure using crystal structure
prediction methods.”>*® Zhang and Zunger predicted that
both Li;,Cs and LiCs can be stabilized by a pressure-induced
charge transfer from Cs to Li.”> Another study proposed that
stable intermetallic Li,Cs (n = 1—S) compounds can be
formed above 100 GPa because pressure promotes a large
charge transfer from Li to Cs, leading to anionic Cs with a
formal charge beyond —1.%° A subsequent experiment claimed
that at low pressure LiCs compound can be formed, where
electrons are donated from Cs to Li, resulting in a rare formal
oxidation state of —1 for Li.”” Obviously, the charge transfer
suggested in these studies remains controversial, which
motivates us to perform a further theoretical study to obtain
an accurate thermodynamic phase diagram and understand this
discrepancy in charge transfer.

In order to determine the phase diagram, one needs to find
the candidate structures, which are likely to be formed in the
entire compositional space under investigation. Two ap-
proaches have been widely used for this purpose. One of
them requires performing structure searches for many different
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Figure 1. (a) Convex hull diagram for the Li-Cs system at selected pressures. At a given pressure, the compounds located on the convex hull are
thermodynamically stable. (b) Pressure—composition phase diagram of the Li-Cs system.

compositions, requiring many separate calculations to
adequately sample the composition space. In practice, only a
limited set of compositions are considered in most calculations,
as was done in both of the previous works on the Li-Cs
system.”*® On the other hand, a variable-composition search,
in which both the compositions (which now is not just one
global minimum but a set of compositions that are stable at
different chemical potential ranges) and the corresponding
structures are optimized, has been developed and successfully
applied to many systems .>'**"**=*" Our studies showed that
the second method is particularly efficient and reliable .

In this work, we constructed the thermodynamic phase
diagram of the Li-Cs system in a wide range of pressures and
zero temperature by using both variable-composition and
fixed-composition searches with the USPEX code.**™* Our
results suggest that the stable intermetallic compounds in the
Li-Cs system begin to appear at much lower pressure (~4S
GPa) than in previous predictions.”>*® In addition to the
previously predicted LiCs, Li;Cs, and Li;Cs compounds, three
novel Li-rich compounds (Lij,Cs, LigCs, and LicCs) and the
Cs-rich compound LiCs; were discovered for the first time.
Besides, novel topological motifs in Li-rich compounds were
revealed via topological analysis of crystal structures.
Remarkably, an unexpectedly high critical temperature of 54
K was found in LigCs under high pressure.

The stable Li-Cs compounds and their structures were
explored by using the ab initio evolutionary algorithm
USPEX,** ™" which can simultaneously find stable stoichio-
metries and the corresponding structures in multicomponent
systems. More computational details of the crystal structure
prediction and DFT calculations can be found in the
Supporting Information (SI), which gives some necessary
references.””™*” In these calculations, all stoichiometries were
allowed (with the constraint that the total number of atoms in
the primitive cell be below 32 atoms), and calculations were
performed at 50, 80, 100, 150, 200, 250, 300, and 360 GPa. A
pressure—composition phase diagram (convex hull) of the Li-
Cs system is given in Figure la.

At normal conditions, no Li-Cs compounds are formed,
because lithium and cesium have similar Pauling electro-
negativities, and because of their very different atomic radii,
there is virtually no Li-Cs solid solubility, according to the
Hume—Rothery rule.*® Obviously, high pressure favors the
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formation of Li-Cs compounds, which is attributed to pressure-
induced changes of their atomic radii and electronegativities
(discussed later). Using variable-composition evolutionary
searches, we found that Li,Cs, LizgCs, Li,Cs, LisCs, Li;Cs,
LiCs, and LiCs; become thermodynamically stable in different
pressure ranges: Lij,Cs (45—73 GPa), LizCs (59—264 GPa),
Li,Cs (233—375 GPa), LixCs (>375 GPa), Li;Cs (>185 GPa),
LiCs (>102 GPa), and LiCs; (>359 GPa) (see Figure 1b).
Therefore, the predicted convex hull diagrams suggest that Li-
rich compounds are more easily formed in a wide range of
pressures while the only Cs-rich compound LiCs; is
thermodynamically stable under ultrahigh pressure. The
reported Cmmm-Li,Cs>> is no longer thermodynamically
stable due to the occurrence of two new compounds (Li;,Cs
and LigCs) on the convex hull under rather lower pressure.
Unexpectedly, we found that no structural phase transition
occurs in any of the stable Li-Cs compounds in pressure ranges
of their stability. The crystal structure parameters of stable Li-
Cs compounds are shown in Table S1 in the SI. LiCs adopts a
well-known CsCl-type structure appearing in many ionic and
intermetallic phases. The Li;Cs has an AlS-type structure
(space group Pm3n, two formula units per cell), which differs
from Miao’s result™ since stability field of Li;Cs is moved to
much higher pressures due to the discovery of two new
compounds at lower pressure here. LiCs; has a Pd;Si-type
structure (space group Pnma, four formula units per cell). We
note that, however, there are no available prototypical
compounds for Lij,Cs, LigCs, Li,Cs, and LizCs. For all the
newly predicted structures, the calculated phonon dispersion
curves confirmed their dynamical stability (see Figures S1—S6
in the SI). All of the Li-rich compounds possess low-frequency
phonon modes at high symmetry points in the Brillouin zone
(BZ), which is favorable for strong electron—phonon (e-p)
coupling in them. Surprisingly, our theoretical calculations
show that LizCs is dynamically stable up to 400 GPa and has a
high superconducting critical temperature under such high
compression (discussed later).

To identify the underlying topological features of crystal
structures, we conducted a geometrical and topological analysis
of the crystal structures of Li-Cs compounds using the
ToposPro package.”” More theoretical details are described
in the SI, including relevant references 49753 The sizes of both
Li and Cs are much smaller in the our compounds under
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pressure than in pure alkali metals under normal conditions.
For example, the size of Cs atoms in the Li environment
estimated as the radius of Cs spherical domain (R, i.e. radius
of a sphere with the volume of an atomic Voronoi polyhedron)
strongly decreases with pressure (see Figure S7 in the SI). In
the cases of LigCs, Li,Cs, and LiCs, the topology of the whole
framework corresponds to the 14-coordinated body-centered
cubic lattice (referred as becu-x) (Figure 2a). Importantly, all

Figure 2. Topological motifs with environment of Cs atoms by Li
atoms in (a) LigCs, (b) Li;Cs, (c) LixCs, and (d) Li;4Cs. The Voronoi
polyhedron (a) and coordination polyhedra (b—d) of Cs atoms are
shown in red. (e) Coordination polyhedron of an atom in an
undistorted bcu-x net. The yellow Li atoms (c) indicate additional
contacts of the Cs atom, which complement its coordination to 8 + 6.

pure alkali metals also have beu-x topologies of the maximum
cubic symmetry (Im3m) at ambient pressure, while the LigCs
bcu-x motif is rhombohedrally distorted. The same applies to
Li,Cs, which has monoclinic (C2/m) symmetry but a rather
regular beu-x motif (Figure S8 in the SI). The maximum Im3m
symmetry is realized only in LiCs. Mixed alkali intermetallics

tend to adopt Laves-phase motifs with even higher
coordination numbers of the larger alkali atom (also Cs) of
15—16. In the compounds considered here, the coordination
numbers of Li and Cs atoms vary in the ranges 9—14 and 12—
14, respectively, so the high pressure obviously decreases too
high coordination numbers >14 because the sizes of Li and Cs
become closer. Other compounds have individual topologies.

The most common is the topological type of f-W (also
known as the Cr,Si structure type), which is adopted in Li;Cs.
This is the only structure where Cs has an icosahedral
environment by Li atoms and the smallest coordination
number of 12 (see Figure 2b). The topology of the Cs-rich
LiCs; is characterized by a more special type of 9,13,13T2,
which occurs in intermetallics with smaller atoms (like Pd,Si)
at ambient pressure. In this structure, Cs atoms have
coordination number 13, but they are connected with 10
other Cs atoms and only 3 Li atoms. LisCs has a unique
topology, which does not occur in other intermetallics;
however, the multilevel topological analysis shows that it
contains a distorted body-centered (bcu) motif with
coordination numbers of all atoms equal to 8 (cubic
coordination) and some additional weaker contacts (see
Figure 2c). This means that high pressure distorts the beu-x
motif and breaks weaker six contacts in its 8 + 6 coordination
but keeps the stronger eight contacts. Finally, the highest Li-
rich composition, Li 4Cs, has a unique topology at all levels of
interatomic interaction; it is hardly possible to find its relations
to any other intermetallics. However, here Cs atoms also have
a slightly distorted environment by Li atoms (see Figure 2d),
which is typical for the beu-x topology (see Figure 2e). Thus,
body-centered motifs remain important for all Li-rich
compounds predicted here. Note that new topologies are
quite rare in the binary intermetallics. We have deposited this
new topology to the TopCryst database system (https://
toperyst.com)”* under the name 12,13%14°T1 according to the
TopCryst nomenclature.
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Figure 3. ELF maps of Bmgm LiCs at (a) 0 GPa, (b) 15 GPa, and (c) 60 GPa and Bader charge analysis on (d) Pm3m LiCs, (e) Pm3n Li;Cs, (f)
C2/m Li,Cs, and (g) R3 LigCs at various pressures. X denotes the total charge of the basins of non-nuclear charge density maxima.
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Figure 4. Phonon dispersions, electron—phonon coupling, Eliashberg spectral function @’F(®), and cumulative frequency-dependent coupling
Aw) for superconducting Li-rich compounds: (a) Li;,Cs at 45 GPa. (b) LigCs at 380 GPa, (c) Li,Cs at 233 GPa, and (d) LisCs at 375 GPa. The
area of the circles is proportional to the magnitude of electron—phonon couplings 4,.

In order to resolve the nature of chemical bonding in the Li-
Cs compounds, we analyzed their electron localization
functions (ELFs) and Bader charges under various conditions.
We first considered the Pm3m LiCs under ambient conditions.
Both ELF and charge density maps are consistent with metallic
bonding . The general trend in the topology of ELF in
elemental metals is location of its attractors in the tetrahedral
or octahedral holes within the crystal structure,”® which applies
to Pm3m LiCs as well. The ELF map (Figure 3a) is composed
of three localization attractors, namely the Li core, the Cs core,
and the shared electrons in the [Cs,Li,] octahedral interstitials.
With increasing pressure, the shared electrons tend to be
depleted, while the basin of the Cs core gradually expands and
the Li core slightly shrinks (Figure 3b,c). This indicates that Cs
gains more electrons upon compression. Accordingly, the
Bader charge of Cs in Pm3m LiCs changes sign from +0.25 lel
at 0 GPa to —0.77 lel at 250 GPa, as shown in Figure 3d.
According to the recent work,”* the electronegativity difference
between Li and Cs changes from 1.41 eV at 0 GPa (Li is more
electronegative) to 0.03 eV at S0 GPa and to —0.39 eV at 200
GPa (Cs is more electronegative), which indicates that under
pressure there will be charge transfer from Li to Cs.

The same feature of charge transfer can also be observed in
Pnma LiCsy (see Figure S9 in the SI). Our results thus
satisfactorily reconcile the controversies in recent works.*>*°
As shown in ref 34, pressure greatly affects electronegativities
of the elements and thus affects chemical bonding and the
direction of charge transfer. Finally, we also analyzed the
charge transfer for all stable compounds (Figure 3e—g). For
the Li-rich compounds (e.g, Li;Cs, Li,Cs, and LizCs), there
exist non-nuclear maxima of electron density. For convenience,
we call them X-basins in Figure 3e—g. It is evident that Cs
tends to gain more electrons with the increasing concentration
of Li in the system, which is similar to Miao’s results.*® For
instance, the Bader charge of Cs decreases from —0.77 lel for
LiCs to —1.70 lel for Li;Cs and to —3.34 lel for Li,Cs at 250
GPa. However, the trend is not necessarily monotonic. For
LigCs, the Bader charge of Cs is —1.57 lel at 50 GPa, —3.44 lel
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at 100 GPa, and —1.23 lel at 250 GPa. These features are very
similar to what has been found in elemental Li.’

As shown in Figures S10—S14, electronic structure
calculations suggest that all predicted compounds are metallic.
From the projected density of states (PDOS) given in Figures
S10—S13, one can see that these compounds have similar
electronic structures Dominant contributions to the DOS near
the Fermi level come from the Cs d electrons, Li p electrons,
and Li s electrons , whereas the Cs s and Cs p electrons make
minor contributions, due to s—p transition in Li and s—d
transition in Cs. Such charge transfer or charge rearrangement
has been observed in the Al-O system under pressure.”® The
pressure-driven charge transfer makes new compounds
favorable ones energetically. For Li},Cs, a considerable feature
is the appearance of a flat band lying just at the Fermi level
around the I', Q, and Z points, especially along the I'-F
direction in BZ. As for LizgCs and Li,Cs, flat and steep bands
were observed around the I' point near the Fermi level. The
coexistence of flat and steep bands near the Fermi level is a
favorable condition for enhancing Cooper pair formation and
superconductivity. A remarkable feature of the electronic
structure in the high-T, phase is the appearance of small
pockets of the Fermi level.

Observed low-frequency phonon modes, a nested Fermi
surface, and steep and flat energy bands near the Fermi level
stimulate our interest in the potential superconductivity of Li-
rich compounds. All Lirich compounds consist of three-
periodic lithium frameworks with the interstitial cesium atoms,
which are helpful for enhancing the e-p coupling when
applying pressure, giving Li-rich compounds (except for Li;Cs)
superconductivity. Our calculations indicate that both LiCs
and Li;Cs are not superconductors in their pressure ranges of
stability because of a low e-p coupling. Using the phonon line
width 7, we can identify the contribution to the e-p
interaction parameter A from each mode (/qu) based on the

T . .
O Here, N(0) is the density of states at

relation ﬂqy =

the Fermi surface. The calculated phonon dispersion,
Eliashberg spectral function a’F(w), integrated A(®), and 4,,
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of four compounds at a given pressure are plotted in Figure 4.
The Eliashberg spectral function a*F(w) is closely related to
the A,,, resulting in the location of peaks of @’F(@) matching
the distribution of the 4, magnitudes. The high values of 1,
lie at the high-symmetry point I" for LigCs, Li,Cs, and LisCs
but point Q for Li;,Cs. From Figure 4, we conclude that the
vibrational modes from Li atoms dominate the e-p coupling,
which is similar to the hydrogen atoms in superconducting
hydrogen-rich hydrides. Differing from P1-Li;,Cs, the e-p
coupling processes in R3-LigCs, C2/m-Li,Cs, and C2/m-LisCs
are distributed over a broad frequency range. In the case of
LigCs, the Eliashberg function has two main peaks at 380 GPa,
a broad peak in the 22—33 THz region and a second peak in
the 9—15 THz region. Their contributions to 4 are 0.28 and
0.23, respectively, accounting for about 51% of the total A,
while acoustic modes contribute about 21.5% of the total 1. In
brief, the e-p interaction is mainly due to strong coupling to
the high-frequency optical modes, although the acoustic
phonons also make a noticeable contribution: that is, the Li
atoms dominate superconductivity, due to their prominent
contributions to the e-p interaction. Phonons from the Li
atoms together with the electrons from the Cs d and Li p states
provide a strong electron—phonon coupling necessary for
strong superconductivity in the Li-Cs system.

The superconducting transition temperature T, was
estimated using the Allen and Dynes formula,”” namely,
104(1+4)
T +0622) |
determined above and a typical value of 0.11 for p* (effective
screened Coulomb repulsion constant) along with the
calculated @y, This formula has been successfully used to
predict the T, for various systems that have been subsequently
proved experimentally.”*®>” Applying pressure to the Li-Cs
system clearly leads to A and T, changing remarkably. The
calculated highest value of T is the considerable 54 K in LizCs
at 380 GPa (see Figure S). High T. is attributed to a peculiar
structural feature. As mentioned above, the structures of
superconducting Li-rich compounds reported here contain the
three-periodic lithium frameworks with interstitial cesium
atoms (CN up to 14), which is beneficial to enhance the e-p

W,
T = -
¢ 12

by virtue of the value of A

60

50

150 250 300

Pressure (GPa)

200

Figure S. Superconducting critical temperature (T) of Li;,Cs, LizCs,
Li,;Cs, and Li,Cs at high pressure. The T value of LigCs reaches 54 K
at 380 GPa.
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coupling and thus T, when applying pressure, providing a new
idea for the design of new types of superconductors.

To sum up, the thermodynamic phase diagram and the
electronic properties of the Li-Cs system were determined by
using the evolutionary crystal structure prediction method
coupled with first-principles total energy calculations. The Li-
Cs system favors the formation of Li-rich compounds
compared to the Cs-rich side in a wide window of pressures
(only the predicted LiCs; compound is thermodynamically
stable above 359 GPa). Seven thermodynamically stable
compounds can be stabilized because of pressure-induced
charge transfer. For Li-rich compounds, the body-centered
motifs were uncovered via a topological analysis of crystal
structures. Interestingly, both Li;,Cs and LisCs possess unique
topologies. Four Li-rich compounds, including Li;,Cs, LisCs,
Li,Cs, and LisCs, display superconductivity, which is attributed
to the strong e-p coupling between electrons from Cs d, Li p,
and Li s and phonons related mostly to vibrations of Li atoms.
This study not only unravels the topological property of crystal
structures and chemical bonding in the Li-Cs system under
pressure but also demonstrates its unexpected superconduc-
tivity, which provides a new platform for exploring novel
chemistry and physics in these fascinating intermetallic
compounds.
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