Chinese Physics Letters 40, 117101 (2023)

Energy Landscape and Phase Competition of CsV3Sbs, CsVgSbg and
TbMngSng-Type Kagome Materials

Guanghui Cai(%76#)521, Yutao Jiang(Z2 5:48) 121, Hui Zhou(J& )12, Ze Yu(MirE)L2,
Kun Jiang(#3#)!, Youguo Shi(fi &), Sheng Meng(dufff)123* and Miao Liu(X|#k)34*

! Beijing National Laboratory for Condensed Matter Physics, and Institute of Physics,
Chinese Academy of Sciences, Beijing 100190, China
2School of Physical Sciences, University of Chinese Academy of Sciences, Beijing 100190, China
3Songshan Lake Materials Laboratory, Dongguan 523808, China
4 Center of Materials Science and Optoelectronics Engineering,
University of Chinese Academy of Sciences, Beijing 100049, China

(Received 24 August 2023; accepted manuscript online 8 October 2023)

Finding viable Kagome lattices is vital for materializing novel phenomena in quantum materials. In this
study, we performed element substitutions on CsV3Sbs with space group P6/mmm, TbhMneSne with space

group P6/mmm, and CsVgSbg with space group R3m, as the parent compounds.

Totally 4158 materials

were obtained through element substitutions, and these materials were then calculated via density functional
theory in high-throughput mode. Afterwards, 48 materials were identified with high thermodynamic stability
(Fwun < 5meV/atom). Furthermore, we compared the thermodynamic stability of three different phases with
the same elemental composition and predicted some competing phases that may arise during material synthe-
sis. Finally, by calculating the electronic structures of these materials, we attempted to identify patterns in the
electronic structure variations as the elements change. This study provides guidance for discovering promising
AM;3X5/AMsXe Kagome materials from a vast phase space.
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its particular spatial configuration.!*®! Thus, the discov-
ery of synthesizable real-world Kagome compounds would

semimetals, [ giant
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significantly accelerate progress in the field of quantum
CsV3Sbs, a material containing the Kagome
lattice, was previously discovered,* % demonstrating
interesting features of flat energy bands, van Hove sin-

materials.

gularity, and Dirac point in its electronic structure. This
material was also found to exhibit superconductivity below
2.5 K, making it a potential quantum material candi-
date, with proposed applications, such as energy-efficient
nano-electronic devices, as suggested by Zheng et al. (18]
In addition to CsV3Sbs, RbV3Sbs and KV3Sbs 2 were
identified as potential systems for exploring novel quan-
tum phenomena, given their similar atomic and electronic
structures.

Aside from compounds similar to CsV3Sbs, researchers
have revealed the synthesizable Kagome lattice-based com-
pound CsVgSbg, " which has a more complex bilayer
structure.
studying a range of topological non-trivialities in bi-
Interestingly, while CsVgSbg
shares the stoichiometry of another Kagome material,
TbMngSns, (22-24] their crystal structures differ. CsVgSbg

This finding presents new possibilities for

layer Kagome materials.

fThese authors contributed equally to this work.

belongs to the R3m space group, while TbMngSng falls
into the P6/mmm space group. Detailed comparisons
of the crystal structures of CsVsSbs, CsVgSbg, and
TbMngSne are depicted in Figs. 1(a)-1(c).

Theoretical prediction by computer can greatly ac-
celerate the discovery process of materials. For ex-
ample, it expedited the in silico design of the Mg-ion
battery [25.:26] and N-containing ternary compound, 27 and
the theoretical predictions are all confirmed by experi-
ments. In this Letter, we implement the same technique
for CsV3Sbs, CsVgSbg, and TbMngSng-based systems
(denoted as CVS135-type, CVS166-type, and TMS166-
type systems, respectively, for convenience throughout this
study), with the aim of methodically identifying poten-
tial Kagome materials from these systems. In the present
study, we expand a previous work, 28] which only ana-
lyzed CVS135-type compounds, by investigating a broader
structural phase space (three structure templates), and
provide a thorough analysis of trends and insight into un-
derstanding phase competition in these compounds.

To elaborate, we initially subjected the elements in
CsV3Sbs, CsVeSbg, and ThMngSng crystal structures to
substitution, resulting in 4158 possible materials. We then
employed high-throughput computation to calculate the
formation energy, giving us the thermodynamic stability of
all these compounds. Following a comprehensive search,
we identified 48 compounds with robust thermodynamic
stability (Enui < 5meV/atom), which are listed in Ta-
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ble 1. Our findings show that CVS135-type, CVS166-
type, and TMS166-type structures have distinct prefer-
ences for certain chemical elements. For instance, sev-
eral stable TMS166-type compounds emerged when the Tb
site was replaced by H/Li/Na, while introducing elements
such as K/Cs/Ru could bring about the stability of the
compound in CVS135-type and CVS166-type structures.
We also find that the CVS135-type compound is more
prevalent since the CVS166-type compound typically ex-
hibits less stability. Exceptions to this include compounds

(a) CVS135-type (b)

Fig. 1.

TMS166-type

such as RbFegSbg, RbTcgSbg, CsFegSbg, CsTcgSbg, and
CsTcsGeg. The presence of phase competition in K-Ti-Bi,
Rb-Ti-Bi, Cs—Ti-Bi, and Cs—Pd—Pb compounds indicates
that the synthesis may be more nuanced, even if these ma-
terials are theoretically stable. This work demonstrates a
standard method for identifying new synthesizable com-
pounds swiftly and affordably, thereby shedding light on
revolutionary techniques within the domain of physical sci-
ence.

(c) CVS166-type

Three types of Kagome materials with distinct structural templates: (a) CsVsSbs-type, space group

P6/mmm, denoted as CVS135-type structure, (b) TbMngSng-type, space group P6/mmm, denoted as TMS166-
type structure, (c) CsVgSbg-type, space group R3m, denoted as CVS166-type structure. When substituting the
elements in the above three structural templates, the selected elements are displayed in (d).

Methodology. In this study, we employed a high-
throughput workflow to calculate a total of 4158 Kagome
compounds with different compositions and space groups.
Specifically, we calculated 1386 CVS135-type compounds
(whose composition can be represented as AM3X5) with
space group P6/mmm, 1386 TMS166-type compounds
(AMgXg) with space group P6/mmm, and 1386 CVS166-
type compounds (AMgXe) with space group R3m. Among
them, the “A” element comes from the element set com-
posed of purple squares in Fig.1(d), the “M” element
comes from the element set composed of indigo squares,
and the “X” element comes from the element set com-
posed of orange squares. All calculations were carried out
under the same parameters as given below.

The Vienna ab initio Simulation Package (VASP) 2920
code with the projector augmented wave method [31,52]
was used to realize the density functional theory
calculations. ®®l We choose the generalized gradient ap-
proximation of Perdew—Burke-Ernzerhof®! to describe
the exchange and correlation energy density function. We

did not consider the Hubbard U corrections as all those
systems are metallic compounds. The conjugate gradi-
ent scheme was used to optimize the atomic structures.
The cutoff energy was chosen to be 520eV. The gamma-
centered k-mesh was used to sample the Brillouin zone
during the calculation at the density of 100 k-points/ A3,
All the calculations were initiated with ferromagnetism
throughout this study to yield their ground-state spin po-
larization within the primitive cell configuration, but we
did not include the relativistic spin-orbital coupling effect
in this study. The energy convergence criterion of the self-
consistency was set at 5 x 1076V,

Results and Discussion. The synthesizability of a
compound primarily depends on its thermodynamic sta-
This
means that a compound thermodynamically competes
with all potential phases in the same chemical space and
eventually settles into the energetically favorable phases.
Consequently, determining the existence probability of

bility and the kinetics during its growth process.

a compound would become easier if the formation en-
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From com-
[35]

ergies of all stable compounds are known.
putational databases, such as the Materials Project,
AFLOW B9 and Atomly, 7 the energy landscape of nu-
merous chemical spaces is readily available, making it eas-
ier for us to assess the thermodynamic stability of a given
compound. 8749

In particular, the formation energy of a compound,
also known as the standard enthalpy of formation, is de-
fined as the enthalpy change when a substance forms from
its pure elements under identical conditions.*"! A nega-
tive formation energy signifies energy released by the re-

action and relative stability of the compound, and vice
versa. The most stable compounds in a chemical system
delineate the lower boundary of formation energies or the
energy convex hull in the chemical system, given that the
formation energies of stable compounds are negative. The
distance between a compound’s formation energy and the
energy convex hull, also referred to as “the energy above
the hull (Ewum)”, serves as a valuable metric for verifying
the thermodynamic stability of the compound. Essentially,
FEnun denotes the driven force in energy to decompose a
compound. [42-44]
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Fig. 2. Thermodynamic stability of three types of Kagome structures in expanded chemical space. We first define
the stability measure of a compound based on the Ey,); and Boltzmann distribution, as shown in (a). Stability =1.0
stands for stable compounds, Stability = 0.61 corresponds to Ep,;; = 20 meV /atom and Stability =0.08 corresponds
to Epyn = 100meV/atom. (b) Three sectors of the pie chart represent three Kagome crystalline types: the red
sector represents CVS135-type compound with space group P6/mmm, the blue sector represents TMS166-type
compound with space group P6/mmm, and the yellow sector represents CVS166-type compound with space group
R3m. Radius of each sector denotes the thermodynamic stability of each compound as defined in (a). The larger

the radius of a sector is, the more stable the compound

is. (¢)—(h) The thermodynamic stability of the H-M-X,

Li-M-X, Na-M—-X, K-M—-X, Rb—-M—-X, and Cs—M—X, respectively.
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In this study, we first expand the chemical space of
the AMgXsg, covering both the R3m and P6/mmm struc-
tures, totaling 2772 compounds. Then, the Fp,y is derived
for all the compounds by plugin data from the Atomly
database. The AM3X5 (1386 structures) compounds were
previously investigated by Jiang et al. and these data are
included for comparison. [28] A1l the data can be accessed
from atomly.net. [37]

In Fig. 2, we plot the Ehnun of the three different struc-
tures mentioned in the article with the same element com-
position in each circle and use this to elucidate their stabil-
ity and phase competition. The CVS135-type (space group
P6/mmm) compounds are plotted in red, whereas the
CVS166-type (space group R3m) compounds are shown
in yellow, and the TMS166-type (space group P6/mmm)
compounds are plotted in blue. The radius of each sec-
tor in the figure represents the magnitude of stability;
the larger the radius, the higher the stability. It is found
from Fig. 2 that among the hydrogen-containing, lithium-
containing, and sodium-containing compounds, TMS166-
type compounds with space group P6/mmm have more
thermodynamically stable structures than the other two
types of Kagome structures. In the compounds containing
potassium, rubidium, and cesium, there are hardly any
TMS166-type compounds but many CVS135-type com-
pounds with space group P6/mmm and CVS166-type
compounds with space group R3m. Therefore, the sta-
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bility of those compounds is closely element dependent.

From Fig.2, it can be seen that the theoretical cal-
culation is indeed in good agreement with the exper-
iments. For example, CSVngs,[w] RbV3Sbs 451 and
KV3Sbs 2% (CVS135-type compounds with space group
P6/mmm), LiMneSns ®) (TMS166-type compounds with
space group P6/mmm), and KVgSbg, RbVgSbg and
CsVShg [0 (CVS166-type compounds with space group
R3m) are thermodynamically stable and thus synthesiz-
able. Therefore, the method and treatment employed in
this study is reliable. As shown in Fig. 2, there are sev-
eral new compounds with good thermodynamic stability
(Brnun < 5meV/atom). They are KTigBis, RbTisBig,
RbFee;Sba7 RbTC@Sbﬁ, CSTiaBia, CSFQGSba, CSTC(}Sb@;7
CsTcsGes, and CsPdePbg in CVS166-type structure
and HFQGGQ(}, HCO(}GGG, HNiﬁSIlﬁ, HRhGSng, L1T16B16,
LiFe6Geg, LiNiﬁGea, Lll\IlﬁSlﬁ7 NaRthbg, NaRhaSnﬁ,
and NaPd¢Pbg in TMS166-type structure, which require
future experimental confirmation. Table 1 lists the de-
tails of these low Enu Kagome materials, including their
chemical formula, the structure type they belong to, the
ID number in the Atomly database, 37 the FEhun value of
materials, and whether the material has been experimen-
tally synthesized. Among them, the materials that have
not been synthesized by experiments are very promising
materials that can be synthesized in the future.
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Fig. 3. Electronic structures of representative compounds of TMS166-type structures with Epy) < 5meV/atom:
(a) band structure of HCogGeg, (b) band structure of LiCogGeg, (c) band structure of LiNigGeg, (d) band structure

of LiNigSig.

The phase competition can also be seen in Fig. 2. Here,
we only list two out-of-phase Fnu which are both below
5meV/atom. The cases in which the Enun of two differ-
ent phases are both lower than 10 meV /atom can be found

in Table S1 in the Supporting Information. For example,
both K-Ti-Bi in CVS166-type structure and CVS135-type
structure exhibit relative stability. This is evident from
their formation energy, with the CVS166-type structure
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having an Epu of 3.79 meV/atom and the CVS135-type
structure being in its thermodynamic ground state with
an Enun of 0.0 meV /atom. The difference in formation en-
ergy between these two structures is only 3.79 meV /atom.
Hence, this presents an additional challenge for synthe-

sizing the desired phase. Similarly, this phase competition
can also be found in compounds containing Rb—Ti—Bi, Cs—
Ti-Bi and Cs—Pd—-Pb elements, and they are all a compe-
tition between CVS135-type and CVS166-type structures.

Table 1. List of top 48 stable compounds (Eyyu < 5meV/atom). The chemical formula, structure type, ID
of the compound in atomly.net, 37 E} 11 of the compound and references of the experiments (if available)
of these compounds are listed.

Chemical formula Structure type Atomly ID Epun(meV/atom) Experimental References

HFegGeg TMS166 1000301638 0.00

HCogGeg TMS166 1000301649 0.00

HNigSng TMS166 1000301661 0.68

HRhgSng TMS166 1000301727 3.35

LiTigBig TMS166 1000301823 4.84

LiMngGeg TMS166 3001812095 0.00

LiFegGeg TMS166 3001812096 0.00 [47]
LiCogGeg TMS166 0000060277 0.00 [48]
LiNigGeg TMS166 0000043146 0.00 [48]
LiNigSig TMS166 0000102969 2.72 [48]
NaTisBis CVS135 1000299281 0.00

NaV3Sbs CVS135 1000299291 2.02
NaRhgPbg TMS166 1000302186 4.79

NaRhgSng TMS166 1000302185 0.00
NaPdgPbg TMS166 1000302197 0.00

KTizBis CVS135 1000299512 0.00

KTigBig CVS166 1000300902 3.79

KV3Sbs CVS135 1000299522 0.00 [15]
KMn3Sbs CVS135 1000299544 0.00

KNbsBis CVS135 1000299600 0.00

KHf3Bis5 CVS135 1000299666 2.99

RbTizBis CVS135 1000299743 0.00 [49]
RbTigBig CVS166 1000301133 4.08

RbV3Sbs CVS135 1000299753 0.00 [15]
RbMn3Sbs CVS135 1000299775 0.00

RbFegSbg CVS166 1000301264 0.00

RbNb3Bis CVS135 1000299831 0.00

RbTcgSbg CVS166 1000301242 0.00

RbHf3Bi5 CVS135 1000299897 0.00

CsTigBis CVS135 1000299974 0.00 [49]
CsTigBig CVS166 1000301364 4.48

CsTizTes CVS135 1000299981 0.00

CsTizSbs CVS135 1000299973 0.00

CsV3Sbs CVS135 1000299984 0.00 [15]
CsMn3Sbs CVS135 1000300006 0.00

CsFegSbg CVS166 1000301495 0.00

CsFe3Sns CVS135 1000300021 0.00

CsFe3Ges CVS135 1000300020 0.20

CsZrzTes CVS135 1000300058 0.00

CsNbsBis CVS135 1000300062 0.00

CsTcgSbeg CVS166 1000301473 0.00

CsTceGeg CVS166 1000301468 0.00

CsRh3Pbs CVS135 1000300110 0.00

CsPdsPbs CVS135 1000300121 0.00

CsPdgPbg CVS166 1000301569 1.00

CsHf3Bis CVS135 1000299897 0.00

CsHf3Tes CVS135 1000300135 0.00

CsTazSbs CVS135 1000300138 2.27

Previously, we used a

Kagome materials, 2%

similar method to ex-
plore the thermodynamic stability of the CVS135-type

I and a couple of predicted phases,

e.g., CsTigBis and RbTizBis have been successfully

synthesized.[49’50] In this study, as we further expanded
the chemical space of these systems, we found that the
newly added compound may have even lower formation
energy to break the existing convex hull, resulting in the
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Therefore, the
stable compounds found in previous works may become
less stable as another new stable phase is added. For ex-
ample, CsV3Bis was previously found to be a stable struc-
ture, but the newly added compound in Cs—V-Bi chemical
phase space is found to have even smaller formation energy
and is indeed the new stable compound.

We then calculated the full electronic structures, in-
cluding DOS and band structure, for all 4158 structures
generated by replacing elements in the three structural
templates mentioned above. All the data can be accessed
from atomly.net.[37] This analysis not only helps in dis-
covering novel topological materials but also guides band
engineering using different metal elements as dopants. [51]

To investigate the effects of different elements on dif-
ferent sites in AM¢Xe Kagome compounds with TMS166-
type structures, we selected four structures with good
thermodynamic stability (Enun < 5meV/atom) using a
controlled variable method, namely HCosGeg (Atomly
ID: 1000301649), LiCogGes (Atomly ID: 0000060277),
LiNigGes (Atomly ID: 0000043146) and LiNigSi (Atomly

FEhan rapidly increasing to larger values.
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ID: 0000102969). By comparing the electronic structures
of HCosGeg [Fig. 3(a)] and LiCosGeg [Fig. 3(b)], we found
that the A-site element has little influence on the com-
pound’s electronic structure near the Fermi level. This is
because the A-site element’s energy level is located deeply
within the Fermi surface and cannot have a significant im-
pact on the bands near the Fermi level. Through a com-
parison of the electronic structures of LiCogGeg [Fig. 3(b)]
and LiNigGeg [Fig.3(c)], it was observed that LiNigGeg
exhibits characteristics of electron doping in comparison
to LiCogGes, causing its Dirac cone and van Hove singu-
larity to shift closer to the Fermi surface, resulting in a cor-
responding downward shift in the position of the flat band.
We also observed a difference in the electronic structures
of LiNigGeg [Fig. 3(c)] and LiNigSig [Fig. 3(d)]. The posi-
tion of the Dirac cone at the K point in LiNigSie is higher
than in LiNigGeg. This difference can be attributed to the
higher electronegativity of Si compared to Ge. The greater
electronegativity of silicon causes it to attract more elec-
trons, leading to a hole-doping effect in LiNigSis and an
overall upward shift of the band.
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Fig. 4. Electronic structures of representative compounds of CVS166-type structures with Ep,;; < 5 meV/atom
(Exception is the Ey,n of CaVgSbg, which is 11.96 meV /atom, and it is shown in Table S1 in the Supporting
Information). (a) Band structure of CsVgSbg, (b) band structure of CsTigBig, (¢) band structure of CsTcgGes, (d)

band structure of CsFegSbg.

The CsVgSbg (Atomly ID: 1000301396) compound
with space group R3m exhibits a significant feature of mul-
tiple linear band crossings forming type-II Dirac nodal lines
near the Fermi level in the band structure. % Regarding
the band structures, we found that the bilayer CVS166-
type compounds %]
compared to their previously studied single-layer CVS135-
type counterparts. (3] Fewer bands cross the Fermi level,

indicating simpler Fermi surface structures, and no ordi-

exhibit a much simpler band topology

nary van Hove singularity B4 or type-1 Dirac point like

those found near the Fermi level in CVS135-type com-
pounds. These differences may be attributed to the inter-
layer interactions of Kagome bilayers present in CVS166-
type compounds but absent in CVS135-type compounds.

To further demonstrate the changing characteristics of
the energy bands of the CVS166-type compounds (AMeXs
with space group R3m), we present in Fig.4 the elec-

tronic structures of representative compounds. We also
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observed that the A-site element has little influence on
the compound’s electronic structure near the Fermi level.
This observation is supported by the band structure and
DOS plots of all these compounds in Fig. 4, which indicate
that the states near the Fermi level are mostly dominated
by the d orbital electrons of the M-site element, with al-
most no electronic state from the A-site element found
near the Fermi level. Therefore, only Cs-containing com-
pounds are shown in Fig.4. First, the band structure of
CsVgSbg [Fig. 4(a)] exhibits multiple type-Il Dirac points
just above the Fermi level near the F' and L points, which is
consistent with previous studies and verifies the accuracy
of our results. Second, the band structures of CsTigBig
(Atomly ID: 1000301364) and CsTce¢Geg (Atomly ID:
1000301468) in Figs. 4(b) and 4(c), respectively, can be re-
garded as the band structures of hole-doped and electron-
doped CsVgSbg. We note that CsTigBig exhibits more
hole-like bands near the Fermi level around the F' and L
points. However, these bands rise in energy along with the
electron-like bands, resulting in less energy dispersion and
the disappearance of linear band crossings near the Fermi
level. For CsTcgGeg, more electron-like bands are present
near the Fermi level around the F' and L points, and the
linear band crossings around the F' and L points occur
more below the Fermi level due to the higher number of
valence electrons compared to CsVgSbg, which raises the
Fermi level. The band structure of CsFegSbg (Atomly ID:
1000301495) in Fig. 4(d) shows ferromagnetism, and it ex-
hibits linear band crossings around the F' and L points
at approximately 0.4eV below the Fermi level for bands
of spin-down electrons exhibiting the characteristics of a
Weyl point, ®°! but no such crossing is found in the bands
of spin-up electrons, which can be used as a model system
to study the interplay between topological superconduc-
tivity and magnetism. [56,57]

In addition to the band structure discussion, it is note-
worthy that the compounds in Fig.4(d) with linear band
crossings around the F and L points, namely CsVgSbg
and CsFegSbg, exhibit a nearly zero DOS at the energy
where these crossings occur, a characteristic of a Weyl
semimetal. Furthermore, all the band topological features
of the Cs-containing compounds discussed above are also
observed in their K-containing and Rb-containing coun-
terparts. Taken together, given that AFesSbs (A =K, Rb,
Cs) possesses similar band characteristics to CsFegSbs, it
is highly probable that these compounds are topological
semimetals with type-Il nodal line fermions, like CsFegSbg,
with space group R3m. However, to achieve precise topo-
logical classification of these compounds, additional com-
prehensive investigations are necessary, such as performing
band symmetry group analysis, conducting band structure
calculations with SOC, simulating edge states, etc. Con-
sequently, it is highly anticipated that further research on
the CVS166-type compounds suggested in this study will
provide a more comprehensive and robust understanding
of their band topology.

In summary, we have found 13 structures, which
are HFesGeg, HCO(;GGG, HNI(,SH(,, HRhGSH6, LITI()BIG,
LiMngGee, LiFeeGeg, LiCOGGea, LiNiGGeg, Llngslﬁ,
NaRhgPbg, NaRhegSng, and NaPdgPbg, with good ther-
modynamic stability (Enun less than 5meV/atom) from

1386 structures generated from the parent structure of
TbMngeSne with space group P6/mmm. Out of the
1386 structures generated from the parent structure of
CsVeSbg with space group R3m, there are nine struc-
tures exhibiting excellent thermodynamic stability with
an Epun of less than 5meV/at0m. They are KTigBis,
RbTiGBiG, RbFeGSbG, RbTCGSbG, CSTi6B16, CSF66Sb6,
CsTceSbg, CsTceGeg, and CsPdgPbg. Since some of
the synthesized Kagome materials have higher FEy, such
as LiMngSns (Atomly ID: 1000301858) and CsVeSbg
(Atomly ID: 1000301396), both have Enuu greater than
5meV /atom, and it is highly likely that more stable com-
pounds can be materialized for slightly larger Enui. They
are all listed in Table S1 in the Supporting Information.
We also point out that some materials, despite their ther-
modynamic stability, may pose challenges with regard to
syntheses due to the competition between different phases
since these phases have almost the same Eyny. It is hope-
ful that this work will expand the scope of research on
Kagome materials and lead to the discovery of more novel
topological and superconducting materials.
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