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ABSTRACT: Databases for charge-neutral two-dimensional (2D) building
blocks (BBs), i.e., 2D materials, have been built for years due to their
applications in nanoelectronics. Though lots of solids are constructed from
charged 2DBBs, a database for them is still missing. Here, we identify 1028
charged 2DBBs from Materials Project database using a topological-scaling
algorithm. These BBs host versatile functionalities including super-
conductivity, magnetism, and topological properties. We construct layered
materials by assembling these BBs considering valence state and lattice
mismatch and predict 353 stable layered materials by high-throughput
density functional theory calculations. These materials can not only inherit
their functionalities but also show enhanced/emergent properties compared
with their parent materials: CaAlSiF displays superconducting transition
temperature higher than NaAlSi; Na,CulOg4 shows bipolar ferromagnetic
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semiconductivity and anomalous valley Hall effect that are absent in KCulOg4; LaRhGeO possesses nontrivial band topology. This
database expands the design space of functional materials for fundamental research and potential applications.

KEYWORDS: charged building block database, density functional theory, functional-oriented materials design, superconductivity,

ferromagnetic semiconductor, topological material

ayered materials are built from staggered stacking of two-

dimensional (2D) units, which are of great interest for
their diverse physical and chemical properties. In terms of the
coupling between the 2D units, they can be categorized into
two groups, i.e., van der Waals (vdW) layered structures and
ionic layered structures." In vdW layered materials, these 2D
units are charge neutral and coupled by weak vdW interactions.
In contrast, in ionic layered structures, they are charged with
stronger interlayer bonding. The stacking of different func-
tional vdW units turns out to be an effective way to modulate
the interplay of charge and spin correlations with enhanced
and emergent properties.” ® However, the design of functional
materials based on these charged building blocks is relatively
unexploited.

Constructing layered materials from these charged 2D units
has been a research frontier for decades. New layered materials
can be designed by rationally stacking charged units with
commensurate lattice and charge neutrality.7_ ! For example,
the well-known layered compound LaFeAsO can be
considered as stacking charged [La,0,]*" and [Fe,As,]*”
layers. Intriguingly, tailoring the charge state of [La,0,]*"
layer makes [Fe,As,]*” in a hole or electron doped state, e.g.,
substituting La with Ce/Pr/Gd/Sr or O with F, which
effectively suppresses the antiferromagnetic ordering and
induces superconductivity.'”~'® It is deemed that in LaFeAsO,
[Fe,As,]>” layer is responsible for superconductivity and
[La,0,]** provides carriers.'” Similar cases occur in [Bi,0,]-

© 2023 American Chemical Society

7 ACS Publications

4634

based thermoelectric material,'® > [Mn,As,]-based magnetic
materials,”' 7** and [CuO,]-based” and [Fe,X,]-based (X =
As, Se)** high-temperature superconductors, where the
physical properties mainly attribute to the specific functional
building blocks. Thus, in ionic layered structures, particular
layers mostly determine the physical property of the crystal,
i.e,, functional building blocks, and the remaining ones are
carrier providers (charge compensators). Carefully engineering
functional building blocks and their charge compensators
enables the possibility of functional-oriented material design
(Figure 1a), which is a main goal in materials science,”’
while the search of functional building blocks and charge
compensating layers is still by serendipity, which hinders the
design of layered functional materials. Therefore, it is highly
desirable to construct the database of charged layered building
blocks for functional-oriented material design.

In this work, we use a topological scaling algorithm (TSA)*
to identify the 2D charged building blocks from materials in
Materials Project database and discovered 1208 2D charged
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Figure 1. Statistics of 2D charged building blocks. (a) Schematic
diagram of constructing functional materials from charged building
blocks. The new functional material (middle) is assembled by stacking
a functional layer and a carrier layer with charge- and lattice-matched
building blocks. (b) Distribution of crystal system and (c) number of
structures as a function of number of atoms in the unit cell for the
screened 2D charged building blocks. Here, the structures with
number of atoms larger than 30 are omitted. The inset shows the
distribution of unique elements in the building blocks for them. (d)
Some typical prototypes of 2D charged building blocks.
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ones. These building blocks have fruitful structural prototypes,
crystal systems, elemental distributions, and functionalities
which are ideal for designing new functional materials. Next,
utilizing the 2D tetragonal/hexagonal/trigonal units in the
database, we build a workflow to construct layered materials.
By high-throughput density functional theory (DFT) calcu-
lations, we identify 353 of them that are thermodynamically
and lattice-dynamically stable. Finally, materials with super-
conductivity, bipolar ferromagnetic semiconductivity with
valley polarization, and nontrivial band topology are found
among these materials, which deserve further experimental
verification.

B CONSTRUCTION OF 2D CHARGED BUILDING
BLOCKS DATABASE

We start with materials from Material Project (MP) data-
base,* which contains 126 335 entries. To guarantee the high
quality of our building block database, only those with ICSD
collection codes or Epy; = 0 eV/atom are left for further
consideration, where the Ep, is the energy above convex
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hull.**** The building blocks hidden in alkaline metals (AM)
and alkaline earth metals (AEM) intercalated structures are
additionally considered by removing AM and AEM in these
structures. We show this procedure is very important for these
intercalated structures in finding charged building blocks in
Figure S1. Then these 2D layers can be identified by the
TSA.*® Next, we consider the ones with the same nominal
elemental ratio as their parent as van der Waals (vdW)
networks, and the others are charged ones. Finally, we keep 2D
charged layers as building blocks to construct the database and
the rationalization of them is visually checked, which yields
1208 entries. The overall workflow for screening the charged
building blocks is shown in Figure S2.

We identify the charge states for these building blocks. First,
we determine the valence states of their parent compounds
implemented with the pymatgen package.”* It considers all the
combinations of common elemental oxidation states and gives
the charge-balanced result. Although it sometimes fails to
resolve the valence state, e.g. setting zero valence state for all
elements in the compound, most of them can be properly
calculated with a right valence state. Next, the valence states of
the building blocks are derived from their parent compounds.
It should be noted that a building block can own multiple
valence states, eg. [Fe,As,]°" layer has different valence state,
—1 in KFe,As,” and —2 in BaFe,As,’® (both crystallize with
ThCr,Si, structural prototype).

Figure 1b—d shows the distribution of crystal systems,
number of atoms/elements, and typical prototypes for these
2D charged building blocks. Our statistics show that trigonal
and tetragonal crystal systems are the most common ones in
Figure 1b. And around 73% of them have number of atoms less
than 10 displayed in Figure lc. Besides, most of them are
binary and ternary ones. We note that some of the unary ones
are alkaline and alkaline earth metals. We still keep them to
enrich the database and use them to build intercalated
structures in the procedures below. We also classify them
into different prototypes. Some examples of prototypes are
illustrated in Figure 1d. The most common structural
prototype is [CdL]-type which contains 195 structures in
this set. Although these prototypes are reported, most of them
are not suggested as charged building blocks for material
design before. And it is believed that the functionality of the
building blocks can be inherited from their parent compounds.
For example, [PbO]-type charged units often host super-
conductivity (such as [FeAs],"> [FeP],*” [FeSe]*®), which are
ideal building blocks for designing superconductors; kagome
building blocks manifest itself with flat band and Dirac point,
which are potential candidates to explore correlated and
topological electronic states, etc. The versatility of these
building blocks will be beneficial to explore functional
materials. A full list of these building blocks and their potential
functionalities are provided in Supporting Information.

B CONSTRUCTING LAYERED STRUCTURES AND
HIGH-THROUGHPUT CALCULATIONS

Having established the charged building block database, we
utilize them to systematically design new functional materials.
Figure 2 shows our workflow for constructing new layered
structures. To facilitate the procedures, only hexagonal,
trigonal, and tetragonal building blocks with number of
atoms less than 10 are considered for further processing,
which yields 797 ones. We stack two building blocks with the
same symmetry and lattice mismatch® (constrained in the
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Figure 2. Workflow for construction of layered materials by stacking
2D charged building blocks. Here, we only consider 797 2D charged
building blocks with tetragonal, trigonal, and hexagonal symmetry and
number of atoms less than 10 as input to construct layered structures.
The numbers on the left side of each procedure show the remaining
ones after a specific procedure.

primitive cell); ie., tetragonal building blocks stack on
tetragonal ones, and hexagonal/trigonal ones stack on
hexagonal/trigonal ones. Considering the intrinsic lattice
variation of building blocks and the mismatch tolerance widely
used in vdW heterostructures®*° and solid—solid interfa-
ces,4l’42 here we use a 5% mismatch tolerance. Next, ensure
that they are in a charge balanced state.® For building blocks
with multiple valence states, combinations of them are made
and those with a net zero charge state are considered as a

reasonable pair, which generates 6039 ones. For each pair, we
also considered different stacking orderings and rotational/
mirror operations. The details can be found in Figures S3—S5.
Here, we only consider cationic building blocks in the database
with the match of charge and lattice for a specific anion. It is
also worth trying other possible choices of cationic building
blocks that are not in our database.

After building layered structures for each pair with different
stacking configurations, we resort to density functional theory
(DFT) calculations under the Perdew—Burke—Ernzerhof
(PBE)™ level to find the most stable one for each pair. We
exclude the pairs that contain f-valence electrons since DFT is
hard to describe the strong correlation effect of these very
localized electronic states.** After that, out of 3310 structures,
3234 converged ones are obtained. The convex hull analysis is
then used to evaluate their thermodynamical stabilities. By
utilizing the data from Materials Project,”’ the phase diagrams
at 0 K are built and those with E,; < 0.1 eV/atom are
considered as thermodynamically stable (see Figure S6), which
remains 900 structures. It is found that 100 of them can be
found at Materials Project, which are no longer considered for
further investigation. To reduce computational costs, we only
explore the lattice-dynamical stabilities of 481 structures with
cubic, tetragonal, orthorhombic, and hexagonal/trigonal
symmetries and reasonable stacking orderings (details can be
found in Figure S7) are calculated. At last, 353 of them are
found to be lattice-dynamically stable without any imaginary
frequencies or only small ones in the whole phonon spectra.
Their phonon spectra are listed at the Supporting Information.

By a statistic of the number of elements in the unit cell, we
find that most of them are ternary and quaternary structures
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structures according to their prototypes. The black ones are defined in ICSD, and the blue ones are newly discovered ones. Note that the
prototypes with number of structures less than 3 are not shown here. (c) Crystal structure of prototypes (partly).

4636

https://doi.org/10.1021/acs.nanolett.3c01237
Nano Lett. 2023, 23, 4634—4641


https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c01237/suppl_file/nl3c01237_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c01237/suppl_file/nl3c01237_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c01237/suppl_file/nl3c01237_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c01237/suppl_file/nl3c01237_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c01237?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c01237?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c01237?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c01237?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c01237?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c01237?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c01237?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c01237?fig=fig3&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.3c01237?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

(a)

1.0

(b) —— spinup —— spin down

NN

[Cul — NN
>
2
[ ? 00 N7 A ™
c i T~ L‘\
C w -0.5 - L
al—’b o9 O ‘10 \ £mdﬁ
"I MK T A LH ALMKH
(e) V)
|
s T T ~]
g 02r 14.96 me! 6 | 9
3 00
; //\\ //\\
w -0.2 o
>~ = —— |
-04 L
L

A H L L H' A

H

L

(c)

(d)

.
A
e
Y .
b ——{tii M Kr\b* K

Figure 4. Bipolar ferromagnetic semiconducting and anomalous valley Hall effect of Na,CulOq. (a) Crystal structure, (b) electronic structure
without SOC (dashed line) and with SOC (solid line), (c) electron occupations of Cu 3d orbitals, (d) Brillouin zone (BZ), valley-splitting with Cu
spins aligning (e) +z direction and (f) —z direction, (g) Berry curvature at k = 0.5 plane (Cu spins aligning +z direction), and (h) schematic
diagram of anomalous valley Hall effect for Na,CulOg. The green surface in BZ shows k, = 0.5 plane.

shown in Figure 3a. We then classify these new structures into
different structural prototypes according to their space groups,
Wryckoff positions, Pearson symbols, and structural similar-
ity.**® They are grouped into 99 prototypes in Figure 3b, and
more than half of them are not defined in ICSD.*® The most
common structural prototype is ZrCuSiAs, which contains 37
similar structures in the subset. Although some of them share
the same building-block prototypes, the stacking orderings or
rotational/mirror operations can give rise to different
structures. Such cases occur in p24, p37, p38 prototypes in
Figures 3c, where all of them consist of [CdL,] and [a-GeTe]
type building blocks but show distinct structures. Moreover,
the atoms in building blocks can “rebond” to form new layers
in part of structures as in p34, where the original building
blocks are [SnSb]™ and [SbSe]*. Nevertheless, most of them
are alternatively stacking of negative and positive charged
building blocks.

It is found that 26 structures can be considered as vdW
layered materials, such as a-In,Se; prototype and p38 in Figure
3¢, where covalent bonds form between two building blocks
and become one layer. Further calculations inclusion of DFT-
D3""** corrections show reduced interlayer distance, confirm-
ing the vdW gap in between.

B DISCOVERY OF FUNCTIONAL MATERIALS

We turn to investigate their electronic structures in order to
find functional materials. Their electronic structures are
calculated under the PBE functional level and can be found
in Supporting Information. We find that more than half of
them (184) are nonmagnetic (NM) metals, and the others are
124 NM semiconductors, 21 magnetic semiconductors, and 24
magnetic metals. Given the abundant electronic structures of
these layered materials, we discuss their functionalities, some
of which are elaborated below.
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Among the 21 magnetic semiconductors, we further identify
their ground states by comparing the total energies of different
magnetic orderings including ferromagnetic and several
antiferromagnetic orderings (details can be found in Figure
S8). Only one of them shows ferromagnetic ground state,
while the others are antiferromagnets. Figure 4a and Figure S9
show the crystal structure of the ferromagnetic semiconductor
Na,CulOg4 with space group P312. It consists of [CulO4)*~
charged layers with two Na* ions intercalating between them.
The electronic structure both with and without spin—orbit
coupling (SOC) in Figure 4b shows a typical bipolar magnetic
semiconducting behavior with opposite spin for valence band
(VB) and conduction band (CB). With applying a gate voltage,
the Fermi level can be effectively tuned so that the spin
orientations of electrons at Fermi level can be switched
between spin up and spin down, which can be used as spin
filter, spin valve, or spin separators.”” This bipolar magnetic
semiconducting behavior can be understood from the crystal
field theory point of view. Figure 4c shows the energy level
evolution and electron occupation of Cu in Na,CulOg. The
nominal valence state for Na, I, O, and Cu is +1, + 7, —2, and
+3 so that Cu has [Ar]3d® electron configuration. Under the
octahedral crystal field (Figure S9c¢), the d orbitals split into tyg
(d,/d../d,) and e, (de_>/d2) groups, and ty, orbitals are
fully occupied and two electrons leave in the spin up channel
of e, orbitals, resulting in a magnetic moment 2 5. Moreover,
the crystal-field-induced gap A_ is larger than the exchange
splitting A..>”*" Thus, the bandgap lies between e, of spin-up
channel (CB) and spin-down channel (VB), leading to the
bipolar magnetic semiconducting band structure.

Beyond that, the lack of centrosymmetry in conjunction with
ferromagnetism in Na,CulOg gives rise to spontaneously
polarized valleys, i.e., ferrovalley,”> which can be used in
processing information with valley degree of freedom.
Compared with degenerate energy at conduction band minima
(CBM) H and H’ without considering SOC, the electronic
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Figure S. Superconductivity of CaAlSiF and band topology of LaRhGeO. (a) Crystal structure, (b) electronic structure, (c) phonon dispersion, (d)
phonon density of states (left) and Eliashberg function a*F(w) as well as the electron—phonon coupling strength (@) (right) for CaAlSiF. (e)
Crystal structure, (f) electronic structure, and (g) orbital-resolved band structure around I' point with spin—orbit coupling, and (h) topological
surface state (TSS) of (010) plane for LaRhGeO. The color in the electronic structure indicates the states contributed by distinct elements/orbitals,
and that in the phonon dispersion shows the strength of electron—phonon coupling 4,

structure with SOC shows a valley polarization of 14.96 meV
(Figure 4e) with spins of Cu aligning +z axis. In contrast, when
the magnetization direction aligns —z axis, the CBM changes
from H to H’ alongside with spin reversal (Figure 4f).
Accompanied by the valley polarization, the Berry curvature €,
of k, = 0.5 plane (green region in Figure 4d) in Figure 4g
shows opposite signs but unequal magnitudes of H (1.96) and
H’ (—1.84) points, which renders an equivalent magnetic field
for intriguing anomalous valley Hall effect (AVHE). When the
system is electron doped for magnetization along +z direction,
the spin-down electron at H valley will acquire an anomalous
velocity v under the in-plane electric field E, i.e., v ~ E X Q(k),
and move to the left side of the sample shown in the upper
panel in Figure 4h. On the contrary, by reversing the
magnetization direction, the spin-up electron at H’ valley will
move to the right side of the sample shown in the lower panel
in Figure 4h. Therefore, the Hall voltage can be readily
detected with the accumulation of electron at one side,
facilitating the observation of AVHE. We emphasize that the
bipolar magnetic semiconductivity and AVHE are absent in its
parent compound KCulOg4 (Material Project ID mp-1147553)
which is a half metal in its electronic structure. These emergent
phenomena are induced by the change of charge state in
[CulO4]°" functional building block. Moreover, Cu®* and
[104)%~ exist in real materials, e.g,, KCuO, > and Srs(10¢),,>*
which is beneficial for experimentally for experimentally
synthesizing Na,CulO.

Next, we discover superconducting materials among them.
We notice that [ALSi,]*~ embeds with superconductivity; for
that the parent compound NaAlSi is a superconductor with
transition temperature T, ~ 7 K.>**° Here, a structure CaAlSiF
crystallized with ZrCuSiAs structural prototype is shown in
Figure Sa. Moreover, we find that the electronic structure in
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Figure Sb is similar to that of NaAISi,”” and the states of Al and
Si dominate the Fermi level. Figure Sc shows its phonon
dispersion together with electron—phonon coupling (EPC)
strength A, for mode v at wavevector g point. It shows that
modes around 9 THz at Z point and modes between 4.5 and 6
THz contribute most to the EPC. We further calculate
Eliashberg function a’F(w) and EPC strength (@) in Figure
5d. Utilizing McMillan formula,”® we obtained T, = 3 K with A
= 0.53 and effective screened Coulomb repulsion constant of
u* = 0.1, confirming its superconductivity. As a comparison,
our calculated EPC strength A and T, for NaAlSi are 0.4 and
1.01 K (Figure S10), respectively, indicating that CaFAISi
possibly has a higher superconducting transition temperature
than NaAlSi once it is synthesized. Similarly, we predict that
Ba,F,PtAs is also a superconductor with T, = 1.5 K (see Figure
S11), which is close to T, & 2.4 K°*%° in SrPtAs.

Finally, we find topological materials among them. We
notice that building blocks with PbO-type structure possibly
harbor nontrivial band topology.m’62 Our predicted LaRhGeO,
crystallized with ZrCuSiAs structure shown in Figure Se, is a
good candidate in this respect. The electronic structure in
Figure 5f is similar to that of CoX (X = As, Sb, Bi).""** At T’
point above the Fermi level 0.33 eV, the bands are mainly
composed of Rh-d,,, d,, and d,; orbitals. By considering SOC,
it displays a band inversion around I point (see Figure Sg),
driving the system into a topological nontrivial phase. The
Wannier charge center evolution of LaRhGeO in Figure S12
gives rise to Z, = (0;001), indicating the nontrivial band
topology. Then the local density of states (LDOS) for (010)
surface is calculated, shown in Figure Sh, which exhibits
topologically protected surface states, further confirming the
nontrivial band topology.
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Except for these functional materials, the chemical and
physical properties of other materials are largely unexplored.
For example, a-In,Se; prototype of the predicted magnetic
material AICrS; possibly endows itself with ferroelectric
property, making it a candidate for multiferroic materials,
which deserve further investigation.

Bl DISCUSSION

We discuss several aspects in designing layered materials. First,
multilayer functional layered materials can be tried by utilizing
the database because we only stack two charged building
blocks and the new structures we designed here contain only
one functional building block. Second, this layer-by-layer
stacking method is beneficial for designing multiple elemental
materials, e.g.,, ternary, quaternary, and quinary compounds,
because the Born—Oppenheimer energy surface of them is
complicated. Stacking these building blocks is possibly a fast
way to find potential stable/metastable layered materials with
multiple elements, and we indeed find plenty of materials with
more than four elements (Figure 3a). Third, this design
method by stacking of building blocks not only is applicable for
2D building blocks but also can be extended to 1D and 0D
building blocks. Besides, heterodimensional building blocks
can also be tried to make a crystal, e.g,, 2D + 1D building
blocks.*>*

In conclusion, we have demonstrated an effective workflow
to design functional materials by stacking of two-dimensional
charged building blocks with commensurate lattice and charge
balance. This method is conducted based on our constructed
two-dimensional building block database. It contains 1208
building blocks which display versatility in terms of prototypes,
crystal systems, elemental distributions, and functionalities. We
discover 353 energetically favorable and lattice-dynamically
stable structures by stacking of these building blocks with the
help of density functional calculations. Moreover, we find
superconductors CaAlSiF/Ba,F,PtAs, a bipolar ferromagnetic
semiconductor Na,CulO4 with valley polarization, and a
topological material LaRhGeO among them. Other functional
materials with inherited/enhanced/emergent performance are
still waiting to be exploited. This layer-by-layer stacking
strategy also provides an alternative route for exploring
multifunctional, multielemental, and heterodimensional mate-
rials.
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