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In this work, we expand the set of known layered compounds to include ionic layeredmaterials, which are well

known for superconducting, thermoelectric, and battery applications. Focusing on known ternary compounds

from the ICSD, we screen for ionic layered structures by expanding upon our previously developed algorithm

for identification of van der Waals (vdW) layered structures, thus identifying over 1500 ionic layered

compounds. Since vdW layered structures can be chemically mutated to form ionic layered structures, we

have developed a methodology to structurally link binary vdW to ternary ionic layered materials. We

perform an in-depth analysis of similarities and differences between these two classes of layered systems

and assess the interplay between layer geometry and bond strength with a study of the elastic anisotropy.

We observe a rich variety of anisotropic behavior in which the layering direction alone is not a simple

predictor of elastic anisotropy. Our results enable discovery of new layered materials through intercalation

or de-intercalation of vdW or ionic layered systems, respectively, as well as lay the groundwork for studies

of anisotropic transport phenomena such as sound propagation or lattice thermal conductivity.

1 Introduction

van der Waals (vdW) layered materials have served as elec-

trodes, thermoelectrics, optoelectronics, substrates, and as

precursors for 2D materials.1,1–14 The chemistry of known vdW

materials is diverse, ranging from simple unaries and binaries

(e.g. graphite, SnSe, Bi2Te3) to complex multinaries (e.g. LiCoO2,

BiCuOSe).6,15–18 Fig. 1a and b show two example crystal struc-

tures of well-known vdW layered materials. Although individual

structures have been known for decades, the classication and

large-scale compilation of vdW layered structures came

surprisingly late.6,7,11,15,19 These large scale classications were

enabled by automated identication algorithms utilizing either

topology scaling7,11,15 or slab cutting approaches.6 Such classi-

cation enabled the high-throughput computational screening

of vdW layered materials with properties tailored for thermo-

electrics, hydrogen production, photocatalytic, and micro and

nanoelectronic applications.2,6,12–15,20 These efforts have led to

the investigation of unconventional vdW layered materials such

as ZrTe5,
6 MoWSeS,5,13 and PdTe2.

2,9,11,20 Additionally, the clas-

sication is useful for identication of exfoliatable bulk mate-

rials which are precursors for 2D materials.2,7,9,11,13,15

In contrast to vdW layered materials, the classication of

layered materials with stronger (e.g. ionic) interlayer bonding has

only recently been investigated. The singular example is the

extension of the topology scaling method to screen Na-containing

materials for battery applications.21Therein, the layers are ionically

bound by the electropositive Na cation. The procedure involves

selective removal of Na atoms from the structure and analysis of

the pseudo-structure with the topology scaling method.15 This

yielded 150 candidate layered structures with Na “spacer” atoms

between the layers. In this work, we refer to the interlayer atom as

the “spacer”; hereaer, we refer to these materials as “ionic

layered” to distinguish them from vdW layered materials.

Beyond electrochemical applications, ionic layered materials

are also known for their remarkable electronic and phonon

properties. Fig. 1c and d highlight two example structures of

ionic layered materials: CaZn2Sb2, which is a well-known ther-

moelectric material22–26 and La2CuO4, a superconducting mate-

rial.27–30 Within thermoelectrics, ionic layered materials offer the

opportunity to decouple electron and phonon transport owing to

their inherent anisotropy. In cuprate superconductors, such as

La2CuO4 and similar, anisotropy also plays a critical role as the

superconductivity is shown to occur within a single CuO2 layer.
31

Ionic layered materials can also serve as precursors for exotic 2D

materials through physical or chemical exfoliation (e.g. MAX

structure to MXene structure conversion).19,32

Many ternary ionic layered materials are structurally related

to binary vdW layered materials through the removal of the

spacers. Such pairs include TiS3 and KTh2Te6,
33 BN and
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KSnSb,34–36 andMXenes withMAX phase structure types.19,32 The

properties of these structural pairs may exhibit similar features

and enable comparative studies between ionic and vdW layered

materials. Such pairs may likewise enable unusual or meta-

stable reactions through intercalation/de-intercalation of the

spacer. To our knowledge, no large-scale classication of these

vdW-ionic pairs has been conducted.

In this paper, we utilize systematic classication of layered

materials to further explore the relationship between vdW

binary and ternary ionic layered materials. We begin by vali-

dating a slab cutting-based approach to identify ionic layered

materials; applying this to �8000 ternary structures from the

Inorganic Crystal Structure Database (ICSD)37 yields 1577 ionic

layered materials. To link binary vdW structures6 to ternary

ionic analogs, we analyze the stoichiometry, symmetry, and

local coordination of potential pairs. The analysis of the corre-

sponding crystal structures reveals that less than half of the

ternary ionic layered materials are analogs of binary vdW

prototypes. To understand the connection between intra/

interlayer bonding and elastic properties, we conduct a broad

assessment and analysis of the elastic anisotropy of ternary

ionic layered structures and previously published vdW data.38

Elastic anisotropy provides insights into the topology and

strength of chemical bonding as well as anisotropy in transport

and mechanical properties, such thermal conductivity and

sound velocity. We nd that the ionic layered materials are

overall more isotropic than the vdW layered materials; however,

the overall range of anisotropy spanned by both groups of

layered materials is similar. We discuss several examples to

demonstrate the relationship between binary vdW layered

materials and ternary ionic layered materials as well as high-

light several unique manifestations of elastic anisotropy. This

material dataset provides a foundation to pursue further studies

of transport phenomena in layered materials.

2 Computational methodology
2.1 Identication of ionic layered materials

We dene a ternary ionic layered material as being formed of

individual binary layers that are separated by a spacer element.

If the spacer atoms are removed, the remaining pseudo-binary

structure will contain relatively large spatial gaps orthogonal

to the layering direction, much like in a vdW layered structure.

To identify ionic layered materials from known crystal struc-

tures we utilize a previously developed algorithm used to

identify vdW layered materials.6

To determine if a structure is ionic layered, one needs to: (i)

remove one atom type and construct the corresponding pseudo-

binary structure, (ii) perform slab cutting in various directions

dened by the appropriately chosen set ofMiller indices (hkl), (iii)

for each (hkl), select a termination that minimizes the under-

coordination (number of broken bonds) of the surface atoms

relative to their coordination in the bulk, and nally, (iv) count

the number of broken bonds for every (hkl). Then, if for exactly

one choice of (hkl) there is a termination that produces zero

undercoordination of the surface atoms, the algorithm identies

the pseudo-binary structure as quasi-2D with (hkl) layering

direction and the removed atom type is labeled as the spacer

element. If there is more than one choice of (hkl), the pseudo-

binary structure is of lower dimension, i.e., for two inequivalent

(hkl) the structure consists of quasi-1D chains separated by

spacers, or for three or more inequivalent (hkl) the structure

consists of isolated clusters of atoms separated by spacers (quasi-

0D). Alternatively, the structure is three dimensional if the cutting

routine cannot nd any (hkl) that fullls the above criteria.

A schematic of the identication procedure is shown in

Fig. 2. For a given ternary material, three pseudo-binary struc-

tures are created by removing each element in turn. For every

pseudo-binary structure a slab cutting routine is applied for all

symmetry inequivalent Miller indices with �3 # hkl # 3. The

cutting routine is constructed specically to nd the surface

termination that minimizes the undercoordination of surface

atoms relative to their coordination in the bulk. This is done by

interchanging positions of surface (undercoordinated) atoms

from the bottom to the top of the slab and vice versa by applying

the appropriate lattice vector until the undercoordination is

minimized. Undercoordination is determined relative to the

number of rst-shell neighbors in the bulk, which is calculated

by counting atoms that are separated from the central atom

within a spherical shell. The thickness of the shell is dened as

d + tol, where d is the distance to the rst nearest neighbor and

tol is an adjustable tolerance factor, which is set to 0.3 Å. We

Fig. 1 Crystal structures of binary vdW layeredmaterials: (a) MoS2 and (b) SnSe. Crystal structures of ternary ionic layeredmaterials: (c) CaZn2Sb2,
where the Zn2Sb2 layers are separated by Ca cations, and (d) CuLa2O4, where the CuO4 layers are separated by La cations. In ionic layered
structures, the atoms that separate the layers (Ca, La) are referred to as “spacers”.

This journal is © The Royal Society of Chemistry 2018 J. Mater. Chem. A, 2018, 6, 15828–15838 | 15829
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have previously used a tolerance factor of 0.3 Å in the successful

identication of binary vdW layered materials.6 In this way one

can construct correct terminations of both at and very corru-

gated surfaces. In the next step, the algorithm counts the

number of (hkl) sets that result in zero undercoordination and

classies the pseudo-structure accordingly. The surface cutting

routine has been successfully employed to obtain realistic

surface structures of various surfaces of different inorganic

solids for the purpose of calculating their electronic structure

and surface dipoles.39,40

In order to compare the ionic layered materials with the

prototypical binary vdW layered materials, we constrained our

search space to ternary chemistries from the ICSD.37 In total, we

considered 8939 stoichiometric and ordered ternary materials

(AxByCz) from the ICSD with chemistries excluding the rare

earths (except La) for computational convenience.‡ Out of the

8939, our identication algorithm revealed 1840 ternary ionic

layered structures.

In many cases, the algorithm will identify more than one

element from the ternary chemistry which can act as a spacer,

and consequently two possible pseudo-binary structures. In

such cases, we label the most electropositive element as the

primary spacer, since the majority of the known ionic layered

systems occur with a cation acting as the spacer.32,41,42

2.2 Determination of ionic layered-vdW pairs

Because ternary ionic layered structures are sometimes known

analogs of binary vdW layered materials,33 we have created an

automated algorithm that identies this relationship. This

algorithm works by comparing every identied ternary ionic

material to every binary vdW layered material.

The algorithm rst removes the identied spacer to re-create

the pseudo-binary structure found in the identication routine

(in the case of multiple identied spacers, we use each possible

pseudo-binary structure). A vdW binary and the ionic pseudo-

binary structure are matched if they are equivalent on three

criteria: (i) stoichiometry, (ii) space group, and (iii) average rst

shell coordination number. For computational efficiency, we

rst check the pseudo-binary structure stoichiometry against

each binary vdW stoichiometry. If there is a match, we then

compare the space group of the pseudo-binary structure to the

vdW binary space group. Only if both the stoichiometry and the

space group match do we compare the average rst shell coor-

dination number. If all three criteria are a match, we identify

the binary vdW layered material as an analog of the ternary

ionic layered material.

2.3 High-throughput assessment of stability and anisotropy

In order to assess the effects of the different bonding mecha-

nisms (vdW vs. ionic), we investigate the elastic properties of the

binary vdW and the ternary ionic layered materials. The elastic

tensor (Cijnm) is a rank-4 tensor, which relates the induced strain

tensor (sij) to an applied stress tensor (3nm) in the following way:

sij ¼

X

nm

Cijnm3nm: (1)

With the help of symmetry properties of the elastic tensor,

the 81 component rank-4 tensor can be represented as a 6 � 6

matrix in the Voigt notation43
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A general method for identifying stable materials is to look at

the full phonon dispersion and determine if any frequencies are

imaginary, u2 < 0. An imaginary phonon frequency corresponds

to exponentially increasing amplitude in response to

Fig. 2 Schematic of the algorithm for identifying ionic layered materials.
For a given ternary structure, three pseudo-binary structures are
generated by removing element of each type. Using a previously-
developed algorithm, each of the pseudo-binary structures are classified
as 3D, quasi-2D, -1D, or -0D. If one ormore pseudo-binary structures are
quasi-2D, the ternary compound is classified as an ionic layered material.

‡ We avoid the f-electron materials because DFT is known to be highly inaccurate

in describing the electron correlation in f-electron systems and also suffers from

convergence issues due to the highly localized f-electron states.
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oscillation.44,45 However, calculations of the full phonon

dispersion are not conducive to high-throughput applications.

Since most instabilities occur at small~q (i.e. long wavelength),44

we assess the stability using a two-fold approach. First, we use

the Born stability criteria to assess the stability from the elastic

tensor. Because the elastic tensor is derived from the linear

approximation of the stress–strain relationship, the compo-

nents are related to the dispersion curves for low energy

acoustic phonons.46–50 According to the Born stability criteria,

elastically stable materials will always have positive eigenvalues

of the 6 � 6 elastic matrix, meaning that elastically stable

materials always have positive elastic energy for arbitrary

homogeneous deformation by an innitesimal strain.44,48–50

Uelast ¼
1

2
V0

X

6

i;j¼1

Cijeiej þO
�

e3
�

(3)

Negative eigenvalues of the elastic tensor imply that Uelast

can be negative for an implied strain, which leads to unphysical

manifestations, such as negative directional Young's

modulus.44,46

In addition to examining the elastic tensor, we also calculate

all optical phonon frequencies at the G point and identify any

material as unstable which has an imaginary optical phonon

frequency at the G point.While it is possible for amaterial to have

an imaginary phonon frequency at q point other than G, such

instabilities are less frequent. Our method accounts for common

instabilities without sacricing computational efficiency for rare

cases. Out of the 1840 identied ternary ionic layered materials,

we determine 1577 to be stable within this criteria.

Given the layered nature of the compounds under consid-

eration, the expectation is that many will exhibit a signicant

degree of anisotropy. For the purpose of assessing the anisot-

ropy of layered systems, we evaluate the universal anisotropy

index (AU) for each compound.51 Calculation of the universal

elastic anisotropy index (AU) makes use of the upper (Voigt) and

lower (Reuss) bounds to the isotropic bulk and shear

moduli.43,51–53

AU ¼
BV

BR

þ 5
GV

GR

� 6. 0: (4)

This measure adopts values close to 0 for isotropic materials

and values larger than 1 as those displaying pronounced elastic

anisotropy. We also compute the directional Young's modulus

E, which represents the response of a material to axial stresses,

in every direction for in order to get a sense of the directional

variation of the elastic properties. The directional Young's

modulus is calculated by rst nding the rank-4 compliance

tensor (S¼ C�1).52,54 The directional Young's modulus along any

unit vector, u⃑ can then be found by:

1

E
�

~u
� ¼

X

ijkl

Sijkluiujukul : (5)

Computing the Young's modulus over a large, evenly

distributed set of directions, we nd the relative variation of the

Young's modulus by dividing the angular standard deviation by

the angular average, which can serve as a useful comparison

metric with AU.

The starting structures are obtained from the ICSD.37 We

consider ordered, stoichiometric (integer occupancy of Wyckoff

positions) structures with up to 50 atoms in the primitive cell.

Structures with partial occupancy are not considered in this

study; such structures would require modeling disorder, which

is beyond the scope of this study. We consider both experi-

mental and theoretically proposed structures present in the

ICSD. Structural relaxation, calculation of elastic tensor and

phonon frequencies (at G) are performed using the Vienna Ab

initio Simulation Package (VASP)55,56 with projector augmented

waves (PAW)57,58 in the generalized gradient approximation

using the Perdew–Burke–Ernzerhof (PBE)59 exchange–correla-

tion functional. All calculations are performed with a plane

wave cutoff energy of 520 eV and a fairly dense G-centered k-

point grid of 1000 per inverse atom is used for all materials.60

While the ternary ionic layered structures are relaxed with

standard GGA-PBE functionals, binary vdW materials were

previously relaxed using a vdW-corrected exchange–correlation

functional (optB86) to correctly account for the long-range vdW

interactions.6,38,61,62 In vdW layered materials, the layers are held

together by long-range dispersion interactions, which are not

appropriately described by standard exchange–correlation

functionals such as LDA and GGA.61,62 We have previously

shown that a vdW-corrected functional such as optB86 predicts

lattice constants and elastic properties (bulk modulus) more

accurately in vdW layered materials.6,38 In ionic layered mate-

rials, the layers are held together by ionic/covalent bonds with

the spacer atoms rather than vdW interactions. As such, stan-

dard functionals are suitable for this class of layered materials.

Elastic tensors are calculated with a nite difference method, in

which six nite distortions of the lattice are performed and the

elastic constants (Cij) are derived from the stress–strain rela-

tionship, yielding the full elastic tensor.38,63,64 Calculations are

handled within the python-based high-throughput framework,

PyLada.65

3 Results and discussion

To assess the accuracy of the algorithm in identifying ionic

layered materials, we manually assess a large number of the

classied structures and nd that well-known materials such as

CaZn2Sb2, LiMnO2, CuLa2O4 were correctly identied. Addi-

tionally, the algorithm also correctly classies ionic layered

materials with more complex structures (e.g. RbV3O8, BaClF).

Likewise, our algorithm also identies the Na-containing ionic

layered materials reported in ref. 21, including NaZnP, NaCoO2,

Na2ZrSe3, and NaTiS2, providing further condence in the

accuracy of the algorithm.

For systems with ambiguity in terms of their classication

(i.e., layered vs. not), the tolerance factor (see Section 2.1) can

lead to arbitrary classication. Materials which could be

perceived as quasi-one dimensional can be misidentied as

This journal is © The Royal Society of Chemistry 2018 J. Mater. Chem. A, 2018, 6, 15828–15838 | 15831
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layered if within the rst coordination shell the algorithm

detects bonding between the chains. Examples include BaVS3,

TiMo6Se8, and KCuCl3. Conversely, for materials where the

layering is subtle, the materials may not be identied as layered

(e.g. SrZn2Ge2, CaClF, and LaTiO3). When incorrect classica-

tion was observed by visual inspection of the structure,

compounds were manually reclassied. We note that all search

methods constructed to use solely geometric features suffer

from the ambiguity of dening bond lengths.

3.1 Distribution of identied spacer elements

As constructed, the slab cutting algorithm is agnostic to the

chemistry of the “spacer” element. The chemical identity of the

spacer is thus found to vary widely, as shown in Fig. 3. As stated

previously, in the case of multiple identied spacer elements,

we choose the most electropositive element as the primary

spacer. In Fig. 3a, we show the distribution of primary spacers.

In the Fig. 3b, we show all identied spacers (those with two or

three identied spacer elements are double and triple counted).

The occurrence of multiple spacer elements is highlighted in

progression through Fig. 3c–e.

Of the 1577 compounds, 774 had at least two identied

spacers and 151 compounds had all the three elements as

spacers. We nd that for the 1577 identied compounds, 59%

of the primary spacers come from the groups I–III of the peri-

odic table as shown in Fig. 3, which drops to 39% when we

include all identied spacers. The top six most frequent are Ca,

Ba, Sr, La, K, and O, each appearing over 100 times. The

observation of cationic spacers as dominating is consistent with

well known expectations for ionic layered materials. Many of

these materials with spacers in groups I–III are Zintl or polar

intermetallics (e.g. Sc6PdTe2, CaBe2Ge2).
66,67 Perhaps less

appreciated are the layered structures with electronegative

spacers. Examples such as ClCa2N and I3La5Si5 have halogen

spacers and polycationic slabs. These ternary structures tend to

cap the polycationic slabs with the most electropositive

element, in contrast to the binary vdW layered materials and

many ternary Zintl materials. In between the highly electro-

negative and electropositive spacers, we were surprised to see

a signicant minority of transition metal andmetalloid spacers.

For example, ZrVSi, TlCdS2, and AuCr3O8 are discussed below in

terms of their anisotropic elasticity.

3.2 Space group prevalence

The distribution of both sets of layered materials over the 230

space groups can be seen in Fig. 4. As expected, there are no

cubic structures within either of these groups. The binary vdW

layered compounds crystallize in 51 different space groups, but

65% reside within the top 9 (labeled in the gure). The ternary

ionic layered compounds crystallize in 84 different space

groups; however, as with the binary vdW layered materials, 67%

reside with the top 9 (labeled).

The most prevalent vdW space group is the trigonal P�3m1

(164), with 58 out the 347 compounds. The majority of these

compounds (49 of 58) are of the A1B2 stoichiometry, like the

structure type CdI2 as shown. The most populous ionic space

group is the tetragonal I4/mmm (139), with 261 compounds. The

A1B2C2 stoichiometry dominates this space group, with 179 of

the 261 having this structure. The corresponding structure type

for these compounds is BaZn2P2, with Ba as the large cation

spacer between the Zn2P2 layers. These BaZn2P2 compounds are

different from the A1B2C2 Zintl thermoelectrics referenced in

Fig. 3 Frequency of spacer elements. (a) Primary spacers (the most
electropositive element in the case of multiple spacers). (b) All iden-
tified spacers, including all identified spacers in the case of multiple
spacers. Example crystal structures with (c) one (BaNi4O8), (d) two
(KMnAs), and (e) three (La4Se3O4) spacers.

Table 1 Crystal system distribution (in percentage) of binary (3440),
ternary (8939), binary vdW layered (347), and ternary ionic layered
(1577) structures reported in the ICSD (stoichiometric and ordered
structures). The distribution of vdW and ionic layered structures are
expressed as percentages of binary and ternary structures in the ICSD,
respectively. While binary vdW compounds are predominantly found in
trigonal structures, ternary ionic layered compounds are found in
tetragonal structures

Crystal system Binary ICSD Ternary ICSD

Binary

vdW Ternary ionic

Triclinic 1.3 3.2 1.1 0.6

Monoclinic 14.2 19.6 18.2 12.9

Orthorhombic 23.2 27.6 18.2 24.2

Tetragonal 14.8 16.4 13.0 31.7
Trigonal 11.0 10.5 38.9 17.5

Hexagonal 14.6 9.7 10.7 13.1

Cubic 20.8 12.9 0.0 0.0

15832 | J. Mater. Chem. A, 2018, 6, 15828–15838 This journal is © The Royal Society of Chemistry 2018

Journal of Materials Chemistry A Paper

P
u
b
li

sh
ed

 o
n
 2

6
 J

u
ly

 2
0
1
8
. 
D

o
w

n
lo

ad
ed

 b
y
 C

o
lo

ra
d
o
 S

ch
o
o
l 

o
f 

M
in

es
 o

n
 1

0
/2

9
/2

0
1
9
 5

:1
5
:5

9
 P

M
. 

View Article Online



the introduction, which are contained in the trigonal space

group P�3m1 (164).25

Compounds of the PbClF structure type in space group P4/

nmm (129) are an interesting example of spacer to layer

bonding. BaClF, shown in Fig. 4, has layers in which the spacer

atoms are inside of the layers. The Ba atoms sit in pockets

within the layer and can bond to Cl atoms directly across in the

opposite layers, creating shorter interlayer bonds than were

possible before the addition of the spacer element.

A frequent space group in both sets is the hexagonal group

P63/mmc (194). The vdW materials in this group consist almost

entirely of binary analogs to graphite, such as BN. The ionic

ternary materials in this space group are almost all intercalated

BN-like structures with A1B1C1 stoichiometry, like the structure

type ZrBeSi shown in 4. For ternary ionic layered structures in

this space group which are not A1B1C1, we nd known Mn+1AXn

phase materials (where M is an early transition metal, A is

a group 13 or 14 element, X is C or N, and n¼ 1, 2, or 3), such as

Ti2AlN and Ti4AlN3.
19,68

The orthorhombic space group Pnma (62) represents a rela-

tively large class of ionic layered systems with very few vdW

analogs. Most compounds in this space group exhibit the

A1B1C3 distorted perovskite structure (structure type GdFeO3),

many of which are known ferroelectrics.69,70 Fig. 4 shows YFeO3,

where Fe is the spacer atom. Here, the bonds are drawn between

Y–O to highlight the layering. While it is debatable as to whether

or not these perovskites should be included, we choose to leave

them in because the structural distortion leads to anisotropy.

For comparison, the cubic perovskites are not identied as ionic

layered. Space group 62 is also frequent amongst vdW mate-

rials; however, the majority of these materials are of the GeSe

structure with no analog among the ionic ternary materials.

The difference in crystal structure bias between vdW and

ionic groups can be seen in Table 1, where we report the crystal

structure distribution of both sets of layered materials as

compared to the binary and ternary compounds in the ICSD of

which they are subsets. Binary vdW layered materials most

frequently appear as trigonal structures, whereas ternary ionic

layered materials are more concentrated in tetragonal struc-

tures. The key result from the structural comparison of vdW

compounds to ionic compounds is that the overall distribution

of structures is signicantly different between the two groups,

Fig. 4 Histogram of space group distribution: (a) binary vdW layered, and (b) ternary ionic layered. Green bars indicate the number of materials
that form vdW–ionic pairs; white bars represent those that do not form pairs. The green lines indicate the pairing between vdW and ionic layered
materials. Representative crystal structures of several space groups are shown as insets.
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emphasizing that the ionic layered compounds are a structur-

ally distinct class of layered compounds.

3.3 Structural links between ionic and vdW materials

The comparison algorithm which matches ionic compounds to

vdW analogs reveal that out of 1577 ternary ionic layered

compounds, 686 have at least one binary vdW layered analog. Of

the 347 binary vdW layered compounds, only 209 were found to

have known ternary ionic layered derivatives. By comparing

every binary vdW layered material to every ternary ionic layered

material, we found 8551 matches. These results are shown

along with the distribution of space groups in Fig. 4. In all cases,

removing an atom preserves crystal symmetry. However, in two

materials (AgAlS2 and LiMnSe2), removal of the spacer atom

does change the space group from P3m1 (156) to P�3m1 (164).

These relationships are intriguing synthetically. In general,

vdW materials provide inspiration for new ionic layered mate-

rials through: (i) intercalation of known vdW compounds,

yielding potentially metastable ionic materials or (ii) the vdW

materials could serve as inspiration for the discovery of ionic

layered materials through direct ternary synthesis that incor-

porates a third element to serve as the spacer and associated

charge compensation within the slab. The identied vdW-ionic

layered pairs provide evidence that these structural relation-

ships are robust upon changes in bonding and can provide

synthetic guidance for the discovery of new compounds. Equally

intriguing are the ionic compounds that do not have a known

vdW analog; such structures suggest metastable vdW

compounds could be formed through de-intercalation. An

example of a structure which is unique to the ionic layered

ternary compounds is the La2CuO4 cuprate superconductor,

shown in Fig. 1. With La removed, the CuO4 layers (CuO2 planes

with additional O atoms above and below) that give rise to high-

temperature superconductivity27–31 have no analog among the

vdW systems. Finally, the vdW structures that lack ionic layered

pairs are particularly exciting in terms of discovering new

structure types inspired by the vdW binary base structures.

3.4 Elastic anisotropy

Having demonstrated the intrinsic structural differences between

ionic layered ternary materials and vdW layered binary materials,

we wish to understand the effect of aggregate differences in elastic

properties between these twomaterial classes. To begin, we utilize

the anisotropy index, AU as a metric for overall elastic anisotropy.

In Fig. 5a we assess agreement between the anisotropy index, AU,

and the relative standard deviation of the Young's modulus

computed in different directions. Given the strong trend between

AU and Estd/Eavg, we use AU henceforth as ametric of anisotropy. By

tting the guideline in Fig. 5a to a slope of one half, we nd that

generally Estd/Eavg f AU
1/2.

We see from Fig. 5a that AU for both ionic layered and vdW

layered varies from nearly isotropic (AU < 1) to highly anisotropic

(AU > 10). On average the vdW materials demonstrate a higher

degree of anisotropy than the set of ionic layered materials.

Only 17% of the vdW binary layered materials have AU < 1, while

69% of the ionic layeredmaterials have AU < 1. Nevertheless, 484

ternary ionic layered materials show signicant elastic anisot-

ropy (AU > 1).

The four example plots in Fig. 5a show the angular depen-

dence of the Young's modulus for ionic layered CaGa2P2,

La2CuO4 and AgSbO3, and the well-known vdW layered hexag-

onal MoS2. The more isotropic compound, CaGa2P2, with an

anisotropy index of 0.02, exhibits a nearly uniform directional

Young's modulus and an associated near-spherical polar plot of

Young's modulus. In contrast, we nd AU ¼ 7.55 for MoS2. The

resulting Young's modulus plot of this material shows a disk-

like shape with a high degree of stiffness within the layer (xy

plane), and very low stiffness across the layers (z direction).

In Fig. 5b, we show the ratio of the Young's modulus along

the layering direction (i.e., the out-of-plane Eout) to the average

Fig. 5 (a) The relative standard deviation of Young's modulus as
a function of the anisotropy index, AU. Polar plots of Young's modulus
of CaGa2P2, La2CuO4, MoS2, and AgSbO3 are shown as insets. Both the
radius and color in the polar plots represent the magnitude (in GPa) of
Young's modulus in a given direction. (b) The ratio of out-of-plane to
in-plane Young's modulus (Eout/Ein) vs. AU. Ternary ionic layered
materials are shown in blue while binary vdW layered materials in
orange.
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Young's modulus in the plane of the layers (Ein). As expected,

materials with small AU have little difference in Eout vs. Ein.

However, for systems with high AU we nd little trend with Eout/

Ein for both vdW and ionic materials. On one extreme, NaBeSb

and BN are weakly bonded between the layers. More surprising,

a multitude of materials are found with stiff cross-plane

bonding (e.g. TlCdS2, ZrVSi). In aggregate, we nd Eout/Ein > 1

for 17.2% and 33.2% for vdW and ionic layered materials,

respectively. The following sections consider case examples to

explore the relationship between chemical structure, bonding,

and anisotropy.

3.5 Case examples: VdW–ionic pairs

We consider three of the ionic layered structures (NaBeSb,

ZrVSi, and TlCdS2) for further investigation. These compounds

were chosen because (i) they span a relatively large range of Eout/

Ein and (ii) they are analogs to the vdW layered materials BN,

SnO, and PtS2 respectively. The polar Young's modulus plots for

these vdW and ionic layered pairs are shown in Fig. 6. The

elastic anisotropy in these and any other considered material

can be understood in terms of the directions along which the

axial deformations directly affect the length of chemical bonds

(stiff), angles between chemical bonds (less stiff) or imply rigid

rotations of bonding patterns (least stiff).

Hexagonal boron nitride (h-BN) is known for its relatively

strong in-plane B–N chemical bonds leading to a pronounced

anisotropy in the Young's modulus. The corresponding polar

plot is an extremely thin disk, reecting the large difference

between the intralayer and the interlayer bonding (Eout/Ein of

0.04) as well as in-plane isotropy of the honeycomb lattice. The

ternary ionic layered analog, NaBeSb (KZnAs structure type,

shown below BN), contains hexagonal sheets of BeSb separated

by Na ion spacers. As we see with the Young's modulus plot,

there is little difference in the qualitative nature of the angular

dependence. However, the ionic bonding between layers leads

to signicant increase in Eout/Ein to 0.3. Considering all

compounds of the KZnAs structure type, we nd a Eout/Ein range

of 0.3 to 2.1 (NaBeSb to LaPdSb). This illustrates an important

feature of the ionic layered materials: that they can allow

signicant chemical tuning of the in-plane vs. out-of-plane

elastic anisotropy, which is more difficult to achieve in vdW

systems.

For the next case example, we investigate tetragonal ZrVSi

(ZrSSi structure type) and its vdW pair SnO to consider the

impact of in-plane bonding on elastic properties. Here, the slab

is built from planar, square nets of O or V, decorated above and

below by Sn and Si, respectively. For SnO, compression in-plane

along the O–O nearest neighbor directions yields coulombic

repulsion between the oxygen anions as the bond length

shrinks, yielding directions of maximum stiffness. In contrast,

compression along diagonals predominately changes bond

angles between Sn–O rather than bond lengths and results in

a far soer elastic response. Similar behavior in-plane is seen

for ZrVSi; however, the stronger out-of-plane bonding between

the layers in ZrVSi causes the Young's modulus to approach the

in-plane values, unlike in the analogous vdW system.

In the TlCdS2–PtS2 pairing, both materials have in-plane

elastic behavior which reect the bonding angles between the

transition metal, Cd or Pt, and sulfur. The directions of

maximum stiffness for PtS2 lie along these six directions, since

compression along any of these directions changes the Pt–S

bond length. This same in-plane pattern can be seen in TlCd2;

however, Tl is also 6-fold bonded to sulfur, leading to strong

interlayer bonding. In this case, the out-of-plane Young's

modulus is signicantly stronger than the in-plane values,

yielding an unusual layered material which is much stiffer

across the layers than in the plane of the layers.

3.6 Case examples: structures without pairs

To highlight the diversity of anisotropic elasticity in layered

materials, we consider several additional case examples. Fig. 7

shows one vdW material (As2O4) and three ionic materials

(NaBPt3, RbV3O8 and AuCr3O8) which are unique layered

materials without analog in the other set. The main features of

Fig. 6 Case examples of layeredmaterials that form vdW–ionic pairs. For eachmaterial, the crystal structure and polar plot of Young'smodulus is
shown. (a and b) BN, NaBeSb, (c and d) SnO, ZrVSi, and (e and f) PtS2, TlCdS2. Both the radius and color in the polar plots represent the magnitude
(in GPa) of Young's modulus in a given direction.
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the directional behavior of Young's modulus in these materials

indicate complex and counterintuitive elastic anisotropy.

We start by choosing a highly corrugated vdW layered binary,

As2O4. This material exhibits a “needle”-like Young's modulus

polar plot, with one direction exhibiting a maximum value.

However, the direction of high stiffness is perpendicular to the

layering direction, along the ridges of the corrugations. This

Young's modulus plot has very low values both across the layers,

as expected, but also across the corrugations.

NaBPt3 also exhibits a “needle”-like polar Young's modulus

plot. In this case, the direction of maximum stiffness is

perpendicular to the plane of the layers, which is due to the

spacer–spacer (Na–Na) bonds that exist both between the layers

and within the layers. Namely, in this structure the chains of Na

atoms pass through the hexagonal holes in the BPt3 layers,

creating quasi-1D chains of Na passing through the BPt3 layers.

In the RbV3O8 and AuCr3O8 the more complex layer structures

in combination with signicant spacer–layer interactions lead to

very complex and unique directional behavior of their Young's

moduli. In the Young's modulus plots for both RbV3O8 and

AuCr3O8, we see an out-of-plane crest directed along an angle

corresponding to the bonding angle between the spacer element

and oxygen. The in-plane elastic behavior is highly anisotropic for

both materials. In RbV3O8, the layers are corrugated sheets,

leading to a stiff direction along the ridge of the corrugations and

a so direction across the corrugations. In AuCr3O8, the Cr3O8,

the layers are formed from very loosely bound octahedra and

tetrahedra, leading to extremely so in-plane elasticity.

4 Conclusions

In this work, we have signicantly expanded the set of identied

layered materials through the addition of the ternary ionic

layered compounds. Additionally, we have structurally matched

ternary ionic layered materials to their binary vdW pairs. Where

links exist, chemical tuning of the spacer element can be lead to

the desired elastic anisotropy. The absence of a link presents

opportunities for exploration of new materials obtained by

insertion or removal of spacer elements in vdW and ionic

layered materials, respectively. Our calculations reveal a diverse

range of elastic anisotropy in both vdW and ionic layered

materials. We show that the majority of ionic layered materials

are elastically more isotropic than vdW layered materials.

Nevertheless, a large population of ternary ionic layered mate-

rials exhibit highly anisotropic elastic properties, which make

them interesting candidates for thermoelectric and super-

conducting applications. Further analysis of the elastic prop-

erties, in conjunction with the structural and chemical features,

using techniques such as machine learning will likely throw

light on the fundamental driving factors for anisotropy in these

classes of layered materials. This work lays the foundation for

further exploration of anisotropy in application-relevant prop-

erties such as thermal conductivity and carrier mobilities.
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