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In this paper we investigate the relationship between the conductivity effective mass and exfoliation
energy of materials to assess whether automatic sampling of the electron band structure can predict
the presence of and ease of separating chemically bonded layers. We assess 22 976 materials from the
Materials Project database, screen for only those that are thermodynamically stable and identify the
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1000 materials with the highest standard deviation for p-type and the 1000 materials with the highest
standard deviation for n-type internal conductivity effective mass tensors. We calculate the exfoliation
energy of these 2000 materials and report on the correlation between effective mass and exfoliation
energy. A relationship is found which is used to identify a previously unconsidered two-dimensional
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Introduction

For decades it was thought that two-dimensional crystals were
not possible,”* until the successful preparation of monolayer
graphene with mechanical exfoliation® proved that two-
dimensional planar crystal structures could be isolated.*®
These layers are not only stable but also exhibit remarkable
physical and chemical properties not found in their parent
materials.”® For example, the thermal conductivity of sus-
pended monolayer graphene is as high as 5000 W m™* K" as
measured by Raman spectroscopy, a value much higher than
that of bulk diamond or graphite.” Similarly, at room tempera-
ture, the carrier mobility in graphene can also reach much
higher values of up to 15000 cm> V™" s~ " and is less dependent
on temperature than in its bulk counterpart.'® Because of these
outstanding properties, graphene can be used in high-speed
electronics,’* optical devices,'” chemical sensors,'”"’ energy
production and storage,'>'*"> and DNA sequencing'®'” among
many other fields.

The successful preparation of graphene led to a growing
number of other two-dimensional materials being reported.'®
Similar to graphene, transition metal dichalcogenides (TMDs)
have been studied for some time, with the structure of TMDs
first reported by Linus and colleagues as early as 1923.'° By the
1960s, about 60 TMDs materials had been reported, of which at
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material and could streamline the modelling of other two-dimensional materials in the future.

least 40 exhibit layered structures,*® for example MoS,, MoSe,,
WS, and WSe,, among others. These layered crystals not only
have a thickness comparable to that of graphene, but addition-
ally have an intrinsic band gap, which gives them the potential
to be used in a new generation of small, low energy-consuming
transistor materials. The semiconductor industry is driven
by the continued reduction in transistor size, with Moore’s
law stating that the number of transistors that can fit on an
integrated circuit doubles approximately every eighteen
months.*" These days, the state-of-the-art silicon-based transis-
tor has all but reached its fundamental limit and, to further
break through the gate length of silicon-based field-effect
transistors,>® materials that can achieve smaller sizes than
silicon are sought. Two-dimensional (2D) materials have an
inherent advantage for transistor applications because they are
intrinsically stable at atomic thicknesses and still have robust
and well-characterized electrostatic properties.® In a study by
Xie et al. it was noted that in field effect transistors prepared
from MoS,, channel lengths of down to 4 nm could be reliably
achieved;** owing to the planar confinement of the 2D material
effectively suppressing short channel effects. By comparison,
the minimum channel length that can be achieved in state-of-
the-art silicon-based transistors is around 5 nm, which is
difficult to reduce further without the device failing.'® Thus,
it is expected that TMDs will be able to enable further reduction
in transistor size beyond the intrinsic limit of silicon.>®

There are also other 2D materials that have been success-
fully exfoliated from their parent materials apart from TMDs,
such as phosphole, arsenene, hexagonal boron nitride and
C;3N,, which have crystal structures similar to that of
graphene.”®?® In general, these 2D materials have great
potential for applications in sensors, batteries, transistors
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Fig. 1 Overview of the multiple possible applications of two-dimensional
materials in several fields.**

and many other fields, as shown in the Fig. 1. Therefore, there
is strong motivation to explore new two-dimensional materials
and as such, an expansion of the tools used by researchers to
identify and understand 2D materials is desirable for the
research community.

The varied nature of 2D materials has defied facile classifi-
cation thus far owing to the numerous atomic structures and
the myriad arrangements with which bonded layers may nestle
together. However, the poor bonding in the interlayer direction
should always be observable in the electronic band structure of
the material; see for example the band structures of the arche-
typal 2D materials WSe,, MoS,, WS, and MoSe, in Fig. 2.3° The
curvature of the bands is known to correlate with degree of
bonding and each of these materials has a noticeable contrac-
tion to flat bands in the specific path of the Brillouin zone that
corresponds to the interlayer crystallographic direction. This
band curvature is often quantified or expressed as conductivity
effective mass; with positive (p-type) charge effective mass
arising from the curvature in the occupied valence bands and
negative (n-type) charge effective mass arising from the curva-
ture of the unoccupied conduction bands. These days, publicly
available codes and open-source software exist that can calcu-
late the conductivity effective mass automatically and indeed
have already been deployed on repositories of many thousands
of materials.*" In this paper we assess whether such automated
analysis can recover the likelihood of 2D nature of a material
based on the conductivity effective masses arising from the
band structure by calculating the exfoliation energy of the two
thousand stable materials reported to have the most anisotro-
pic conductivity effective mass tensors.

Methods

There are two publicly available repositories that form the basis
of this work. First is the database of information on conductiv-
ity effective mass for 22 976 materials published by Ricci et al.*!
The second is the structures and values of energy above convex
hull from the Materials Project database.®> We use the energy
above convex hull as a metric of thermodynamic stability for
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Fig. 2 The band structures of (a) WSe; (b) MoS; (c) WS, and (d) MoSe,. The flat
bands that correspond to the weak inter-layer bonding are circled in each case.

the first screening criterion. Then, we cross-reference the
remaining stable materials with their corresponding values of
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Fig. 3 Material screening workflow diagram, showing the process of the
screening procedure used in this work. On the right is the representation
of property screened at each stage.** P and N refer to doping type and the
number corresponds to the number of candidates remaining.

conductivity effective masses of carriers in three crystallo-
graphic directions from the repository of Ricci et al. Next, we
eliminate any materials containing F-block elements due to
their scarcity. Finally, we select the one thousand materials
each of p-type and n-type that have the largest standard devia-
tion of effective mass. For these materials, we automatically
construct slabs and calculate their exfoliation energy with
density functional theory (DFT). Ultimately, we explore the
relationship between exfoliation energy and standard deviation
of the effective mass. A schematic of the screening workflow of
this paper is shown in Fig. 3.

The DFT calculations were performed using the Vienna Ab
initio Simulation Package (VASP) version 5.4.4,** which uses
the projector augmented wave (PAW) method for modelling
core and valence electrons.*>*® The Perdew-Burke-Enzerhof
(PBE) exchange correlational functional of the generalized
gradient approximation (GGA) was chosen.*””*® For the long-
range, non-local interactions that give rise to the van der Waals
force, the D-3 method correction proposed by Grimme was used
to describe the van der Waals interaction where indicated in
this work.*?*°

All of the VASP input files were automatically generated
using pymatgen “io.vasp.sets” module,*’ however the magnetic
moment of atoms and the spin polarization effect were not
considered to allow for convergence of structural relaxation of
slab calculations containing surface terminations.

The data of the conductivity effective masses was obtained
from the work of Ricci et al.,** which is based on the Boltzmann
transport theory. The BoltzTraP software was used to calculate
the conductivity, Seebeck coefficient, effective masses and other
transport properties of the materials. BoltzTrap uses the relaxa-
tion time approximation and the k-point interpolation method
based on a Fourier expansion to calculate conductivity effective
mass, which is dependent on temperature T and doping level.*!
In this work, the data we used were found at a temperature of
300 K and a doping concentration of 10'® ecm™>.

To create the slab structures for high-throughput ab initio
calculations, we developed a python code with the help of the
pymatgen toolkit to expand the relaxed crystal cell along the
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Fig. 4 (a) Representation of the calculation flow chart used to obtain
exfoliation energy. Ega, and Egpercen are the total energies from the
corresponding calculations used to calculate exfoliation energy. (b) An
example corresponding slab structure construction process for TiNCl
(mp-27850).

axis in which the effective mass has its largest value,*" so that
the unit cell length is not less than 15 A. Then, the code adds a
fake atom incrementally throughout the lattice space and
collects the distance from that atom to its closest other atom
(i.e. the nearest neighbour distance). After doing this 1600
times across the unit cell, the code reports back the position
of the fake atom that gives the maximum nearest neighbour
distance. Once the coordinates of fake atom have been deter-
mined, the code will pull the crystallographic supercell apart by
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10 A (to ensure that the periodic boundaries don’t allow the
surfaces to interact with themselves) along the high-effective
mass axis, creating a so-called slab. A summary of this process
and example slab construct can be seen in Fig. 4(b).

All of these slabs were subject to static calculations to obtain
internal energy without ionic relaxation at the PBE or PBE +
vdW level of theory. The exfoliation energy could then be
obtained by the formula:

Ef = (Eslab - Esupercell)/A (1)

On the left side of the equation E; is the exfoliation energy,
Egap on the right is the total energy from the slab structure and
Esupercen 15 the total energy from the supercell structure. The
distinction between slab and supercell models is that the slab
contains the supercell and the empty vacuum layer, implicitly
creating a surface that allows for the simulation of the exfolia-
tion process. A is the surface area of structure after relaxation.
Practically the exfoliation energy reflects the relative ease of
separating atomic layers of a material.

Results and discussion

Since, the inverse of the effective mass is the second-order
partial derivative of the energy on the k-point in the energy
band diagram dividing the square of the Planck constant; the
effective mass reflects the degree of dispersity or bending of the
electronic energy band. When the value of the effective mass is
very large, it indicates that the band is flat and barely diverges
at that point in the Brillouin zone, akin to the features of the
band structures shown in Fig. 2. Conversely, if the effective
mass value is low, there should be high dispersion of the bands
in that region of the Brillouin zone. We posit therefor that
a 2-dimensional material should exhibit a relatively high
conductivity effective mass in the inter-layer direction of a 2D
crystal and a relatively low effective mass in the two bonded
crystallographic directions. Overall, this behaviour should be
possible to capture and quantify in the single value of standard
deviation for the conductivity effective mass tensor.

Firstly, we identify the materials from the Materials Project
that present with an energy above convex hull of 0 eV.?> These
materials IDs are then cross-referenced with the publicly avail-
able database of calculated conductivity effective mass values of
Ricci et al.*" While the known examples of 2D materials have
band contraction in the conduction band (see Fig. 2), it may
not necessarily be the case for all 2D materials. As a result,
we consider datasets for both p- and n-type effective mass
in parallel.

Among the screening candidates identified to be on the
convex hull, 3938 n-type materials show their standard devia-
tion of effective mass less than one, which indicates that most
stable materials are electronically isotropic, as is perhaps to be
expected. By comparison however, the maximum standard
deviation of effective mass for n-type materials reaches an
outlandish 1910154. Such a huge standard deviation as this
is meaningless and arises as an artefact from the effective mass.
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Table 1 Values of effective mass determined by a least-squares fit along
the I'X[100], I'L[111] and I'K[110] directions. The experimental data is from
Vurgaftman et al. and the theoretical data is from Kim et al.*>** PBE,
MBJLDA and HSE are increasingly expensive levels of density functional
theory

Material Method 71 V2 V3
InP PBE 8.01 2.91 3.49
MBJLDA 4.53 1.28 1.80
HSE 5.27 1.63 2.14
Expt. 5.08 1.60 2.10
InAs MBJLDA 12.53 5.10 5.73
HSE 16.50 6.77 7.64
Expt. 20.00 8.50 9.20
InSb MBJLDA 22.26 9.47 10.31
MBJLDA 36.13 16.49 17.27
HSE 29.44 12.79 13.85
Expt. 34.80 15.50 16.50
GaAs PBE 15.29 6.16 6.96
MBJLDA 5.79 1.60 2.32
MBJLDA 7.45 2.37 3.12
HSE 7.51 2.22 3.07
Expt. 6.98 2.06 2.93
GaSb MBJLDA 10.13 3.27 4.26
HSE 12.69 4.31 5.43
Expt. 13.40 4.70 6.00

Because the derivative of a perfectly flat band is infinite, there is
no upper limit to the value that can be presented by the
standard deviation. What exactly is a high enough effective
mass for the band to be considered flat is entirely arbitrary
and so a heuristic approach is still needed. As examples for
comparison, we include experimentally reported values of
effective mass in Table 1.*>** We include more details on the
effective mass at a, b and ¢ crystallographic directions for
the selected 1000 p-type and 1000 n-type materials in the ESI{
(see Fig. S1 and S2).

Next, we identify both the 1000 materials with the highest
effective mass standard deviation for n-type doping and 1000 of
the highest for p-type doping. For these 2000 materials we
automatically create slab simulations and calculate exfoliation
energies for each. We do this for two levels of DFT: PBE and
PBE with van der Waals corrections (PBE + vdW); meaning a
total of four thousand data points. These are plotted as four
separate panels in Fig. 5 by taking the logarithm of the
exfoliation energy against a truncated standard deviation of
conductivity effective mass. Fig. 5a and b show the results
obtained for n-type materials at the PBE and PBE + vdW
functional levels, respectively. And Fig. 5c and d are the results
obtained for p-type materials at the PBE and PBE + vdW
functional levels, respectively. Detailed information on the
structure of these materials and related information, as well
as the structures that did not converge during the calculations,
can be found in the ESIt (see Fig. S3-S6).

From Fig. 5, we can see that the distribution characteristics
of the p-type and the n-type material scatters are very similar,
the data points are mainly concentrated in the lower left corner
and a few isolated points are distributed up the middle area of
the graphs. This relationship shows the expected behaviour
posited at the start of this paper - that as the standard deviation
of conductivity effective mass approaches zero the exfoliation

Phys. Chem. Chem. Phys., 2024, 26, 10520-10529 | 10523


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp00277f

Open Access Article. Published on 12 March 2024. Downloaded on 6/21/2026 1:55:52 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

N-type PBE

!
e 10'

.
- I
5
. . L 0
. b 3{, ° f, 21 o uco .
N ) . ‘. 2° & 0
200.0 400.0 600.0 800.0 1000.0 count
. Standard deviation of effective mass
LR I L LTI

o '
£ 1
Z 0
H

10°

2
b1 N-type PBE+vdW
g o
5 10’ !
H . :
s
2
5
<
2 %
& .
s
ki
. .
10° O ® 10
. s
vie et B
0 T Al -2 i 0
2000 400.0 600.0 800.0 1000.0 count
, Standard deviation of effective pex
2 l TINT
E
LR
8
10°
4
C1o P-type PBE

oo el s
3 3°%s s3] o
200.0 400.0 600.0 800.0 1000.0 count
. Standard deviation of effective mass

TF=annm
H
s
g o'

10°

P-type PBE+vdW 1

S
ave ¥ 03 3°°e4 o

0.0 200.0 400.0 600.0 800.0
Standard deviation of effective mass

mlrrnnnr M

Fig. 5 Exfoliation energy versus standard deviation of effective mass. The
exfoliation energies were calculated with PBE or PBE + vdW, (a) and (c)
show n- and p-type materials with PBE and (b) and (d) show n- and p-type
materials at PBE + vdW. The subplots show the count for the data on the
relevant axis.

1000.0 count

10524 | Phys. Chem. Chem. Phys., 2024, 26, 10520-10529

View Article Online

Paper

energy rises rapidly- indeed the exfoliation energy appears to
increase exponentially. The subplot on the right indicates that
most materials have a small exfoliation energy, even though we
selected those with the highest standard of effective mass from
all stable compounds. This observation is to be expected given
that of the many thousands of known materials, only a few
dozen two-dimensional materials have been successfully pre-
pared experimentally.** The subplot underneath each panel
shows similarly that most materials have a relatively low
standard deviation of effective mass. From this we can infer
that a material with a standard deviation of effective mass of
more than 100, for example, is already exceptional relative to
almost all known cases (see Fig. S7 for the interval distribution
of the conductivity effective mass for each of the 1000 materials
datasets, ESIT).

We also confirm this behaviour with the effect of van der
Waals interaction included for the exfoliation energy calcula-
tions for both n-type and p-type materials (images b and d in
Fig. 5). The effect of the vdW corrections serves to raise the
exfoliation energy values higher than those obtained using the
PBE functional, which is to be expected given that the instan-
taneous dipoles create forces of attraction and therefore make
materials harder to pull apart. The nature of the relationship
between exfoliation energy and effective mass standard devia-
tion remains unchanged at this higher level of theory. This is a
fortuitous result as it benefits the community to be able to
screen for 2D materials at as rapid a level of theory as possible.
However, we note that when the van der Waals interaction is
not considered, there are several materials that show negative
values for the exfoliation energy (see Fig. S8 in the ESIt for the
specific cases). This should not be possible, as negative exfolia-
tion energies imply that the structure of the material is
unstable prior to layer separation, even though we screened
for only thermodynamically stable materials. The expected
positive exfoliation energies are obtained when the total energy
of the structure is calculated considering van der Waals inter-
actions, however. As such, we encourage other researchers to
include van der Waals corrections in any future studies invol-
ving the calculation of exfoliation energies.

We note that there is a discrepancy between the values of
standard deviation of charge effective mass for the p- and n-type
datasets, observable in Fig. 5. Whereas the smallest standard
deviation for the n-type results is 5.14, the smallest value for the
p-type results is 31.1. This indicates that sampling the conduc-
tion band can give a broader range of values across the same set
of materials than does the valence band and is perhaps therefore
a more suitable resource for use in future screening. Once again,
this observation is somewhat intuitive and relatable to funda-
mental materials physics in that higher energy bands in general
are less likely to be strongly bonding when compared to lower
energy bands due to the shielding effects of the deeper core
states of the material. With less strong bonding, the bands are
likely to be relatively flatter and hence give rise to a greater
standard deviation for the charge effective mass tensor.

As a whole, we believe there is a clear relationship between
the two properties considered in this work. However, there are
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multiple outliers in the data which we investigate further. From
the datasets represented in Fig. 5, we take three p-type and
three n-type materials from the upper left, lower left and lower
right parts of the scatter plot as examples for further scrutiny.
The atomic structures for the n-type materials selected from
the top left, bottom left and bottom right of Fig. 5b are
shown in Fig. 6a, b and c respectively. The atomic structures
for the p-type materials selected from the top left, bottom left
and bottom right of Fig. 5d are shown in Fig. 6d, e and f,
respectively.

For the n-type materials, Fig. 6a (from the top left section of
Fig. 5b) is K,Ta,S;; which presents an atomic structure that
immediately appears not amenable to exfoliation. The anions
and cations are reasonably interspersed throughout the struc-
ture and there is a high density of bonds present. This is to be
expected given the compound’s position high on the graph, as
pulling apart oppositely charged ions and breaking bonds is
certain to lead to a high exfoliation energy. It is also in line with
the premise of the paper; since the material is to the left of the
graph it has a relatively isotropic charge effective mass tensor
yielding one of the lowest standard deviations of effective mass.
Fig. 6b shows the material BCl; that immediately seems quite
amenable to exfoliation and unsurprisingly presents in the
lower quadrant of the graph for exfoliation energy. Interestingly
this material was extracted as being relatively isotropic in
effective mass tensor. We believe that perhaps this can be
explained by an interaction between cations and anions in
the interlayer direction. It can be seen that the oppositely
charged ions almost eclipse one another when viewed along
the c axis, and so are likely to have electrostatic interactions
that can give rise to some degree of dispersion of the electronic
bands. Finally, Fig. 6c shows ScBrO a material that has both a
low exfoliation energy and high standard deviation of effective
mass. When contrasted with BCl;, it can be seen that this

Fig. 6 (a)—(c) Are the unit cells of three n-type materials from the upper
left, lower left and lower right zones of Fig. 5b respectively. (d)—(f) Are the
unit cells of three p-type materials from the upper left, lower left and lower
right zones of Fig. 5d respectively. Information about all these materials
can be found in Table 2.
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material does not have potential anion-cation interactions
between the layers, instead the structure is composed of anion
terminated bonded layers, similar to MoS,, MoSe,, WS, and
WSe, and we predict to be ScBrO to be an unequivocal two-
dimensional material. To the knowledge of the authors, this is
the first time this compound has been highlighted as a two-
dimensional material.

Fig. 6d-f are p-type materials selected from the top left,
bottom left and bottom right of Fig. 5d, respectively. Fig. 6d
shows the compound KRb,YF,, which, like K,Ta,S,; has a high
density of bonds and interspersed oppositely charged anions
that explain the high exfoliation energy. Fig. 6e shows the
compound TIF;, which does appear to be possible to separate
into constituent layers. Like BCl;, TIF; has potential interac-
tions between the cations and anions, visible as long bonds in
the centre of the unit cell in this case. We believe this explains
how the material (like BCl;) exhibits both a relatively isotropic
effective mass tensor and a relatively low exfoliation energy.
Finally, we again end with a material that has both a high
standard deviation of effective mass and a low exfoliation
energy in TiBrN. Again, like ScBrO, we believe this material is
highly likely to be an inherent 2D material as it has a bonded
layer structure, and these bonded layers are terminated in
anions as in the case of the archetypal 2D materials.

These two sets of sample materials, whose information is
summarized in Table 2, lends confidence to our initial premise,
that the conductivity effective mass tensor can provide a
summary of chemical structure and the likeliness of manifest-
ing a layered nature. Based on our results it seems that n-type
and p-type conductivity effective mass sampling perform
equally well in estimating 2D nature. Furthermore, we remind
the reader that our slabs were constructed without human
intervention. We believe these results also corroborate our
simplistic automated exfoliation approach.

Returning to the material TIF; (Fig. 6e), its ease of exfolia-
tion is perhaps surprising as at first glance there is no obvious
layered sub-structure (only upon closer inspection are the
elongated bonds noticeable: 2.42 vs. 2.15 angstroms). This
observation suggests that significant lattice gaps in the atomic
structure are not necessary for a material to have a small
exfoliation energy. Even if a bulk material does not exhibit
layered structure, it may have the potential to be stripped down
into a two-dimensional layer. In fact, non-van der Waals layered

Table 2 Properties of the layered materials shown in Fig. 6 and Fig. 2

Materials Space  Standard deviation Ef Doping-
Project ID Formula group  of effective mass (eV A™?) type
mp-18664*°>  K,Ta,S;; P1 7.005 20.739 n-type
mp-23184*®*" BCl, P6s/m  5.267 0.009  n-type
mp-546279*® ScBrO  Pmmn  1000.000 0.015  n-type
mp-7012*°  KRb,YFs P2,/c 31.408 21.638 p-type
mp-2632°°°"  TIF, Pnma  32.158 0.045  p-type
mp-27849°>°® TiBrN  Pmmn  1000.000 0.016  p-type
mp-2815°*°> MoS,  P6;/mmc 2.510 0.029  n-type
mp-9813°%°7 WS, R3m 0.320 0.037  n-type
mp-1634°*°% MoSe, P6s/mmc 5.869 0.028  p-type
mp-1821°°  WSe,  P6;/mmc 3.305 0.030  p-type
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materials have been successfully exfoliated recently in experi-
ment. Ilmenene, for example, has been exfoliated from the
naturally occurring titanite ore ilmenite (FeTiO;) by employing
liquid phase exfoliation in a dimethylformamide solvent by
ultrasonic bath sonication.®® Similarly, a new two-dimensional
material ‘hematene’ has been successfully obtained from the
natural iron ore hematite (a-Fe,O;), by means of liquid
exfoliation.®” Finally, In the work of Ma et al®® they report
successful exfoliate of stable monolayer wurtzite semi-
conductors from bulk materials that are non-vdW material
and show isotropic in three crystallographic directions. This
is a fascinating and surprising new avenue of research in the
field of 2D materials, and it is hoped that the tools and data
presented in this work can be brought to bear in understanding
this new phenomenon in future work.

It should also be noted that theoretical tools for the calcula-
tion of charge mobilities are continuously improving in both
accuracy and efficiency. Density functional perturbation theory
combined with Wannier interpolation can yield highly accurate
predictions of electron mobility and conductivity in semicon-
ductors and does not rely on the constant relaxation time
approximation for example, unlike the BoltzTrap method.**
New open-source tools have also been released recently lending
such advanced techniques to high-throughput screening,
which could provide an even better basis for large-scale analysis
projects such as this in the future.®”°®

Finally, we highlight that according to our data WS, - one of
the archetypal 2-dimensional materials - has very small stan-
dard deviation of conductivity effective mass for both p-type
and n-type sampling and has a small exfoliation energy (see
Table 2) and does have anion terminated bonded layers in its
crystal structure. The atomic structures of the four archetypal
2D materials are shown in Fig. S9 (ESIT). This places one of the
most important 2D materials outside of the premise of our
paper. Together with the several outliers that can be seen in
Fig. 5, we conclude that while the conductivity effective mass
tensor can be instructive in the field, the relationship between
it and exfoliation energy is not absolute in applicability. On the
other hand, we do find that the conductivity effective mass
tensor is very useful in predicting the crystallographic direction
along which a material can be exfoliated. The code used in this
work was designed according to this principle.

Conclusions

In summary, we have investigated whether the conductivity
effective mass can be used to evaluate the likely ease of
exfoliation for a given material using high-throughput calcula-
tion and find several results of note.

We found that the conductivity effective mass tensor was
able to reliably provide the crystallographic direction along
which a material could be exfoliated in conjunction with an
automated script, an example of which we release with this
article for free use (both online and in the ESIf).f Such a

i https://github.com/bmd-lab/mss_auto
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simplistic approach, which requires no human intervention,
can significantly facilitate materials screening for technologi-
cally relevant applications with machine learning or high-
throughput methods for example.

Subsequently, we calculated the exfoliation energy of one
thousand p-type materials and one thousand n-type materials
that have highest standard deviation of effective mass and
compared them at the PBE and PBE + vdW level. We find that
the use of a vdW correction is highly recommended for any
calculation of accurate exfoliation energy, successfully erasing
aberrant results that arose at the PBE level. By knowing the
exfoliation energy and conductivity effective mass we were able
to predict physiological and structural features of a range of
materials. Not least among which, we were able to identify at
least one material that to our knowledge has not been con-
sidered as a two-dimensional material previously but that
exhibits the physical hallmarks of such compounds. We pro-
vide the full dataset of our results in the ESIt (Tables S1 and S2)
and encourage the reader to explore further, bearing in mind
that there are known exceptions to the proposed relationship
(specifically WS, in this case).

Finally, we suggest future work in the area could consider
the newly reported cases of stable layers from materials that are
not considered intrinsically two-dimensional such as hematene
from hematite among others. This recent development will
undoubtedly expand the area of 2D materials significantly.

Overall, we find that conductivity of effective mass can be a
useful tool for quickly accessing information pertaining to the
electronic structure of materials without requiring full band
structures or high levels of theory.
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