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Abstract
We report a data-mining investigation for the search of topological insulators by examining individual electronic
structures for over 60,000 materials. Using a data-mining algorithm, we survey changes in band inversion with
and without spin-orbit coupling by screening the calculated electronic band structure for a small gap and a change
concavity at high-symmetry points. Overall, we were able to identify a number of topological candidates with
varying structures and composition. Our overall goal is expand the realm of predictive theory into the determination
of new and exotic complex materials through the data mining of electronic structure.
Keywords: electronic structure, data mining, topological insulators, predictive theory
1. Introduction
Over the past few years, materials theory has moved towards better predictive capabilities help with materials
understanding and possible design. This has lead to numerous projects including the materials gnome initiative
(Materials Genome Initiative for Global Competitiveness, 2014; Yang, Setyawan, Wang, Buongiorno Nardelli,
& Curtarolo, 2012) focusing on predictive theory and an eﬀective understanding of complex materials (Klintenberg, Derenso, & Weber, 2002a, 2002b; Klintenberg, 2010, 2014; Klintenberg & Eriksson, 2013; Lebegue, Bj
orkman, Klintenberg, Nieminen, & Eriksson, 2013; Ortiz, Eriksson, & Klintenberg, 2009). This would include
everything from phenomenological approaches to various techniques including density functional theory (DFT)
and dynamical mean field theory (DMFT) have been used to further this understanding (Klintenberg & Eriksson,
2013; Lebegue, Bj orkman, Klintenberg, Nieminen, & Eriksson, 2013; Ortiz, Eriksson, & Klintenberg, 2009; Klintenberg, 2014; Fisher, Tibbetts, Morgan, & Ceder, 2006; Seshadri, Brock, Ramirez, Subramanian, & Thompson,
2012; Morales, McMahon, Pierleoni, & Ceperley, 2013; Benyelloul & Aourag, 2013; Olson, 2013). The use of
predictive algorithms provides the potential to accelerate the discovery and identification of new materials. The
advancement of these algorithms for calculating the electronic structure can be coupled to data-mining techniques
and used to screen or search for exotic materials or phases like the topological insulators.
Topological insulators (Moore, 2010; Hasan & Kane, 2010; Kane£ 2008; Buttiker, 2009; Moore, 2009a, 2009b)
are a new quantum phase of matter with exotic properties (such as nearly dissipationless transport and protection against Anderson localization) (Roushan et al., 2009). These new states of quantum matter could enable the
realization of quantum computing (Collins, 2003; Bonderson, Sarma, Freedman, & Nayak, 2010) and will probably result in new spintronic and magnetoelectric devices. Because of these potential technological applications,
topological insulator research has gained a considerable amount of momentum over the last few years.
The prediction and realization of the 3D topological insulators (Lin et al., 2010; Fu, Kane, & Mele, 2007; Moore
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& Bals, 2007; Roy, 2009; Hsieh et al., 2008; Hsieh, 2009; Xia, 2009; Zhang, 2009; Chen, 2009) grew out of the
work on the quantum Hall eﬀect and quantum spin Hall eﬀect in 2D (Murakami, Nagaosa, & Zhang, 2004; Kane
& Mele, 2005a, 2005b) and the essence of these central articles (Fu, Kane, & Mele, 2007; Moore & Bals, 2007;
Roy, 2009; Hsieh et al., 2008; Hsieh, 2009; Xia, 2009; Zhang, 2009; Chen, 2009; Murakami, Nagaosa, & Zhang,
2004; Kane & Mele, 2005a, 2005b) is captured in a number of letters describing topological insulators (Moore,,
2009a, 2009b, 2010; Kane, 2008; Buttiker, 2009).
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Figure 1. Band inversion because of strong spin-orbit coupling in small electronic band gap materials can be
identified by searching for the anti-crossing feature around the Γ-point without spin-orbit coupling (a) or with
spin-orbit interaction (b). If one were to include surface states, then the presence of a Dirac cone would appear (c)
Strong topological insulators in three dimensions can be viewed as insulators in the bulk, but with metallic surface
states. These surface states resemble the Dirac cones observed graphene (illustrated in Figure 1), and they exhibit
remarkable properties such as dissipationless transport, topological protection against perturbations, as well as
impurity scattering. Therefore, it is not surprising that these new materials have spawned such great attention and
research in the science community.
An insulator is typically characterized by its inability to conduct electrons (i.e. an external electric field does not
cause current flow). Alternatively, an insulator is a system that lacks low-lying excited states and takes a finite
amount of energy for an electronic excitation (i.e. we have an electronic band gap). From this, it appears that
the electronic band gap is the one characteristic needed to determine an insulator. However, the discovery of the
quantum Hall (QH) eﬀect changed this claim. The QH state appears when a two-dimensional electron gas is subject
to a magnetic field. The interior of the QH state has a band gap, but contrary to a normal insulator, the QH state has
edge states that do not show a band gap, which means there is a current on the boundary of the sample. This charge
flow is one directional, which protects it against backscattering (Hasan & Kane, 2010). Both the insulating and
QH state systems show bulk band gaps, but the latter also has the surface states that are insensitive to scattering.
Therefore, the diﬀerence between the two systems is the topology of the occupied bands, or more specifically, the
topological class of the bulk band structure.
In 2005, the quantum spin Hall (QSH) eﬀect was discovered (Kane & Mele, 2005a, 2005b), where the QSH
state is characterized by another topological invariant (knot) and can exist without a magnetic field (a QH state
required a magnetic field) due to the spin-orbit interaction. In these materials, the bulk has a band gap, while the
edge states remain gapless. In graphene, these edge states are spin-filtered and make the diﬀerent spins travel in
opposite directions. The QSH eﬀect can give us edge states without a magnetic field in 2D because of the spin-orbit
interaction. However, the eﬀect in 3D is more complex and provide a more exotic phenomena.
Recently, it has been both predicted and experimentally verified that topological insulators do exist in 3D and that
the spin-orbit interaction is the driving force (Fu, Kane, & Mele, 2007; Moore & Bals, 2007; Roy, 2009; Hsieh
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et al., 2008, 2009; Xia, 2009; Zhang, 2009; Chen, 2009). We can think of these edge states in 3D topological
insulators as a higher dimensional version of the 1D edge states in the QSH state. In 3D, the simplest form of edge
state can be viewed as a Dirac fermion metal with a linear excitation energy, c.f. the energy spectrum of massless
Dirac fermions. Furthermore, since these surface states are topologically protected by time-reversal symmetry,
Anderson localization does not occur even under strong disorder. A topological insulator is simply not allowed to
lose the metallic surface state, which means it cannot become gaped or localize. This was experimentally verified
for Bi x Sb1−x (Roushan, 2009). Although, a gapped state may occur when there exists symmetry breaking or the
presence of topological orders.

Figure 2. A schematic description of the search for new topological insulators. The key ingredient is the
electronic structure project (ESP) that contain the electronic structures of tens of thousands of inorganic
compounds. Data mining algorithms on the ESP has the potential to identify a variety of new functional materials
Motivated by the fact that to date only few 3D topological systems have been identified (Lin, 2010; Fu, Kane, &
Mele, 2007; Moore & Bals, 2007; Roy, 2009; Hsieh et al., 2008, 2009; Xia, 2009; Zhang et al., 2009b; Chen,
2009), we have used massive computing in combination with data-mining algorithm to search for new strong
topological insulators (detailed in Figure 2). In this report, we present a number of non-layered (bulk) compounds
that show band inversion at the Γ-point or other k-points, a clear signal of a strong topological insulator. We use a
data-mining technique to determine the possibility of a topological insulator by screening the electronic structures
for diﬀerent materials and searching for changes in band inversion with and without spin-orbit coupling. Using
an algorithm to look for a small gap and a change concavity (a “dip”) in the band structure at high-symmetry
points (mainly the Γ-point), we were able to identify a modest, but significant number of topological candidates.
Through this computational method, we determine 17 candidates with a variety of structures and composition as
strong topological insulators. While our general method only identified a small number of topological insulators,
due to the narrow window of parameters used, we find this method could be adapted for a larger data-mining eﬀort.
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However, this eﬀort the strength of using general parameters to further the knowledge of materials through data
mining. Since the initial release of these results (Klintenberg, 2010), a number of candidates have been investigated
further and some have been confirmed experimentally, which provides validity to the approach of data mining in
the search for new and exotic materials.
2. Methods
2.1 Data-Mining of Topological Insulators
The more then 60,000 electronic structures used in the present study were calculated using a highly accurate fullpotential linear muﬃn-tin orbital (FP-LMTO) (Skriver, 1984) implementation of density functional theory (DFT)
within the local density approximation (LDA). In essence, DFT reduces the many-body problem of solving the
electronic structure of some 1023 interacting electrons into to a one-body problem, thus making the calculation
possible. A more detailed description can be found in (Ortiz, Eriksson, & Klintenberg, 2009; Skriver, 1984).
When data-mining electronic structures in the search for new strong topological insulators, the most straight forward method is to identify materials with a negative band gap (Zhang et al., 2009b). To put it diﬀerently, the
electronic structure should develop an anti-crossing feature at the Γ-point when the spin-orbit interaction is turned
on as compared to no spin-orbit coupling. A typical band-inversion is shown in Figure 1. Thus, the data-mining
algorithm is instructed to search for small gaped materials with an anti-crossing feature at the Γ-point or other
k-points. It should be noted that the data-mining of electronic structures have been calculated with spin-orbit
coupling.
To show proof-of-concept, the first three known second generation topological insulators Bi2 Te3 , Bi2 Se3 and
Sb2 Te3 (Xia, 2009; Zhang et al., 2009b; Chen, 2009) were investigated for band-inversion when spin-orbit interaction was turned on and then oﬀ. Indeed, all three materials develop the characteristic anti-crossing feature as
spin-orbit coupling is included in the electronic structure calculation. Similar eﬀorts have also been used to look
for specific descriptors in electronic structure (Yang, Setyawan, Wang, Buongiorno Nardelli, & Curtarolo, 2012).
The advantage to using these methods is to provide relatively fast identification of candidate compounds. In further
studies, one could use other variations of DFT calculations (Generalized Gradient Approximations (GGA), on-site
Hubbard potentials, etc.) to probe deeper into the fine points of the electronic structure.
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Figure 3. Ca3 SnO is an example of inverse perovskite that show band inversion. The material transforms from
direct gap (no spin-orbit interaction included, blue-dashed line) at the Γ-point to in-direct gap (around the same
point in inverse space) when the spin-orbit is included (red-solid line) in the electronic structure calculation, i.e.
the upper most valence band is pushed way and the anti-crossing feature appears. The LDA band gap is 0.2 eV
which qualifies the compound for operation under ambient conditions
Our general data-mining algorithm is shown in Figure 2. In general, we start with bulk material crystal structures
provided by the inorganic crystal structure database (ICSD), which is a collection of 160,000 experimentallydetermined crystal structures obtained by X-ray and neutron diﬀraction. Using only the crystal structure as input,
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we have calculated the electronic structure for about 60,000 entries in the ICSD using a full-potential linear muﬃntin orbital implementation (FP-LMTO) (Skriver, 1984) of density functional theory (DFT) within the local density
approximation (LDA). The electronic structures are then deposited and maintained within the electronic structure project (ESP) and has been made available on the web (Ortiz, Eriksson, & Klintenberg, 2009; Klintenberg,
Derenso, & Weber, 2002a, 2002b). From this point, the data-mining process in the search for new strong topological insulators is rather straight forward. Non-layered (bulk) small gap materials (≤0.5eV) with an anti-crossing
feature at the Γ-point are identified by looking for crossover features at the Fermi level. Furthermore, the topological state is then computationally verified by examining that the anti-crossing feature reduced to zero in the limit
the spin-orbit interaction is zero. If this occurs, then we label the material as a potential candidate for having topological states. Experimental observations are then needed for complete determination. While we only identified 17
candidates out of 60,000 initial structure, a more detailed and finely tuned data-mining eﬀort will be able to find
more materials that fit these criteria.
3. Results
Present computational capabilities do open the new route of computer-assisted materials search that opens up new
avenues for materials discovery and informed search. The approach we use is centered on a search of specific band
structure feature that would be an indicator of a band inversion. We do point out that this approach is general and
does allow one to use it in other contexts. Recent interest in “materials genome” approach (Materials Genome
Initiative for Global Competitiveness; Klintenberg M. Electronic Structure Database) is another example of the
new ear of a search of new materials using computerized approaches and sophisticated search algorithms.
While this method is general, the data-mining of calculated structure patterns identifies 17 compounds as potential
strong topological insulators (presented in Table 1). Originally, these results were submitted to the condensed
matter ArXiv for experimental verification (Klintenberg, 2010). Since that time, a number of these materials have
been investigated further and some have been verified by experiment or further theoretical investigation. These
references are given in the last column of Table 1. Note that because the ESP takes crystal structures from the
ICSD (Klintenberg M. Electronic Structure Database), all compounds identified in this study exist and have been
structurally determined.
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Figure 4. Bi2 STe2 has the same structure type as the celebrated topological insulator Bi2 Te3 . We see the same
eﬀect of the spin-orbit interaction as in the Ca3 OSn case. The valence band at the Γ-point is pushed away and the
anti-crossing feature show up when the spin-orbit interaction is included (red-solid line, blue-dashed line for no
spin-orbit interaction). This compound could work under ambient conditions because of the 0.3 eV band gap
The first seven materials in Table 1 belong to the CaTiO3 (perovskite) structure type, but are inverse-perovskites.
Perovskites are interesting materials because they host a variety of materials properties such as superconductivity,
spin dependent transport, ferroelectricity, and colossal magnetoresistance (Hazen, 1988). Present calculations
indicate that the strong topological insulator phase now can be added to this list. Through out the Brillouin zone
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these materials have an in-direct LDA band gap ranging from 0.1 to 0.2 eV. The characteristic anti-crossing feature
is present at the Γ-point and if the spin orbit coupling constant is set to zero the anti-crossing feature disappears.
From the partial density of sates, we conclude that these bands have mainly p-character. The electronic band
structure for Ca3 OSn is shown in Figure 3.
The next material in Table 1 is the half-Heusler compound GdPtSb with a AlLiSi structure type. The half Heusler
family has been discussed in Ref. (Lin et al., 2010), but it exhibits a distorted structure. Here, it is explicitly
demonstrated for GdPtSb that with the experimental structure the material develops an anti-crossing feature when
the spin-orbit term is included in the calculations. We speculate that this is also true for the other materials in (Lin
et al., 2010). GdPtSb has an indirect band gap of 0.2 eV.
Bi2 SeTe2 and Bi2 STe2 both have the Bi2 Te3 structure type. In fact, these materials can be viewed as Bi2 Te3 but
with every third Te replaced with Se and S, respectively. Bi2 Te3 is a celebrated second generation topological
insulator (Zhang et al., 2009b) and both the Se and S variations have similar electronic structure to Bi2 Te3 and
show the anti-crossing feature at the Γ-point when spin-orbit interaction is removed. The indirect band gaps are
0.3 eV, respectively. The electronic band structure for Bi2 STe2 is shown in Figure 4.
Table 1. Results of the mining algorithm for second generation non-trivial topological insulators. 17 compounds
are identified as new potential topological insulators. ARPES measurements should confirm our findings. The
materials that have been either confirmed or investigated further are cited in the last column. The electronic band
structures, partial and total density of states are given for all materials in the supplementary information
Material

Space
Group

Structure
Type

Structure
Reference

LDA
gap [eV]

Ca3 PbO

P m -3 m

CaTiO3

Widera & Schaefer (1980)

0.2

Sr3 PbO

P m -3 m

CaTiO3

Widera & Schaefer (1980)

0.1

Ba3 PbO

P m -3 m

CaTiO3

Widera & Schaefer (1980)

0.1

Yb3 PbO

P m -3 m

CaTiO3

Velden & Jansen (2004)

0.2

Ca3 SnO

P m -3 m

CaTiO3

Widera & Schaefer (1980)

0.2

Sr3 SnO

P m -3 m

CaTiO3

Widera & Schaefer (1980)

0.1

Yb3 SnO

P m -3 m

CaTiO3

Velden & Jansen (2004)

0.1

No further reports

GdPtSb

F -4 3 m

AlLiSi

0.2

No further reports

Bi2 SeTe2

R -3 m H

Bi2 Te3

de Vries, Thiel, & Buschow
(1985)
Bland & Basinski (1985)

0.3

Verified by Dai et al. (2012)

Bi2 STe2

R -3 m H

Bi2 Te3

Harker (1934)

0.3

No further reports

PbTl4 Te3

I 4/m c m

In5 Bi3

Bradtmoeller & Boettcher
(1993)

0.1

Verified by Arpino (2014)

BiTl9 Te6

I 4/m c m

In5 Bi3

Doert & Boettcher (1994)

0.1

No further reports

BiTlTe2

R -3 m H

NaCrS2

Hockings & White (1961)

0.0*

Verified by Chen et al. (2010)

SbTlTe2

R -3 m H

NaCrS2

Hockings & White (1961)

0.2

No further reports

Bi2 TeI

C 1 2/m 1

Bi2 TeI

0.1

No further reports

GeSb4 Te7

P -3 m 1

AgBiSe2

0.2

No further reports

P 63/m m c

KZnAs

Savilov et al. (2005)
Petrov, Imamov, & Pinsker
(1968)
Vogel & Schuster (1980)

0.2

No further reports

HgKSb

*The material has small hole pockets.
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Reports
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Kariyado & Ogata (2011) and
Sun, Chen, Yunoki, Li, & Li (2010)
Examined further and verified by
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Examined further and verified by
Kariyado & Ogata and (2011)
Sun et al. (2010)
No further reports
Examined further and verified by
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Sun et al. (2010)
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For Bi2 SeTe2 , the electronic band gap closes without the spin-orbit term and the material appear to be a topological
metal within the local density approximation (LDA). However, LDA is known to underestimate the electronic band
gap and using higher order corrections such as GWA (Kotani & Schilfgaarde, 2002) could very well open up a band
gap, which can make it a topological insulator. We speculate that there are many not yet discovered topological
metals, i.e. a bulk metal, but with topologically protected surface states. A data-mining search for these materials
will be the subject for our next study.
PbTl4 Te3 and BiTl9 Te6 have a body-centered tetragonal Bravais lattice and belong to the In5 Bi3 structure type
family. In5 Bi3 exhibit interesting electronic properties such as superconductivity. The two compounds both show
the anti-crossing feature as spin-orbit is included and we note the curvature of these bands is smaller compared to,
for example, the Bi2 Te3 family. The indirect band gap is 0.1 eV, respectively.
SbTlTe2 and BiTlTe2 have the NaCrS2 structure type. The former material has an indirect band gap of 0.2 eV,
while the latter has an electronic structure that is more complex. Using LDA methods, the material shows a small
electron and hole pocket, but it could very well turn out to have a small band gap when investigated using higher
order theory such as GWA.
The last three materials in Table 1 belong to diﬀerent structure types and all have indirect band gaps, but with more
exotic electronic band structures. Bi2 TeI develop the anti-crossing feature at two high symmetry points (Γ and V)
in the Brillouin zone. GeSb4 Te7 and HgKSb show the band inversion at the A-point. The latter also displays a
small hole pocket away from the A-point.
4. Discussion
There are two important takeaways from this study: 1) The determination of possible 3D topological insulators
through a large scale analyses of DFT electronic structure calculations (discussed above). 2) The advancement of
data-mining techniques for the use of determining exotic properties and pushing towards an eﬀective predictive
theory. This second point is particularly important given the major initiatives for predictive theory and materials
design. Our goal to understand exotic phenomena is not limited to topological insulators and mainly uses them
as an example of the power of data-mining application. This use of data-mining algorithms may be useful for
identifying new thermoelectric, photovoltaic, or possibly superconducting materials. It is our goal to help broaden
the search for new and exciting materials that exhibit exotic phenomena. However, there are main issues that
challenge this process.
One issue is the lack of a large material properties databases that provide various electronic and structure properties
for diﬀerent materials. These databases are needed for large scale analyses of phenomena through parameter
mapping. Recently, we have increased the aforementioned electronic structure database with the generation of a
visual databases for material Fermi surfaces (Klintenberg, Haraldsen, & Balatsky, 2013). The database is open to
the public and can be utilized to look for many interesting phenomena (hot spots, electron and hole pockets, etc.),
but having access to the data is not the only issue.
Another challenge is the need for a detailed understanding of the phenomena for eﬀective parameter mapping.
Parameter mapping is the algorithm that allows for a specific phenomena to be determined. For 3D topological
insulators, it is the need for a distinct gap that would produce a band flip upon the presence of spin-orbit coupling.
Therefore, to eﬀectively investigate other material phenomena, one must understand that phenomena changes the
structure, electronic bands, Fermi surface, or any other calculated property.
Our goal is to provide a general mechanism for determining the properties of complex materials using electronic
structure. While in this work we only identify 17 candidates as possible topological insulators, many more are
likely to have missed due to the narrow search parameters used in the calculations. A more extensive search over
the same materials could lead to other topological insulators be realized. This method can also be adapted for a
more in-depth and larger search. However, a larger search requires more computational power. Future research
along this avenue can also look for phenomena that are not along symmetry directions.
Overall, there is a great need for predictive theory that can lead to understanding and designing of materials. In
this work, we have used computing resources to data mine, search for, and identify potential new 3D topological
insulators. In Table 1, we present 17 materials that demonstrate anti-crossing features at the Γ-point (V, A for
the last three) when spin-orbit coupling is included. This feature is a standard band structure eﬀect for topological
insulators (Zhang et al., 2009b). As pointed out in reference (Lin et al., 2010), it is crucial to identify new groups of
materials (electronic band structures) that are topologically non-trivial to maximize the likelihood for new physics
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as well as new devices (Fu & Kane, 2009; Qi, Li, Zang, & Zhang, 2009; Essin, Moore, & Vanderbilt, 2009; Dzero,
Sun, Galitski, & Coleman, 2010; Linder, Tanaka, Yokoyama, Sudbo, & Nagaosa, 2010; Ran, Yao, & Vishwanath,
2010; Bonderson, Sarma, Freedman, & Nayak, 2010). Since the first release of these results, a number of materials
have been investigated further and some have been confirmed to be strong topological insulators. This establishes
this data-mining method as a key component in the search for new and exotic materials, which may help reshape
the materials science and initiatives like the materials gnome.
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