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critical temperatures). In other words, the descriptor is the language 
with which the researcher speaks to the database, and thus the 
heart of any e!ective HT implementation. In Table 1 we illustrate 
examples of recently introduced descriptors.

Once a good descriptor is identi#ed, the search for better 
materials within the repository can be performed intrinsically or 
extrinsically, depending on whether the optimum solutions are 
already included in the set of calculations or not. Intrinsic searches 
include just step (iii), require only fast descriptors, and may employ 
various informatics techniques. Examples of previous such searches 
include the scanning of better cathode materials27,28, and the uncov-
ering of unknown compounds9,29,30, novel topological insulators16 or 
thermoelectric materials15. Extrinsic searches involve all three steps, 
because the search for an optimal solution includes iterations lead-
ing to an expansion of the repository.

An important component of extrinsic HT computational research 
is a scheme capable of using the evaluation of descriptors on exist-
ing database entries to guide new calculations not yet included in 
the database. Examples of such schemes published in the literature 
comprise evolutionary and genetic algorithms7,8, data mining of 
spectral decompositions3 and Bayesian probabilities10, re#nement 
and optimization by cluster expansion13,31 and structure map analy-
sis32–34. Neural networks35,36 and support vector machines37 have 
also been utilized in a few cases. $ese methods may sometimes 
be used to bypass step (iii) of the HT analysis, that is, the formula-
tion of a physically meaningful descriptor, so that a search can still 
be implemented even with only a super#cial understanding of the 
physical problem.

Areas of current application
Following the general framework outlined above, we describe in 
this section a few speci#c examples of computational HT studies 
reported in the literature, ordered by increasing degree of complexity. 

!ermodynamics for the identi"cation of binary and ternary 
compounds. $e identi#cation of stable structures is the #rst step 
in the design of materials with various speci#c functionalities. $e 
proper descriptor of alloy stability, the formation enthalpy, is the 
simplest example of a parameter used for HT materials development.

Alloys are the workhorse material of many important techno-
logical applications. $us, #nding new and improved alloys could 

be transformative in some areas and would have a substantial 
economic impact. When improving an existing alloy or designing 
a new one, scientists rely on databases of alloy thermodynamics 
and phase diagrams (for example, the Massalski’s Binary Alloy 
Phase Diagrams38 and the Villars’s et  al. Pauling File39). Although 
the utility of these repositories is tremendous, they could be of even 
greater use if they were more complete. Experimental complete-
ness is di%cult to achieve due to the vast combination space and 
because experimentation is o&en di%cult: it requires high tempera-
tures or pressures, very long equilibration processes, or may involve 
hazardous, highly reactive, poisonous or radioactive materials. 
Computational compilation of the properties of materials is more 
feasible and will lead to much more complete repositories. Examples 
that demonstrate this are the almost simultaneous prediction and 
experimental veri#cation of the previously unknown C11b structure 
of the Pd2Ti compound9,40, the veri#cation by Niu et al.41 of an ear-
lier prediction42 that the CrB4 compound, thought for 40 years to 
have an oI10 structure, is actually more stable in an oP10 structure, 
and the simultaneous synthesis and solution, by an ab initio evolu-
tionary search, of an unexpectedly complex tI56 crystal structure of 
CaB6 (ref. 43).

In alloy design, the targets of the formation enthalpy descrip-
tor are stable phases. $e HT ab initio method explores the phase 
stability landscape of alloys by calculating the descriptor for a large 
number of possible structures. An HT code must perform these 
calculations automatically, transform the structures into standard 
forms that are the easiest to calculate, and automatically set the nec-
essary k-point grid densities, basis-set energy cuto!s and relaxation 
cycles with a convergence tolerance of the order of a few meV per 
atom44. It should also respond automatically to calculation failures, 
due to insu%cient hardware resources or runtime errors of the 
ab initio calculation itself. $ese are among the most di%cult chal-
lenges in HT database generation that have only recently been over-
come (ref. 44 gives details about how this automatic data generation 
is implemented in the AFLOW HT framework). $e initial search is 
performed on a set of known crystal structures, of all lattice types, 
spanning the entire composition range of the investigated systems3,9. 
In advanced HT studies this set includes hundreds of structures per 
system44. In subsequent steps, the search is o&en aided by data-min-
ing and optimization techniques that re#ne and accelerate the struc-
ture screening. $ey include a variety of di!erent approaches: for 

Table 1 | Examples of descriptors introduced in the literature.

Problem Combination of materials properties (gene) Descriptor
Structure stability: convex hull of an alloy 
system

Formation enthalpy (Hf) as a function of concentration (x) and the 
enthalpies (H) of A and B.

Hf(x) = H(A1−xBx) − (1−x)H(A)−xH(B)

Phase stability in off-lattice alloys Spectral decomposition of alloy vector-energies (En,p, n-rows = species, 
p-columns = configurations) with principal-component-analysis 
coefficients (αi) and truncation error ( (d)) (ref. 3).

En,p α1En,1  αp–1En,p–1 + (d)+ +

Nanosintered thermoelectrics Ratio of the average power factor (<P>) to the grain size (L) (ref. 15). thermo �ˆ χ <P>
L

Topological insulators (epitaxial growth) Variational ratio of spin–orbit distortion versus non-spin–orbit 
derivative strain (EkSOC , EknoSOC , spin/no spin–orbit bandgaps at 
k, a0 lattice)16.

Ek
Ek

TI � –ˆ χ
a0(a0)

(a)0

SOC

noSOC a0 a0

Power conversion efficiency of a solar cell 
(spectroscopic limited maximum efficiency)

Ratio of the maximum output power density (Pm) to the incident solar 
energy density (Pin) — a function (η) of the radiative electron–hole 
recombination current (fr) and the photon absorptivity (α(E)) — 
versus bandgap energy (Eg)62.

η(α(E),fr) = Pm/Pin; Eg

Non-proportionality in scintillators Maximum mismatch between effective masses of electrons (me) 
and holes (mh)75.

,
np � max ˆ χ ( (mh

me

me
mh

Morphotropic phase boundary 
piezoelectrics

Energy proximity between tetragonal, rhombohedra and rotational 
distortions (ΔEp). Angular coordinate (αAB) of the energy minimum in 
the A–B off-centerings energy map for ABO3 systems79.

∆Ep � 0.5 eV
αAB ≈ 45°
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AFLOWLIB.ORG
CHOOSE DATABASES
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Curtarolo, Hart, Buongiorno Nardelli, et al. AFLOWLIB: a materials properties repository from HT calculations, Comp. Mat. Sci. 58, 227 (2012) 
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geometrical - structural search (with formation energies J) 

scintillation properties/search 

thermoelectric data (power factors etc..) 

magnetic properties (if you want rare-earth-free magnets/spintronics) 

Curtarolo, Hart, Buongiorno Nardelli, et al. AFLOWLIB: a materials properties repository from HT calculations, Comp. Mat. Sci. 58, 227 (2012) 
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 integrated suite of Open-Source computer codes for electronic-structure 
calculations and materials modeling at the nanoscale. It is based on density-

functional theory, plane waves, and pseudopotentials. 

•  Quantum ESPRESSO is not a monolithic application, but an integrated 
ecosystem thriving around a small number of core components developed and 
maintained by a small number of developers 

•  the ecosystem is designed so as to be alien-friendly: a number of third-party QE-
compatible applications and add-ons, often designed to be code-agnostic, are 
distributed with QE (notable examples include WanT, yambo, EPW, Wannnier90, 
XCrysDen, ...) 

•  the environment that allows the ecosystem to prosper is provided by the qe-
forge.org platform, freely available to researchers and developers from all over 
the world 
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Extract general materials properties: structural, 
electronic, magnetic properties… 

Develop new high-throughput programs based on 
the desired materials properties 

AFLOW: an automatic framework for high-throughput materials discovery, Comp. Mat. Sci. 58, 218-226 (2012) 
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thermoelectric materials15. Extrinsic searches involve all three steps, 
because the search for an optimal solution includes iterations lead-
ing to an expansion of the repository.

An important component of extrinsic HT computational research 
is a scheme capable of using the evaluation of descriptors on exist-
ing database entries to guide new calculations not yet included in 
the database. Examples of such schemes published in the literature 
comprise evolutionary and genetic algorithms7,8, data mining of 
spectral decompositions3 and Bayesian probabilities10, re#nement 
and optimization by cluster expansion13,31 and structure map analy-
sis32–34. Neural networks35,36 and support vector machines37 have 
also been utilized in a few cases. $ese methods may sometimes 
be used to bypass step (iii) of the HT analysis, that is, the formula-
tion of a physically meaningful descriptor, so that a search can still 
be implemented even with only a super#cial understanding of the 
physical problem.

Areas of current application
Following the general framework outlined above, we describe in 
this section a few speci#c examples of computational HT studies 
reported in the literature, ordered by increasing degree of complexity. 

!ermodynamics for the identi"cation of binary and ternary 
compounds. $e identi#cation of stable structures is the #rst step 
in the design of materials with various speci#c functionalities. $e 
proper descriptor of alloy stability, the formation enthalpy, is the 
simplest example of a parameter used for HT materials development.

Alloys are the workhorse material of many important techno-
logical applications. $us, #nding new and improved alloys could 

be transformative in some areas and would have a substantial 
economic impact. When improving an existing alloy or designing 
a new one, scientists rely on databases of alloy thermodynamics 
and phase diagrams (for example, the Massalski’s Binary Alloy 
Phase Diagrams38 and the Villars’s et  al. Pauling File39). Although 
the utility of these repositories is tremendous, they could be of even 
greater use if they were more complete. Experimental complete-
ness is di%cult to achieve due to the vast combination space and 
because experimentation is o&en di%cult: it requires high tempera-
tures or pressures, very long equilibration processes, or may involve 
hazardous, highly reactive, poisonous or radioactive materials. 
Computational compilation of the properties of materials is more 
feasible and will lead to much more complete repositories. Examples 
that demonstrate this are the almost simultaneous prediction and 
experimental veri#cation of the previously unknown C11b structure 
of the Pd2Ti compound9,40, the veri#cation by Niu et al.41 of an ear-
lier prediction42 that the CrB4 compound, thought for 40 years to 
have an oI10 structure, is actually more stable in an oP10 structure, 
and the simultaneous synthesis and solution, by an ab initio evolu-
tionary search, of an unexpectedly complex tI56 crystal structure of 
CaB6 (ref. 43).

In alloy design, the targets of the formation enthalpy descrip-
tor are stable phases. $e HT ab initio method explores the phase 
stability landscape of alloys by calculating the descriptor for a large 
number of possible structures. An HT code must perform these 
calculations automatically, transform the structures into standard 
forms that are the easiest to calculate, and automatically set the nec-
essary k-point grid densities, basis-set energy cuto!s and relaxation 
cycles with a convergence tolerance of the order of a few meV per 
atom44. It should also respond automatically to calculation failures, 
due to insu%cient hardware resources or runtime errors of the 
ab initio calculation itself. $ese are among the most di%cult chal-
lenges in HT database generation that have only recently been over-
come (ref. 44 gives details about how this automatic data generation 
is implemented in the AFLOW HT framework). $e initial search is 
performed on a set of known crystal structures, of all lattice types, 
spanning the entire composition range of the investigated systems3,9. 
In advanced HT studies this set includes hundreds of structures per 
system44. In subsequent steps, the search is o&en aided by data-min-
ing and optimization techniques that re#ne and accelerate the struc-
ture screening. $ey include a variety of di!erent approaches: for 

Table 1 | Examples of descriptors introduced in the literature.

Problem Combination of materials properties (gene) Descriptor
Structure stability: convex hull of an alloy 
system

Formation enthalpy (Hf) as a function of concentration (x) and the 
enthalpies (H) of A and B.

Hf(x) = H(A1−xBx) − (1−x)H(A)−xH(B)

Phase stability in off-lattice alloys Spectral decomposition of alloy vector-energies (En,p, n-rows = species, 
p-columns = configurations) with principal-component-analysis 
coefficients (αi) and truncation error ( (d)) (ref. 3).

En,p α1En,1  αp–1En,p–1 + (d)+ +

Nanosintered thermoelectrics Ratio of the average power factor (<P>) to the grain size (L) (ref. 15). thermo �ˆ χ <P>
L

Topological insulators (epitaxial growth) Variational ratio of spin–orbit distortion versus non-spin–orbit 
derivative strain (EkSOC , EknoSOC , spin/no spin–orbit bandgaps at 
k, a0 lattice)16.

Ek
Ek

TI � –ˆ χ
a0(a0)

(a)0

SOC

noSOC a0 a0

Power conversion efficiency of a solar cell 
(spectroscopic limited maximum efficiency)

Ratio of the maximum output power density (Pm) to the incident solar 
energy density (Pin) — a function (η) of the radiative electron–hole 
recombination current (fr) and the photon absorptivity (α(E)) — 
versus bandgap energy (Eg)62.

η(α(E),fr) = Pm/Pin; Eg

Non-proportionality in scintillators Maximum mismatch between effective masses of electrons (me) 
and holes (mh)75.

,
np � max ˆ χ ( (mh

me

me
mh

Morphotropic phase boundary 
piezoelectrics

Energy proximity between tetragonal, rhombohedra and rotational 
distortions (ΔEp). Angular coordinate (αAB) of the energy minimum in 
the A–B off-centerings energy map for ABO3 systems79.

∆Ep � 0.5 eV
αAB ≈ 45°
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•  An insulator has an energy gap 
separating filled and empty bands of 
electronic states – transparent if gap 
is large enough 

•  Quantum Hall state – 2D gas in 
magnetic field:  

•  Bulk: an energy gap results from 
the quantization of the closed 
circular orbits that electrons 
follow in a magnetic field.  

•  Edges: unique states where 
charge can flow in one direction 
only – insensitive to scattering 

•  Quantum Spin Hall state – electrons 
of different spin move in opposite 
directions in protected states created 
by the interaction of the spin magnetic 
moment with the electron orbital 
moment (spin-orbit coupling) 

15 
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•  Scan the aflowlib.org library 
•  Need of a DESCRIPTOR (need to grow… epixially). 
•  search for combination of heavy metals (potential strong spin-orbit coupling) 
•  search for ideal band structures with appropriate gaps 
•  calculate band structure with LS (thousand of compounds) 
•  calculate the bands for surfaces to see localized conducting surface stares 
•  usually they contain Bi and/or Sb,Te, Pb. 

Nature Materials,11(7), 614-619 (2012) 
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The TRP associated with !a can be expressed as !a !
"i!a1"i!a2, where [12]

 "i !
!!!!!!!!!!!!!!!!!!!!!!
det"w#"i$%

q
=Pf"w#"i$% ! &1: (1)

Here the unitary matrix wij#k$ ! hui#'k$j#juj#k$i. At
k ! "i, wij ! 'wji, so the Pfaffian Pf"w% is defined. !a

is free of the ambiguity of the square root in (1), provided
the square root is chosen continuously as a function of k.
However, !a is not gauge invariant. A k dependent gauge
transformation can change the sign of any pair of "i’s. This
reflects the physical fact that the end Kramers degeneracy
depends on how the crystal is terminated. It is similar to the
ambiguity of the charge polarization [12]. The product,
!1!2 ! "1"2"3"4, is gauge invariant, and characterizes
the change in TRP due to changing the flux from !1 ! 0 to
!2 ! !. This defines the single Z2 invariant in 2D, and
using the above argument, determines the connectivity of
the edge state spectrum.

In three dimensions there are 8 distinct TRIM, which are
expressed in terms of primitive reciprocal lattice vectors as
"i!#n1n2n3$ ! #n1b1 ( n2b2 ( n3b3$=2, with nj ! 0, 1.
They can be visualized as the vertices of a cube as in
Fig. 2. A gauge transformation can change the signs of "i
associated with any four "i that lie in the same plane.
Modulo these gauge transformations, there are 16 invariant
configurations of "i. These can be distinguished by 4 Z2
indices #0; (#1#2#3), which we define as

 #'1$#0 !
Y

nj!0;1

"n1n2n3 ; (2)

 #'1$#i!1;2;3 !
Y

nj!i!0;1;ni!1

"n1n2n3 : (3)

#0 is independent of the choice of bk. (#1#2#3) are not, but
they can be identified with G# ) P

i#ibi, which belongs to

the 8 element mod 2 reciprocal lattice, in which vectors
that differ by 2G are identified. (#1#2#3) can be interpreted
as Miller indices for G#.
#0–4 are equivalent to the four invariants introduced by

Moore and Balents [10] using general homotopy argu-
ments. The power of the present approach is that it allows
us to characterize the surface states on an arbitrary crystal
face. Generalizing the Laughlin argument to three dimen-
sions, consider a system with open ends in one direction
and periodic boundary conditions in the other two direc-
tions. This can be visualized as a torus with a finite thick-
ness (a ‘‘Corbino donut’’), which has an inside and an
outside surface. Viewed as a 1D system, we then seek to
classify the changes in the Kramers degeneracy associated
with the surfaces as a function of two fluxes threading the
torus (or equivalently as a function of the two components
of the surface crystal momentum).

For a surface perpendicular to G, the surface Brillouin
zone has four TRIM !a which are the projections of pairs
"a1, "a2, that differ by G=2, into the plane perpendicular to
G. Because of Kramers’ degeneracy, the surface spectrum
has two dimensional Dirac points at !a. The relative values
of !a ! "a1"a2 determine how these Dirac points are
connected to one another, as illustrated in Fig. 1. For any
path connecting !a to !b, the surface band structure will
resemble Fig. 1(a) and 1(b) for !a!b ! '1#(1$, and the
surface bands will intersect EF an odd (even) number of
times. It follows that the surface Fermi arc divides the
surface Brillouin zone into two regions. The Dirac points
at the TRIM !a with !a ! (1 are on one side, while those
with !a ! '1 are on the other side.

In Fig. 2 we depict "i for four different topological
classes, along with the predictions for the edge state spec-
trum for a 001 face. The surface Fermi arc encloses either
0(4), 1(3), or 2 Dirac points. When the number of Dirac
points is not 0(4), there must be surface states which
connect the bulk conduction and valence bands.

There are two classes of phases depending on the parity
of #0. For #0 ! 0 each face has either 0(4) or 2 enclosed
Dirac points. For a face G ! P

imibi there are 0(4) Dirac
points for mi ! #imod 2#i ! 1; 2; 3$ and 2 Dirac points
otherwise. These phases can be interpreted as layers of
2D QSH states stacked in the G# direction. They resemble
3D quantum Hall phases [14], which are indexed by a triad
of Chern integers that define a reciprocal lattice vector G
perpendicular to the layers and give the conductivity $ij !
#e2=h$"ijkGk=#2!$. In the present case, G# is defined
modulo 2G, so that layered QSH phases stacked along
G# and G# ( 2G are equivalent.

The presence or absence of surface states in the #0 ! 0
phases is delicate. For the 0;(001) phase in Fig. 2, the 100
face has two Dirac points, while the 801 face has 0(4). This
sensitivity is a symptom of the fact that the topological
distinction of these phases relies on the translational sym-
metry of the lattice. Indeed, if the unit cell is doubled, the
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FIG. 2. Diagrams depicting four different phases indexed by
#0; (#1#2#3). (a) depicts "i at the TRIM "i at the vertices of the
cube. (b) characterizes the 001 surface in each phase. The
surface TRIM !a are denoted by open (closed) circles for !a !
"a1"a2 ! (1#'1$. They are projections of "a1 and "a2, which
are connected by solid lines in (a). The thick lines and shaded
regions in (b) indicate possible surface Fermi arcs which enclose
specific !a.
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Figure 1 | Extraction of the high-throughput TI robustness descriptor from energy versus strain variations in SOC and noSOC calculations. SOC and
noSOC band energy differences, and SOC–noSOC energy discrepancy ⇧Ek as functions of the lattice parameter. a, Bi2Te2S at k= ⌅ and b, PbTe at k=N of
the bct2 BZ (refs 39,40) with biaxial strains along a and b (to reproduce epitaxial growth, all the other degrees of freedom are relaxed). The vertical green
line indicates the DFT relaxed geometry, a0, while the vertical blue line denotes the critical value, acrit, separating the TI and non-TI regions. For Bi2Te2S, the
bandgap is direct, so the band energy difference is the actual gap (Table 1). The arrows with ⇤̂TI indicate the strain to lose or achieve the TI condition in a or
b, respectively.

Consequently, we introduce the variational ‘high-throughput TI1

robustness descriptor’:2

⇤̂TI ⇥ � ESOC
k (a0)/a0

�EnoSOC
k (a)/�(a)

��
a0

(1)

3

Formally, the descriptor is defined as a ‘strain’ which represents4

either the robustness or the feasibility of the TI state. If the system5

is already a TI under equilibrium conditions (Fig. 1a) then ⇤̂TI6

represents the maximum biaxial strain applicable before the TI7

condition is lost. Thus, the value of ⇤̂TI can be associated with8

the robustness of the TI state on epitaxial growth conditions.9

Alternatively, if the system is not a TI under equilibrium con-10

ditions, but can be made so by applying a specific strain field11

(Fig. 1b), then ⇤̂TI represents the minimum biaxial strain applicable12

before the TI condition is reached. Thus, the value of ⇤̂TI can13

be associated with the feasibility of the TI state under epitaxial14

growth on an appropriate substrate. In the case where more15

than one TRIM exhibits band inversion, one needs to construct16

different HT robustness descriptor parameters ⇤̂TI and monitor the17

behaviour of the system. Clearly, 2D inequivalent TRIMs might18

exhibit different robustness or feasibility characteristics. These19

will dictate the choice of the proper substrate and/or cleavage20

plane that would indeed show the TI protected state.. By con-21

struction, ⇤̂TI can be rapidly estimated within a HT approach22

by using only three ab initio calculations: ESOC
k (a0), EnoSOC

k (a0),23

and EnoSOC
k (a0 + ⇥). The descriptor is built ad hoc to minimize24

the number of computationally expensive SOC calculations and25

to make effective use of the 15,000 + noSOC electronic struc-26

ture data already available in the aflowlib.org repository28,29. If27

we were including other phenomena, different surface strains,28

and/or more complex symmetries, then the descriptor (1) could be 29

rewritten within a tensorial formalism. Having the HT-descriptor, 30

the band inversion threshold can finally be estimated as acrit ⌅ 31

a0(1 + ⇤̂TI) (for a multi-dimensional HT-descriptor we would 32

have loci of criticality). 33

The values of ESOC
k (a0) and ⇤̂TI give indications on the feasibility 34

and robustness of the potential TI. On application of compressive 35

surface strain, the bandgap increases (Fig. 1a) or decreases (Fig. 1b). 36

The first case is typical of covalent systems (layered Bi2Te2S; refs 33, 37

34), whereas the second is common in ionic compounds (PbTe; 38

refs 35,36). Given these facts, the behaviour of �ESOC
k (a)/�(a)|a0 can 39

then be guessed a priori from the spread of the electronegativities 40

of the constituents (or better from the Mendeleev numbers37,38). 41

Finally, after characterizing ⇤̂TI as in equation (1), two scenarios 42

arise. (1) If ESOC
k (a0)⇤ 0, the system is already a TI and this state 43

should be preserved. Since the compound is intended to be grown 44

epitaxially, the applied strain (positive or negative) should not go 45

beyond ⇤̂TI, otherwise the fortunate TI condition disappears. The 46

larger the value of |⇤̂TI|, the more robust the TI is, with respect to 47

the choice of potential substrates. Thus |⇤̂TI| represents a legitimate 48

description of TI robustness. (2) If ESOC
k (a0)> 0, the system is not 49

a TI. The condition might be changed with the application of a 50

surface strain (positive or negative) larger than ⇤̂TI. If the strain is 51

physically achievable on the interface (|⇤̂TI| ⌅< 1 ⌅ 2%), then the 52

band inversion is enforced and the system becomes a TI. In this 53

second scenario, |⇤̂TI| can be considered as an appropriate measure 54

of the feasibility of the growth. 55

Equipped with the HT-descriptor (1), we have examined the 56

whole aflowlib.org repository28. We rapidly identify 28 novel 57

potential TIs. The compounds are divided into five classes according 58

to the prototypes and constituents. They are listed in Table 1, 59
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Figure 1 | Extraction of the high-throughput TI robustness descriptor from energy versus strain variations in SOC and noSOC calculations. SOC and
noSOC band energy differences, and SOC–noSOC energy discrepancy ⇧Ek as functions of the lattice parameter. a, Bi2Te2S at k= ⌅ and b, PbTe at k=N of
the bct2 BZ (refs 39,40) with biaxial strains along a and b (to reproduce epitaxial growth, all the other degrees of freedom are relaxed). The vertical green
line indicates the DFT relaxed geometry, a0, while the vertical blue line denotes the critical value, acrit, separating the TI and non-TI regions. For Bi2Te2S, the
bandgap is direct, so the band energy difference is the actual gap (Table 1). The arrows with ⇤̂TI indicate the strain to lose or achieve the TI condition in a or
b, respectively.

Consequently, we introduce the variational ‘high-throughput TI1

robustness descriptor’:2

⇤̂TI ⇥ � ESOC
k (a0)/a0

�EnoSOC
k (a)/�(a)

��
a0

(1)

3

Formally, the descriptor is defined as a ‘strain’ which represents4

either the robustness or the feasibility of the TI state. If the system5

is already a TI under equilibrium conditions (Fig. 1a) then ⇤̂TI6

represents the maximum biaxial strain applicable before the TI7

condition is lost. Thus, the value of ⇤̂TI can be associated with8

the robustness of the TI state on epitaxial growth conditions.9

Alternatively, if the system is not a TI under equilibrium con-10

ditions, but can be made so by applying a specific strain field11

(Fig. 1b), then ⇤̂TI represents the minimum biaxial strain applicable12

before the TI condition is reached. Thus, the value of ⇤̂TI can13

be associated with the feasibility of the TI state under epitaxial14

growth on an appropriate substrate. In the case where more15

than one TRIM exhibits band inversion, one needs to construct16

different HT robustness descriptor parameters ⇤̂TI and monitor the17

behaviour of the system. Clearly, 2D inequivalent TRIMs might18

exhibit different robustness or feasibility characteristics. These19

will dictate the choice of the proper substrate and/or cleavage20

plane that would indeed show the TI protected state.. By con-21

struction, ⇤̂TI can be rapidly estimated within a HT approach22

by using only three ab initio calculations: ESOC
k (a0), EnoSOC

k (a0),23

and EnoSOC
k (a0 + ⇥). The descriptor is built ad hoc to minimize24

the number of computationally expensive SOC calculations and25

to make effective use of the 15,000 + noSOC electronic struc-26

ture data already available in the aflowlib.org repository28,29. If27

we were including other phenomena, different surface strains,28

and/or more complex symmetries, then the descriptor (1) could be 29

rewritten within a tensorial formalism. Having the HT-descriptor, 30

the band inversion threshold can finally be estimated as acrit ⌅ 31

a0(1 + ⇤̂TI) (for a multi-dimensional HT-descriptor we would 32

have loci of criticality). 33

The values of ESOC
k (a0) and ⇤̂TI give indications on the feasibility 34

and robustness of the potential TI. On application of compressive 35

surface strain, the bandgap increases (Fig. 1a) or decreases (Fig. 1b). 36

The first case is typical of covalent systems (layered Bi2Te2S; refs 33, 37

34), whereas the second is common in ionic compounds (PbTe; 38

refs 35,36). Given these facts, the behaviour of �ESOC
k (a)/�(a)|a0 can 39

then be guessed a priori from the spread of the electronegativities 40

of the constituents (or better from the Mendeleev numbers37,38). 41

Finally, after characterizing ⇤̂TI as in equation (1), two scenarios 42

arise. (1) If ESOC
k (a0)⇤ 0, the system is already a TI and this state 43

should be preserved. Since the compound is intended to be grown 44

epitaxially, the applied strain (positive or negative) should not go 45

beyond ⇤̂TI, otherwise the fortunate TI condition disappears. The 46

larger the value of |⇤̂TI|, the more robust the TI is, with respect to 47

the choice of potential substrates. Thus |⇤̂TI| represents a legitimate 48

description of TI robustness. (2) If ESOC
k (a0)> 0, the system is not 49

a TI. The condition might be changed with the application of a 50

surface strain (positive or negative) larger than ⇤̂TI. If the strain is 51

physically achievable on the interface (|⇤̂TI| ⌅< 1 ⌅ 2%), then the 52

band inversion is enforced and the system becomes a TI. In this 53

second scenario, |⇤̂TI| can be considered as an appropriate measure 54

of the feasibility of the growth. 55

Equipped with the HT-descriptor (1), we have examined the 56

whole aflowlib.org repository28. We rapidly identify 28 novel 57

potential TIs. The compounds are divided into five classes according 58

to the prototypes and constituents. They are listed in Table 1, 59
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covalent systems ionic compounds 

α) SPIN orbit calculations  
     are expensive 
β) LS due to electrons 
     precessing near cores 
γ) Esoc-EnoSOC ~ const 
δ) simulated epitaxial strain  
    with EnoSOC 
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Figure 1 | Extraction of the high-throughput TI robustness descriptor from energy versus strain variations in SOC and noSOC calculations. SOC and
noSOC band energy differences, and SOC–noSOC energy discrepancy ⇧Ek as functions of the lattice parameter. a, Bi2Te2S at k= ⌅ and b, PbTe at k=N of
the bct2 BZ (refs 39,40) with biaxial strains along a and b (to reproduce epitaxial growth, all the other degrees of freedom are relaxed). The vertical green
line indicates the DFT relaxed geometry, a0, while the vertical blue line denotes the critical value, acrit, separating the TI and non-TI regions. For Bi2Te2S, the
bandgap is direct, so the band energy difference is the actual gap (Table 1). The arrows with ⇤̂TI indicate the strain to lose or achieve the TI condition in a or
b, respectively.

Consequently, we introduce the variational ‘high-throughput TI1

robustness descriptor’:2

⇤̂TI ⇥ � ESOC
k (a0)/a0

�EnoSOC
k (a)/�(a)

��
a0

(1)

3

Formally, the descriptor is defined as a ‘strain’ which represents4

either the robustness or the feasibility of the TI state. If the system5

is already a TI under equilibrium conditions (Fig. 1a) then ⇤̂TI6

represents the maximum biaxial strain applicable before the TI7

condition is lost. Thus, the value of ⇤̂TI can be associated with8

the robustness of the TI state on epitaxial growth conditions.9

Alternatively, if the system is not a TI under equilibrium con-10

ditions, but can be made so by applying a specific strain field11

(Fig. 1b), then ⇤̂TI represents the minimum biaxial strain applicable12

before the TI condition is reached. Thus, the value of ⇤̂TI can13

be associated with the feasibility of the TI state under epitaxial14

growth on an appropriate substrate. In the case where more15

than one TRIM exhibits band inversion, one needs to construct16

different HT robustness descriptor parameters ⇤̂TI and monitor the17

behaviour of the system. Clearly, 2D inequivalent TRIMs might18

exhibit different robustness or feasibility characteristics. These19

will dictate the choice of the proper substrate and/or cleavage20

plane that would indeed show the TI protected state.. By con-21

struction, ⇤̂TI can be rapidly estimated within a HT approach22

by using only three ab initio calculations: ESOC
k (a0), EnoSOC

k (a0),23

and EnoSOC
k (a0 + ⇥). The descriptor is built ad hoc to minimize24

the number of computationally expensive SOC calculations and25

to make effective use of the 15,000 + noSOC electronic struc-26

ture data already available in the aflowlib.org repository28,29. If27

we were including other phenomena, different surface strains,28

and/or more complex symmetries, then the descriptor (1) could be 29

rewritten within a tensorial formalism. Having the HT-descriptor, 30

the band inversion threshold can finally be estimated as acrit ⌅ 31

a0(1 + ⇤̂TI) (for a multi-dimensional HT-descriptor we would 32

have loci of criticality). 33

The values of ESOC
k (a0) and ⇤̂TI give indications on the feasibility 34

and robustness of the potential TI. On application of compressive 35

surface strain, the bandgap increases (Fig. 1a) or decreases (Fig. 1b). 36

The first case is typical of covalent systems (layered Bi2Te2S; refs 33, 37

34), whereas the second is common in ionic compounds (PbTe; 38

refs 35,36). Given these facts, the behaviour of �ESOC
k (a)/�(a)|a0 can 39

then be guessed a priori from the spread of the electronegativities 40

of the constituents (or better from the Mendeleev numbers37,38). 41

Finally, after characterizing ⇤̂TI as in equation (1), two scenarios 42

arise. (1) If ESOC
k (a0)⇤ 0, the system is already a TI and this state 43

should be preserved. Since the compound is intended to be grown 44

epitaxially, the applied strain (positive or negative) should not go 45

beyond ⇤̂TI, otherwise the fortunate TI condition disappears. The 46

larger the value of |⇤̂TI|, the more robust the TI is, with respect to 47

the choice of potential substrates. Thus |⇤̂TI| represents a legitimate 48

description of TI robustness. (2) If ESOC
k (a0)> 0, the system is not 49

a TI. The condition might be changed with the application of a 50

surface strain (positive or negative) larger than ⇤̂TI. If the strain is 51

physically achievable on the interface (|⇤̂TI| ⌅< 1 ⌅ 2%), then the 52

band inversion is enforced and the system becomes a TI. In this 53

second scenario, |⇤̂TI| can be considered as an appropriate measure 54

of the feasibility of the growth. 55

Equipped with the HT-descriptor (1), we have examined the 56

whole aflowlib.org repository28. We rapidly identify 28 novel 57

potential TIs. The compounds are divided into five classes according 58

to the prototypes and constituents. They are listed in Table 1, 59
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Table 1 | Properties of bulk and simulated epitaxial structures.

Bulk Simulated epitaxial growth (a optimized, c/a free)

Compound Space ICSD # Pearson Latt. Exp. DFT Pearson Latt. acrit ESOCk Ref. ESOCg TRIM ⇥Ek @ ESOCk @ �̂TI

group ref. 31 symbol ref. 39 a0,c0 a0,c0 symbol cleav. (Å) ‘ref’ lattice ‘ref’ (mult.) (a0,c0) (a0,c0) (%)

Sb2Te2S R3̄m – hR5 rhl1 – 4.192 hR5 rhl1 1.006a0 �0.106 1.019a0 0.106 ⇥ (1) 0.21 0.043 0.6
31.001 (0001) 0.993c0 0.975c0 (D) PF

Sb2Te2Se R3̄m 2085 hR5 rhl1 4.188 4.244 hR5 rhl1 0.987a0 �0.079 a0 0.079 ⇥ (1) 0.21 �0.079 �1.3
⇥ 29.938 31.212 (0001) 1.017c0 c0 (D) R
Bi2Te2S R3̄m 617050 hR5 rhl1 4.33 4.297 hR5 rhl1 0.987a0 �0.089 a0 0.089 ⇥ (1) 0.62 �0.089 �1.3
Fig. 2a 30.07 31.513 (0001) 1.013c0 c0 (D) R
Bi2Te2Se R3̄m 43512 hR5 rhl1 4.282 4.347 hR5 rhl1 0.943a0 �0.302 a0 0.21 ⇥ (1) 0.63 �0.302 �5.7
⇥ 29.861 31.260 (0001) 1.061c0 c0 (I) VR

GeSb2Te4 R3̄m ref. 45 hR7 rhl1 4.21 4.295 hR7 rhl1 1.038a0 �0.036 1.051a0 0.033 Z(1) 0.30 0.170 3.8
40.6 42.295 (0001) 0.951c0 0.937c0 (I) HF

SnSb2Te4 R3̄m 30392 hR7 rhl1 4.312 4.389 hR7 rhl1 0.999a0 �0.065 1.011a0 0.065 Z(1) 0.22 0.013 �0.1
41.72 42.347 (0001) 0.998c0 0.984c0 (D) PF

PbSb2Te4 R3̄m 250250 hR7 rhl1 4.35 4.413 hR7 rhl1 0.988a0 �0.017 a0 0.017 Z(1) 0.35 �0.017 �1.2
41.712 42.792 (0001) 1.011c0 c0 (D) R

GeBi2Te4 R3̄m 30394 hR7 rhl1 4.282 4.390 hR7 rhl1 0.988a0 �0.076 a0 0.028 Z(1) 0.69 �0.076 �1.2
⇥ Fig. 2b 39.22 42.027 (0001) 1.009c0 c0 (I) R
SnBi2Te4 R3̄m ref. 46 hR7 rhl1 4.411 4.471 hR7 rhl1 0.939a0 �0.129 a0 0.062 Z(1) 0.65 �0.129 �6.1

41.511 42.799 (0001) 1.069c0 c0 (I) VR
PbBi2Te4 R3̄m ref. 47 hR7 rhl1 4.436 4.507 hR7 rhl1 0.914a0 �0.126 a0 0.061 Z(1) 0.74 �0.126 �8.6
⇥ 41.77 43.339 (0001) 1.077c0 c0 (I) VR
PbBi2Se4 R3̄m ref. 48 hR7 rhl1 4.16 4.250 hR7 rhl1 1.035a0 �0.079 1.052a0 0.035 Z(1) 0.41 0.314 5.2

39.2 41.755 (0001) 0.944c0 0.928c0 (I) HF

PbBi4Se7 P3̄m1 ref. 49 hP12 hex 4.25 4.216 hP12 hex 1.018a0 �0.016 1.023a0 0.016 A(1) 0.41 0.128 2.3
22.68 23.839 (0001) 0.971c0 0.966c0 (D) PF

GeBi4Te7 P3̄m1 42891 hP12 hex 4.36 4.412 hP12 hex 0.968a0 �0.037 a0 0.02 A(1) 0.69 �0.037 �3.2
24.11 23.932 (0001) 1.074c0 c0 (I) VR

SnBi4Te7 P3̄m1 ref. 50 hP12 hex 4.392 4.460 hP12 hex 0.926a0 �0.092 a0 0.014 A(1) 0.59 �0.092 �7.4
23.99 25.036 (0001) 1.085c0 c0 (I) VR

PbBi4Te7 P3̄m1 42707 hP12 hex 4.42 4.472 hP12 hex 0.959a0 �0.144 a0 0.085 A(1) 0.60 �0.144 �4.1
⇥ Fig. 2c 23.6 24.863 (0001) 1.063c0 c0 (I) VR
GeSb4Te7 P3̄m1 42875 hP12 hex 4.212 4.321 hP12 hex 0.986a0 �0.016 a0 0.016 A(1) 0.32 �0.016 �1.4

23.651 24.398 (0001) 1.012c0 c0 (D) R
SnSb4Te7 P3̄m1 ref. 51 hP12 hex 4.37 4.367 hP12 hex 0.982a0 �0.041 a0 0.041 A(1) 0.26 �0.041 �1.8

23.79 24.623 (0001) 1.019c0 c0 (D) R
PbSb4Te7 P3̄m1 ref. 52 hP12 hex 4.306 4.384 hP12 hex 0.972a0 �0.068 a0 0.068 A(1) 0.30 �0.068 �2.8

24.017 24.681 (0001) 1.033c0 c0 (D) R

CsSnCl3 Pm3̄m 28082 cP5 cub 5.504 5.618 tP5 tet 0.951a0 �0.281 0.936a0 0.111 A(1) 0.34 0.646 �4.9
5.504 5.618 (001) 1.022c0 1.209c0 (I) HF

CsPbCl3 Pm3̄m 29072 cP5 cub 5.605 5.733 tP5 tet 0.914a0 �0.450 0.890a0 0.354 A(1) 1.11 1.073 �8.6
5.605 5.733 (001) 1.037c0 1.050c0 (I) HF

CsGeBr3 Pm3̄m 80320 cP5 cub 5.36 5.603 tP5 tet 0.955a0 �0.055 0.952a0 0.026 A(1) 0.16 0.591 �4.5
5.36 5.603 (001) 1.022c0 1.023c0 (I) HF

CsSnBr3 Pm3̄m 4071 cP5 cub 5.795 5.884 tP5 tet 0.972a0 �0.099 0.965a0 0.099 A(1) 0.34 0.288 �2.8
5.795 5.884 (001) 1.010c0 1.013c0 (D) PF

CsPbBr3 Pm3̄m 29073 cP5 cub 5.874 5.993 tP5 tet 0.934a0 �0.120 0.926a0 0.120 A(1) 1.11 0.641 �6.6
5.874 5.993 (001) 1.024c0 1.027c0 ( D) HF

CsSnI3 Pm3̄m 69997 cP5 cub 6.219 6.272 tP5 tet 0.993a0 �0.335 0.960a0 0.169 A(1) 0.39 0.070 �0.7
Fig. 2d 6.219 6.272 (001) 1.002c0 1.013c0 (I) PF

PbS Fm3̄m 38293 cF8 fcc 4.196 4.248 tI4 bct2 0.986a0 �0.129 0.970a0 0.129 N (4) 0.37 0.099 �1.4
5.934 6.008 (001) 1.005c0 1.009c0 (D) PF

PbSe Fm3̄m 38294 cF8 fcc 4.333 4.388 tI4 bct2 1.003a0 �0.218 0.970a0 0.218 N (4) 0.41 �0.013 0.3
6.128 6.206 (001) 0.999c0 1.006c0 (D) F

PbTe Fm3̄m 38295 cF8 fcc 4.569 4.634 tI4 bct2 0.985a0 �0.520 0.96a0 0.086 N (4) 0.72 0.072 �1.5
Fig. 2e 6.462 6.554 (001) 1.001c0 1.004c0 (I) PF
SnTe Fm3̄m 52489 cF8 fcc 4.471 4.528 tI4 bct2 1.027a0 �0.058 1.010a0 0.058 N (4) 0.15 �0.107 2.7

6.323 6.404 (001) 0.998c0 0.999c0 (D) VR

Properties of bulk structure: compound (⇥ indicates experimental validation), space group, ICSD number31, Pearson symbol, Bravais lattice39, experimental and DFT equilibrium lattices a,c in (Å).
Properties under the simulated epitaxial growth condition: Pearson symbol, Bravais lattice with conventional cleavage Miller indices, critical value for band inversion (acrit), SOC band energy difference
(ESOCk (ref.)) at the TRIMwith the reference lattice, reference lattice, SOC band-gap at the reference lattice (direct/indirect) (ESOCg (ref.)), TRIMs having band inversion withmultiplicity39, SOC energy-gap
discrepancy (⇤Ek) at the ab initio equilibrium lattice, SOC band energy difference (ESOCk (a0)) at the TRIMwith the ab initio equilibrium lattice, HT-descriptor (�̂TI). The labels below �̂TI indicate: F(fragile),
R(robust), VR(very robust), PF(potentially feasible), and HF(hardly feasible) (structural and electronic data is available by following the links listed in the Supplementary Information Extended Table).
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PbBi2Se4 R3̄m ref. 48 hR7 rhl1 4.16 4.250 hR7 rhl1 1.035a0 �0.079 1.052a0 0.035 Z(1) 0.41 0.314 5.2

39.2 41.755 (0001) 0.944c0 0.928c0 (I) HF

PbBi4Se7 P3̄m1 ref. 49 hP12 hex 4.25 4.216 hP12 hex 1.018a0 �0.016 1.023a0 0.016 A(1) 0.41 0.128 2.3
22.68 23.839 (0001) 0.971c0 0.966c0 (D) PF

GeBi4Te7 P3̄m1 42891 hP12 hex 4.36 4.412 hP12 hex 0.968a0 �0.037 a0 0.02 A(1) 0.69 �0.037 �3.2
24.11 23.932 (0001) 1.074c0 c0 (I) VR

SnBi4Te7 P3̄m1 ref. 50 hP12 hex 4.392 4.460 hP12 hex 0.926a0 �0.092 a0 0.014 A(1) 0.59 �0.092 �7.4
23.99 25.036 (0001) 1.085c0 c0 (I) VR

PbBi4Te7 P3̄m1 42707 hP12 hex 4.42 4.472 hP12 hex 0.959a0 �0.144 a0 0.085 A(1) 0.60 �0.144 �4.1
⇥ Fig. 2c 23.6 24.863 (0001) 1.063c0 c0 (I) VR
GeSb4Te7 P3̄m1 42875 hP12 hex 4.212 4.321 hP12 hex 0.986a0 �0.016 a0 0.016 A(1) 0.32 �0.016 �1.4

23.651 24.398 (0001) 1.012c0 c0 (D) R
SnSb4Te7 P3̄m1 ref. 51 hP12 hex 4.37 4.367 hP12 hex 0.982a0 �0.041 a0 0.041 A(1) 0.26 �0.041 �1.8

23.79 24.623 (0001) 1.019c0 c0 (D) R
PbSb4Te7 P3̄m1 ref. 52 hP12 hex 4.306 4.384 hP12 hex 0.972a0 �0.068 a0 0.068 A(1) 0.30 �0.068 �2.8

24.017 24.681 (0001) 1.033c0 c0 (D) R

CsSnCl3 Pm3̄m 28082 cP5 cub 5.504 5.618 tP5 tet 0.951a0 �0.281 0.936a0 0.111 A(1) 0.34 0.646 �4.9
5.504 5.618 (001) 1.022c0 1.209c0 (I) HF

CsPbCl3 Pm3̄m 29072 cP5 cub 5.605 5.733 tP5 tet 0.914a0 �0.450 0.890a0 0.354 A(1) 1.11 1.073 �8.6
5.605 5.733 (001) 1.037c0 1.050c0 (I) HF

CsGeBr3 Pm3̄m 80320 cP5 cub 5.36 5.603 tP5 tet 0.955a0 �0.055 0.952a0 0.026 A(1) 0.16 0.591 �4.5
5.36 5.603 (001) 1.022c0 1.023c0 (I) HF

CsSnBr3 Pm3̄m 4071 cP5 cub 5.795 5.884 tP5 tet 0.972a0 �0.099 0.965a0 0.099 A(1) 0.34 0.288 �2.8
5.795 5.884 (001) 1.010c0 1.013c0 (D) PF

CsPbBr3 Pm3̄m 29073 cP5 cub 5.874 5.993 tP5 tet 0.934a0 �0.120 0.926a0 0.120 A(1) 1.11 0.641 �6.6
5.874 5.993 (001) 1.024c0 1.027c0 ( D) HF

CsSnI3 Pm3̄m 69997 cP5 cub 6.219 6.272 tP5 tet 0.993a0 �0.335 0.960a0 0.169 A(1) 0.39 0.070 �0.7
Fig. 2d 6.219 6.272 (001) 1.002c0 1.013c0 (I) PF

PbS Fm3̄m 38293 cF8 fcc 4.196 4.248 tI4 bct2 0.986a0 �0.129 0.970a0 0.129 N (4) 0.37 0.099 �1.4
5.934 6.008 (001) 1.005c0 1.009c0 (D) PF

PbSe Fm3̄m 38294 cF8 fcc 4.333 4.388 tI4 bct2 1.003a0 �0.218 0.970a0 0.218 N (4) 0.41 �0.013 0.3
6.128 6.206 (001) 0.999c0 1.006c0 (D) F

PbTe Fm3̄m 38295 cF8 fcc 4.569 4.634 tI4 bct2 0.985a0 �0.520 0.96a0 0.086 N (4) 0.72 0.072 �1.5
Fig. 2e 6.462 6.554 (001) 1.001c0 1.004c0 (I) PF
SnTe Fm3̄m 52489 cF8 fcc 4.471 4.528 tI4 bct2 1.027a0 �0.058 1.010a0 0.058 N (4) 0.15 �0.107 2.7

6.323 6.404 (001) 0.998c0 0.999c0 (D) VR

Properties of bulk structure: compound (⇥ indicates experimental validation), space group, ICSD number31, Pearson symbol, Bravais lattice39, experimental and DFT equilibrium lattices a,c in (Å).
Properties under the simulated epitaxial growth condition: Pearson symbol, Bravais lattice with conventional cleavage Miller indices, critical value for band inversion (acrit), SOC band energy difference
(ESOCk (ref.)) at the TRIMwith the reference lattice, reference lattice, SOC band-gap at the reference lattice (direct/indirect) (ESOCg (ref.)), TRIMs having band inversion withmultiplicity39, SOC energy-gap
discrepancy (⇤Ek) at the ab initio equilibrium lattice, SOC band energy difference (ESOCk (a0)) at the TRIMwith the ab initio equilibrium lattice, HT-descriptor (�̂TI). The labels below �̂TI indicate: F(fragile),
R(robust), VR(very robust), PF(potentially feasible), and HF(hardly feasible) (structural and electronic data is available by following the links listed in the Supplementary Information Extended Table).
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Table 1 | Properties of bulk and simulated epitaxial structures.

Bulk Simulated epitaxial growth (a optimized, c/a free)

Compound Space ICSD # Pearson Latt. Exp. DFT Pearson Latt. acrit ESOCk Ref. ESOCg TRIM ⇥Ek @ ESOCk @ �̂TI

group ref. 31 symbol ref. 39 a0,c0 a0,c0 symbol cleav. (Å) ‘ref’ lattice ‘ref’ (mult.) (a0,c0) (a0,c0) (%)

Sb2Te2S R3̄m – hR5 rhl1 – 4.192 hR5 rhl1 1.006a0 �0.106 1.019a0 0.106 ⇥ (1) 0.21 0.043 0.6
31.001 (0001) 0.993c0 0.975c0 (D) PF

Sb2Te2Se R3̄m 2085 hR5 rhl1 4.188 4.244 hR5 rhl1 0.987a0 �0.079 a0 0.079 ⇥ (1) 0.21 �0.079 �1.3
⇥ 29.938 31.212 (0001) 1.017c0 c0 (D) R
Bi2Te2S R3̄m 617050 hR5 rhl1 4.33 4.297 hR5 rhl1 0.987a0 �0.089 a0 0.089 ⇥ (1) 0.62 �0.089 �1.3
Fig. 2a 30.07 31.513 (0001) 1.013c0 c0 (D) R
Bi2Te2Se R3̄m 43512 hR5 rhl1 4.282 4.347 hR5 rhl1 0.943a0 �0.302 a0 0.21 ⇥ (1) 0.63 �0.302 �5.7
⇥ 29.861 31.260 (0001) 1.061c0 c0 (I) VR

GeSb2Te4 R3̄m ref. 45 hR7 rhl1 4.21 4.295 hR7 rhl1 1.038a0 �0.036 1.051a0 0.033 Z(1) 0.30 0.170 3.8
40.6 42.295 (0001) 0.951c0 0.937c0 (I) HF

SnSb2Te4 R3̄m 30392 hR7 rhl1 4.312 4.389 hR7 rhl1 0.999a0 �0.065 1.011a0 0.065 Z(1) 0.22 0.013 �0.1
41.72 42.347 (0001) 0.998c0 0.984c0 (D) PF

PbSb2Te4 R3̄m 250250 hR7 rhl1 4.35 4.413 hR7 rhl1 0.988a0 �0.017 a0 0.017 Z(1) 0.35 �0.017 �1.2
41.712 42.792 (0001) 1.011c0 c0 (D) R

GeBi2Te4 R3̄m 30394 hR7 rhl1 4.282 4.390 hR7 rhl1 0.988a0 �0.076 a0 0.028 Z(1) 0.69 �0.076 �1.2
⇥ Fig. 2b 39.22 42.027 (0001) 1.009c0 c0 (I) R
SnBi2Te4 R3̄m ref. 46 hR7 rhl1 4.411 4.471 hR7 rhl1 0.939a0 �0.129 a0 0.062 Z(1) 0.65 �0.129 �6.1

41.511 42.799 (0001) 1.069c0 c0 (I) VR
PbBi2Te4 R3̄m ref. 47 hR7 rhl1 4.436 4.507 hR7 rhl1 0.914a0 �0.126 a0 0.061 Z(1) 0.74 �0.126 �8.6
⇥ 41.77 43.339 (0001) 1.077c0 c0 (I) VR
PbBi2Se4 R3̄m ref. 48 hR7 rhl1 4.16 4.250 hR7 rhl1 1.035a0 �0.079 1.052a0 0.035 Z(1) 0.41 0.314 5.2

39.2 41.755 (0001) 0.944c0 0.928c0 (I) HF

PbBi4Se7 P3̄m1 ref. 49 hP12 hex 4.25 4.216 hP12 hex 1.018a0 �0.016 1.023a0 0.016 A(1) 0.41 0.128 2.3
22.68 23.839 (0001) 0.971c0 0.966c0 (D) PF

GeBi4Te7 P3̄m1 42891 hP12 hex 4.36 4.412 hP12 hex 0.968a0 �0.037 a0 0.02 A(1) 0.69 �0.037 �3.2
24.11 23.932 (0001) 1.074c0 c0 (I) VR

SnBi4Te7 P3̄m1 ref. 50 hP12 hex 4.392 4.460 hP12 hex 0.926a0 �0.092 a0 0.014 A(1) 0.59 �0.092 �7.4
23.99 25.036 (0001) 1.085c0 c0 (I) VR

PbBi4Te7 P3̄m1 42707 hP12 hex 4.42 4.472 hP12 hex 0.959a0 �0.144 a0 0.085 A(1) 0.60 �0.144 �4.1
⇥ Fig. 2c 23.6 24.863 (0001) 1.063c0 c0 (I) VR
GeSb4Te7 P3̄m1 42875 hP12 hex 4.212 4.321 hP12 hex 0.986a0 �0.016 a0 0.016 A(1) 0.32 �0.016 �1.4

23.651 24.398 (0001) 1.012c0 c0 (D) R
SnSb4Te7 P3̄m1 ref. 51 hP12 hex 4.37 4.367 hP12 hex 0.982a0 �0.041 a0 0.041 A(1) 0.26 �0.041 �1.8

23.79 24.623 (0001) 1.019c0 c0 (D) R
PbSb4Te7 P3̄m1 ref. 52 hP12 hex 4.306 4.384 hP12 hex 0.972a0 �0.068 a0 0.068 A(1) 0.30 �0.068 �2.8

24.017 24.681 (0001) 1.033c0 c0 (D) R

CsSnCl3 Pm3̄m 28082 cP5 cub 5.504 5.618 tP5 tet 0.951a0 �0.281 0.936a0 0.111 A(1) 0.34 0.646 �4.9
5.504 5.618 (001) 1.022c0 1.209c0 (I) HF

CsPbCl3 Pm3̄m 29072 cP5 cub 5.605 5.733 tP5 tet 0.914a0 �0.450 0.890a0 0.354 A(1) 1.11 1.073 �8.6
5.605 5.733 (001) 1.037c0 1.050c0 (I) HF

CsGeBr3 Pm3̄m 80320 cP5 cub 5.36 5.603 tP5 tet 0.955a0 �0.055 0.952a0 0.026 A(1) 0.16 0.591 �4.5
5.36 5.603 (001) 1.022c0 1.023c0 (I) HF

CsSnBr3 Pm3̄m 4071 cP5 cub 5.795 5.884 tP5 tet 0.972a0 �0.099 0.965a0 0.099 A(1) 0.34 0.288 �2.8
5.795 5.884 (001) 1.010c0 1.013c0 (D) PF

CsPbBr3 Pm3̄m 29073 cP5 cub 5.874 5.993 tP5 tet 0.934a0 �0.120 0.926a0 0.120 A(1) 1.11 0.641 �6.6
5.874 5.993 (001) 1.024c0 1.027c0 ( D) HF

CsSnI3 Pm3̄m 69997 cP5 cub 6.219 6.272 tP5 tet 0.993a0 �0.335 0.960a0 0.169 A(1) 0.39 0.070 �0.7
Fig. 2d 6.219 6.272 (001) 1.002c0 1.013c0 (I) PF

PbS Fm3̄m 38293 cF8 fcc 4.196 4.248 tI4 bct2 0.986a0 �0.129 0.970a0 0.129 N (4) 0.37 0.099 �1.4
5.934 6.008 (001) 1.005c0 1.009c0 (D) PF

PbSe Fm3̄m 38294 cF8 fcc 4.333 4.388 tI4 bct2 1.003a0 �0.218 0.970a0 0.218 N (4) 0.41 �0.013 0.3
6.128 6.206 (001) 0.999c0 1.006c0 (D) F

PbTe Fm3̄m 38295 cF8 fcc 4.569 4.634 tI4 bct2 0.985a0 �0.520 0.96a0 0.086 N (4) 0.72 0.072 �1.5
Fig. 2e 6.462 6.554 (001) 1.001c0 1.004c0 (I) PF
SnTe Fm3̄m 52489 cF8 fcc 4.471 4.528 tI4 bct2 1.027a0 �0.058 1.010a0 0.058 N (4) 0.15 �0.107 2.7

6.323 6.404 (001) 0.998c0 0.999c0 (D) VR

Properties of bulk structure: compound (⇥ indicates experimental validation), space group, ICSD number31, Pearson symbol, Bravais lattice39, experimental and DFT equilibrium lattices a,c in (Å).
Properties under the simulated epitaxial growth condition: Pearson symbol, Bravais lattice with conventional cleavage Miller indices, critical value for band inversion (acrit), SOC band energy difference
(ESOCk (ref.)) at the TRIMwith the reference lattice, reference lattice, SOC band-gap at the reference lattice (direct/indirect) (ESOCg (ref.)), TRIMs having band inversion withmultiplicity39, SOC energy-gap
discrepancy (⇤Ek) at the ab initio equilibrium lattice, SOC band energy difference (ESOCk (a0)) at the TRIMwith the ab initio equilibrium lattice, HT-descriptor (�̂TI). The labels below �̂TI indicate: F(fragile),
R(robust), VR(very robust), PF(potentially feasible), and HF(hardly feasible) (structural and electronic data is available by following the links listed in the Supplementary Information Extended Table).
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Table 1 | Properties of bulk and simulated epitaxial structures.

Bulk Simulated epitaxial growth (a optimized, c/a free)

Compound Space ICSD # Pearson Latt. Exp. DFT Pearson Latt. acrit ESOCk Ref. ESOCg TRIM ⇥Ek @ ESOCk @ �̂TI

group ref. 31 symbol ref. 39 a0,c0 a0,c0 symbol cleav. (Å) ‘ref’ lattice ‘ref’ (mult.) (a0,c0) (a0,c0) (%)

Sb2Te2S R3̄m – hR5 rhl1 – 4.192 hR5 rhl1 1.006a0 �0.106 1.019a0 0.106 ⇥ (1) 0.21 0.043 0.6
31.001 (0001) 0.993c0 0.975c0 (D) PF

Sb2Te2Se R3̄m 2085 hR5 rhl1 4.188 4.244 hR5 rhl1 0.987a0 �0.079 a0 0.079 ⇥ (1) 0.21 �0.079 �1.3
⇥ 29.938 31.212 (0001) 1.017c0 c0 (D) R
Bi2Te2S R3̄m 617050 hR5 rhl1 4.33 4.297 hR5 rhl1 0.987a0 �0.089 a0 0.089 ⇥ (1) 0.62 �0.089 �1.3
Fig. 2a 30.07 31.513 (0001) 1.013c0 c0 (D) R
Bi2Te2Se R3̄m 43512 hR5 rhl1 4.282 4.347 hR5 rhl1 0.943a0 �0.302 a0 0.21 ⇥ (1) 0.63 �0.302 �5.7
⇥ 29.861 31.260 (0001) 1.061c0 c0 (I) VR

GeSb2Te4 R3̄m ref. 45 hR7 rhl1 4.21 4.295 hR7 rhl1 1.038a0 �0.036 1.051a0 0.033 Z(1) 0.30 0.170 3.8
40.6 42.295 (0001) 0.951c0 0.937c0 (I) HF

SnSb2Te4 R3̄m 30392 hR7 rhl1 4.312 4.389 hR7 rhl1 0.999a0 �0.065 1.011a0 0.065 Z(1) 0.22 0.013 �0.1
41.72 42.347 (0001) 0.998c0 0.984c0 (D) PF

PbSb2Te4 R3̄m 250250 hR7 rhl1 4.35 4.413 hR7 rhl1 0.988a0 �0.017 a0 0.017 Z(1) 0.35 �0.017 �1.2
41.712 42.792 (0001) 1.011c0 c0 (D) R

GeBi2Te4 R3̄m 30394 hR7 rhl1 4.282 4.390 hR7 rhl1 0.988a0 �0.076 a0 0.028 Z(1) 0.69 �0.076 �1.2
⇥ Fig. 2b 39.22 42.027 (0001) 1.009c0 c0 (I) R
SnBi2Te4 R3̄m ref. 46 hR7 rhl1 4.411 4.471 hR7 rhl1 0.939a0 �0.129 a0 0.062 Z(1) 0.65 �0.129 �6.1

41.511 42.799 (0001) 1.069c0 c0 (I) VR
PbBi2Te4 R3̄m ref. 47 hR7 rhl1 4.436 4.507 hR7 rhl1 0.914a0 �0.126 a0 0.061 Z(1) 0.74 �0.126 �8.6
⇥ 41.77 43.339 (0001) 1.077c0 c0 (I) VR
PbBi2Se4 R3̄m ref. 48 hR7 rhl1 4.16 4.250 hR7 rhl1 1.035a0 �0.079 1.052a0 0.035 Z(1) 0.41 0.314 5.2

39.2 41.755 (0001) 0.944c0 0.928c0 (I) HF

PbBi4Se7 P3̄m1 ref. 49 hP12 hex 4.25 4.216 hP12 hex 1.018a0 �0.016 1.023a0 0.016 A(1) 0.41 0.128 2.3
22.68 23.839 (0001) 0.971c0 0.966c0 (D) PF

GeBi4Te7 P3̄m1 42891 hP12 hex 4.36 4.412 hP12 hex 0.968a0 �0.037 a0 0.02 A(1) 0.69 �0.037 �3.2
24.11 23.932 (0001) 1.074c0 c0 (I) VR

SnBi4Te7 P3̄m1 ref. 50 hP12 hex 4.392 4.460 hP12 hex 0.926a0 �0.092 a0 0.014 A(1) 0.59 �0.092 �7.4
23.99 25.036 (0001) 1.085c0 c0 (I) VR

PbBi4Te7 P3̄m1 42707 hP12 hex 4.42 4.472 hP12 hex 0.959a0 �0.144 a0 0.085 A(1) 0.60 �0.144 �4.1
⇥ Fig. 2c 23.6 24.863 (0001) 1.063c0 c0 (I) VR
GeSb4Te7 P3̄m1 42875 hP12 hex 4.212 4.321 hP12 hex 0.986a0 �0.016 a0 0.016 A(1) 0.32 �0.016 �1.4

23.651 24.398 (0001) 1.012c0 c0 (D) R
SnSb4Te7 P3̄m1 ref. 51 hP12 hex 4.37 4.367 hP12 hex 0.982a0 �0.041 a0 0.041 A(1) 0.26 �0.041 �1.8

23.79 24.623 (0001) 1.019c0 c0 (D) R
PbSb4Te7 P3̄m1 ref. 52 hP12 hex 4.306 4.384 hP12 hex 0.972a0 �0.068 a0 0.068 A(1) 0.30 �0.068 �2.8

24.017 24.681 (0001) 1.033c0 c0 (D) R

CsSnCl3 Pm3̄m 28082 cP5 cub 5.504 5.618 tP5 tet 0.951a0 �0.281 0.936a0 0.111 A(1) 0.34 0.646 �4.9
5.504 5.618 (001) 1.022c0 1.209c0 (I) HF

CsPbCl3 Pm3̄m 29072 cP5 cub 5.605 5.733 tP5 tet 0.914a0 �0.450 0.890a0 0.354 A(1) 1.11 1.073 �8.6
5.605 5.733 (001) 1.037c0 1.050c0 (I) HF

CsGeBr3 Pm3̄m 80320 cP5 cub 5.36 5.603 tP5 tet 0.955a0 �0.055 0.952a0 0.026 A(1) 0.16 0.591 �4.5
5.36 5.603 (001) 1.022c0 1.023c0 (I) HF

CsSnBr3 Pm3̄m 4071 cP5 cub 5.795 5.884 tP5 tet 0.972a0 �0.099 0.965a0 0.099 A(1) 0.34 0.288 �2.8
5.795 5.884 (001) 1.010c0 1.013c0 (D) PF

CsPbBr3 Pm3̄m 29073 cP5 cub 5.874 5.993 tP5 tet 0.934a0 �0.120 0.926a0 0.120 A(1) 1.11 0.641 �6.6
5.874 5.993 (001) 1.024c0 1.027c0 ( D) HF

CsSnI3 Pm3̄m 69997 cP5 cub 6.219 6.272 tP5 tet 0.993a0 �0.335 0.960a0 0.169 A(1) 0.39 0.070 �0.7
Fig. 2d 6.219 6.272 (001) 1.002c0 1.013c0 (I) PF

PbS Fm3̄m 38293 cF8 fcc 4.196 4.248 tI4 bct2 0.986a0 �0.129 0.970a0 0.129 N (4) 0.37 0.099 �1.4
5.934 6.008 (001) 1.005c0 1.009c0 (D) PF

PbSe Fm3̄m 38294 cF8 fcc 4.333 4.388 tI4 bct2 1.003a0 �0.218 0.970a0 0.218 N (4) 0.41 �0.013 0.3
6.128 6.206 (001) 0.999c0 1.006c0 (D) F

PbTe Fm3̄m 38295 cF8 fcc 4.569 4.634 tI4 bct2 0.985a0 �0.520 0.96a0 0.086 N (4) 0.72 0.072 �1.5
Fig. 2e 6.462 6.554 (001) 1.001c0 1.004c0 (I) PF
SnTe Fm3̄m 52489 cF8 fcc 4.471 4.528 tI4 bct2 1.027a0 �0.058 1.010a0 0.058 N (4) 0.15 �0.107 2.7

6.323 6.404 (001) 0.998c0 0.999c0 (D) VR

Properties of bulk structure: compound (⇥ indicates experimental validation), space group, ICSD number31, Pearson symbol, Bravais lattice39, experimental and DFT equilibrium lattices a,c in (Å).
Properties under the simulated epitaxial growth condition: Pearson symbol, Bravais lattice with conventional cleavage Miller indices, critical value for band inversion (acrit), SOC band energy difference
(ESOCk (ref.)) at the TRIMwith the reference lattice, reference lattice, SOC band-gap at the reference lattice (direct/indirect) (ESOCg (ref.)), TRIMs having band inversion withmultiplicity39, SOC energy-gap
discrepancy (⇤Ek) at the ab initio equilibrium lattice, SOC band energy difference (ESOCk (a0)) at the TRIMwith the ab initio equilibrium lattice, HT-descriptor (�̂TI). The labels below �̂TI indicate: F(fragile),
R(robust), VR(very robust), PF(potentially feasible), and HF(hardly feasible) (structural and electronic data is available by following the links listed in the Supplementary Information Extended Table).
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Table 1 | Properties of bulk and simulated epitaxial structures.

Bulk Simulated epitaxial growth (a optimized, c/a free)

Compound Space ICSD # Pearson Latt. Exp. DFT Pearson Latt. acrit ESOCk Ref. ESOCg TRIM ⇥Ek @ ESOCk @ �̂TI

group ref. 31 symbol ref. 39 a0,c0 a0,c0 symbol cleav. (Å) ‘ref’ lattice ‘ref’ (mult.) (a0,c0) (a0,c0) (%)

Sb2Te2S R3̄m – hR5 rhl1 – 4.192 hR5 rhl1 1.006a0 �0.106 1.019a0 0.106 ⇥ (1) 0.21 0.043 0.6
31.001 (0001) 0.993c0 0.975c0 (D) PF

Sb2Te2Se R3̄m 2085 hR5 rhl1 4.188 4.244 hR5 rhl1 0.987a0 �0.079 a0 0.079 ⇥ (1) 0.21 �0.079 �1.3
⇥ 29.938 31.212 (0001) 1.017c0 c0 (D) R
Bi2Te2S R3̄m 617050 hR5 rhl1 4.33 4.297 hR5 rhl1 0.987a0 �0.089 a0 0.089 ⇥ (1) 0.62 �0.089 �1.3
Fig. 2a 30.07 31.513 (0001) 1.013c0 c0 (D) R
Bi2Te2Se R3̄m 43512 hR5 rhl1 4.282 4.347 hR5 rhl1 0.943a0 �0.302 a0 0.21 ⇥ (1) 0.63 �0.302 �5.7
⇥ 29.861 31.260 (0001) 1.061c0 c0 (I) VR

GeSb2Te4 R3̄m ref. 45 hR7 rhl1 4.21 4.295 hR7 rhl1 1.038a0 �0.036 1.051a0 0.033 Z(1) 0.30 0.170 3.8
40.6 42.295 (0001) 0.951c0 0.937c0 (I) HF

SnSb2Te4 R3̄m 30392 hR7 rhl1 4.312 4.389 hR7 rhl1 0.999a0 �0.065 1.011a0 0.065 Z(1) 0.22 0.013 �0.1
41.72 42.347 (0001) 0.998c0 0.984c0 (D) PF

PbSb2Te4 R3̄m 250250 hR7 rhl1 4.35 4.413 hR7 rhl1 0.988a0 �0.017 a0 0.017 Z(1) 0.35 �0.017 �1.2
41.712 42.792 (0001) 1.011c0 c0 (D) R

GeBi2Te4 R3̄m 30394 hR7 rhl1 4.282 4.390 hR7 rhl1 0.988a0 �0.076 a0 0.028 Z(1) 0.69 �0.076 �1.2
⇥ Fig. 2b 39.22 42.027 (0001) 1.009c0 c0 (I) R
SnBi2Te4 R3̄m ref. 46 hR7 rhl1 4.411 4.471 hR7 rhl1 0.939a0 �0.129 a0 0.062 Z(1) 0.65 �0.129 �6.1

41.511 42.799 (0001) 1.069c0 c0 (I) VR
PbBi2Te4 R3̄m ref. 47 hR7 rhl1 4.436 4.507 hR7 rhl1 0.914a0 �0.126 a0 0.061 Z(1) 0.74 �0.126 �8.6
⇥ 41.77 43.339 (0001) 1.077c0 c0 (I) VR
PbBi2Se4 R3̄m ref. 48 hR7 rhl1 4.16 4.250 hR7 rhl1 1.035a0 �0.079 1.052a0 0.035 Z(1) 0.41 0.314 5.2

39.2 41.755 (0001) 0.944c0 0.928c0 (I) HF

PbBi4Se7 P3̄m1 ref. 49 hP12 hex 4.25 4.216 hP12 hex 1.018a0 �0.016 1.023a0 0.016 A(1) 0.41 0.128 2.3
22.68 23.839 (0001) 0.971c0 0.966c0 (D) PF

GeBi4Te7 P3̄m1 42891 hP12 hex 4.36 4.412 hP12 hex 0.968a0 �0.037 a0 0.02 A(1) 0.69 �0.037 �3.2
24.11 23.932 (0001) 1.074c0 c0 (I) VR

SnBi4Te7 P3̄m1 ref. 50 hP12 hex 4.392 4.460 hP12 hex 0.926a0 �0.092 a0 0.014 A(1) 0.59 �0.092 �7.4
23.99 25.036 (0001) 1.085c0 c0 (I) VR

PbBi4Te7 P3̄m1 42707 hP12 hex 4.42 4.472 hP12 hex 0.959a0 �0.144 a0 0.085 A(1) 0.60 �0.144 �4.1
⇥ Fig. 2c 23.6 24.863 (0001) 1.063c0 c0 (I) VR
GeSb4Te7 P3̄m1 42875 hP12 hex 4.212 4.321 hP12 hex 0.986a0 �0.016 a0 0.016 A(1) 0.32 �0.016 �1.4

23.651 24.398 (0001) 1.012c0 c0 (D) R
SnSb4Te7 P3̄m1 ref. 51 hP12 hex 4.37 4.367 hP12 hex 0.982a0 �0.041 a0 0.041 A(1) 0.26 �0.041 �1.8

23.79 24.623 (0001) 1.019c0 c0 (D) R
PbSb4Te7 P3̄m1 ref. 52 hP12 hex 4.306 4.384 hP12 hex 0.972a0 �0.068 a0 0.068 A(1) 0.30 �0.068 �2.8

24.017 24.681 (0001) 1.033c0 c0 (D) R

CsSnCl3 Pm3̄m 28082 cP5 cub 5.504 5.618 tP5 tet 0.951a0 �0.281 0.936a0 0.111 A(1) 0.34 0.646 �4.9
5.504 5.618 (001) 1.022c0 1.209c0 (I) HF

CsPbCl3 Pm3̄m 29072 cP5 cub 5.605 5.733 tP5 tet 0.914a0 �0.450 0.890a0 0.354 A(1) 1.11 1.073 �8.6
5.605 5.733 (001) 1.037c0 1.050c0 (I) HF

CsGeBr3 Pm3̄m 80320 cP5 cub 5.36 5.603 tP5 tet 0.955a0 �0.055 0.952a0 0.026 A(1) 0.16 0.591 �4.5
5.36 5.603 (001) 1.022c0 1.023c0 (I) HF

CsSnBr3 Pm3̄m 4071 cP5 cub 5.795 5.884 tP5 tet 0.972a0 �0.099 0.965a0 0.099 A(1) 0.34 0.288 �2.8
5.795 5.884 (001) 1.010c0 1.013c0 (D) PF

CsPbBr3 Pm3̄m 29073 cP5 cub 5.874 5.993 tP5 tet 0.934a0 �0.120 0.926a0 0.120 A(1) 1.11 0.641 �6.6
5.874 5.993 (001) 1.024c0 1.027c0 ( D) HF

CsSnI3 Pm3̄m 69997 cP5 cub 6.219 6.272 tP5 tet 0.993a0 �0.335 0.960a0 0.169 A(1) 0.39 0.070 �0.7
Fig. 2d 6.219 6.272 (001) 1.002c0 1.013c0 (I) PF

PbS Fm3̄m 38293 cF8 fcc 4.196 4.248 tI4 bct2 0.986a0 �0.129 0.970a0 0.129 N (4) 0.37 0.099 �1.4
5.934 6.008 (001) 1.005c0 1.009c0 (D) PF

PbSe Fm3̄m 38294 cF8 fcc 4.333 4.388 tI4 bct2 1.003a0 �0.218 0.970a0 0.218 N (4) 0.41 �0.013 0.3
6.128 6.206 (001) 0.999c0 1.006c0 (D) F

PbTe Fm3̄m 38295 cF8 fcc 4.569 4.634 tI4 bct2 0.985a0 �0.520 0.96a0 0.086 N (4) 0.72 0.072 �1.5
Fig. 2e 6.462 6.554 (001) 1.001c0 1.004c0 (I) PF
SnTe Fm3̄m 52489 cF8 fcc 4.471 4.528 tI4 bct2 1.027a0 �0.058 1.010a0 0.058 N (4) 0.15 �0.107 2.7

6.323 6.404 (001) 0.998c0 0.999c0 (D) VR

Properties of bulk structure: compound (⇥ indicates experimental validation), space group, ICSD number31, Pearson symbol, Bravais lattice39, experimental and DFT equilibrium lattices a,c in (Å).
Properties under the simulated epitaxial growth condition: Pearson symbol, Bravais lattice with conventional cleavage Miller indices, critical value for band inversion (acrit), SOC band energy difference
(ESOCk (ref.)) at the TRIMwith the reference lattice, reference lattice, SOC band-gap at the reference lattice (direct/indirect) (ESOCg (ref.)), TRIMs having band inversion withmultiplicity39, SOC energy-gap
discrepancy (⇤Ek) at the ab initio equilibrium lattice, SOC band energy difference (ESOCk (a0)) at the TRIMwith the ab initio equilibrium lattice, HT-descriptor (�̂TI). The labels below �̂TI indicate: F(fragile),
R(robust), VR(very robust), PF(potentially feasible), and HF(hardly feasible) (structural and electronic data is available by following the links listed in the Supplementary Information Extended Table).
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Table 1 | Properties of bulk and simulated epitaxial structures.

Bulk Simulated epitaxial growth (a optimized, c/a free)

Compound Space ICSD # Pearson Latt. Exp. DFT Pearson Latt. acrit ESOCk Ref. ESOCg TRIM ⇥Ek @ ESOCk @ �̂TI

group ref. 31 symbol ref. 39 a0,c0 a0,c0 symbol cleav. (Å) ‘ref’ lattice ‘ref’ (mult.) (a0,c0) (a0,c0) (%)

Sb2Te2S R3̄m – hR5 rhl1 – 4.192 hR5 rhl1 1.006a0 �0.106 1.019a0 0.106 ⇥ (1) 0.21 0.043 0.6
31.001 (0001) 0.993c0 0.975c0 (D) PF

Sb2Te2Se R3̄m 2085 hR5 rhl1 4.188 4.244 hR5 rhl1 0.987a0 �0.079 a0 0.079 ⇥ (1) 0.21 �0.079 �1.3
⇥ 29.938 31.212 (0001) 1.017c0 c0 (D) R
Bi2Te2S R3̄m 617050 hR5 rhl1 4.33 4.297 hR5 rhl1 0.987a0 �0.089 a0 0.089 ⇥ (1) 0.62 �0.089 �1.3
Fig. 2a 30.07 31.513 (0001) 1.013c0 c0 (D) R
Bi2Te2Se R3̄m 43512 hR5 rhl1 4.282 4.347 hR5 rhl1 0.943a0 �0.302 a0 0.21 ⇥ (1) 0.63 �0.302 �5.7
⇥ 29.861 31.260 (0001) 1.061c0 c0 (I) VR

GeSb2Te4 R3̄m ref. 45 hR7 rhl1 4.21 4.295 hR7 rhl1 1.038a0 �0.036 1.051a0 0.033 Z(1) 0.30 0.170 3.8
40.6 42.295 (0001) 0.951c0 0.937c0 (I) HF

SnSb2Te4 R3̄m 30392 hR7 rhl1 4.312 4.389 hR7 rhl1 0.999a0 �0.065 1.011a0 0.065 Z(1) 0.22 0.013 �0.1
41.72 42.347 (0001) 0.998c0 0.984c0 (D) PF

PbSb2Te4 R3̄m 250250 hR7 rhl1 4.35 4.413 hR7 rhl1 0.988a0 �0.017 a0 0.017 Z(1) 0.35 �0.017 �1.2
41.712 42.792 (0001) 1.011c0 c0 (D) R

GeBi2Te4 R3̄m 30394 hR7 rhl1 4.282 4.390 hR7 rhl1 0.988a0 �0.076 a0 0.028 Z(1) 0.69 �0.076 �1.2
⇥ Fig. 2b 39.22 42.027 (0001) 1.009c0 c0 (I) R
SnBi2Te4 R3̄m ref. 46 hR7 rhl1 4.411 4.471 hR7 rhl1 0.939a0 �0.129 a0 0.062 Z(1) 0.65 �0.129 �6.1

41.511 42.799 (0001) 1.069c0 c0 (I) VR
PbBi2Te4 R3̄m ref. 47 hR7 rhl1 4.436 4.507 hR7 rhl1 0.914a0 �0.126 a0 0.061 Z(1) 0.74 �0.126 �8.6
⇥ 41.77 43.339 (0001) 1.077c0 c0 (I) VR
PbBi2Se4 R3̄m ref. 48 hR7 rhl1 4.16 4.250 hR7 rhl1 1.035a0 �0.079 1.052a0 0.035 Z(1) 0.41 0.314 5.2

39.2 41.755 (0001) 0.944c0 0.928c0 (I) HF

PbBi4Se7 P3̄m1 ref. 49 hP12 hex 4.25 4.216 hP12 hex 1.018a0 �0.016 1.023a0 0.016 A(1) 0.41 0.128 2.3
22.68 23.839 (0001) 0.971c0 0.966c0 (D) PF

GeBi4Te7 P3̄m1 42891 hP12 hex 4.36 4.412 hP12 hex 0.968a0 �0.037 a0 0.02 A(1) 0.69 �0.037 �3.2
24.11 23.932 (0001) 1.074c0 c0 (I) VR

SnBi4Te7 P3̄m1 ref. 50 hP12 hex 4.392 4.460 hP12 hex 0.926a0 �0.092 a0 0.014 A(1) 0.59 �0.092 �7.4
23.99 25.036 (0001) 1.085c0 c0 (I) VR

PbBi4Te7 P3̄m1 42707 hP12 hex 4.42 4.472 hP12 hex 0.959a0 �0.144 a0 0.085 A(1) 0.60 �0.144 �4.1
⇥ Fig. 2c 23.6 24.863 (0001) 1.063c0 c0 (I) VR
GeSb4Te7 P3̄m1 42875 hP12 hex 4.212 4.321 hP12 hex 0.986a0 �0.016 a0 0.016 A(1) 0.32 �0.016 �1.4

23.651 24.398 (0001) 1.012c0 c0 (D) R
SnSb4Te7 P3̄m1 ref. 51 hP12 hex 4.37 4.367 hP12 hex 0.982a0 �0.041 a0 0.041 A(1) 0.26 �0.041 �1.8

23.79 24.623 (0001) 1.019c0 c0 (D) R
PbSb4Te7 P3̄m1 ref. 52 hP12 hex 4.306 4.384 hP12 hex 0.972a0 �0.068 a0 0.068 A(1) 0.30 �0.068 �2.8

24.017 24.681 (0001) 1.033c0 c0 (D) R

CsSnCl3 Pm3̄m 28082 cP5 cub 5.504 5.618 tP5 tet 0.951a0 �0.281 0.936a0 0.111 A(1) 0.34 0.646 �4.9
5.504 5.618 (001) 1.022c0 1.209c0 (I) HF

CsPbCl3 Pm3̄m 29072 cP5 cub 5.605 5.733 tP5 tet 0.914a0 �0.450 0.890a0 0.354 A(1) 1.11 1.073 �8.6
5.605 5.733 (001) 1.037c0 1.050c0 (I) HF

CsGeBr3 Pm3̄m 80320 cP5 cub 5.36 5.603 tP5 tet 0.955a0 �0.055 0.952a0 0.026 A(1) 0.16 0.591 �4.5
5.36 5.603 (001) 1.022c0 1.023c0 (I) HF

CsSnBr3 Pm3̄m 4071 cP5 cub 5.795 5.884 tP5 tet 0.972a0 �0.099 0.965a0 0.099 A(1) 0.34 0.288 �2.8
5.795 5.884 (001) 1.010c0 1.013c0 (D) PF

CsPbBr3 Pm3̄m 29073 cP5 cub 5.874 5.993 tP5 tet 0.934a0 �0.120 0.926a0 0.120 A(1) 1.11 0.641 �6.6
5.874 5.993 (001) 1.024c0 1.027c0 ( D) HF

CsSnI3 Pm3̄m 69997 cP5 cub 6.219 6.272 tP5 tet 0.993a0 �0.335 0.960a0 0.169 A(1) 0.39 0.070 �0.7
Fig. 2d 6.219 6.272 (001) 1.002c0 1.013c0 (I) PF

PbS Fm3̄m 38293 cF8 fcc 4.196 4.248 tI4 bct2 0.986a0 �0.129 0.970a0 0.129 N (4) 0.37 0.099 �1.4
5.934 6.008 (001) 1.005c0 1.009c0 (D) PF

PbSe Fm3̄m 38294 cF8 fcc 4.333 4.388 tI4 bct2 1.003a0 �0.218 0.970a0 0.218 N (4) 0.41 �0.013 0.3
6.128 6.206 (001) 0.999c0 1.006c0 (D) F

PbTe Fm3̄m 38295 cF8 fcc 4.569 4.634 tI4 bct2 0.985a0 �0.520 0.96a0 0.086 N (4) 0.72 0.072 �1.5
Fig. 2e 6.462 6.554 (001) 1.001c0 1.004c0 (I) PF
SnTe Fm3̄m 52489 cF8 fcc 4.471 4.528 tI4 bct2 1.027a0 �0.058 1.010a0 0.058 N (4) 0.15 �0.107 2.7

6.323 6.404 (001) 0.998c0 0.999c0 (D) VR

Properties of bulk structure: compound (⇥ indicates experimental validation), space group, ICSD number31, Pearson symbol, Bravais lattice39, experimental and DFT equilibrium lattices a,c in (Å).
Properties under the simulated epitaxial growth condition: Pearson symbol, Bravais lattice with conventional cleavage Miller indices, critical value for band inversion (acrit), SOC band energy difference
(ESOCk (ref.)) at the TRIMwith the reference lattice, reference lattice, SOC band-gap at the reference lattice (direct/indirect) (ESOCg (ref.)), TRIMs having band inversion withmultiplicity39, SOC energy-gap
discrepancy (⇤Ek) at the ab initio equilibrium lattice, SOC band energy difference (ESOCk (a0)) at the TRIMwith the ab initio equilibrium lattice, HT-descriptor (�̂TI). The labels below �̂TI indicate: F(fragile),
R(robust), VR(very robust), PF(potentially feasible), and HF(hardly feasible) (structural and electronic data is available by following the links listed in the Supplementary Information Extended Table).
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FIG. 2: Two dimensional surface electronic structure for selected compounds. Surface electronic band structures,
Brillouin zone and charge density. (a) Bi2Te2S, (b) GeBi2Te4, (c) PbBi4Te7, (d) CsSnI3 and (e) PbTe. (a’) Charge density
of Bi2Te2S projected on the conic bands forming the Dirac point. The conducting surface states mainly originate from the Te
and S atoms on the surface layer. (f) 3D-BZ of bct2 PbTe projected onto the 2D-BZ of the (001) surface. The 3D-N points
become the 2D locations of the cones.

band inversion (at � or Z). The third group of materials
has space group P3̄m1 (#164) with layered hexagonal
lattice. Like before, they are strong TIs (one band in-
version at A with multiplicity 1). The materials in the
fourth group are cubic with Pm3̄m space group (#221).
They are strong TIs having one band inversion at the A
point of the epitaxially distorted tet BZ (multiplicity 1)
[? ]. The fifth group of materials, PbS, PbSe, PbTe, and
SnTe, have fcc lattice and Fm3̄m space group (# 225).
They are weak TIs with a band inversion observed at the
N point of the distorted bct2 BZ (multiplicity 4) [? ].

if ESOC
k (a0) � 0, robustness:

|�̂TI|�1%⇥fragile,
1% < |�̂TI|�2%⇥robust,
2% < |�̂TI|⇥very-robust.

if ESOC
k (a0) > 0, feasibility:

|�̂TI|�3%⇥potentially-feasible,
3% < |�̂TI|⇥hardly-feasible.

To describe the protected surface states coming from
the projection of the 3D TRIMs onto the 2D surface Bril-
louin zone, we have characterized the surface band struc-
tures for five systems, one per class (Bi2Te2S, GeBi2Te4,
PbBi4Te7, CsSnI3, PbTe). They are shown in Figures
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Projects on surfaces by aligning semi-cones and checking thermodynamics of planes 

BULK 

Surface electronic band structures, Brillouin zone and charge density.  (a) Bi2Te2S, (b) GeBi2Te4 , (c) PbBi4Te7, d) PbTe (!! !!") slab, 
and (e) PbTe (100) slab. (a’) Charge density of Bi2Te2S projected on the conic bands forming the Dirac point. The conducting surface states 
mainly originate from the Te and S atoms on the surface layer. (f) 3D Brillouin zone of bct PbTe and 2D Brillouin zones of its 

projected  (!! !!")  and (100) surface. The eight equivalent time-reversal-invariant points N, are labeled. 

Surface electronic band structures, Brillouin zone and charge density.  (a) Bi2Te2S, (b) GeBi2Te4 , (c) PbBi4Te7 and 
(d) PbTe. (a’) Charge density of Bi2Te2S projected on the conic bands forming the Dirac point. The conducting surface states 
mainly originate from the Te and S atoms on the surface layer. (e) 3D Brillouin zone of bct PbTe and 2D Brillouin zone of its 

projected (!! !!") surface. The eight equivalent time-reversal-invariant points N, are labeled. HT Descriptor based search 
thermodynamic feasibility of surface 

Number of cones “nailed” 
Combinatorial TRIMs directions 

30 TIs, ½ new, a few unguessable 
Feasibility: Fragility/Robustness 
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•  New state of matter 
•  Metallic spin up channel 
•  Insulating spin-down channel 

•  Properties include 
•  Colossal Magneto-Resistance (CMR) 
•  Colossal Intergrain MR 

       Thin films, interfaces 

•  Applications 
•  Ultrathin, transparent spintronic devices 

•  To maximize CMR performance of layered devices 
•  Spin valve devices  
 

24 



Marco Buongiorno Nardelli – CSE 2013 

Possibility of tuning of band alignment 
Shottky barrier vs. VBO 
 

spin up SB  1.09 eV 
spin dw VBO  0.68 eV 
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Tc	
  O2-­‐TiO2 
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Y	
  O2-­‐TiO2 
Zn	
  O2-­‐TiO2 
Zr	
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•  High-throughput search for half metallic oxides within AFLOWLIB.ORG 
•  ICSD (17000) è 4848 oxides è 123 half-metals 

Binary oxides 
1.   Cr1O1_ICSD_109296 
2.   Co1O1_ICSD_17013 
3.   O5V3_ICSD_15899 
4.   Cr1O2_ICSD_155832 
5.   Fe3O4_ICSD_92356 
6.   Cr1O2_ICSD_9423 
7.   Mo1O2_ICSD_99714 

Ternary oxides 
1.  Cr1Gd1O4_ICSD_26982 
2.  Cr1O3Pr1_ICSD_28932 
3.  La1Mn1O3_ICSD_29119 
4.  La1O3V1_ICSD_28925 
5.  O3Pr1V1_ICSD_28927 
6.  O3Sr1V1_ICSD_88982 
7.  Al1Fe2O4_ICSD_76977 
8.  Al1O4V2_ICSD_60413 
9.  Al2Fe1O4_ICSD_56117 
10.  Al2Ni1O4_ICSD_608815 

Ternary oxides (contd.) 
11.  Br6K2Os1_ICSD_26770 
12.  Cd1O4V2_ICSD_28961 
13.  Ce2O7Zr2_ICSD_154755 
14.  Cl6K2Os1_ICSD_26769 
15.  Co2Ge1O4_ICSD_21115 
16.  Co2O4Si1_ICSD_859 
17.  Cr2Ni1O4_ICSD_28835 
18.  Cu1Mn2O4_ICSD_27920 
19.  Fe1Ni2O4_ICSD_109150 
20.  Li1Mn2O4_ICSD_40485 
21.  Li1O2Ti1_ICSD_48128 
22.  Mg1O4V2_ICSD_56283 
23.  Mg2O4V1_ICSD_76980 
24.  Mn1O4Ti2_ICSD_22383 
25.  Mn1O4V2_ICSD_109148 
26.  Mo2O7Tb2_ICSD_159770 
27.  Mo2O7Y2_ICSD_202522 
28.  Nd2O7Sn2_ICSD_82958 
29.  Nd2O7Zr2_ICSD_62793 
30.  O4V2Zn1_ICSD_28963 

Ternary oxides (contd.) 
31.  O7Pr2Sn2_ICSD_82957 
32.  Ag1Ni1O2_ICSD_415451 
33.  Fe2Na1O3_ICSD_200009 
34.  K3O8V3_ICSD_100782 
35.  Mn1Na2O4_ICSD_39504 
36.  B1Fe3O5_ICSD_25101 
37.  Co2O7P2_ICSD_74542 
38.  Cr1O5Ti2_ICSD_65219 
39.  O13V6_ICSD_15028 
40.  H1Mn1O2_ICSD_84948 
41.  La1Mn1O3_ICSD_16280 
42.  Al1O3Pr1_ICSD_35549 
43.  Al1O4V2_ICSD_151457 
44.  Ba3Cr2O8_ICSD_9457 
45.  Ce7O12_ICSD_88754 
46.  Cr2O8Sr3_ICSD_85055 
47.  Cu1O2Pr1_ICSD_18103 
48.  Er1Fe2O4_ICSD_67700 
49.  Fe2O4Y1_ICSD_67701 
50.  K1O2Pr1_ICSD_15157 
51.  La1Mn1O3_ICSD_55953 
52.  Li1Ni1O2_ICSD_26608 
53.  Ni1O3Pr1_ICSD_69186 
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•  High-throughput search for half metallic oxides within AFLOWLIB.ORG 

Quaternary oxides 
1.  Mn7Na1O12_ICSD_19022 
2.  Ba2Ca1O6Os1_ICSD_171988 
3.  Ba2Co1O6W1_ICSD_27425 
4.  Ba2Dy1O6Re1_ICSD_25396 
5.  Ba2Fe1Mo1O6_ICSD_96688 
6.  Ba2Ho1O6Re1_ICSD_25397 
7.  Ba2La1O6Re1_ICSD_25392 
8.  Ba2Nb1Nd1O6_ICSD_109152 
9.  Ba2Nd1O6Sb1_ICSD_38328 
10.  Ba2O6Re1Tb1_ICSD_25395 
11.  Ba2O6Re1Y1_ICSD_94215 
12.  Co1Mo1O6Sr2_ICSD_28601 
13.  Co1O6Sr2W1_ICSD_28598 
14.  Cr1O1.01_ICSD_61633 
15.  Dy1O6Re1Sr2_ICSD_25402 
16.  Er1O6Re1Sr2_ICSD_25405 
17.  Fe1Mo1O6Sr2_ICSD_157603 
18.  Gd1O6Re1Sr2_ICSD_25400 
19.  Ho1O6Re1Sr2_ICSD_25403 
20.  O6Re1Sr2Tb1_ICSD_25401 

21.  O6Re1Sr2Y1_ICSD_25404 
22.  Ba1O11V6_ICSD_416450 
23.  Ca2Fe7O11_ICSD_100827 
24.  Co2Na3O6Sb1_ICSD_245538 
25.  O26V12_ICSD_16779 
26.  Ba2Nb1O6Pr1_ICSD_245457 
27.  Ca1Mn7O12_ICSD_200971 
28.  Co1K2O6Se2_ICSD_71536 
29.  Ba1Mn2Nd1O5_ICSD_158889 
30.  Ba1Mn2Nd1O6_ICSD_150705 
31.  Ba1Mn2O5Pr1_ICSD_158885 
32.  Ba1Mn2O5Y1_ICSD_83690 
33.  Ba1Mn2O5Y1_ICSD_88949 
34.  Cl1Mn1O3Sr2_ICSD_94745 Quinary oxides 

1.  Cu3Dy1Mn4O12_ICSD_153871 
2.  Cu3Ho1Mn4O12_ICSD_153872 
3.  Cu3Mn4O12Y1_ICSD_38418 
4.  Na1O12P3V3_ICSD_202911 
5.  B6Ba2Co1O12_ICSD_391014 
6.  Mo2Na1O12P3_ICSD_202860 
7.  K1Na1O5Pr1Ta1_ICSD_419857 
8.  K1O5S2Ti2Y2_ICSD_96951 

Senary oxide 
Al12Nd4O32Pb8_ICSD_406531 

LARGE PHASE-SPACE 
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• Ternary oxides 
•  Cr1O3Pr1_ICSD_28932 
•  La1Mn1O3_ICSD_29119 
•  La1O3V1_ICSD_28925 
•  O3Pr1V1_ICSD_28927 
•  O3Sr1V1_ICSD_88982 
•  La1Mn1O3_ICSD_16280 
•  Al1O3Pr1_ICSD_35549 
•  Ni1O3Pr1_ICSD_ 

Perovskites 
Ternary oxides 

•  Cr1Gd1O4_ICSD_26982 
•  Al1Fe2O4_ICSD_76977 
•  Al1O4V2_ICSD_60413 
•  Al2Fe1O4_ICSD_56117 
•  Al2Ni1O4_ICSD_608815 
•  Cd1O4V2_ICSD_28961 
•  Co2Ge1O4_ICSD_21115 
•  Co2O4Si1_ICSD_859 
•  Cr2Ni1O4_ICSD_28835 
•  Cu1Mn2O4_ICSD_27920 
•  Fe1Ni2O4_ICSD_109150 
•  Li1Mn2O4_ICSD_40485 
•  Mg1O4V2_ICSD_56283 
•  Mg2O4V1_ICSD_76980 
•  Mn1O4Ti2_ICSD_22383 
•  Mn1O4V2_ICSD_109148 
•  O4V2Zn1_ICSD_28963 
•  Al1O4V2_ICSD_151457 
•  Er1Fe2O4_ICSD_67700 

Spinels Pyrochlores 
Ternary oxides 

•  Ce2O7Zr2_ICSD_154755 
•  Mo2O7Tb2_ICSD_159770 
•  Mo2O7Y2_ICSD_202522 
•  Nd2O7Sn2_ICSD_82958 
•  Nd2O7Zr2_ICSD_62793 
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•  20 ternary oxides in the spinel structures found to be half-metallic 
•  Normal spinel: A[2+]B[3+]O4  

•  A à   8 (tetrahedral) 
•  B à 16 (octahedral) 
•  O à 32 

•  Inverse spinel: (B)[A,B]O4 

•  Complex crystal structure offers many  
     possibilities for materials design. 

•  Potential electronic/spintronic materials: 
•  Interstitial doping 
•  Half-metals 

 

Edge-sharing oxygen octahedra 
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E (normal) (eV) E(inverse) (eV) 
CuAl2O4  -90.672  -93.872  Inv 

NiAl2O4 -92.453 -94.937 inv 

FeAl2O4  -105.019  -103.095 normal 
CuMn2O4 -91.609 -91.242 normal 
CuRh2O4   -72.308 -69.585 normal 
GeCo2O4  -85.38 -87.063 inv 

SiCo2O4 -95.302 In progress 

Ni2FeO4  -69.892 -71.828 inv 

AlFe2O4 -98.912 -100.002 Inv 

FeNi2O4  -78.321 -79.043 Inv 

FeCr2O4 -106.017 In progress 

MnV2O4 -112.436 -111.990 normal 
MnTi2O4  -124.144 -122.941 normal 
NiCr2O4 -97.916 -98.491 

 
Inv 

Relative structural stability 

Strain effect study in progress. 
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•  AFLOWLIB/ONR-MURI team: S. Curtarolo, M. Buongiorno Nardelli, M. 
Fornari, G. Hart, R. Forcade, I. Takeuchi 

•  University of North Texas 
•  Luis Agapito, research professor  
•  Arrigo Calzolari (CNR-NANO-S3, Italy) 

•  University of North Texas/Central Michigan 
•  Priya Gopal, post-doc  
•  Laalitha Lianage, post-doc 

•  Duke 
•  K. Yang, post-doc 
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