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•  For LIB2 binary alloys, each set contains entries with different 
stoichiometries and symmetries, denoted by numbers 
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An	entry	in	detail:	mul/-layer	system	
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aaa"

aurl=aflowlib.duke.edu:AFLOWDATA/LIB3_RAW/AgCoMn_pv/T0002.A2BC!
auid=aflow:AgCoMn_pv/T0002.A2BC:PAW_PBE!
aapi=1.0!
keywords=aurl,auid,aflow_api_version,code,compound,prototype,nspecies,...!
aflowlib_entry_date=20140130_20:34:00_GMT-5!
aflowlib_entry_version=30794!
aflow_version=aflow30293!
calculation_cores=1!
calculation_memory=539!
calculation_time=18347.2!
corresponding=Stefano_Sanvito_sanvitos@tcd.ie!
loop=thermodynamics,bands,magnetic!
node_CPU_Cores=12!
node_CPU_MHz=2661!
node_CPU_Model=Intel(R)_Xeon(R)_CPU_X5650_@_2.67GHz!
node_RAM_GB=24!
code=vasp.4.6.35!
composition=2,1,1!
compound=Ag2Co1Mn1!
density=8.94193!
eentropy=0!
eentropy_atom=0!
Egap=0!
energy=-20.4051!
energy_atom=-5.10128!
enthalpy=-20.4051!
enthalpy_atom=-5.10128!
enthalpy_formation=1.51248!
enthalpy_formation_atom=0.378121!
entropic_temperature=-4220.27!
files=AgCoMn_pv.T0002.A2BC.cif,AgCoMn_pv.T0002.A2BC.png,..!
forces=0,0,0;0,0,0;0,0,0;0,0,0!
geometry=4.42361,4.42361,4.42361,60,60,60!
!
!

lattice_system_orig=cubic!
lattice_system_relax=cubic!
lattice_variation_orig=FCC!
lattice_variation_relax=FCC!
natoms=4!
nbondxx=1.0911,1.0911,1.0911,1.7818,1.0911,1.7818!
nspecies=3!
Pearson_symbol_orig=cF16!
Pearson_symbol_relax=cF16!
positions=0,0,0;4.691,4.691,4.691;3.127,3.127,3.127;1.563,1.563,1.5!
pp_type=PAW_PBE!
pressure=0!
prototype=T0002.A2BC!
PV=0!
PV_atom=0!
sg=F-43m#216,F-43m#216,F-43m#216!
sg2=F-43m#216,F-43m#216,F-43m#216!
spacegroup_orig=216!
spacegroup_relax=216!
species=Ag,Co,Mn!
species_pp=Ag,Co,Mn_pv!
species_pp_version=Ag:06Sep2000,Co:06Sep2000,Mn_pv:07Sep2000!
spin=5.17619!
spin_atom=1.29405!
spinD=0.035,-0.010,1.498,3.635!
spinF=0.618302!
stoichiometry=0.5,0.25,0.25!
type=metal!
valence_iupac=20!
valence_std=38!
volume=61.209!
volume_atom=15.3023! Example of aflowlib_entry.out!

for the “calculation-layer” !

aurl=aflowlib.duke.edu:AFLOWDATA/LIB3_RAW/AgCoMn_pv!
auid=aflow:AgCoMn_pv:PAW_PBE!
aapi=1.0!
keywords=aurl,auid,aflowlib_entries_number,aflowlib_entries,keywords,aapi !
aflowlib_entries_number=9  
aflowlib_entries=T0001.A2BC,T0001.AB2C,T0001.ABC2,T0002.A2BC,T0002.AB2C,T0002.ABC2,..!
 
!
!

Example of aflowlib_entry.out!
for the “set-layer” !

b) 

c) 

aurl=aflowlib.duke.edu:AFLOWDATA/LIB3_RAW!
auid=aflow:LIB_RAW3!
aapi=1.0!
keywords=aurl,auid,aflowlib_entries_number,aflowlib_entries,keywords,aapi !
aflowlib_entries_number=26333   
aflowlib_entries=AgAlAs,AgAlAu,AgAlB_h,AgAlBa_sv,AgAlBe_sv,AgAlBi_d,AgAlBr,AgAlCa_sv,AgAlCd,!
                 AlHg,AgAlIn_d,AgAlIr,AgAlK_sv,AgAlLa,AgAlLi_sv,AgAlMg_pv,AgAlMn_pv,AgAlMo_pv,!
                 AgAlRu_pv,AgAlSb,AgAlSc_sv,AgAlSe,AgAlSi,AgAlSn,AgAlSr_sv,AgAlTa_pv,AgAlTc_pv,!
                 AgAsBe_sv,AgAsBi_d,AgAsBr,AgAsCa_sv,AgAsCd,AgAsCl,AgAsCo,AgAsCr_pv,AgAsCu_pv,!
                 AgAsMg_pv,AgAsMn_pv,AgAsMo_pv,AgAsNa_sv,AgAsNb_sv,AgAsNi_pv,AgAsOs_pv,AgAsP,...!

Example of aflowlib_entry.out!
for the “project-layer”!

a) 

AFLOWLIB.org,

University, University/rver+

ICSD, Alloys, Magne;c,

AgCo, CoMn,

entry,i" entry,j"

Control+Keywords+
(reproducibility)+

Servers 

Projects 

Systems/
sets 

Entries 

Informa;on,

A
P

I l
ay

er
s 

“Project-layer” (Fig. 3a)!
aflowlib_entry.out!

Content+Keywords+
(materials)+

2D,world,

“Set-layer” (Fig. 3b)!
aflowlib_entry.out!

“Calculation-layer” (Fig. 3c)!
aflowlib_entry.out!

Database searches  
“zero-layer” (Fig. 2)!

AgCoMn,

Laboratory,

AlCu_pvMn_pv.T0001.A2BC (FCC)
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15 Comp. Mat. Sci. 93, 178-192 (2014).  
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URL for communication layer 
http://aflowlib.duke.edu/AFLOWDATA/ICSD_WEB/BCT/Ag3Cu1S2_ICSD_163983/ 

Added logical operators: 

•  Captures some of the niceties of SQL but simple 
•  Fits neatly into the query portion of a URL 
•  Does not interfere with existing ?key=value# nomenclature 
•  Automatic in its property inspection 

http://aflowlib.duke.edu/search/API/?species(Ag,Cu,S) 
e.g. search for compounds containing potassium, chlorine and oxygen 

Default format is an array of JSON objects, shown 40 at a time; which set is returned is 
controlled by “paging()” command 



Marco Buongiorno Nardelli - 2017 

aflowlib.duke.edu/search/API/?species 	 	Show	default	DB	selec=on	 	
	 	 	 	 	 	with	the	species	property	

aflowlib.duke.edu/search/API/?species(S)	 	 	Show	entries	that	have	sulfur
	 	 	 	 		

aflowlib.duke.edu/search/API/?species((Zn:Fe),S),$nspecies(2)	 	Show	entries	that	have	
	 	 	 	 	 	 	ZnS	or	FeS	only	

aflowlib.duke.edu/search/API/?species,catalog(icsd:lib2)	 	 	Show	from	both	ICSD	and
	 	 	 	 	 	 	Lib2	databases	

aflowlib.duke.edu/search/API/?Egap(1.2*,*1.5),species(S)	Show	sulfur	containing 	
	 	 	 	 	 	at	about	Shockley-Queisser 

aflowlib.duke.edu/search/API/?Egap(1.6*),energy_atom	 	Show	entries	with	gap	>=	1	 	
	 	 	 	 	 	along	with	energy	per	atom	

aflowlib.duke.edu/search/API/?Egap(1*),paging(2) 	Show	entries	with	gap	>=1,	 		
	 	 	 	 	second	set	of	40	entries	

20 

EXAMPLES
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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 effective HT implementation. In Table 1 we illustrate 
examples of recently introduced descriptors.

Once a good descriptor is identified, 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, refinement 
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. These 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 superficial understanding of the 
physical problem.

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

Thermodynamics for the identification of binary and ternary 
compounds. The identification of stable structures is the first step 
in the design of materials with various specific functionalities. The 
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. Thus, finding 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 difficult to achieve due to the vast combination space and 
because experimentation is often difficult: 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 verification of the previously unknown C11b structure 
of the Pd2Ti compound9,40, the verification 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. The 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 cutoffs 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 insufficient hardware resources or runtime errors of the 
ab initio calculation itself. These are among the most difficult 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). The 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 often aided by data-min-
ing and optimization techniques that refine and accelerate the struc-
ture screening. They include a variety of different 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
бEk

TI � –ˆ χ
a0(a0)

(a)0

SOC

noSOC бa0 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°

REVIEW ARTICLE NATURE MATERIALS DOI: 10.1038/NMAT3568

© 2013 Macmillan Publishers Limited. All rights reserved
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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 effective HT implementation. In Table 1 we illustrate 
examples of recently introduced descriptors.

Once a good descriptor is identified, 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, refinement 
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. These 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 superficial understanding of the 
physical problem.

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

Thermodynamics for the identification of binary and ternary 
compounds. The identification of stable structures is the first step 
in the design of materials with various specific functionalities. The 
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. Thus, finding 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 difficult to achieve due to the vast combination space and 
because experimentation is often difficult: 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 verification of the previously unknown C11b structure 
of the Pd2Ti compound9,40, the verification 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. The 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 cutoffs 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 insufficient hardware resources or runtime errors of the 
ab initio calculation itself. These are among the most difficult 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). The 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 often aided by data-min-
ing and optimization techniques that refine and accelerate the struc-
ture screening. They include a variety of different 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
бEk

TI � –ˆ χ
a0(a0)

(a)0

SOC

noSOC бa0 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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$\hat\chi_{NP} \equiv m_r=max \left(\frac{m_e}
{m_h},\frac{m_h}{m_e}\right)$ 
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material with non-trivial  
topological order that behaves 
as an insulator in its interior but
 whose surface contains  
conducting states that are   
symmetry protected by particle 
number conservation and time 
reversal symmetry 
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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. 
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Time Reversal Invariant Momenta (TRIMs) 

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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•  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 
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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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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) (%)
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⇥ 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
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•  1998 Nobel Prize in Chemistry to Walter Kohn and John Pople "
•  Key point - the ground state energy for the hard many-body 

problem can in principle be found by solving non-interacting 
electron equations in an effective potential determined only by 
electron density  "

•  The effective potential contains all the information on the external 
potential and the many-body electron interactions - needs to be 
approximated! Accurate approximations for the functionals of the 
density exist: LDA, LSDA, GGA."

•  Ab initio pseudopotentials to describe the ions (or all electron 
calculations possible)"




Walter Kohn  
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Minimalist! 

!
High-Throughput data generation !!

!
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Simplified self consistent scheme 
for the solution of the KS-ACBN0 
equations:

1.  Initial U=0

2.  First effective U from ACBN0

3.  Back as a DFT+U calculation

4.  Iterate until U (and total energy) 

are converged


!
High-Throughput data generation !!

!
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Improve:"
q  Structure"
q  Energetics"
q  Energy bands"
q  Phonons"
q  Magnetism"

Crucial for:"
q  Mixed valence"
q  Optical"

ACBN0 -----  PBE -----  

!
High-Throughput data generation !!

!
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!
High-Throughput data generation !!

!

Improve:"
q  Structure"
q  Energetics"
q  Energy bands"
q  Phonons"
q  Magnetism"

Crucial for:"
q  Mixed valence"
q  Optical"
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PAOFLOW 

   PAOFLOW  
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orbitals 
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!
Advanced characterization tools! !!

!
PAOFLOW 
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!
Advanced characterization tools! !!

!
PAOFLOW 
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Effective description of entangled bands in metals 

projections Wannier functions 

!
Advanced characterization tools! !!

!
PAOFLOW 
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Carbon with extended PAO basis 
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•  Band structure and band topology 
•  DOS, Fermi surfaces, effective masses + warping 
•  spin-orbit correction on non-SO calculations 
•  Spin texture 
•  Boltzmann transport 
•  Dielectric functions and optical spectra 
•  Topological invariants ( 2) 
•  Berry curvature and anomalous Hall conductivity 
•  Spin Hall conductivity 
•  Electron-phonon coupling 
•  …more to come…! 

!
Advanced characterization tools! !!

!
PAOFLOW 

Submitted to Computational Materials Science 



Marco Buongiorno Nardelli - 2017 

PAOFLOW 

•  7200+ lines of python 
•  Highly parallelized with MPI and multithreading 
•  Added support for GPU hybrid computing (FFT) 
•  Full suite of examples and continuous integration development model 
•  Completely integrated in AFLOW𝛑 
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44 

Convergence of multi-valley bands as the electronic origin of high thermoelectric performance in 
CoSb3 skutterudites, Y. Tang, Z.M. Gibbs, L.A. Agapito, G. Li, H. Kim, M. Buongiorno Nardelli, S. Curtarolo 
and G.J. Snyder 
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Accurate evaluation of Boltzmann transport integrals and optical 
properties depends on the evaluation of the the expectation value of the 
momentum operator: 

Fourier transform the TB 
real space representation, 
interpolate to arbitrary 
precision, and perform 
derivatives in reciprocal 
space "
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Berry curvature from Kubo formula: 

Anomalous Hall conductivity: 
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MacBook Pro 2017 MacBook Pro 2017 and 
PAOFLOW 
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PAOFLOW 
•  Adaptive smearing for BZ integration: broadening widths using the

 band derivatives that are readily available from the knowledge of 
 the momentum operator 

Silicon: 18x18x18 MP grid 

Yates et al. PRB (2007)"
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32 atoms slab Semi-infinite slab with PAOs 
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•  Identifying subsets of materials with properties similar to 
the  ones of interest (i.e., narrowing down the “list of 
candidates”  for further investigation) 

•   Identifying materials with high degree of similarity to 
many  other materials 

•   Cluster materials space into groups of materials that 
share  similar properties 

•   Provide an intuitive “navigation” tool in the materials 
space  (given a certain material one can visually see its  
“neighborhood” for substitution or compatibility 
problems) 
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 www.materialssoundmusic.com 

Automatic-FLOW for Materials Discovery	



