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’ INTRODUCTION

The characterization of electronic band structures is an
effective and efficient tool for describing materials properties,
and it has become ubiquitous in solid state research.1,2 Although
a multitude of systems have been characterized in great detail, a
complete database of electronic structures for all the known
alloys and compounds is still missing. This can be detrimental as
it hinders the search for better systems through correlative
means.3�5 To develop such a database, a distributed initiative
is necessary. It requires the coordination of contributions from
different scientists so that the enormous effort and outcomes can
be shared. Standardization is essential to (1) minimize incorrect
representations, (2) increase robustness, and (3) allow rapid
information distribution.

In a recent work, we have introduced a computational frame-
work (AFLOW) for performing high-throughput (HT) first-
principle electronic structure calculations.6 It contains the stan-
dardization of primitive cells and the symmetry paths in the
reciprocal lattice for band structures of the 14 Bravais lattices, as
well as the possible shapes of their Brillouin zones.7�11

In this article, we report our first step toward the development
of such a rational database of electronic structures using a
first-principle method. We start with the study of insulating
inorganic compounds for nuclear applications, particularly for
γ-ray radiation detection. Scintillator materials convert the high
energy of γ radiation into visible photons. Typically, the number
of photons per γ quanta depends the energy of the ray. The
materials for which the dependence is non linear are called

“nonproportional”. For a radioisotope, the collection of the
detected γ rays produces a pulse-height histogram. The spectrum
consists of a set of bell-like curves centered at certain energies,
specific for the radioisotope. Nonproportionality hinders the
ability to discern different radioisotopes because it does not
preserve the photons-γ intensity relationship. It is therefore
crucial to understand the origin of nonproportionality for
nuclear proliferation control and high-energy physics applica-
tions. In a previous study,12 we have identified considerable
band structure differences between scintillator materials that
display a good proportionality of the energy response and
those with poor values. This is a result of calculations on a wide
variety of known scintillators and the introduction of param-
eters quantifying the degree of nonproportionality.12 Effec-
tive masses of electrons at the conduction band minimum
(CBM) and holes at the valence band maximum (VBM) are
derived from the model band structures. The models lead to a
high-throughput discovery: a surprising correlation between
the nonproportionality descriptor and the ratio of electron’s
and hole’s effective masses among the systems considered.
The result, smaller mass ratios correspond to more propor-
tional behavior. In this manuscript, we extend this approach
and use the correlation to guide the data-mining process
through the database. The final goal is to perform HT
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electronic structure calculations to search for future propor-
tional and bright scintillators.

’METHOD

High-Throughput Approach: AFLOW. The “Automatic
Flow” (AFLOW) code6,13�15 is our free computational materials
framework that is designed to perform and manage HT calcula-
tions with minimal manual intervention. Its core HT capability
can be used to invoke any external program. The fully auto-
matic features implemented are intended for HT thermo-
dynamics,16�18 phonon, and electronic structure calculations6

on top of the quantum mechanical code Vienna Ab-initio
Simulation Package (VASP)19,20 (a porting to Quantum
Espresso21 is undergoing). A complete description of AFLOW
as a HT tool for automatic band structure calculations is given in
reference.6 For convenience, we give a brief summary here.
AFLOW contains reliable and standardized electronic structure
analysis features. It determines the symmetries, the standard
conventional and primitive unit cells, the Brillouin zone (BZ)
and the high-symmetry (k-path) for the band structure calcula-
tion, for the 14 Bravais Lattices with all of the irreducible
representations. The labels and coordinates of symmetry points
in the irreducible part of the Brillouin zones (IRBZ) are included.
First, for a given input structure containing information about the
unit cell (arbitrary) and the coordinates of atoms, AFLOW
reduces it to a minimal set of basis atoms in a primitive cell
(arbitrary). It then calculates the lattice and crystal symmetries to
determine the space group, Bravais lattice type, and the shape
variation type of the Brillouin zone. A standard conventional cell
is constructed with the lattice vectors ordered according to the
axial lengths and the interaxial angles. The ordering eliminates
equivalent irreducible representations of some BZs in certain
lattices. From the ordered standard conventional cell, a standard
primitive cell is created. The standard primitive cells implemen-
ted in AFLOW are designed so that the reciprocal lattice vectors
pass through the center of the Bragg planes bordering the first
BZ. This choice enforces the reciprocal lattice vectors to be as
perpendicular as possible to each other (Minkowski lattice
reduction22,23) and minimizes the basis set used in plane-wave
pseudopotential codes such as VASP, resulting in smaller mem-
ory requirements and faster convergence. More simply, the
unique conventional cell can be seen as the reciprocal of the
Minkowski lattice reduction of the reciprocal lattice. Such lattice
reduction is also applied before the symmetry routine determin-
ing the space group. The symmetry points and the k-paths within
the irreducible part of the first BZ are then constructed from the
point-group of the reciprocal lattice and the potential inversions
in the Bragg planes.
Moreover, AFLOW is equipped with automatic, manual

(ACONVASP) and online (ACONVASP-online6,13,14) utilities
for data extraction and I/O manipulation. Currently, it supports
automatic structure selection from databases of compounds such
as the Pauling File3,24 and the Inorganic Crystal Structure
Database (ICSD).25,26 A unique structure is identified by its
chemical formula and space group number. Partial occupancy of
atoms is not considered at this time. Each structure is given a
label which is composed of the chemical formula (alphabetically
ordered by the symbol of the elements) and the original ICSD
entry number. Given a list of compounds’ labels, AFLOW creates
a separate directory for each structure containing an input file for
the intended calculation. The directories are grouped based on

the Bravais lattice. Notably during the self-consistent electronic
iterations in the quantum calculation, the integration over BZ is
done over the irreducible part of BZ. This reduces the total
number of k-points. Therefore, by grouping and running the
structures per Bravais lattice, the usage efficiency of the compu-
tational resources can be maximized. As a HT tool, AFLOW has
an option to run only one input file and then exit, to search
through subfolders and to run those that have not been calculated
yet, or finally to wait in the background for new structures to run.
If started as a common Unix daemon through the queue of a
computer cluster, AFLOW will generate, run, correct and con-
verge a multitude of calculations per day, with minimal manual
help. For managing VASP jobs, in particular, many self-healing
features have been implemented. This is achieved by diagnosing
the error message, self-correcting the relevant parameters, and
restarting VASP. With AFLOW, a job can be easily restarted
from any intermediate step. This allows users to modify input
files on the fly to apply ad hoc optimization. To exploit the
core HT functionality of AFLOW outside the ab initio
program of choice, an “alien” mode is implemented. It can
be used to run any external program as well as scripts for
data extraction and analysis in a HT fashion. A Web site
interface (ACONVASP-online)13 is available to perform
structure manipulation, symmetry recognition, and genera-
tion of the first Brillouin zone. Appropriate k-points labels in
the irreducible part of BZ for all the k-paths are given online
and in the original manuscript.6

The first-principle calculations are performed using VASP.19,20

We use projector augmented wave pseudopotentials27,28 and
exchange-correlation functionals as parametrized by Perdew-
Burke-Ernzerhof29 within the generalized gradient approxima-
tion (GGA). Calculations are performed without zero-point
motion and at zero temperature. All structures are fully relaxed.
A convergence tolerance of ∼1 meV/atom is usually achieved
using dense grids of 3000�4000 k-points per reciprocal atom
for the integrations over the BZ. A much denser grid of 10 000
is employed for the static run to get accurate charge densities
and density of states. The Monkhorst�Pack scheme30,31 is
used in the grid generation except for face-centered cubic,
hexagonal and rhombohedral systems in which a Γ-centered
grid is selected automatically by AFLOW for faster conver-
gence. At the beginning of the structural relaxation, a spin-
polarized calculation is performed for all structures. Then, if
the magnetization is below 0.025 μB/atom, the spin is turned
off for the next relaxations and subsequent calculations to
enhance the calculation speed. In relaxing a structure to its
equilibrium volume and atomic configuration, we have used
large plane wave cutoff to increase basis set completeness.
Throughout the calculations, the uncertainty in the pressure
because of the kinetic energy cutoff of the plane waves is less
than 50 MPa.
DFTþU implementation. VASP includes the DFTþU

technique32 (in our case, we use GGAþU) to enhance the on-
site Coulomb interactions, which is underestimated in the
density functional theory (DFT).33 The issue arises from the
DFT’s inherent approximation in the exchange correlation
energy that is functional of charge density rather than electronic
orbitals. As expected, this approximation manifests a consider-
able error in strongly correlated electron systems. In VASP,
Liechtenstein’s34 and Duradev’s35 implementations of GGAþU
are supported. We take the latter approach as the default method
in AFLOW. In this formulation, the Hubbard-like Coulomb
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interaction U and the screened Stoner exchange parameter
J enter as an effective parameterUeff =U� J. In the development
of the database of electronic structure for scintillators, we apply
the method to the 3d orbitals of the transition metal elements
and to the 4f states of the lanthanides. On the basis of our
experience, for La-containing compounds, the application of
GGAþU is particularly important to obtain the correct states
near the conduction band edge. The value for lanthanides is fit to
produce the density of states of the elemental structure from the
X-ray photoelectron spectroscopy and Bremsstrahlung isochro-
mat spectroscopy (XPS-BIS) measurements.36 Table 1 lists the
default value ofUeff parameters used in the calculations presented
in this article.

’RESULTS AND DISCUSSION

Data-Mining Process. We have extracted 193 456 com-
pounds from the ICSD structure database. Surprisingly, a
significant portion of approximately 42% of the structures
compiled in the ICSD database is missing at least one constitu-
ent. Considerable effort would be needed to verify whether the
experimental work on these compounds is incomplete or to
correct the imperfections in the data entry of the ICSD database.
We proceed with the 111 950 crystalline materials that have
complete constituents. Experimental determination of a crystal
structure often results in partial occupations of atomic coordi-
nates. This presents a critical challenge for computation. The size
of the supercell needed to model the configuration that occurs in
nature can be formidably large (>100 atoms/cell). This becomes
a more serious issue for HT calculations. Hence, we are forced to
exclude those systems, and we obtained 60 344 crystals that have
full atomic occupancies. Following this step, redundancies due to
various measurements on the same compound are removed. We
obtain 34 306 unique compounds with respect to the chemical
formula and the space group.
Our final database of electronic structures will contain at least

34 000 inorganic compounds. Our current priority is to select
those that may be potential scintillators. For this purpose,
metallic compounds are removed from the candidate list, because
they absorb visible light. Furthermore, crystals containing natu-
rally occurring radioisotopes (such as K and elements heavier
than Bi) are excluded to avoid a strong signal from self-radiation.
In a typical nuclear scintillation-based detection process, energy

from the γ-ray radiation is converted into packets of visible
photons, which are then collected using a photodetector. Hence,
a critical step in designing scintillator materials consists of
screening out elements which might produce absorption bands
overlapping with the material’s emission spectrum. The effect of
crystal-field splitting on transition metals often result in various
d-states with energy difference that fall in the visible spectrum. In
particular, elements such as V, Cr, Mn, Fe, Co, Ni, Cu, Tc, Ru,
Rh, Pd, Ag, Re, Os, Ir, Pt, and Au are known to have a strong
absorption of visible light. Analogously, both spin�orbit cou-
pling and crystal-field effects in host crystals containing Pr, Nd,
Pm, Sm, Eu, Tb, Dy, Ho, Er, or Tm lead to similar optical
transitions. For these reasons, compounds containing these
elements as major constituents are excluded from this search.
Finally, there are 12 017 compounds that pass the screening
process at this point.
It is desirable to choose materials with high stopping power

against γ-rays to obtain enough light within the limited size of the
crystal. For an energy range below 1 MeV, the absorption is
mainly due to a series of Compton scatterings and photoelectric
effects. The attenuation length (μ) can be calculated from the
formula mass (mf), mass density (F), and the cross section of
Compton (σc) and photoelectric (σpe) scatterings as follows:

μ � mf

Fðσc þ σpeÞ ð1Þ

where σc and σpe represent the total scattering cross sections of
all atoms within the chemical formula. They can be obtained as
arithmetic sums of atomic cross sections. The attenuation length
can also be calculated from the volume divided by the total cross
section within a unit cell. The elemental cross sections are taken
from the “NIST’s xcom cross section database” and references
therein.50,51 The photoelectric cross section changes more sig-
nificantly as a function of γ-ray energy compared to Compton
scattering. The photoelectric effect is dominant at low energy
regime. For atomic numbers 10, 20, 30, 40, 50, and 60, the two
cross sections become equal at about 39, 88, 145, 199, 281, and
354 keV, respectively. Any crystal containing an element that is
heavier than Sc will be dominated by photoelectric absorption
below 100 keV. In this study, we calculate the attenuation lengths
at 511 keV, which is the energy of positron-electron annihilation
utilized in medical radiology.52 For scintillation purposes, we
include only materials that exhibit μ < 10 cm and we are left with
11,893 candidates in our final list. As a comparison, the attenua-
tion lengths for familiar scintillators are 2.25 (YAlO3), 1.1
(LuAlO3), 2.5 (SrI2), 4.0 (K2LaCl5), 3.2 (NaI), 2.3 (LaBr3),
and 1.1 cm (BGO). In our list, there are 8,617 compounds that
have μ < 4 cm. Figure 1 shows the histogram of the total
attenuation length of the candidate compounds calculated using
Compton scattering and photoelectric absorption cross sections
data at 511 keV. A summary of the selection process is presented
in Table 2.
As emphasized earlier, scintillators must be transparent to

their own luminescent wavelengths. For doped materials, the
band gap of the host must be larger than the transition energy of
the activator. Efficient activators for scintillator materials are
found in the trivalent rare earth RE3þ elements, such as Ce3þ,
Pr3þ, Nd3þ, and Tb3þ, divalent RE2þ, such as Eu2þ, Sm2þ, Yb2þ,
and Tm2þ, and Hg-like ions with transitions from p to s states,
such as Tlþ, Inþ, Gaþ, Pb2þ, Sn2þ, Ge2þ, and Bi3þ.53 In the
RE3þ group, the emission wavelength of the 5d f 4f decreases

Table 1. List of Ueff Parameter Default Values in eV for the
Duradev’s Approach of GGAþU Approximation As Imple-
mented in AFLOWa

Ti V Cr Mn Fe Co Ni Cu Zn Ga

4.437 2.738 3.539 4.039 4.640 5.038 5.138 4.039 7.541 3.942

Nb Mo Tc Ru Rh Pd Cd In

2.143 2.443 2.743 3.043 3.341 3.641 2.141 1.941

Ta W Re Os Ir Pt

2.043 2.243 2.443 2.643 2.843 3.043

La Ce Pr Gd Nd Sm Eu Tm Yb Lu

7.544 6.345 5.546 6.047 6.2 6.4 5.4 6.048 6.349 3.844

aThe method is applied to the 3d orbitals of the transition metal
elements (top panel) and to the 4f states of the lanthanides (bottom
panel).
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for a given coordination as the atomic number increases because
of the decrease in ionic radii, hence the stronger nucleus.54 For
example, in BaY2F8 crystals, the emission peak is observed
around 345, 210, and 180 nm (or 3.6, 5.9, 6.9 eV) if activated
using Ce3þ, Pr3þ, and Nd3þ ions, respectively.55 In addition to
having the smallest emission energy, Ce3þ also exhibits the
largest probability of the 5d f 4f transition, and consequently
the shortest decay time. These properties make Ce an excellent
activator. The emission peak of various known Ce-activated
scintillators lies near 3.4 (YAlO3),

56 3.2 (LaBr3),
57 2.9

(Lu2SiO5),
58 and 2.2 eV (Y3Al5O12).

59 Divalent rare earth ions
are mostly studied in the alkaline-earth compounds. Among
these, Eu2þ is preferred because of its relatively high quenching
temperature as compared to other RE2þ ions.53 The transition
energy for some Eu-activated compounds are 2.9 (CaF2),

60 2.8
(SrI2),

61 and 2.6 eV (CaI2).
62 In the Hg-like group, Tl is widely

used. Tl-activated crystals emit light at 3.0 (CaI2),
62 3.0 (NaI),63

and 2.2 eV (CsI).63 Considering these emission data, we take 2,
2.5, and 2 eV as the threshold band gap of the candidates that may
be activated with RE3þ, RE2þ, and Tlþ, respectively.
Semiempirical Band Gaps. The Kohn�Sham (KS) formal-

ism of DFT, while leading to a correct midgap energy (Fermi
level in the case of metals) with respect to vacuum,64

underestimates the width of the gaps in semiconductors and
insulators. For the exact KS formalism, the physical gap is
equal to the KS gap plus the derivative discontinuity of the
exchange-correlation (xc) energy with respect to the number of
electrons.64�66 In a nonexact KS approach with an approximate
xc energy functional, the above relation may not be exact and in
addition, the approximate functional may not reproduce the
correct xc energy derivatives.67,68 Several correction techniques
such as the GGAþU applied in this work (even though it can
predict the correct orbitals near the CBM and VBM) can
improve the KS gap only to a limited extent. A new semiempirical
method to estimate the band gap within the standard DFT has
been recently introduced.69 It is named Δ-sol method as it is
based on the delta self-consistent-field (Δ-SCF) theory.1 It
requires the evaluation of the total energy at three different
numbers of electrons (N, N þ δ, and N � δ), N being the
number of electrons in the neutral ground state. δ represents the
amount of added or removed charge to simulate the excitation
process. It depends on N and is determined empirically to best
yield the experimental band gap. In a unit cell with periodic
boundary conditions, the introduction of an additional charge
results in an additional term in the total energy due to charge�
image interactions. Unfortunately, the determination of char-
ge�image correction requires the calculation of the electronic
dielectric constant to account for the screening effect. This
calculation takes more than an order of magnitude longer than
the standard DFT and hence is not suitable for the HT approach.
We perform a simulation to study the accuracy of Δ-sol method
when the charge�image correction is not applied. We gather
over a hundred compounds with known experimental gaps
spanning from ∼1 to 12 eV as listed in Table 3.53,70 The result
is shown in Figure 2, in whichwe plot the experimental gaps versus
the Kohn�Sham gaps and theΔ-sol gaps. A linear least-squares fit
gives Eg

exp = 1.348Eg
KS þ 0.913 with R2 = 0.890 and Eg

exp =
1.349Eg

Δ-sol � 0.429 with R2 = 0.886. Both data exhibit a similar
fit quality and interestingly also a similar slope of the fit lines. For
the KS gaps, the root-mean-square (rms) of the percentage error is
42%, which can be reduced to 24% if we use the fitted values. For
the Δ-sol case, even though the rms of the absolute error is
reduced, the percentage error remains unchanged (27%without fit
and 28% using the fitted values). This study shows that even
though theΔ-sol improves the accuracy of the KS gaps, it does not
necessarily perform better than a direct-empirical fitted values of
KS gaps. Therefore, for our current study, we adjust the KS gaps
according to the KS empirical line and denote the fitted gap asEgfit.
To characterize the issue of overfitting, we have performed the two
extremes of the k-fold cross-validation method.71 The leave-one-
out technique yields an overall average of rms error of 0.933 eV.
This value is 1.8% larger than the rms error of the LSQ model
which is 0.916 eV. The other extreme is the 2-fold cross-validation.
In this method, the average rms error over 2 million samples is
0.942 eV (approximately 2.8% larger than the LSQ error). Thus,
we expect that our LSQ model overfits for less than ∼3%.
A large band gap does not necessarily imply that the materials

can be activated with a certain dopant. The relative position of
the transition states below the host’s conduction band minimum
(CBM) and above the valence band maximum (VBM) is crucial.
For example, in the Ce-activated materials, the 5d level must be
below CBM and the energy difference (δEe) should be larger
than the thermal energy to avoid thermal excitation of the

Table 2. Selection Criteria of Materials for γ-Ray Radiation
Detectiona

criterion number of structures remaining

original list 193 456

complete basis atoms 111 950

full atom occupancy 60 344

unique compounds 34 306

nonmetallic 29 715

no radioactive or absorptive elements 12 017

μ < 10 cm 11 893

μ < 4 cm 8617
aThe candidate compounds are extracted from the Inorganic Crystal
Structure Database.25 The total attenuation length (μ) of Compton
scattering and photoelectric absorption is calculated at 511 keV.

Figure 1. Histogram of total attenuation length of 11 893 candidate
compounds calculated using Compton scattering and photoelectric
absorption cross sections at 511 keV.
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electron back to the conduction band. On the other hand, too
large a δEe would decrease the probability of Ce

3þ to capture an
electron since it has to compete with the defect levels, which act
as electrons traps. In addition, more phonon modes would need

to be available to dissipate large δEe, further reducing the
probability of electron capture. A similar situation applies for
the hole, in which the Ce’s 4f level should be above the VBM, and
this energy difference (δEh) should also be optimal. Note that if
the excitation of the Ce atom is mediated by a capture of an
exciton, δEe and δEh play a less critical role. Another important
factor is the localization of the excited state of cerium (Ce*).
Successful scintillation would require a high degree of localiza-
tion of the Ce* state.72 To study the dopant levels and their
localization, a relevant size of the supercell is needed. It imposes
even more demanding computational resources which is not
suited for HT method. Nevertheless, we enforce the following
criteria to increase the likelihood of successful activation. These
include comparing the atomic sizes and valences for possible
substitutional doping. With these requirements and the band gap
sizes, we divide the results into four groups: RE3þ-activated
(group A), RE2þ-activated (group B), Tlþ-activated (group C),
and an additional group (D). In group D, we include all the
materials that do not belong to groups A, B, or C. The results are
compiled in the Supporting Information. The data are arranged
with increasing mr. The total number of compounds is 2859.
In the Supporting Information, we present the data which

include the chemical formula, the ICSD entry number, the space
group number, the Pearson symbol, the experimental mass
density, the KS band gaps (Eg), the gap type (I, indirect; D,
direct), the fitted KS band gaps (Egfit), the width of the valence
band (Evw), the gap between the valence band and the lower
valence band (Egcv), the effective mass of electrons near CBM
(me), the minimum value min(me), the effective mass of holes
near VBM (mh), the minimum value min(mh), the ratio of the
effective masses (mr), and the attenuation length (μ) at 511 keV.
Band structures and density of states pictures are available
online.15

The effective masses are computed using the following algo-
rithm. All unique symmetry paths in the IRBZ are included in the
band structure data. Using a tolerance of 26 meV relevant to
ambient temperature, the extrema corresponding to the CBM
and VBM are identified. In most cases, there are more than one
segment within the k-path that constitute the extrema (sum over
segment). For example, in orthorhombic systems, if the CBM
occurs at pointΓ, there will be three contributions tome resulting
from the X�Γ�X, Y�Γ�Y, and Z�Γ�Z segments. In addition,
in each segment, there may be more than one band that falls
within the 26 meV tolerance. These would make additional
contributions to the average me (sum over bands). Next, we take

Table 3. List of Compounds with Known Experimental Band Gaps Ranging from ∼1 to 12 eV That Are Used for Empirical
Adjustment of the Calculated Gapsa

IA�IIA IIA�VIIA IIA�VIA IIIA�VIA

LiF, LiCl, LiBr, LiI, NaF, NaCl, NaBr,

NaI, KF, KCl, KBr,

KI, RbF, RbCl, RbBr

MgF2, MgCl2, MgBr2, CaF2,

CaCl2, CaI2, SrF2,

SrCl2, BaF2, BaCl2

BeO, MgO, MgSe, MgTe, CaO,

CaS, CaSe, CaTe, SrO, SrS,

SrSe, SrTe, BaO, BaS, BaSe, BaTe

Al2O3, Al2Se3, Al2Te3, Ga2O3,

Ga2S3, Ga2Se3, In2O3RbI, CsF,

CsCl, CsBr, CsI

IVA-VIA: early(d)-p: late(d)-p: other:

SiO2, SiSe2, GeO2, GeS2, GeSe2,

SnO2, SnS2, SnSe2

Sc2O3, Y2O3, TiO2, ZrO2,

ZrS2, HfO2, Nb2O5, Ta2O5, MoO3,

MoS2, WO3, WSe2, YF3, LaF3, CeO2,CeF3

CuCl, CuBr, ZnO, ZnS, ZnSe,

ZnTe, CdS, CdSe, CdTe, Cu2O

BiI3, YAlO3, LuAlO3, LaAlO3,

Bi4Ge3O12, PbWO4, SrTiO3,

LiNbO3, LiIO3, LiYF4,AlAs, GaN,

GaP, Si3N4, Na2Se, Na2Te
aThe compounds are grouped according to the valence electrons. The experimental data are gathered from references.53,70.

Figure 2. Experimental band gaps vs (a) Kohn�Sham DFT gaps and
(b)Δ-sol DFT gaps.69 The root-mean-square error in the Kohn�Sham
case is reduced from 42% to 24% by using the fitted values, while it
remains constant at 27% in the second case.
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into account the contributions resulting from the equivalent
segments that are omitted in the k-path during band structure
calculation. They need to be accounted for because the locations
of the extreme k-points will be different in space (sum over the
IRBZ). Finally, to account for all the coordinates of the extreme
k-points and all the included segments, we apply the point
symmetry operations of the reciprocal lattice to get the complete
contributions from the full BZ (sum over point symmetry). Note
that the last step is needed because the multiplicity of the
segment is not always the same (in fact, it is different in most
cases) as the multiplicity of the k-point with respect to point
symmetry operations. Consequently, the average over IRBZ in
most cases differs from that over the full BZ. The final average of
electron’s effective mass me (similar steps apply for determining
hole’s effective mass average mh) can be summarized with the
following equation:

me ¼ averageð ∑
k-segment

i
∑
bands

j
∑
IRBZ

k
∑

point sym

l
me, ijklÞ ð2Þ

The individual band massme,ijkl is derived from the inverse of the
second derivatives of the Kohn�Sham eigenvalues with respect
to the wave vector k. The effective mass ratiomr is then defined as

mr ¼ max
mh

me
,
me

mh

� �
ð3Þ

The definition measures the similarity between the electron’s
mass and the hole’s mass. In our previous study,12 we report on
our observation that there exists a correlation betweenmr and the
nonproportionality response in various scintillators crystals.
Notably, a smaller ratio (closer to 1) leads to a more proportional
behavior. This applies particularly for compounds in which free
electrons and holes constitute the dominant energy carriers, such
as in Ce:YAlO3, Ce:Y3Al5O12, Ce:Y2SiO5, and BGO. This
finding is consistent with a recent work on the role of hole
mobility in scintillator nonproportionality.73 The diffusion and
drift motion of free charges is governed by the chemical potential
and Coulomb force, respectively. The diffusion term is linear
with the charge concentration, while the drift is quadratic
(a product of charge density and the self-electric field). The
nonproportionality is believed to be rooted mainly in the loss of
energy carriers experience because of nonradiative processes,
such as Auger recombination and deep level trapping. Several
scenarios can be thought of as follows:
(1) At the beginning of ionization track (low carrier con-

centration) and largemr: Diffusion is dominant, there is a
large separation between electrons and holes and large
nonproportionality.

(2) For the case of low carrier concentration and small mr:
Diffusion is still dominant but there is a small separation of
the electrons and holes and a small nonproportionality.

(3) At the end of ionization track (high carrier con-
centration) and with a large mr: Drift is dominant.
The more immobile carriers will keep the more mobile
counterparts within a small charge region, nonradiative
Auger formation becomes important and nonpropor-
tionality increases.

(4) For the case of high carrier concentration and small mr:
Drift is dominant and electrons and holes are close
together. If both carriers are mobile, they will populate
a relatively large charge region, reducing the probability

of the Auger process and thereby decreasing nonpro-
portionality.

It is then advantageous to have a small mr, particularly with
mobile electrons and holes. An interesting case is when mr is
small, but both me and mh are large. In this case, even though the
Auger process plays an important role, the Auger formation rate
is expected to be smaller than in the case in which one of the
carriers is mobile, allowing scintillation to successfully occur.
Hence, good proportionality can still be expected.
Band gap energy can be used to estimate the light yield (LY)

using the relation:

LY ¼ RNeh

Eγ
¼ R

βEg
� 1000 ½ph=keV� ð4Þ

where Eγ is the deposited γ-ray energy, Neh is the number of
excited electron�hole (e�h) pairs, and R is the conversion
factor from e�h pairs (or excitons) to visible photons. Because of
energy losses, the amount of energy to create an e�h pair (Eeh)
during the carrier production is larger than the band gap by a
factor β. The average Eeh is a sum of the gap (Eg), mean kinetic
energies of electrons (Ee) and holes (Eh) during thermalization,
and the energy of phonons (Eph) generated from the excess
energy of the carriers above the ionization threshold (Et):

Eeh ¼ Eg þ Ee þ Eh þ Eph ð5Þ
Assuming a parabolic band dispersion and a uniform distribu-

tion of electrons in the conduction band, Ee = 0.6Et.
53 By

applying the conservation of energy and momentum in the
second generation of e�h pair production, the threshold energy
is given by

Et ¼ 1þ 2me=mh

1þme=mh

� �
Eg ð6Þ

Theminimum β that gives the maximum LY can be calculated by
taking Eph = 0

Eeh ¼ Eg þ 0:6Et þ 0:6Et ð7Þ

β ¼ Eeh
Eg

¼ 1þ 1:2
1þ 2me=mh

1þme=mh

� �
ð8Þ

In the above formula, we make a further approximation that
the average kinetic energies of the holes is the same as that of
electrons. The carriers-to-photons conversion factor R varies
across different materials. It also depends on the temperature and
the quality of the materials (defects, impurities, homogeneities,
etc). Nevertheless, the maximum LY can be calculated by taking
R = 1. Figure 3a shows a plot of the predicted maximum LY
versus ratio of the effective mass, generated by using Egfit as Eg. In
Figure 3a, theoretical (red triangles) and experimental (blue
triangles) LYs for several familiar scintillators are included for
comparison. The reported LYs for BGO, NaI and YAG are
significantly lower than the maximum predicted. The large
discrepancies are due to the large deviation of R at room
temperature from the ansatz unit value. Indeed, the low-
temperature measurements of LY for pure NaI at 77 K and BGO
at 170 K are 76 and 68 ph/keV.74 They compare well with the
predicted values of 75 and 73 ph/keV. Nevertheless, we note that
the model should not be used to draw comparisons with
experimental measurements. It should be rather used as a general
guide for expecting maximum LYs. The predicted LYs for the
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reference scintillators fall mostly between 40 and 80 ph/keV.
A good population of candidates exists in the region of predicted
LY higher than 40 ph/keV. The corresponding plot for attenua-
tion length versus mr is given in Figure 3b).

’CONCLUSION

On the basis of the strategy described above, we may select
candidate scintillator materials that are expected to be bright and
proportional by choosing those with a small band gap (light yield
is inversely proportional to Eg), small me, mh, and mr. Using the
Supporting Information one may find a good number of com-
pounds with those properties. For example: Y2OS2 (SG#14,
mP20), Gd2O2Se (SG#164, hP5), Cs3Y2I9 (SG#194, hP28),
Ba2BiTaO6 (SG#148, hR10), TlSbO3 (SG#182, hP20), and
PbAs2O6 (SG#162, hP9). For monoclinic Y2OS2, substituting
Y with RE atoms changes the electronic structure only slightly.
This is also true in the hexagonal families of RE-oxysulfides and
RE-oxyselenides. Even though there are many promising candi-
dates reported in this work, more detailed studies are needed to
corroborate the results. Nevertheless, the model can be seen as a
practical guide to reduce the number of expensive and time-
consuming experimental validations. Regardless of the approx-
imations within the AFLOW high-throughput approach, the

overall validity of the method will be established by guided
experimental findings, which are subject of our future effort.

The computational framework and data-mining procedure
presented in this paper can be applied and adapted for other
materials applications. In synergy with other researchers, the
database of electronic structures will grow toward the goal of
containing all the compounds of technological interest, similar to
what we are currently conducting for the database of binary
alloys.75,16
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