A systematic search for new scintillators using electronic structure calculations
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ABSTRACT

A systematic study of several hundred inorganic crystal
structures have been performed by means of electronic
structure calculations with the goal of finding potential new
scintillator materials for synthesis and testing. All X-ray or
neutron diffraction measurements of crystals containing one
or more of the heavy elements T1, Hg, Pb or Bi and with all
sites in the unit cell fully occupied were extracted from the
Inorganic Crystal Structure Database (ICSD). A Full-
Potential Linear Muffin-Tin Orbital (FP-LMTO)
implementation with a LDA exchange-correlation energy
functional was used for solving the electronic structure. The
data was analyzed for density, photoelectric fraction at 511
keV, direct/indirect band gap, LDA band gap enegy, energy
dispersion, bandwidths, degree of covalency, electronic
density distribution of upper valence electrons, electron and
hole masses, valence and conduction band parity, etc.
Preliminary computational results are presented for a
number of representative materials.
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1 INTRODUCTION

There is a need for new bright, ultrafast scintillators for
medical imaging, high energy and nuclear physics, and
other applications. Although many different scintillation
phenomena and materials have been explored and
exploited, [1] relatively little attention has been given to the
use of near-edge emission from wide band gap
semiconductors where fast electron-hole recombination is
possible. More than three decades ago Lehman [2-4]
demonstrated that by n-doping ZnO and CdS with Ga and
In, respectively, and preparing the materials under reducing
conditions, quenching could be reduced and edge emission
with high luminosity and ultrafast decay times (< 1 ns)
could be realized.

Here we present a first-principles computational
approach for identifying potential new scintillator materials
for edge emission. The initial survey focuses on finding
appropriate dense, covalent host materials; the next step
would model suitable dopants for generating donor and
acceptor levels. The Inorganic Crystal Structure Database
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(ICSD) [5] was utilized to obtain structural data for
electronic band structure calculations. It contains more than
3000 entries of crystals that contain one or more of the
heavy elements Hg, Tl, Pb, or Bi. Thus far we have
investigated the sub-group of these materials where all sites
in the unit cell are fully occupied. This subgroup numbers
~1200 compounds. Techniques for handling fractionally
occupied sites (this will include a super-cell approach) are
currently under development.

2 COMPUTATIONAL APPROACH

2.1 The electronic structure

The theoretical framework used for this project is
Density Functional Theory (DFT). More specifically we
use a Full-Potential Linear Muffin-Tin Orbital (FP-LMTO)
technique [6-8] and the Local Density Approximation
(LDA) exchange-correlation energy functional [9].
Relativistic effects, that are important for the heavier
compounds, are taken into account. FP implies that no
inherent geometrical approximations have been used in the
theory meaning that this approach can be used when
investigating different crystallographic systems, c.f.
LMTO-ASA (atomic sphere approximation)[6], which is
computationally more efficient but constrained to specific
geometries.

DFT is based on two statements i) the ground state
expectation value of any observable, including the total
energy, is a unique functional of the exact ground state
density p(7), and ii) the exact ground state density
minimizes the total energy functional E(n(7)). These
statements lead to the Schroedinger like Kohn-Sham
equations
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Hy,(r) =[-0° +V,, (D, (r) = €4, (1),
where {€,,0, | €, <€, <E&;...}
are the Kohn-Sham eigenvalues and eigenfunctions
(orbitals), i.e. the solutions to our problem. The realization
of Kohn and Sham was that the full minimization problem
could be formulated in terms of a set of single particle
problems in an effective potential, Vo ) [10].

In the FP-LMTO method the unit cell is divided into two

different regions: 1) the muffin-tins surrounding each atom
site and 2) the interstitial region which forms the rest of the



unit cell. The muffin-tin radii are maximized but
constrained not to overlap. Inside the muffin-tin spheres the
density and potential are expanded using a radial function
times a sum of spherical harmonics that is invariant under
the space group. In the interstitial region where the different
functions fluctuate less, a sum of plane waves is used in the
expansion (Fourier sums). The basis functions of the
interstitial region are Bloch sums of Neumann and Hankel
functions; inside the muffin-tin spheres the Neumann or
Hankel functions are augmented by a numerical basis
function.

2.2 The Inorganic Crystal Structure
Database

The ICSD has been used for obtaining the structural
information needed for the construction of the periodic real
space unit cell. The irreducible cell, space group (with
associated transformations), and unit cell dimensions are
the inputs to a code that transforms the irreducible cell into
real space and at the same time computes crystallographic
properties such as density, coordination geometry, and
photoelectric fraction at 511 keV (of interest for positron
emission tomography (PET) detectors).

3 SELECTION CONSIDERATIONS

For surveying the many hundred different compounds
we focus on the following properties: density, photoelectric
fraction, direct/indirect energy dispersion structure, LDA
band gap, covalency, effective mass of electrons and holes,
bandwidths of the valence and conduction bands, and
potential core valence luminescence materials. In this study
we restricted the initial survey to materials containing one
or more of the heavy elements Hg, T, Pb or Bi and with all
sites in the unit cell fully occupied. The main reason for
imposing the latter restrictions is the immense amount of
computational time needed for hundreds of FP-LMTO
calculations.

3.1 Crystallographic structure associated
properties

Given the irreducible cell, space group and unit cell
parameters, it is straightforward to calculate the density of
the crystal, local coordination geometries and nearest
neighbor distances. The photoelectric fraction is computed
using known atomic photoelectric and Compton cross-
sections that are found in the literature.

3.2 Electronic structure associated properties

Because the systems under investigation are periodic,
Bloch’s theorem imposes a k-dependence of the energy
eigenenvalues and eigenfunctions. This is most easily
viewed in energy dispersion diagrams, the band structure

plot where the energies are plotted versus k for each
eigenstate.

Direct transitions involve no change in k, i.e. the top of
the valence band is at the same k vector as the bottom of the
conduction band; the transition is indirect otherwise. The
difference in energy between these two bands is the LDA
band gap. The LDA band gap is well known to
underestimate the real gap but can be resolved using the
computationally more demanding GW correction [11-13].
To obtain information about the covalency, the curvature of
the top of the valence band and the bottom of the
conduction band is investigated. The interstitial charge
density is another measure of covalency.

4 RESULTS AND CONCLUDING
REMARKS

Preliminary results for a number of oxide, halide, and
chalcogenide materials are summarized in Table 1. The first
five entries are semiconducting compounds with well
known ultra-fast scintillation. We have measured the ultra-
fast scintillation of these compounds (ZnO, CdS, Cul, Pbl,
and Hgl,).[14] We have also synthesized BiOIl, BiOF,
PbBrF, Bi,O; and Ag,Hgls and searched for ultra-fast
scintillation. None of these latter materials exhibited ultra-
fast scintillation indicating further selection criteria and
more detailed analyses are needed.

In Table 1 several of the compounds have been
structurally determined by many different groups, thus
resulting in slightly different structures. Only when the
calculated electronic structures deviated by more then a few
percent the additional entries for the compound have been
included in Table 1.

Because we are interested in covalent materials with
ultra-fast near-band-edge emission, it is crucial that the
charge carriers do not become deeply trapped. Similarly,
for doped materials there should not be large geometric
relaxation around the impurities thus creating potentially
deep electron or hole traps. Future calculations will include
the geometric relaxation of supercells, with and without
excited states. In addition, calculations of the effective
masses of electrons and holes will be used to predict free
exciton binding energies and radii.

To our knowledge this is the first study of potential
scintillator materials wherein a large number of compounds
have been investigated using the same computational
approach throughout the entire study. This allows us to
compare properties of the different compounds directly.

Table 1 Summary of data for direct gap materials obtained
from FP-LMTO electronic structure calculations. The
columns show compound, Schonflies symbol (Sfs), density
(p) in g/cm3, photoelectric fraction at 511keV (pef) and the
LDA band gap in eV, respectively.

Compound Sfs P pef  LDA

ZnO My 5.73 0.03 0.79




Compound
Con D ?fs Z _ p(;:f LDA BaPbO; TP 838 041 013
.4 13 095 Bi(SbO,) > 846 040 2.53
Cul r 573 016 062 BiBr r> 708 046 033
Pbl, M 6.10 040 1.65 Bil r 701 04 .
P " i . . 46 0.05
5 . 643 038 0.78 Bil M 7.10 046 0.12
BiVO, > 694 042 195
T X Iy Cd(HgO») r° 95 039 062
CsPbF; . 596 040 1.78 Cs:(Hely) Mo 531 034 146
ROPYE, r <28 040 191 Cs4PbClg > 379 028 3.66
TIBr r 29 045 200 Cs(HgsCli) r> 517 040 2.60
TIPF, F. 464 038 617 CusBisSio Mo 639 042 041
Cs,NaBiClg r.t 371 030 293 K(BIO,) Mo 613 046 172
Cs,PbCl, S 403 030 136 Li2PbO; Mo, 694 046 L7
Cs,TIBiF, S 572 041 184 NaBiO; Mo 701 047 144
Hg,Zn,F40 r-- 797 037 039 PbsSsls Mo) 674 042 128
HeF, Fe 93 o046 037 Rb(BiO,) r> 644 043 191
K,NaTIF, r* 428 033 424 TlosV20s Mo 466 027 414
Pb,Sb,0, rs 909 040 0.03 T15nS, Mo 637 043 076
PbS F 760 049 003 TICu;S, > 700 032 031
Pote 5t aas 04t 039 AgHg,PO, . 818 041 135
Rb,PbCl, . 370 028 120 Ba,HgSs o 565 033 127
T NaRhE: St vos oal Lok BaHgSnS, . 502 031 1.62
T1LSnCl, F 496 038  2.60 Csa(HeBry) o 464 028 242
s 5t 30 oas  a1r Cs;HgCls M. 398 029 293
TICI S 631 048 201 HeCl, o 562 04l 249
TICIO, FS 458 041 065 KHeCly o 326 031 026
TII S 658 044 207 KHeF o575 040 016
ThVS, e oas 130 KTIBr, o 436 029 172
VS, B S el Pb,Mg(WOy) Mo 926 045 1.99
Big/NbS, M. 595 036 022 Pb(SO;) o 644 044 338
B o, A S Pb(TiO5) fo 771 042 216
B A Pb(ZrOs) Fo 803 040 247
Pb,Bi,Se;s M, 758 044 007 PbCrO, o 621 041 220
Pbs(PO.);Cl M, 7.19 045 244 PbSO; o 647 044 329
PbIz rh 609 040 163 Tl4(Cll216) ro 691 039 119
TISHO, r 4 040 o017 Ba,BiRuO; r> 713 033 032
TISbO, F 714 040 204 Bi;TeOq o 908 044 193
(Hex(OHg)(NO) T Jss 046 170 Cs,PbOs; r.> 646 037 134
Ag.HgS, r T 033 0% K,PbO; r.> 491 040 0.69
Bi,Cu(Se0s), M. 566 033 208 LisPbO, Fo) 502 043 174
Coigl, Coas 030 183 PbSO4(PbO), r.>  7.06 048 093
CsHg,Brs M. 551 033 194 PbTIL fo 645 041 166
CsTII, M. 502 032 1.14 Rb:PbO; " 580 036 053
Hg,0,Cl M. 865 046 0.19 Compound St P pef  LDA
HgSeO4(H,0) M. 562 035 132 TLCrl ., 692 040 012
K Nay(T1,0¢) M. 448 037 116 TIF r.” 857050 177
Pbs(As,05) M. 689 041 285 BiPS, o 422 038 096
Ph(SIOnBr, 6 o4 27 TICu(CuO,) .Y 806 037 023
Pb(HAsO,) M. 604 039 282 AgHels fq 602029 075
P(S0) T gae oaa 297 AgPbOBr r. 778 038 0.18
Pb(SeOs) Mo 705 041 259 Bi,CuO, fo 862 047 098
Pb(ScO) M. 708 041 086 Bi,O; Mo 917 051 034
PbAS,0, M. 596 035 2.69 BiOF Mo 922050 273
PbCu(P,0-) . 533 032 024 BiOI fra 969 044 LIS
TI(NbO)(P,0) M. 446 031 044 CuzHel, fq 612029 026
TISbF, . 617 038 3.73 Hg,PHLS, fra 735 043 136
TISnF, r 608 034 189 Hely o 635 038 076

=




Pb,Br,CO;3 Mg 6.69 042 2.50
Pb,Cl,(CO3) Mg 6.12 045 2.79
Pb;04 Mg 8.71 0.50 1.24
Pb;04 Mg 8.96 0.50 0.65
Pb(TiO;) Mg 7.98 042 234
Pb(TiO;) Mg 8.04 042 2.59
PbBrF Mg 7.67 043 2.73
PbCIF Mg 7.13 0.47 3.11
PbCIF Mg 7.21 0.47 3.10
T1,Cdlg Mg 6.88 0.40 1.78
TL4Crlg Mg 6.71 0.40 0.15
T14HgBrg Mg 7.00 043 1.81
Tl4Hgl, Mg 7.15 0.43 1.27
T15Se,Cl1 Mg 8.64 048 0.33
T1,C14S Mg 7.13 0.49 1.46
Tlel4S Mg 7.25 0.46 1.61
TICu4S; Mg 6.51 0.28 0.56
AgTIl, My 7.06  0.35 1.26
Cu,Hgl, My 6.11 0.29  0.27
CuTISe, My 7.15 0.35 0.01
HgAl2S, My 4.11 0.33 1.80
HgAl2Se, My 5.38 0.27 1.22
HgAl2Te, My 5.82 030 0.89
HgGa,Sy My 5.00 0.29 1.40
HgGa,Se, My 6.19 0.25 0.47
Hgl, My 6.34  0.38 1.18
Hgln,Sey My 6.31 026 0.23
Hgln,Tey ryY 660 029 0.19
K,HgO, My 482  0.38 2.02
KTICl, My 3,52 035 2.17
NH,TICl, My 3.15 0.36 3.37
NagPbOs My 429 0.33 1.18
Pb,Cl1,04 My 8.05 0.49  2.40
Pb(Mo0Oy,) My 6.83 0.39 0.03
Rb,HgO, My 5.54 0.34 1.88
Tllng3C116 rqv 6.17 0.47 0.22
TlsSe,Br My 8.86 048 0.23
TlsSe,l My 8.59 047 0.68
TI(AIF,) My 6.03 0.41 4.10
TIAISe, My 6.18 0.37  0.30
TIF ry 8.37 0.50 1.89
TlGaTe, My 7.21 0.35 0.29
TlInSe, My 7.10  0.35 0.47
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