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ABSTRACT

In this paper we report on the crystal growth, density functional theory (DFT) calculations and
scintillation properties of TI;3LnCle:Ce** and TILn,Cl7:Ce** (Ln =Y, Gd). Crystals were grown by
the Vertical Bridgman technique up to 16 mm in diameter and 25 mm long. Crystals of
Tl3YCls:Ce*" and TI:GdCle:Ce*" belong to the family of the Nesohalides which have the
monoclinic crystal structure. Crystals of TIY2Cl7:Ce*" and TIGd>Cl7:Ce** belong to the family of
the Phyllohalides which have either the monoclinic or the orthorhombic crystal structure. The light
yields of these Nesohalides and Phyllohalides are typically on the order of 35,000 — 40,000
ph/MeV.

Keywords: Inorganic scintillators; Thallium-based scintillators; Radiation detectors; Gamma-ray
spectroscopy; DFT calculations.
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1. INTRODUCTION

The last decade has seen remarkable advances in the detection of ionizing radiation using
inorganic scintillators. Ce-doped halides such as LaBr3 and Cs;LiLa(Br,Cl)s have broken through
the 3% energy resolution barrier, rivaling semiconductor radiation detectors and delivering a more
accurate detection of special nuclear materials. On the other hand, isotope identification in mixed
neutron/gamma radiation fields has benefited tremendously from dual-mode scintillators such as
Cs:LiYCls and Cs:LiLa(Br,Cl)s which have replaced expensive He-3 detectors. The only
significant drawback is that the detection efficiency for gamma-rays is still relatively low for Ce-
doped halide scintillators, primarily because they contain very few high-Z constituents (limiting
their effective Z to < 50 and density to < 5 g/cm?).

Recently, however, research has been initiated to address this shortfall where the focus is to
replace lighter ions of Ce-doped halide scintillators with isovalent heavier ones (e.g. Cs, Rb, or K
replaced with T1) and observing the effects on the density, effective Z and scintillation properties
of the Tl-analogs of the original Ce-doped halide scintillators.

In this paper we report on the crystal growth, density functional theory (DFT) calculations and
scintillation properties of TlsLnCls:Ce*" and TILn,Cly:Ce*" (Ln = Y, Gd). X-Ray diffraction,
thermodynamic properties such as moisture absorption, radioluminescence, and scintillation
properties such as light yield and scintillation decay time spectra are presented.

2. EXPERIMENTAL SECTION

2.1 Crystal Growth

Single crystals of TlLnCls and TILn:Cl; (Ln = Y, Gd) doped with different Ce**
concentrations were grown by the Vertical Bridgman method in sealed quartz ampoules (@ 16
mm) using single zone furnaces. Anhydrous beads of thallium chloride, together with the yttrium
chloride or gadolinium chloride, and a small amount of cerium chloride were loaded in the
appropriate stoichiometric ratio into quartz ampoules which were subsequently sealed under
reduced pressure. Crystals were typically grown at a rate of 10 mm/day from the top to the bottom

Figure 1. Photographs of TI;YCls:Ce*" (top)  Figure 2. Photographs of Tl3GdCls:Ce*" (top) and
and TIY,Cl;:Ce** (bottom) crystals grown at  TIGd>Cly:Ce*" (bottom) crystals grown at RMD.
RMD.
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in the gradient of the Bridgman furnace. After the crystal growth was finished, the furnace was
cooled to room temperature at a rate of 10 °C/hour. Crystal thus obtained were typically 2 cm?® or
smaller. Photographs of some of the crystal boules grown at RMD are shown in Figure 1 and
Figure 2.

According to the phase diagram of TICl — GdCl; [1] two congruently melting compositions are
formed: 71Gd>Cl7 and TI3GdCls, and one incongruently melting composition: 7/>2GdCls. Of the two
congruently melting compositions, it seems that TI3GdCls may exhibit a phase change in the solid
at 400 and 290°C. No phase diagram of TICl — YCIz was found in literature. We assume however
that it is very similar to that of the thallium — gadolinium chloride. Crystals of TIY>Cl7:Ce*" and
TIGd,Cl7:Ce** grow congruently and do not appear to have any parasitic phase change between
room temperature and their melting points. However, crystals of T1Y>Cl;:Ce** and TIGd»Cl7:Ce**
are somewhat hazy and form striations during cooling which we attribute to their layered crystal
structure. Crystals of Tl3YCls:Ce** and TI3GdCls:Ce** are hazy as well and appear to be
polycrystalline, possibly due to the aforementioned phase change.

2.2 Thermodynamic Properties

The hygroscopicity of each sample was determined using a Surface Measurement Systems
Dynamic Vapor Sorption (DVS) instrument. In this instrument, samples are placed on a sample
tray suspended from a high-precision balance inside of a temperature and humidity-controlled
atmosphere, and the weight is continuously monitored. The samples measured included a 10 to 15
mg piece of each composition plus a Nal:Tl sample, all with similar geometries for better
comparison. Each sample in turn was placed on an aluminum sample tray and hung on the balance,
and the DVS was set at 25°C and 40% relative humidity for 1000 minutes. The percent mass
change vs time was plotted.

The thermal properties of each composition were analyzed using a Seteram Labsys Evo
differential scanning calorimetry (DSC) instrument. Due to the volatility and toxicity of the
materials, the samples were vacuum sealed inside quartz crucibles prior to measurement. The
benefits of this method versus standard alumina crucibles have been discussed in depth [2]. The
DSC furnace was heated and cooled at a rate of 5 K per minute. The heating and cooling rate used
is considered to be typical for this type of measurement and is not expected to contribute to
supercooling. Note that these analyses were only performed on the TILn2Cly crystals due to the
low quality of the Tl3LnCls samples.

2.3 Powder X-Ray Diffraction

High-resolution powder X-ray diffraction (XRD) was used for phase analysis and derivation
of the lattice constants. Due to the hygroscopic nature of the materials measured, sample
preparation was carried out inside of a nitrogen-purged glovebox unless otherwise noted. Samples
for XRD were taken from the grown crystal and ground using a mortar and pestle. The powdered
samples were loaded onto a Si zero-background sample stage and covered with a Kapton film for
protection during measurement. The sample stage was then removed from the glovebox and placed
into a PANalytical Empyrean 2-theta Diffractometer. The X-rays were generated with a Cu X-ray
tube operated at 45 kV and 40 mA. Scans were taken in the range of 10-70 © 2-theta with a step
size of 0.0131 ° and a step time of 39.5 s.

HighScore software was used to compare the measured patterns with published structures [3].
Determination of the lattice parameters was carried out using GSAS-II, an open-source software
package for Rietveld refinement [4]. No published structures were found for T1Y2Cl; and
T1Gd2Cly, but their peaks matched well with those of InY2Cl7, which was used as the structure for
refinement with T1 substituted for In [5].
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2.4. Computational Methods

Theoretical calculations were performed on Tl3YCls, T13GdCle, T1Y2Cl;7 and T1Gd>Cl7 using
density functional theory (DFT) as implemented in the VASP code [6]. The interaction between
ions and electrons is described by the projector augmented wave method [7]. Lattice parameters
as well as atomic positions were fully relaxed using the PBE functional [8]. Electronic structure
and density of states (DOS) were also calculated at the PBE level. The atomic positions were
further relaxed using the hybrid PBEO functional [9] while keeping the PBE lattice parameters.
The PBE band gap was also corrected by using the PBEO functional. The use of the hybrid PBEO
functional, which includes 25% nonlocal Fock exchange, improves band gap calculations,
especially for large-gap insulators [10, 11, 12], and provides a better description of charge
localization [12, 13, 14, 15, 16] which is critically important to the calculation of highly localized
Ce-4f electrons. For Ga compounds, we used a Gd pseudopotential with Gd-4f orbitals frozen in
the core to reduce the computational cost [17, 18, 19], with this method, we focus on Ce emission
and neglect effects of the Gd-4f states and the associated magnetic moment of Gd** on structures
and electronic structure. The DFT-D3 van der Waals functional [20] was used in calculations for
both compounds for their quasi-low-dimensional structures.

The ground- and excited-state structures of Ce-doped T1 compounds were obtained by hybrid
PBEQO calculations. The occupation numbers of the electron-occupied Ce-5d and the hole-occupied
Ce-4f eigenlevels were fixed ([A self-consistent field (ASCF) method [21, 22, 23]) for the total
energy calculation of the excited-state of TIY>Cl7:Ce*" and TIGd>Cly:Ce*". The ASCF method
combined with the hybrid PBEO functional allows for the accurate calculation of excited-state
structural relaxation, and the emission energy can be calculated based on the relaxed excited-state
structure following the Franck-Condon principle. The calculated emission energies in many
compounds based on the above approach have shown excellent agreement with experimental
results [24, 25, 26, 27, 28].

2.5 Scintillation Properties

Radioluminescence spectra were recorded at room temperature using a Philips X-ray tube with
a Cu anode operated at 40 kV and 20 mA. Light was dispersed through a McPherson 234
monochromator equipped with a grating (600 grooves/mm, blazed at 500 nm) and detected with a
Burle C31034 photomultiplier tube (PMT). The GaAs photocathode was cooled to -50°C using
dry-ice in order to minimize dark counts. Spectra were measured in 1 nm increments and integrated
for 1 sec per interval. Spectra were corrected for the spectral response of the system.

Scintillation properties such as energy resolution, light yield, and non-proportionality were
measured using a super-bialkali (SBA) Hamamatsu photomultiplier tube (PMT) (model #R6233-
100) and standard nuclear instrumentation modules from Canberra such as a preamplifier (model
#2005), a spectroscopy amplifier (model #2022), an ADC (model #8075), and a MCA (model
#8000D) from Amptek. Pulse height spectra were collected using a '3’Cs radiation source.

Crystals were tested in a mineral oil filled quartz container in order to protect the samples from
moisture. Optical grease was used to couple the quartz cup to the PMT window. Light yields,
expressed in photoelectrons per MeV (phe/MeV), were determined by comparing the peak position
of the 662 keV full energy peak in the pulse height spectra with that of BGO. The absolute light
yield, expressed as the number of photons per MeV (ph/MeV), was calculated from the number of
photoelectrons per MeV by dividing this number by the quantum efficiency of the PMT.

Scintillation decay was measured by optically coupling the quartz container to a Hamamatsu
PMT (model #H6610) operating at -2000V and irradiated with 511 keV gamma rays from a *’Na
source. A 1GHz digital oscilloscope from Teledyne LeCroy (model #HDO 6104) was connected
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Figure 3. Mass gain plot of TIY,Cl;:Ce** and TIGd,Cl;:Ce**, and Nal: TI.

directly to the PMT anode to collect the data. In some cases, the PMT output was connected to a
CAEN digitizer (12-bit, 250 MS/s). Timing measurements were done using a fast Hamamatsu
PMT (rise time 0.7 ns) and a Teledyne Lecroy 1GHZ 12-bit resolution digital oscilloscope.

3. RESULTS AND DISCUSSION

3.1 Gravimetric and Thermal Analysis

Small samples of TIY>Cl7:Ce*" and TIGd>Cl7:Ce*", and Nal: Tl were measured using a DVS
intrinsic instrument to compare their moisture absorption rates. The mass gain during the
measurement is plotted in Figure 3.

T1Y2Cl7:Ce*" and TIGd>Cl7:Ce** gained 5% and 7% mass during the first hour, respectively.
The mass gain of TIGd>Cl;:Ce** continued at a faster pace than TI1Y,Cl;:Ce*" until after
approximately 4 hours where the mass gain rate of TIGd>Cl7:Ce*" slowed compared to that of
TIY,Cl7:Ce**. After 10 hours, each sample had gained about 25% mass. The mass gain of Nal:Tl
is overall very linear and has a shallower slope compared to T1Y>Cl7:Ce** and TIGd>Cl7:Ce*".

DSC measurements of TIY>Cl7:Ce*" and TIGd2Cly:Ce*" were carried out using sealed quartz
ampoules, which allowed for a clean measurement without volatilization of the sample; however,
the ampoules eliminated the possibility of thermal gravimetric analysis measurements.
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Figure 4. DSC curves of TIY,Cl;:Ce?". Figure 5. DSC curves of TIGd,Cl7:Ce*".

The heat flow curves acquired for TIY>Cl7:Ce*" and TIGd,Cl7:Ce** are plotted in Figure 4 and
Figure 5, respectively. The melting points were measured to be 550 and 558°C, respectively. Both
samples had single melting and crystallization peaks and no evidence of secondary phases. The
degree of supercooling (separation between melting point and crystallization point) is about 7 —
10°C which is well within normal range.

3.2 Powder X-ray Diffraction

Powder diffraction patterns of TIY>Cl7:Ce*" and TIGd>Cl7:Ce*" measured at room temperature
are plotted in Figure 6. The two compositions appear to be isostructural due to the similarities in
their patterns, albeit with slightly different lattice parameters. The obtained patterns for the
TIsLnCls:Ce*" samples contained a number of unidentifiable peaks; therefore, their phase analysis
could not be reliably performed.

Although there was no published structure for either TILn,Cl7:Ce*" compound, a search in
HighScore revealed a match with the peaks of InY2Cl7. The structure of InY2Cl; was used as the
initial structure for Rietveld refinement of T1Y2Cl; by replacing the In atoms with TI, and of
TIGd.Cl; by replacing the In atoms with TI1. The Ce** dopant was not considered when refining
the structure but may have an effect on the lattice parameters when compared to an undoped
crystal. Refinement was carried out with GSASII.

The intensities for hygroscopic metal halides are often in disagreement with their simulated
patterns due to preferred orientation [29, 30]. Because of this, measurements such as single crystal
diffraction must be carried out to further refine the atom positions (which affect the intensity of
peaks).
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Figure 6. X-Ray powder diffraction patterns of TIY>Cl7:Ce*" and TIGd,Cl7:Ce*".

The crystallographic properties of T1Y2Cl7:Ce*" and TIGd>Cl7:Ce** are summarized in Table
1. Crystals of T1Y2Cl7:Ce*" and TIGd>Cl7:Ce** have the orthorhombic crystal structure with space

group Pnma (62). Based on structure and lattice parameters, the calculated density of T1Y2Cl7:Ce

3+

and TIGd>Cl7:Ce** is 3.77 g/em® and 4.49 g/cm?, respectively. The effective Z is 60 and 64,
g

respectively.

Table 1. Crystallographic properties of TIY>Cl;:Ce** and TIGd,Cl:Ce*".

TIv,Cl, TIGd,Cl,
Density 3.77 g/cm3 4.49 g/cm3
Z.q 60 64
Crystal structure  Orthorhombic Orthorhombic
Space group Pnma Pnma
a(A) 12.698(1) 12.690(2)
b (A) 6.9107(7) 6.986(1)
c(A) 12.671(1) 12.837(2)
a (°) 90.00 90.00
B(°) 90.00 90.00
v (°) 90.00 90.00
Volume (A3) 1111.9(2) 1137.7(5)
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3.3 Theoretical Modeling
TIY2Cl; and TI1Gd2Cl; have a
layered, quasi-2D crystal structure
as mentioned earlier. This plays a
role in the electronic band structure
as in such structures the electron-
hole pairs are wusually more
localized. Figure 7 shows the
electronic band structure and DOS
of TIY2Cl; obtained by PBE
calculations. The conduction band
minimum (CBM) is at the I" point
while the valence band maximum
(VBM) is located between the I" and
Z points. However, the top of the
valence band at the I" point is only
slightly lower in energy than the 25

Energy (eV)

VBM (by 0.02 eV). Thus, the band ' ' ' : '

gap of T1Y>Cly is nearly direct. The Total

direct band gap at the I' point is = 204 —Tls 1
calculated to be 4.32 eV at the PBE 8 Tl-p

level [Figure 7 (a)] which is S 45. —Y i
expected to be underestimated due @ .

to the well-known PBE band gap T

error, and is corrected to be 6.41 eV ¢y 10+ H
by the hybrid functional PBE0 ©

calculation. The conduction band is o 5. i
made up of both Tl-6p and Y-4d

orbitals while the valance band has \

a predominantly CI-3p character 0- T T T 1

with some mixing of Tl-6s and Y- -4 -2 0 2 4 6 8
4d orbitals [Figure 7 (b)]. Since the Energy (eV)

Gd-4f orbitals are frozen in the core

of the Gd pseudopotential, the Figure 7. (a) Electronic band structure and (b) density of states
calculated band structure and DOS (DOS) of TIY:Cl; calculated at the PBE level. Note that the
of TIGd:Cl; are similar to those of  pand gap is underestimated. The energy of the VBM is set to
TIY,Cl7 except that Y-4d orbitals  zero.

are replaced by Gd-5d orbitals. The

direct band gap at the I" point is 6.38 eV calculated using the hybrid PBEO functional. Including
Gd-4f orbitals as valence states is expected to introduce a narrow Gd-4f band within the energy
gap between Gd-5d and CI-3p bands.

T13YCls and T13GdClg have a quasi-0OD structure, in which YCle/GdCls octahedra are separated
from each other by T1 ions. The electronic structure and DOS of TI3YClg are shown in Figure 8.
The band gap is slightly indirect. The CBM is located between Y and X1 points while the VBM is
located between X and I' points. However, both conduction and valence bands have small
dispersions. Therefore, the direct band gap at the I" point (3.73 eV) is only slightly larger than the
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indirect band gap of 3.67 eV; both
are calculated at the PBE level. The
direct band gap is corrected by the
hybrid PBEO calculation to 5.61 eV.
Compared to quasi-2D TIY2Cly, the
band gap of TIzYCls is strongly
reduced as can be seen by
comparing Figure 7 and Figure 8.
The dimensional reduction of the
Y-Cl bonding network increases the
energy gap between Y-4d and CI-3p
bands. If replacing Tl by Cs, the
band gap of Cs3YClg is expected to
be larger than that of CsY2Cl;. With
the presence of Tl, the conduction
band of TI3YCle is mainly made up
of TI-6p orbitals, resulting in a
relatively small band gap. The same
trend is also found in TI3GdCle. The
PBEO direct band gap at the I" point
is 5.55 eV in TI3GdCls, strongly
reduced from that of TIGd>Cl7 (6.49
eV).
Ce doping inserts both Ce-4f
and Ce-5d levels inside the band
gaps of T1Y2Cl; and T1Gd,Cly. The
calculated Ce** emission energies
in T1Y2Cl7 and T1Gd:Cly are nearly
identical at 3.31 eV, compared to
the experimental values of 3.14
(395 nm) and 3.00 eV (412 nm),
respectively. The calculated and
measured Ce**-emission energies in
TIY>Cl;:Ce** are in  good
agreement. The somewhat larger
difference  in  emission  in
TIGd>Cl7:Ce** may be related to the
missing Gd-4f states in the
calculation.
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Figure 8. (a) Electronic band structure and (b) density of states
(DOS) of TI3YCls calculated at the PBE level. Note that the
band gap is underestimated. The energy of the VBM is set to
Zero.

As discussed above, the band gaps of Tl3YCls and T13Y GdCls are strongly reduced from those
of T1Y2Cl7 and T1Gd>Cly, respectively, and the reduction is mainly due to the lower conduction
bands derived mostly from TI-6p orbitals. This causes a problem for Ce activation. The Ce-5d and
T1-6p orbitals are close in energy and PBEO calculations are unable to localize an electron at the
Ce-5d level in both Tl3YCls and TI3GdCls. Thus, in these two compounds, the intrinsic exciton
emission and Ce** emission may compete and the closeness of the Ce-5d level to the CBM could
also lead to electron detrapping and migration, leading to the subsequent energy loss to defects.
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3.4 Optical and Scintillation Properties

The X-ray excited
radioluminescence  spectra  of
TLY2Cl7:Ce*", TIGd,Cly:Ce*, and
T13GdCle:Ce** are shown in Figure
9. The emission spectra of
TIY2Cl7:Ce** and TIGd>Cly:Ce**
show a broad emission band
peaking at 395 and 412 nm,
respectively, which is attributed to
Ce** 5d — 4f emission. Note that
there is only a slight difference in
the peak emission maximum
between  the  yttrium- and
gadolinium-based  Phyllohalide,
possible due to the presence of Gd-
4f states (see section 3.3) which are
absent in yttrium.

The radioluminescence
spectrum of TI3GdCle:Ce*" is very

Intensity

—TIY,Cl:Ce®™
——TIGd,Cl.:Ce*
----- TI,GdCI:Ce* -

300

400

500 600 700

Wavelength (nm)

Figure 9. X-ray excited radioluminescence spectra of
T1:GdCls:Ce*", TIGd,Cly:Ce*", and T1Y.Cl;:Ce".

weak and noisy, with a potential emission maximum at about 390 nm. We attribute this to the poor
crystalline quality of TI3GdCle:Ce*" as discussed earlier in the crystal growth section of this paper.

The pulse height spectra of T1Y2Cl7:5% Ce**and TIGd>Cl7:1% Ce*" under *’Cs 662 keV
gamma-ray irradiation obtained with a shaping time of 4 us are shown in Figure 10 and Figure 11,
respectively (these two crystals were randomly chosen from a larger set). The shoulder to the left
of the main photopeak in each pulse height spectrum is attributed to the X-ray escape peak of
thallium (at 590 keV). Using a two-Gaussian fit of the photopeak and this shoulder gives us an
energy resolution of 9 and 7% (FWHM) at 662 keV for TIY2Cl17:5% Ce**and TIGd>Cl7:1% Ce?",
respectively. We estimate the light yield of TIY2Cl7:5% Ce**and TIGd>Cl7:1% Ce*" to be about
38,000 and 40,000 ph/MeV, respectively. T1Y>Cl7:5% Ce**and TIGd>Cl7:1% Ce*" are not very

2 - ¥ T T T T T v
. \‘J \} —TIY,Cl.:5% Ce™

)
2
=
3
8 1K 4
2
n
=
2
£

0 ! i D 4 n

0 200 400 600
MCA channel

800

Intensity (counts/s)

2

-

.‘ W d T T T M ] | A
- V ——TIGd,Cl.:1% Ce™

1 i AP 4 L .
200 400 600 800
MCA channel

Figure 10. Pulse height spectrum of T1Y»Cl;:5% Figure 11. Pulse height spectrum of T1Gd,Cl7:1%
Ce’" under 662 keV gamma-ray excitation. To Ce** under 662 keV gamma-ray excitation. To
compare, the spectrum of Nal: Tl is shown as well.

compare, the spectrum of Nal: Tl is shown as well.
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proportional having a deviation from linearity

of about 8% (relative to the light yield at 662 L ‘ JPE—————
keV) at 60 keV (**'Am source) which TIGA,Cl 1% Ce®
contributed to the mediocre energy resolution
at 662 keV of both scintillators.

Scintillation decay time spectra of
T1Y2Cl7:5% Ce*"and TIGd>Clr:1% Ce** are
shown in Figure 12.

The obtained decay curves were fitted with
a three-component exponential decay function.
The short decay component of TIY»Cl7:5% j
Ce** has a lifetime of about 95 ns and 188 500 1000
contributes about 48% to the total light yield, Time (ns)
whereas the intermediate and longer decay
components of 422 and 1.2 ps, respectively,
contribute 36 and 16%, respectively. The
scintillation decay of TIGd:Cly:1% Ce** is
slightly faster with the short decay component
having a lifetime of about 24 ns and contributing about 28% to the total light yield. The
intermediate and longer decay components of 87 and 364 ns, respectively, contribute 54 and 28%,
respectively.

We attribute the short decay component of each curve to direct capture of electrons and holes
at Ce** as the lifetime of this decay component is of the order of the intrinsic Ce*" decay time.
However, at this time we can only speculate about the scintillation mechanism responsible for the
intermediate and longer decay components. It could either be energy transfer by binary electron-
hole diffusion [31] and/or energy transfer by self-trapped exciton (STE) diffusion [32]. More
measurements will be needed to confirm or discard either hypothesis.

4. CONCLUSION

In this paper we reported on the crystal growth, density functional theory (DFT) calculations
and scintillation properties of TI;LnCls:Ce*" and TILn,Cl7:Ce*" (Ln = Y, Gd). The scintillators
show light yields of up to 40,000 photons/MeV and a gamma-ray energy resolution of 7 - 9%
(FWHM) at 662 keV. Density Functional Theory calculations show that the Ce** energy levels are
inside the bandgap. The calculated emission wavelengths are in reasonable agreement with the
experimentally determined values.

Due to the poor quality of TI3YCle:Ce*" and T13GdCles:Ce**, and the layered crystal structures
and low densities of TIY>Cl7:Ce**and TIGd,Cl7:Ce**, we believe that scale-up to industrial sizes
will be uneconomic and that these materials are primarily of scientific interest.
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