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Electronic-structure and lattice-dynamics calculations on thallium halides show that the Born effective
charges in these compounds are more than twice larger than the nominal ionic charges. This is a result of
cross-band-gap hybridization between Tl p and halogen-p states. The large Born charges cause giant splitting
between longitudinal and transverse-optic phonon modes, bringing the lattice close to ferroelectric instability.
Our calculations indeed show that cubic TIBr develops ferroelectric instabilities upon lattice expansion starting
at 2%. It is remarkable that the apparently ionic thallium halides with a simple cubic CsCl structure and large
differences in electronegativity between cations and anions can be very close to ferroelectricity. This can lead
to effective screening of defects and impurities that would otherwise be strong carrier traps and may therefore
contribute to the relatively good carrier transport properties in TIBr radiation detectors.
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I. INTRODUCTION

Room-temperature radiation detection is an important
technology that finds applications in many areas such as
medical imaging, nuclear safeguard, and national security.
Many semiconductor materials have been investigated for
their radiation detection capabilities.! The performance of the
semiconductor radiation detectors relies on the collection ef-
ficiency of free carriers generated by radiation energy depo-
sition. Several important criteria have been established for
material selection, i.e., (1) large atomic number for high
gamma-ray stopping efficiency, (2) high resistivity (that re-
duces dark current and device noise), (3) large enough band
gap of >1.4 eV (suitable for room-temperature applica-
tions), and (4) large w7 product (u and 7 are carrier mobility
and lifetime, respectively).”

TIBr has been investigated for radiation detection for sev-
eral decades.>™ Some very encouraging results have been
obtained,%"'?> showing that TIBr is a promising material for
room-temperature spectroscopic gamma-ray detection. TIBr
has high atomic numbers (TIl: 81 and Br: 35) and high den-
sity (7.56 g/cm?), which lead to efficient radiation absorp-
tion. The high resistivity of TIBr (~10'° ohm cm) reduces
the dark current. The band gap of 2.68 eV enables room-
temperature applications. The advancement of the material
growth and purification techniques in recent years has sig-
nificantly increased the w7 product to ~1073 cm?/V for
electrons and ~10™* cm?/V for holes.®'* These w7 results
are comparable to those for CdZnTe (CZT), which is the
current state-of-the-art room-temperature semiconductor ra-
diation detector material.

It is worth noting that when one moves from III-V to
II-VI and I-VII compound semiconductors, the carrier mo-
bility tends to decrease significantly. High electron mobility
is usually found in strongly covalently bonded semiconduc-
tors, such as GaAs. TIBr has simple cubic CsCl structure
[space group 221, TI (0.0, 0.0, 0.0), and Br (0.5, 0.5, 0.5)], a
wide band gap of 2.68 eV, and a large difference in elec-
tronegativity between Tl and Br (TL: 1.62; Br: 2.96), all of
which suggest relatively high ionicity. The more ionic mate-
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rials also tend to have softer lattices, which are prone to
structural defects. Therefore, the high w7 achieved in TIBr is
rather remarkable. This is particular so considering the lower
carrier mobility of TIBr than that of CZT,! which means that
the large w7 product corresponds to a very long carrier life-
time in TIBr. The carrier lifetime is closely related to defects
in the material, which are in general complicated, varying
from one material to another and depending on growth con-
ditions and sample purity. Here, we investigate some funda-
mental properties of TIBr in order to identify features that
allow TIBr to have a large ur.

By scanning basic physical properties of many semicon-
ductor radiation detector materials, we find that one feature
that stands out in TIBr is its high static dielectric constant
(g4) of ~30.60 (290 K). Similar to TIBr, TICI also has the
CsCl structure and a high e, of 32.70 (293 K).'3 In compari-
son, other semiconductor compounds that have been investi-
gated for radiation detection have much lower static dielec-
tric constants, e.g., 10.9 (CdTe), 10 (Cdy¢Zn,,Te), 10.2
(CdSe), 12.8 (GaAs), 12.4 (InP), 11.7 (Si), 16 (Ge), 9.7 (4H-
SiC), and 8.8 (Hgl,)."!3 The dielectric constant usually de-
creases with increasing band gap and ionicity. The excep-
tional high dielectric constants for TICI and TIBr are mainly
due to the large ionic (lattice) polarization under the macro-
scopic electric field. The electronic contribution to the static
dielectric constant, i.e., the optical dielectric constant (&),
is only 5.34 in TIBr consistent with the expected trend with
band gap, while its & is 30.6 (both measured at 290 K).!3:14
Similarly, &, (4.76) in TICI is much smaller than &g (32.7)
(both measured at 293 K).'* The large difference between &
and &, in TICI and TIBr are consistent with the observed
giant splitting of the longitudinal- and transverse-optical
phonons (LO and TO),'>!® satisfying Lyddane-Sachs-Teller
relationship (@ o/ @ro=Vey/ o). A large dielectric constant
should lead to more effective screening of charged defects
and impurities that can scatter or trap free carriers, leading to
improved carrier mobility and carrier lifetime.

Here we show enhanced Born effective charges for thal-
lium halides (which are more than twice larger than their
nominal ionic charges) based on density-functional perturba-
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tion theory. We will show the electronic structure of TIBr
exhibits cross-band-gap hybridization between the Br p and
Tl p states, which leads to the large Born charges. The re-
sulting large LO-TO splitting places these materials near
ferroelectric instability. According to our calculations, ex-
panding the lattice constants of TICI, TIBr, and TII by 2%
will lead to spontaneous lattice polarizations. The large en-
hancement of Born charges and the proximity to spontaneous
lattice polarization, which give rise to large dielectric con-
stant, may be an useful search criterion for the semiconduc-
tor radiation detector materials among the relatively soft
ionic compounds.

II. METHODS

We performed density-functional calculations to study the
electronic-structure and lattice-dynamics of thallium halides.
Two generalized gradient approximations (GGA) were used.
Standard  Perdew-Burke-Ernzerhof (PBE) (Ref. 17)
exchange-correlation functionals were used for total-energy
and lattice-dynamics calculations, while the Engel-Vosko
GGA was used for electronic-structure calculations since this
functional was designed to reproduce as well as possible the
exact exchange-correlation potential rather than the total en-
ergy, and as a result significantly improved results such as
band gap and electronic dielectric functions may be
expected.'$-20

The electronic structures were calculated using general
potential linearized augmented plane-wave (LAPW) method,
as implemented in the WIEN2K package.?! We used LAPW
sphere radii of 2.9 bohr for both Tl and Br with converged
Brillouin-zone samplings and basis sets, including local or-
bitals. Spin-orbit coupling was included using a second
variational approach. The lattice-dynamics calculations were
performed using linear response in the QUANTUM ESPRESSO
code?? with norm-conserving pseudopotentials and the PBE
(Ref. 17) exchange-correlation functionals. A cutoff energy
of 150 Ry was used.

III. RESULTS AND DISCUSSION

The band structure is shown in Fig. 1 and the correspond-
ing electronic density of states (DOS) and projections onto
the LAPW spheres are shown in Fig. 2. These calculations
were done using the experimental lattice constant of
3.9842 A As may be seen, an indirect band gap of 2.0 eV
is obtained. Although the Engel-Vosko GGA generally gives
larger band gaps in better agreement with experiment than
other standard functionals, such as the local-density approxi-
mation, this is still underestimated compared to the experi-
mental band gap of 2.68 eV. The general features of the band
dispersion are similar to previous calculations.”* The four
valence bands shown come from the T1 6s and Br 4p orbitals
while the conduction bands are mainly TI p states. Although
the Tl s and Br p bands are hybridized with each other, the
lowest band in Fig. 1 has predominant Tl s character, while
the Br p character is concentrated between —3 and 0 eV with
respect to the valence-band maximum (VBM). The strong
hybridization between the T1 s and Br p bands results in rela-
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FIG. 1. Calculated band structure of TIBr, including spin-orbit
coupling. Note the indirect band gap.

tively large band dispersion and large Tl s component near
the VBM. There is also considerable cross-gap hybridization
between the Br p and nominally unoccupied Tl 6p states,
reminiscent of the cross-gap hybridization that is important
in ferroelectric oxides, such as PbTiO;.2-28 In those materi-
als, the hybridization leads to enhanced Born effective
charges, very large LO-TO splitting, and ferroelectricity
when the spitting is large enough to drive infrared-active
transverse-optic modes unstable.

Before turning to the lattice properties, we briefly discuss
the optical properties from the electronic-structure calcula-
tion. The calculated optical dielectric function is shown Fig.
3. This was calculated for vertical electric dipole transitions
using the optical package of the WIEN2K code. As may be
seen, the real part of the dielectric function at low frequency
is gqp=5.2, in good agreement with the experimental value,
which varies from 5.64 to 5.34 in the temperature range of
2-290 K.'® This is much lower than the measured static di-
electric constant, which means that the lattice part is domi-
nant in the static dielectric constant. This is consistent with

total ——
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FIG. 2. (Color online) Electronic DOS and projections onto the
LAPW spheres. Note the cross-gap hybridization between the Br p
bands and the nominally unnoccupied Tl 6p bands.
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FIG. 3. (Color online) Calculated optical dielectric function of
TIBr.

experimental measurements, as discussed above.

Phonon dispersions for TICI, TIBr, and TII are shown in
Fig. 4. These calculations were done by using experimental
lattice constants [TICI: 3.83 A;'® TIBr: 3.9842 A;% TII:
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FIG. 4. (Color online) Phonon dispersions for (a) TICI (b) TIBr,
and (c) TII in simple cubic CsCl structure. Note the large LO-TO
splitting in all three compounds.
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TABLE 1. Longitudinal- and transverse-optical phonon modes at
I' point (w; o and wtp) and Born effective charges (Z*) for TICI,
TIBr, and TII.

TICI TIBr TII
Lo (em™) 51.8 38.5 31.3
wro (cm™) 158.1 106.8 82.8
zZ* 2.02 (T1) 2.10 (T1) 2.21 (TI)
-2.02(C1) —2.10(Br) -2.21(1)

4205 A (Ref. 29)] for simple cubic CsCl structures. Among
these compounds, TICl and TIBr crystallize in the CsCl
structure while TII crystallizes in orthorhombic structure but
transforms to the high-temperature CsCl structure with both
increasing temperature and pressure.’® For all three com-
pounds, we observe soft phonons and large LO-TO splitting
(see Table I). Our calculated phonon dispersions are in good
agreement with available neutron-scattering data.'>'® For ex-
ample, the calculated LO and TO frequencies for TIBr are
38.5 cm™! and 106.8 cm™!, respectively, comparing to the
experimental values of 46.4 and 112.4 cm™' at 100 K (Ref.
15) (note that the uncertainty in frequency for first-principles
calculations is largest for the softest modes since the funda-
mental quantity calculated is the force constant proportional
to frequency squared). The softening near the M point in
TICI (calculated wy=4.0 cm™') [see Fig. 4(a)], which is
close to lattice instability, is also consistent with the experi-
mental results, which show the M-point phonon frequency of
10.3 cm™' at 4.5 K.'® The large LO-TO splittings result from
large Born effective charges, which measure how lattice po-
larization develops with atomic displacement. The calculated
Born effective charges for ions in all three compounds (see
Table I) are more than twice larger than their nominal ionic
charges (TI: +1 and halogen: —1). This is due to the cross-
gap hybridization between the halogen-p and the spatially
extended Tl p states (as can be seen in Fig. 2 for TIBr),
which results in charge transfer between the nearest-neighbor
Tl and halogen ions upon atomic displacement. The anoma-
lously large Born effective charges reflect significantly en-
hanced dynamic coupling between atomic displacement and
polarization.

Based on the above results, it becomes clear that the large
Born charges and the soft TO phonons contribute strongly to
the large e in TIBr. The calculated ionic contribution to &
is 38.7, which is somewhat larger than the experimental
value [e4=35.1; £,,,=5.64 (2 K)]. This may be due to the
smaller calculated TO phonon frequency of 38.5 cm™! than
the experimental value of 46.4 cm™'. The error bar for the
calculated phonon frequencies becomes more significant for
the calculation of dielectric constant when the TO phonons
are soft since the dielectric constant depends sensitively on
1/w?, where w is the phonon frequency, when  is small.

The cross-gap hybridization and the resulting enhance-
ment of Born effective charges are seen in ferroelectric ox-
ides, such as PbTiO5.2>-28 This suggests that thallium halides
may be close to ferroelectric instability. Indeed, we find
spontaneous lattice polarization for all three thallium halides
upon expansion of lattice constant by more than 2%. We did
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FIG. 5. (Color online) Energy changes as functions of displace-
ments of the Tl ion in the [100] lattice direction of (a) TICI, (b)
TIBr, and (c) TII for selected lattice constants from shrinking —2%
to expanding 3% of the experimental lattice constant.

calculations for displacements along [001], [011], and [111]
directions. The ferroelectric instability is strongest for the
displacement along the [001] direction. This is the direction
of the square face of the cubic cages around the eightfold-
coordinated ions in the CsCl structure. This corresponds to a
tetragonal ferroelectric state. Figure 5 shows that relative dis-
placement of the Tl and Br sublattices along the [001] lattice
direction becomes energetically favorable when the lattice
constant is expanded by more than 2% relative to the experi-
mental value. We also did some calculations within the local-
density approximation. We found similar results, except that
the onset of ferroelectricity was at ~1% lattice expansion
relative to experiment. Such spontaneous polarization is ge-
neric to the thallium halides in CsCl structure as shown in
Fig. 5. In these cases, the long-range Coulomb interaction
overcomes the local lattice stabilization forces, such as the
repulsion between the ionic shells of cations and anions,
causing the lattice polarization. Cross-gap hybridization be-
tween halogen p states and the spatially extended Tl 6p
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states plays a critical role in reducing the shell repulsion
between cations and anions by enhancing bond covalency. It
should be noted that spontaneous polarization is generally
expected when sufficient lattice expansion occurs in an ionic
crystal thereby reducing the ionic shell repulsion. What is
significant is that the enhanced Born effective charges that
we find bring thallium halides very close to such lattice in-
stability.

It can be seen from Fig. 4 that, for all three thallium
halides, the phonons are generally very soft at the zone
boundary. Our calculations show that the M-point phonon
frequencies become negative at smaller lattice expansions
than the TO phonons at the I point. Thus, the M-point insta-
bility competes against the ferroelectric instability. However,
it is still unclear whether the ferroelectric instability may
occur in heteroepitaxial growth of thallium halide thin films
in which the crystal symmetry is constrained by the substrate
and the phonon frequencies will depend on the details of the
planar strain.

Nearness to ferroelectricity due to large Born effective
charges is well known in complex oxides, e.g., perovskites.
However, it is remarkable that the apparently ionic thallium
halides with a simple cubic CsCl structure and large differ-
ences in electronegativity between cations and anions (TI:
1.62; Cl: 3.16; Br: 2.96; I: 2.66) can be very close to ferro-
electricity and become ferroelectric with merely 2% expan-
sion of the lattice constant. This adds these halides to the list
of simple materials that are ferroelectric or near ferroelectric-
ity, including group IV tellurides with NaCl structure (e.g.,
GeTe and SnTe), and according to recent calculations some
NaCl structure binary oxides.’! Actual ferroelectricity may
be realized in strained heteroepitaxial growth of thallium ha-
lide thin films.

Ionic and soft-lattice compounds often have inferior trans-
port properties compared to covalent semiconducting com-
pounds. For example, NaCl is far inferior to the same row
group IV semiconductor, Si. Lattice defects in NaCl serve as
strong and effective carrier traps. The high w7t product ob-
served in TIBr (comparable to that of CZT) may therefore
appear surprising. We suggest that the high w7 product may
in part be due to more effective screening of defects and
impurities due to the fact that TIBr has a large static dielec-
tric constant. Obviously, the carrier mobility is improved by
better screening of the charged defects and impurities that
cause scattering. Also, better screening of the charged carrier
traps leads to the reduction in carrier trapping cross section
and consequently extended carrier lifetime. Thus, the soft-
lattice semiconductor compounds close to ferroelectric insta-
bility may be surprising but valid candidates for the devel-
opment of new semiconductor radiation detector materials.

IV. SUMMARY

We have calculated the electronic-structure and lattice-
dynamics of thallium halides [T1 X (X=CI, Br, and I)]. The
results show that the Born effective charges are more than
twice larger than the nominal ionic charges, which are con-
sistent with the giant LO-TO splitting found in these com-
pounds. The large Born effective charges are explained by
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the cross-gap hybridization between Tl p and Br p states.
This is the same mechanism as in many ferroelectric oxides
and in the present case arises as a result of the low-lying
spatially extended 6p orbital on the TI* ions. Indeed, our
calculations show spontaneous lattice polarization in all three
compounds when the lattice constant is expanded by more
than 2%. The large Born effective charges in thallium halides
are responsible for the dominant lattice contribution in the
static dielectric constant. The large dielectric constant and
the resulted effective screening of defects and impurities may
contribute to the relatively good carrier transport properties
in TIBr, whose w7 product is among the best in room-
temperature semiconductor radiation detector materials. The
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insights gained in this study may be useful for understanding
and improving the performance of TIBr radiation detectors
and may open new opportunities for soft-lattice semiconduc-
tor compounds, which exhibit enhanced Born effective
charges and proximity to ferroelectric instability, in the ra-
diation detection applications.
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