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Ab-initio calculations based on density functional theory have been performed to study the
electronic, optical, mechanical, and vibrational properties of scintillator host compounds YOX
(X=F, Cl, Br, and I). Semiempirical dispersion correction schemes are used to find the effect of
van der Waals forces on these layered compounds and we found this effect to be negligible except
for YOBr. Calculations of phonons and elastic constants showed that all the compounds studied
here are both dynamically and mechanically stable. YOF and YOI are found to be indirect band
gap insulators while YOCI and YOBr are direct band gap insulators. The band gap is found to
decrease as we move from fluorine to iodine, while the calculated refractive index shows the
opposite trend. As the band gap decreases on going down the periodic table from YOF to YOI, the
luminescence increases. The excitonic binding energy calculated, within the effective mass
approximation, is found to be more for YOF than the remaining compounds, suggesting that the
excitonic effect to be more in YOF than the other compounds. The optical properties are calculated
within the Time-Dependent Density Functional Theory (TDDFT) and compared with results
obtained within the random phase approximation. The TDDFT calculations, using the newly
developed bootstrap exchange-correlation kernel, showed significant excitonic effects in all the
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compounds studied here. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4896831]

I. INTRODUCTION

Rare earth halides doped with cerium are reported to
have high luminosity'™ with short decay time. However,
these materials are difficult to be used because of their
hygroscopic nature. It is possible to change the degree of
hygroscopicity by doping oxyhalides with different rare earth
elements—room temperature scintillation properties, X-ray
excited emission spectra, and scintillation decay curves® of
cerium doped oxyhalides show that doping reduces the
hygroscopic character of the host; hygroscopic nature of
these rare earth oxyhalide is inversely related to the size of
the rare earth element. However, this doping not only
changes the hygroscopic character but also the optical prop-
erties of the material. The reasons behind these changes are
not yet fully explored.

Knowledge of electronic structure and dynamical prop-
erties of the host compounds is the key to understand these
changes in the optoelectronic properties upon doping.® In
order to understand the underlying mechanism responsible
for change in the luminescence, we have investigated the
electronic and optical properties of the host compounds
YOX (X=F, Cl, Br, and 1) particularly with the inclusion of
excitonic effect which, as we shall show, plays a major role
in these materials. The organization of the paper is as
follows. After a brief description of the technical details of
our calculations in Sec. II, the results are discussed in
Sec. III. Apart from a discussion of the crystal structure and
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electronic structure, results of vibrational and elastic constant
calculations are presented to show that all the materials
considered here are both dynamically and mechanically
stable. This is followed by a detailed account of the results
on the study of optical properties using Random Phase
Approximation (RPA) as well as Time Dependent Density
functional Theory (TDDFT). Finally the conclusions of the
study are presented in Sec. I'V.

Il. DETAILS OF CALCULATION

The compound YOF forms in a crystal structure with
space group R3m (166) containing two formula units per
unit cell in which the atoms are placed at sites with Wyckoff
positions 2(c) in the thombohedral representation and 6(c) in
the hexagonal representation.”® The other three compounds
crystallize in the PbFCI type crystal structure with space
group P4/nmm (129). Y and X(Cl, Br, and I) are placed at
the 2(c) Wyckoff positions with site symmetry C,,”'° and
oxygen at 2(a) position with site symmetry D,,; In YOX
crystal structure, each rare earth ion is co-ordinated to 4
Oxygen and 4 Halide ions.

Ab-initio calculations are performed using pseudopoten-
tial CASTEP (Cambridge Series of Total Energy
Package)''™"* code and Full-potential linear augmented
plane-wave method as implemented in the WIEN2k'*'> and
Elk code.'® Geometry optimization was performed using
CASTEP. In order to study the effect of different approxima-
tions to the exchange-correlation functional on the final
geometry, calculations were performed with three different
exchange-correlation functionals—Ceperley and Alder,'”

© 2014 AIP Publishing LLC


http://dx.doi.org/10.1063/1.4896831
http://dx.doi.org/10.1063/1.4896831
mailto:kanchana@iith.ac.in
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4896831&domain=pdf&date_stamp=2014-10-02

133510-2 Shwetha, Kanchana, and Valsakumar

and Perdew and Zunger'® parametrized local density approx-
imation (LDA), and Perdew-Burke-Ernzerhof (PBE)19 para-
metrized generalized gradient approximation (GGA). Since
these compounds have a layered structure (shown in Fig. 1
with Y, O, and X (F, Cl, Br, and I) with atoms forming layers
perpendicular to the c-axis, we have also used the semi-
empirical dispersion corrected DFT (DFT-D)**° to study
the effect of van der Waals forces.

The electronic structure was studied using the Full-
potential linearized augmented plane-wave method. For this,
the experimental lattice parameter and the theoretically opti-
mized lattice positions were used. A mesh of 12x 12 x 6
k-points in the irreducible Brillouin zone (IBZ) was used to
achieve convergence. Along with the LDA and GGA
exchange-correlation functionals, we have also performed
calculations using the Tran and Blaha modified Becke-
Johnson (TB-mBIJ)?"*® functional for calculating various
properties of all the compounds. We have determined the
vibrational frequencies and elastic constants to study the dy-
namical and mechanical stability of these compounds.
Vibrational properties are calculated by using norm conserv-
ing pseudopotentials with an energy cutoff of 750eV and a
k-mesh of 8 x 8 x 4 for YOBr, YOCI, YOI and 850eV and
8 x 8 x 2 for the YOF in the hexagonal representation. The
elastic constants are calculated for the optimized crystal
structure by using the volume-conserving strain technique®’
as implemented in CASTEP code. Optical properties are first
investigated using RPA, and then with TDDFT in order to
study the excitonic effects in the optical spectra. The
TDDFT calculations were carried out with bootstrap
kernel**! as the bootstrap calculations are computationally
less expensive and give results of comparable quality as the
Bethe-Salpeter equation. As it is well known that DFT gener-
ally underestimates the band gap,’” we have applied scissors

FIG. 1. Layered structure of YOBr compounds in tetragonal crystal struc-
ture. The layers are stacked along z-direction.
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correction based on the experimental gap to account for this
shortcoming.

lll. RESULTS AND DISCUSSIONS
A. Structure and electronic properties

The geometry optimization has been performed using
both LDA and GGA. In order to find the effect of van der
Waals forces in these layered compounds, dispersion
corrected methods (OBS, TS, and Grimme) are also used.
The volumes computed using the LDA and the GGA are
comparable to the experiments, implying that the effect of
van-der-Waals interactions is rather small in these com-
pounds. An exception to this is YOBr, in which van der
Waals corrections play an important role.

The calculated band gaps, obtained using various func-
tionals, are given in Table I. As expected, the TB-mBJ func-
tional gives values close to experiments. Interestingly, we
observe that the band gap decreases on moving from fluorine
to iodine in these compounds leading to an increase in the
luminescence. The calculated band structures along the high
symmetry directions (computed using the TB-mBJ func-
tional) are shown in Fig. 2. YOF and YOI have an indirect
band gap and YOCI, YOBr are direct band gap insulators. On
comparing the band structures of these compounds, we find
that hybridization between the bands is higher in the case of
YOCI, YOBr, YOI, and not so much in YOF. This might be
due to the fact that the difference in the value of electronega-
tivity between fluorine and oxygen atoms is large in YOF.
Another factor could also be that the radius of the F~ atom is
smaller than other halides leading to reduced hopping, and
hybridization between between F-p and O-p orbitals.

The partial density of states, calculated using the
TB-mBJ functional, is shown in Fig. 3. In order to under-
stand the predominant atomic and orbital character of the
electronic states, we have divided the states into five blocks.
The first block, i.e., the conduction band, is due to the
hybridization of Y-d, O-p, and X-d states. The second block,
i.e., the valence bands, is due the mixed states of O-p and
X-p states in all the compounds. We observe the top most
valence band of YOF to be nonoverlapping and are formed
by the O-p and F-p. The third block is formed by O-s states
mixed with Y-p states in the case of YOF and X-s states in
case of the remaining compounds. The fourth block is of Y-p
with small contribution from O-s and F-s states in case of
YOF and O-s and Y-p mixed states in case of other com-
pounds. The fifth block is due to the F-s states hybridized
with Y-p states in case of YOF and Y-p, O-s states in the

TABLE I. Calculated band gap of YOX (X =F, Cl, Br, and I) compounds in
eV using LDA, GGA and TB-mBJ functionals using WIEN2k.

YOF YOCI YOBr YOI
LDA 49 45 3.6 3.4
GGA 5.1 4.9 4.4 3.6
TB-mBJ 6.8 6.2 55 45
Others® 5.0 4.0 3.7 2.6
exp>> 72,5.6
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FIG. 2. Calculated band structure of

X
2
-

YOX (X=F, Cl, Br, and I) along the
high symmetry directions using TB-
mBJ functional with WIEN2k code.
YOF and YOI are indirect band gap
insulators and YOCI and YOI are
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direct band gap insulators. The band
gap values are decreasing from YOF to
YOL

remaining compounds. The energy difference between the
second and third blocks decreases from YOCI to YOI. The
width of the valence band increases from YOF to YOI
Ryzhkov er al.**>* found the band gap of YOF to be 5.7 eV,
while Lobach er al.*® reported the gap to be 7.2eV. Our cal-
culated band gap of 6.8 eV is close to these reported values.

B. Mechanical stability

Mechanical stability of the presently studied compounds
is analyzed by calculating their elastic constants. Elastic con-
stants are calculated by using the CASTEP code for the opti-
mized crystal structure. These compounds having
rhombohedral (YOF) and tetragonal (YOCI, YOBTr, and YOI)
crystal structures have six independent elastic constants. In
the Voight notation, these are C;, Ci,, C;3, Ci4 C33, Cyy for
YOF in the rhombohedral crystal structure, and C;, C», Cy3,
Cs3, Cyyq, Cgg for YOX (X =CI, Br, and I) compounds in the
tetragonal crystal structure. The Born-Huang mechanical
stability criterion®® is given by Cy; — |C12| > 0, (Cy; + C2)
C33 —2C3, > 0, (Cy; — Cyp)Cyay — 2C3, > 0, for rhombohe-
dral structure and C;; >0, C33>0, Cyuu>0, Cg6>0,
(C11—Ci2) >0, (Cy;+C33-2C3)>0 and [2(Cy; +Cyo)
4+ C33+4Cy3] >0 for the tetragonal crystal structure.

Clearly, the calculated elastic constants satisfy the Bomn-
Huang criterion indicating that these compounds are indeed
mechanically stable. The calculated elastic constants are
given in Table II.

C. Vibrational properties

We have calculated the Raman and IR frequencies of all
the four YOX compounds. Since all these compounds have
two formula units per unit cell, there are three acoustic
modes and 15 optic modes. Group-theoretic classification of
the optic modes is as follows:

YOF : T = 3A,, + 3E, + 2As, + 2E,
YOX : T = 241, + 3E, + Bag + 242, + 2E,,

where X = Cl, Br, and 1. While the A and B modes are non-
degenerate, the E modes are doubly degenerate. Of these, six
are Raman active (3A;,+3E, for YOF, and
2A, + 3E,; + B, for YOCI, YOBr, and YOI) and remaining
are IR active. These are shown together with the experimen-
tal Raman frequencies in Tables III and IV. There is a good
agreement between the experiment and calculated Raman
frequencies in the low wavenumber region. As can be clearly
seen from Fig. 4, replacement of Cl by Br and I results in a
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FIG. 3. Partial density of states of YOX (X=F, Cl, Br, and I) compounds calculated using TB-mBJ functional with WIEN2k code. The valence bands are
mainly due to hybridized O-p and F-p states whereas the conduction band is due to Y-d states in all the compounds.

red shift of the phonon peak, particularly in the low energy
region. The frequencies become smaller on moving from
YOF to YOI which is due to increase in the mass of the
halides.

All the computed mode frequencies were real. Absence
of modes with imaginary frequency clearly shows that all the

TABLE II. Elastic constants (C;;, in GPa) of YOX (X =F, Cl, Br, and I) cal-
culated at the theoretical equilibrium volume within LDA.

Compound Ci Ciz Cis Cis Css Cyy Css
YOF 258.5 108.8 105.7 23.8 240.5 94.6

YOCI 178.4 59.1 70.3 114.4 37.0 72.8
YOBr 157.5 40.4 21.5 21.6 20.9 57.7
YOI 143.7 29.6 16.6 20.2 8.5 48.4

compounds studied here are dynamically stable. E{!), EE,Z),
and E ) modes correspond to motion of Y, X (X= —F, Cl),
and O atoms respectively, in case of YOF, YOCI whereas in
case of YOBr, YOI these modes correspond to displacement
of the X (X=Br, I), Y, and O atoms. Similarly the vibra-
tional modes Am Aj, %) and A(3> belong to the antisymmetric
vibration of Y, F and O atoms, respectlvely, in case of YOF,
whereas in case of YOX (CI, Br, I) A ! and A(1 g) modes cor-
respond to antisymmetric vibration of Y and X (Cl, Br, and
I). The B,, mode corresponds to antisymmetric vibration of
O atoms.

D. Optical properties

The knowledge of both the real and the imaginary parts,
respectively ,¢; and ¢, of the dielectric function allows for
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TABLE III. Calculated Raman frequencies in cm ™' with LDA and GGA functionals using CASTEP code.

Mode YOF Mode YOCI (exp®”**) Mode YOBr Mode YOI
GGA E(V 142.0 E{" 150.9(160, 159) E(V 41.16 E(" 36.5
A@ 2823 E 202.5(215, 208) A@ 1137 A?? 88.6
E® 3452 Al 2283 E® 153.6 E® 158.7
Aff,) 400.9 N 254.8 (260, 259) Afli,) 272.0 AE? 253.6
N 5223 B,, 440.6(375, 373) B, 456.2 B, 4379
E() 549.0 E() 606.2(526, 522) E() 647.4 E() 617.8
LDA E(V 140.9 E{" 156.2(160, 159) E(V 1285 E(" 54.3
Ai) 294.1 E? 204.4(215,208) A?Q 1452 Ai,) 96.9
E? 355.4 Af,l,) 242.6 E® 161.2 E®) 162.6
A!Zf,) 409.5 Af) 263.5(260, 259) A!Ef,) 252.4 AE? 257.4
Ai) 5225 B, 438.5(375, 373) B, 4359 B, 4303
E() 562.7 E() 613.3(526, 522) E() 609.9 E() 617.7

the calculation of all the important optical functions such as
refractive index, reflectivity, and absorption coefficients. The
dielectric function can be calculated, including the excitonic
effects, using TDDFT.***%° We have used the recently
developed bootstrap kernel’**! within TD-DFT for this pur-
pose. In order to highlight the effect of excitons, we have
also calculated the optical spectra without electron-hole
effects by using the random phase approximation.

The dielectric functions calculated within RPA using
electronic states obtained from TB-mBJ band structure are
shown in Fig. 5. &, shows a peak for all materials at ~10 eV
and another peak at a higher energy ~30¢eV. In all the com-
pounds, the peak in &, at lower energy is due to transition
from O-p and X-p states to the conduction band. ¢; is also
shown in Fig. 5. It is interesting to note that the maximum of
the real part of the dielectric function shifts towards lower
energies as the atomic number of X increases. This is indica-
tive of the fact that the binding strength decreases on moving
from YOF to YOI

From the real and imaginary parts of the dielectric func-
tion, refractive index can be easily determined and it is
shown in Fig. 6. Following the trend in &;(c =0), the refrac-
tive index of these compounds shows an increase on moving
from YOF to YOI The static refractive index (n(0)) along x
directions of YOF, YOCI, YOBr, and YOI are 1.68, 1.93,
1.94, and 2.0, respectively. We also observe that the anisot-
ropy increases from YOF to YOI which indicates that YOF
and YOCI may be much better as ceramic scintillators as
compared to YOBr and YOL

TABLE IV. Calculated IR frequencies in cm ™' with LDA and GGA func-
tionals using CASTEP code.

Mode YOF Mode YOCI Mode YOBr Mode YOI

GGA E, 271.5 E, 61.7 E, 58.4 E, 62.5
Ay, 3348 A, 187.9 Az, 146.2 Az, 133.6

E, 508.5 E, 482.9 E, 513.7 E, 494.6

A,, 5222 A, 552.1 Ay, 622.3 A, 586.7

LDA E, 290.2 E, 82.9 E, 82.3 E, 68.1
Ay, 3587 A, 211.1 Asy 127.7 A,, 128.8
Ay, 5229 E, 497.9 E, 493.6 E, 503.2

E, 5255 A, 554.0 Az 548.9 Ay, 565.1

The X-ray photoelectron and X-ray emission spectra of
YOF were studied by Ryzhkov et al.*** and they reported
that the main contribution to the maximum intensity peak is
the excitation of electrons in Y-4p states to the vacant Y-4d
states. The spectral feature seen in the left and right sides of
the maximum intensity peak arises, respectively, due to tran-
sition of electrons from F-2s and O-2s to Y-4d. These can be
clearly seen in our calculated YOF absorption spectra
(Fig. 7) where the highest intensity peak is due to transition
from Y-p states to the conduction band and the peaks around
35to40eV and 25eV are due to transition from F-s and O-s
states to the conduction band, respectively. Since the valence
band is mainly due to O-p states and conduction band is
mainly due to Y-d states, it is expected that the luminescence
has main contribution arising due to the transitions from Y-d
to O-p states supporting the above reports.

The frequency dependent dielectric function of YOX
(X=F, Cl, Br, and I) compounds calculated using the
TDDFT and the corresponding figures are shown in Fig. 8.

h |——YOF

—_ l N |

2 E=voci

5

g

£ L
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@

3

£ |
| P S
T T T T T
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FIG. 4. Raman spectra of YOX compounds using CASTEP code with LDA
functional.
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The TDDFT results for the imaginary part of dielectric func-
tion are compared with those of the RPA. We find pro-
nounced excitonic effects in all these materials. The spectral
weight at the onset of the absorption is shifted to lower fre-
quencies due to the presence of excitons. This is particulary
enhanced in the case of YOF where a strong build up of
spectral weight occurs at ~5eV. &(w) calculated using
TDDFT with bootstrap kernel differs significantly from the
results obtained using RPA. The ratio of magnitudes of first
peak in &PPFT (w) and 5™ (w) is 6 for YOF and 2 for YOI.
These differences are attributed to excitonic effects.

The knowledge of the type of exciton (Wannier vs.
Frenkel), and its binding energy is of interest in getting
insight into what is happening in the system. Signature of
bound excitons is occurrence of discrete absorption peaks
below the quasiparticle gap in the optical spectrum. In the
case of the oxyhalides studied here, the first peak in the com-
puted e2PPFT (w) is very close to the quasiparticle gap. Since
the width of the absorption peak is not too small compared
to the distance of the peak from the gap edge, it is not possi-
ble to accurately determine the binding energy of the

I
20
Energy (eV)

(d)

30

excitons from the computed spectra of the oxyhalides studied
here.

An alternative would be to directly calculate exciton
binding energy following the Casida equation type TDDFT
calculation described by Yang and Uhlrich.*' They have
shown that while the results obtained using the bootstrap ker-
nel is generally accurate for Frenkel excitons, it is not good
enough for Wannier excitons.

On the other hand, we know that the Wannier equation

2
LR v B [V

2m,, €1 0
despite its apparent crudeness, provides reasonably accurate
values of binding energy of excitons in many common semi-
conductors provided the effective Bohr radii of the excitons
are much greater than the lattice constant. This is because of
the fact that Eq. (1) follows from the Bethe Salpeter equation
in the limit of large exciton radius. We took the view that if
the exciton radius estimated using the effective mass and
static dielectric constant happens to be large, then the
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FIG. 6. Refractive index of YOX com-
pounds along the three directions. The
value of static refractive index
increases from YOF to YOI. x and z
correspond to n,, N..

FIG. 7. Absorption spectra calculated
using TB-mBJ. xx and zz correspond
to o

xxs Ozze
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excitons are of the Wannier type. It also follows that the
binding energy calculated by this approach should then be a
reasonable first estimate. The results of the calculations
indeed show that we have Wannier type excitons in the oxy-
halides studied here.

We found the effective reduced mass for the electron-
hole pair to be 2.38, 0.51, 0.73, 0.67 (in units of the bare
electron mass m,), respectively, for YOF, YOCI, YOBr, and
YOI based on TB-mBJ calculations. The dielectric function
has two parts: the electronic and ionic parts. Based on the
CASTEP calculations within RPA, it is found that the ionic
part ¢;(0) of the static dielectric function ¢(0) is much larger
than the electronic part €,(0) for all the compounds studied
here. Specifically, ¢,(0) =5.84, 15.37, 10.72, and 9.0 whereas
€.(0)=2.85, 3.73, 3.7, 4.3, respectively, for YOF, YOCI,
YOBr, and YOI. We have calculated the electronic part of
the dielectric function using TDDFT. €,(0) calculated using
TDDFT are 2.33, 4.24, 4.27, and 4.93, respectively, for
YOF, YOCI, YOBr, and YOI. Thus, the difference between
the electronic part of the static dielectric function obtained
from RPA and TDDFT is found to be small. A similar trend
can be expected for the ionic part of the static dielectric func-
tion. In view of this, we take the total static dielectric con-
stant given by CASTEP within RPA for estimation of the
binding energy of the excitons. Based on these values, we
obtained the exciton binding energy to be 0.43, 0.02, 0.04,
and 0.05 eV, respectively, for YOF, YOCI, YOBr, and YOI.
Excitonic binding energy is more for YOF than the remain-
ing compounds.

Canning ez al.*®*** developed three theoretical criteria
for scintillation and luminescence to predict the brightness

5
Energy (eV)

10 15

(D

of Ce" activated scintillation. These involve (1) the size of
the band gap, (2) the energy difference between the valence
band maximum (VBM) of the host and the Ce 4f level, and
(3) the level of localization of the states with d-character of
the excited state. The first criterion is related to the number
of electron-hole pair produced with an incident gamma ray
which is inversely proportional to the band gap. So, the band
gap of host compound should be as small as possible and
also should accommodate the Ce 4f and 5d states. Criterion 2
is related to energy difference between 4f and VBM-if it is
large there will be low probability of transferring holes from
host to Ce sites via thermal excitation which in turn will
reduce the brightness. Criterion 3 is all about the d character
of the excited state which could be due to the host or the
Ce-d states. If it has Ce-d character, we can observe bright
scintillation from Ce 4f to 5d states. In our case, we found
the band gap to decrease from YOF to YOI. Therefore, we
can expect the electron hole pair production to increase from
YOF to YOI, and energy difference between Ce 4f-VBM to
decrease from YOF to YOI. So, we can expect luminosity to
increase from YOF to YOI which supports the earlier
reports.”® Moreover, the width of the lower energy absorp-
tion band (or imaginary part of the dielectric function)
increases from YOF to YOI because of which the number of
electrons available for excitation also increases and leads to
increased luminescence which also supports the earlier
reports. This may be one of the reasons for the increase in
the luminescence from YOF to YOI. This is because forma-
tion of exciton increases the possibility of electron-hole pairs
getting trapped near impurities which leads to increase in the
non radiative transition thereby decreasing the luminescence.
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Chaudhry et al.® calculated the Ce-doped level in Y and La
oxyhalides, and also found that YOF:Ce compound has good
localization of the excited states but the large band gap of
YOF eventually reduces the number of electron hole pairs
whereas in YOBr:Ce, and YOI:Ce compounds better local-
ization of the excited states, lower band gap, small 4/~VBM
separation (compared to YOCI which resembles YOF) would
lead to bright Ce-activated scintillation in YOBr and YOI.
As the luminosity increases from Cl to I, YOBr and YOI can
act as good host compounds among the studied oxy-halides.

IV. CONCLUSIONS

We have studied the electronic, optical, and vibrational
properties of YOX (X=F, CI, Br, and I) compounds. We
found the van-der-Waals effect to be almost negligible in
these compounds except for YOBr. YOX compounds have a
comparable light-output to Cerium doped rare-earth halides,
while they are much more stable than halides with respect to
hygroscopic character. Because of their high densities these
materials are also better for absorbing radiation. YOX com-
pounds are good candidates for host materials (for rare earth
doping) and show increased luminescence on moving from F
to I. The calculated dielectric function and refractive index
showed decrease in isotropy from YOF to YOI. We have
also calculated the optical properties using the newly devel-
oped bootstrap kernel which includes the excitonic effects
and we find that these materials show strong excitonic fea-
tures in the absorption spectra especially in the case of YOF.
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