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First-principles pseudopotential calculations have been performed to investigate intrinsic defects including
vacancies, interstitials, antisite defects, as well as Schottky and Frenkel defects in PbFCI crystals. For the
isolated vacancies and interstitials, their formation energies are critically dependent on the atomic chemical
potentials and electron Fermi energy. The charged defects for vacancies and interstitials are stable in a wide
range of Fermi level, suggesting a strong ionization tendency. The present calculations also reveal that the
formation energies of Schottky defects are much lower than those of Frenkel defects. Therefore it can be
concluded that the Schottky defects are dominant in PbFCI crystals. Furthermore, Schottky defects (Vp,+ Vg
+ V1) exhibit the lowest formation energy of 2.21 eV. Defect transition energy levels can occur between
different charged states. The anion interstitials and the cation vacancies form acceptorlike defects with transi-
tion energies of 1.05, 0.57, and (0.47,0.9) eV for F;, Cl; and Vp,, respectively, while Vg, V¢, and Pb; have high
transition energies of more than 3 eV. In addition, the calculated profiles of densities of states for the defective
supercells show that some extra states may appear in the band gap.
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I. INTRODUCTION

PbFCI crystals belong to the matlockite structure.' The
matlockite structure with space group P4/nmm (Dzw no.129)
is characterized by the tetragonal layered structure which
consists of plans perpendicular to the c-axis. The Pb ions are
on one side coordinated by a plane of four fluorine ions and
on the other side coordinated by five Cl ions, of which one is
on the c-axis out of the plane formed by the others, shown in
Fig. 1. There are two PbFCl molecules per unit cell. The
properties of other matlockite structure compounds MFX
(M=Sr,Ba; X=Cl,Br) have been extensively investigated
because of their practical applications. For example,
BaFX(X=Cl,Br):Eu is a good x-ray phosphor for medical
imaging?? SrFCI:Sm can be used as sensor to measure the
pressure in diamond anvil cells at high temperature*> Re-
cently, the investigation on PbFCl is attracting more attention
because the potential application as scintillator has been
found. High-quality PbFCI crystals were grown by a modi-
fied Bridgeman method at the Shanghai Institute of Ceram-
ics, China®’ The scintillation light yield is about 20% that of
the BGO scintillator at room temperature® A scintillation
light with decay constants of 4 and 35 ns was obtained, a
considerable luminescence intensity at room temperature, in
contrast to previous reports.”!? The PbFCI single crystal is a
promising scintillator to substitute lead perchlorate solution
for a neutrino telescope to observe galactic supernovae due
to many advantages.® Theoretical studies of the electronic
properties of the matlockite structure compounds MEX (M
=Sr,Ba,Pb, X=Cl,Br) can be found in the past few
years!l!2 Kanchana et al. calculated the structural and elec-
tronic properties of SrFBr, SrFI, and CaFBr using the tight
binding linear muffin-tin orbital (TB-LMTO) method.!' Has-
san et al. theoretically studied the electronic properties of
MFEX (M=Sr,Ba,Pb; X=CI,Br,I) using the full-potential
linearized augmented plane wave (FP-LAPW) method.'> We
have reported the electronic, optical, and luminescence prop-
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erties in PbFCI using first-principles calculations and optical
spectra experiments.'?

It has been established that the defects in PbFCl can affect
many properties on optical absorption, luminescence, ther-
moluminescence, and ion conductivity. For instance, the lu-
minescent center for blue-violet emission in PbFCl may be
related to the transition on Pb’** ion in the presence of a
defect center for blue-violet emission.!® The ionic conductiv-
ity measurements showed that the ionic conduction in PbFCl
may be caused by Schottky-type defects.'*1® Islam calcu-
lated the formation energies for point defects and obtained
the ion-transport mechanisms in PbFCl using an atomistic
simulation technique,'”' indicating that the vacancies rather
than interstitials are the dominant intrinsic defects and the
Schottky-like disorder involving Pb and CI vacancies are en-
ergetically favorable.
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FIG. 1. (Color online) Crystal structure of PbFCI.

©2006 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.74.174101

LIU, QI, AND SHI

In the present work, the first-principles pseudopotential
method was used to calculate the defect formation energies
and electrical transition levels in PbFCl. We obtained the
defect formation energies dependent on the chemical poten-
tials and electron Fermi energy. These results yield important
insight into the chemical environment effect on the defect
formation energies. In contrast to Islam’s constant formation
energies independent of the chemical potentials and Fermi
energy, the present work, therefore, provides more accurate
and comprehensive information on the defects in PbFCI. The
rest of this paper is organized as follows. In Sec. II, the
calculational methods are described in detail. In Sec. III, we
present the results and discussion including the defect forma-
tion energies for isolated point defects and electronic transi-
tion levels. Furthermore, the formation energies for Schottky
and Frenkel defects are calculated and discussed. The density
of states and contour plot of electronic charge density for
perfect and defective supercells are also shown. Finally, we
give a brief summary in Sec. IV.

II. METHOD OF CALCULATION
A. Details of the calculations

First-principles total-energy calculations of PbFCl were
performed using the ABINIT code,'®?® which is based on
pseudopotentials and plane waves. It relies on an efficient
fast Fourier transform algorithm?! for the conversion of wave
functions between real and reciprocal space on the adaptation
to a fixed potential of the band-by-band conjugate gradient
method®” and on a potential-based conjugate-gradient algo-
rithm for the determination of the self-consistent potential.>?
Exchange and correlation were treated in the generalized gra-
dient approximation (GGA)** based on the density functional
theory (DFT).?> The pseudopotentials have been generated
thanks to the FHI98PP code.?® The electronic wave functions
were expanded in plane waves up to a kinetic energy cutoff
of 36 Ha (980 eV) to achieve convergence of total energies
better than 1 meV/atom. A 4 X4 X4 k-point grid based on
the primitive vectors of the reciprocal space was applied.
Firstly, we optimized the lattice constant for the unit cell
(two PbFCI molecules) with the experimental lattice con-
stants (a=b=4.106 A, c=7.23 A) as initial input. The calcu-
lated lattice constants (a=b=4.143 A, ¢=7.29 A) are very
consistent with the experimental data. The 96-atom supercell
with 4 X2 X2 in the x,y,z directions obtained by repeating
the optimized structure of the perfect unit cell was used in
the defect calculations. Numerical integrations over the Bril-
louin zone were performed only at the Z point where the
direct gap is located because of the large size of the super-
cell. To check the convergence, we used a larger 4 X3 X2
144-atom supercell to calculate the formation energy for va-
cancies (Pb and F). The estimated error of formation energy
is less than 0.1 eV. Therefore, the 96-atom supercell is an
appropriate choice for defect calculations. To introduce an
isolated vacancy of Pb, F, and CI, an interior atom was re-
moved from the supercell. For interstitial cases, an atom was
added to the supercell at the possible site. All the atoms in
the defective supercell were allowed to relax using the
Broyden-Fletcher-Goldfarb-Shanno (BFGS)?” algorithm un-
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til the maximum residual force was less than 5 meV/A.

B. Defect formation energies and transition energies

Based on the standard formalism by Zhang and
Northrup,” the formation energy AH, (a,q) of a defect a in
charge state ¢ is a function of both the electron Fermi energy
Er and the chemical potentials of the species involved in the
defect,

AH{(a,q) = AE(a,q) + ngp + neifer + nppieps + EF,
(1)

where

AE(a,q) = E(a,q) - E(perfect) + npug + neipudy + npiiy
+4Eypy- (2)

and where E(«a,q) is the total energy of the supercell con-
taining a defect in a charge state g. E(perfect) is the total
energy of the perfect supercell. For the studies of charged
defects, an electron or two electrons are added or removed
from the neutral system and a uniform background with op-
posite polarity is adopted automatically to keep the neutrality
of the whole system, so the total energy per cell does not
become infinite. The n’s are the number of the corresponding
atoms removed from the supercell to the reservoirs in form-
ing the defect supercell. w2 and w2, were obtained from the
calculated total energies of F, and Cl, molecules in a cubic
box of 15X 15X 15 A3, and Mgb was obtained by calculating
the total energy of ground-state solid Pb (fcc). w; is the
chemical potential of constituent i relative to its chemical
potential ,u,? in elemental phase. Eyg, is the energy of
valence-band maximum. However, Eyp,, in defective super-
cells is generally different from the one in perfect supercells
due to the fact that the defect causes significant distortion to
the band structure around the band gap. In order to determine
Eyp) of the defective supercell, the band structures of per-
fect and defective supercells must be lined up® Ej is the
Fermi energy of the electrons referenced to the valence band
maximum of PbFCIL.

The calculated band gap (3.5 eV) is much smaller than
the experimental value (5.2 eV),'? which is a commonly ob-
served feature of GGA calculation. The difference (AE,,,
=1.7 eV) can affect the formation energy so that the correc-
tion is needed. The conduction band is shifted upward by
AE,,, to match the experimental gap. Due to the underesti-
mated CBM, the defect formation energy should be corrected
by adding a value of n X AE,,, for donorlike defects, where
n is the number of the electrons at the defect. For instance,
1X 1.7 eV is added to the formation energy of Vg No cor-
rection is needed for the acceptorlike defects.

The defect transition energy level £,(g/q’) is defined as
the value of the Fermi level where the formation energy of g
is equal to that of another charge ¢’ of the same defect, i.e.,°

ea(q/q’) =[AE(a,q) - AE(a,q"))/(q" - q). 3)
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TABLE 1. Formation free energies (in eV) for PbF,, PbCl,, and
PbFCL.

This work
Constituents calculated data  Experimental data
Pb+F,—PbF, -7.11 -7.01*
Pb+Cl,—PbCl, -3.58 -3.722
Pb+3F,+3Cl, — PbFCl -5.46 -5.54°

4Reference 33.
PReference 34.

C. Limits on atomic chemical potentials

We establish the ranges of chemical potentials for the con-
stituent elements. The chemical potentials are restricted by
the following equilibrium conditions:

oy + pg + per = AH{PbFCI) 4)

is the equilibrium condition for formation of PbFCI.
pp + 2up = AH(PF,), (5)
Mpy + 2 e = AH{PbCl,) (6)

are required to prevent the formation of PbF, and PbCl,,
respectively.

py =0, sa=0 (7)

is also needed to prevent precipitation of elemental solid (Pb)
or molecule (F, and Cl,), respectively, where AH, is the
generalized formation free energy of the corresponding solid
compound relative to bulk lead and molecular fluorine and
chlorine. The experimental®'-3* and calculated data for AH
are listed in Table I, showing that the calculated results are
very consistent with the experimental results.

Figure 2 shows the calculated stability quadrangle for
Pb-F-Cl systems in the wg, pcy plane. The dashed zone rep-
resents the region of stability of PbFCI. Equations (5) and (6)

Mg =0,
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FIG. 2. The calculated stability quadrangle for Pb-F-CI systems
in the up, uc plane. The dashed zone represents the region of
stability of PbFCIL. The lines AD and BC are determined by Egs. (5)
and (6), respectively.

determine the PbF,-rich (line AD) and PbCl,-rich (line BC)
environments, respectively. The labels A, B, C, and D repre-
sent (F-rich and Cl-rich) limit, Cl-rich limit, F-poor limit,
and Cl-poor limit, respectively.

III. RESULTS AND DISCUSSION

We first considered a variety of isolated neutral and
charged intrinsic defects, including vacancies (Vp,, Vg, and
V) and interstitials (Pb;, F;, and Cl,) for three elements,
antisite defects F, (F atom at Cl site), and Cl (Cl atom at F
site). For the case of interstitials, the only stable position for
the interstitial ions is near the center of the face of Pb-Cl and
the interstitial ions may relax in the c-axis direction, which is
similar to Islam’s result. Then the formation energies for
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TABLE II. Defect formation energies (in eV) for charged vacan-
cies, charged interstitials, and antisite defects. The chemical poten-
tials are fixed to the values given by the A, B, C, and D point. The
Fermi energy is set at the middle of the gap. The values reported by
Islam are also listed for comparison.

A point B point C point D point Islam’s
Defect F-rich and Cl-rich Cl-rich F-poor Cl-poor result
Vi 4.4 4.17 2.35 2.49 5.82
Ve 4.24 4.24 2.45 2.34 3.09
Voo -3.34 -3.11 047 047 1977
F; 0.35 0.58 2.40 2.26 -1.31
CI; 1.54 1.54 3.33 3.44 2.93
Pb?‘+ 9.44 9.21 5.63 563 -10.03
Fq 1.74 1.97 1.97 1.75 -1.69
Clg 2.15 1.92 1.92 2.14 3.74

three Frenkel pairs Pbgg, Frg, and Clpg and three Schottky
defects (VPb+ VF+ VCI)’ (VPb+2’VF)? (VPb+ 2VC1) were also
calculated by putting the defect pair in the same supercell.
For the Frenkel defect, the interstitial was initially located in
the face of Pb-Cl, similar to the isolated interstitial, and the
vacancy was selected near the interstitial. Several possible
configurations of Frenkel defects were calculated. The lowest
energies are considered as the formation energies.

The formation energies for isolated charged defects, anti-
site defects, Schottky defects, and Frenkel defects in PbFCl
as a function of the atomic chemical potentials along the
directions A—B—C—D—A are shown in Fig. 3. In Table II,
the defect formation energies of isolated charged vacancies
and interstitial defects and the antisite defects are listed for
A, B, C, and D points, assuming that the Fermi energy level
is located at the middle of the band gap. For comparison, the
results reported by Islam.!'® using atomic simulation method
with empirical interatomic potentials are also present. It is
interesting to find that V3, even has negative formation en-
ergies at anion-rich conditions. However, the negative forma-
tion energies do not mean that Vf,g can be spontaneously
formed, because some charge-compensating defects are ex-
pected to appear to maintain the charge neutrality in the
whole system. These charge-compensating defects could be
the defect pair, such as Schottky and Frenkel defects, which
are the typical defects in ionic crystals.

The formation energies for Vi and V(; are close but still
have a little difference under different chemical environ-
ments. In particular, Vg has lower formation energy than Vg
and hence, should be more abundant in F-poor condition.
While in Cl-poor condition, V¢ should dominate. The forma-
tion energy for F; is lower than that of CI; in the entire
atomic chemical potential. This may be explained by the fact
that the ionic radius of F~ (1.33 A) is smaller than that of CI-
(1.81 A). Due to the larger ionic radius of CI-, a higher
energy is required to relax the surrounding atoms, leading to
a larger space to be occupied by the interstitial C1™. For the
antisite defects of F¢) and Clg, the formation energies are
dependent on their chemical potentials. Under the F-poor
(Cl-poor) condition, Clg(Fc;) has the lower formation energy,
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TABLE III. Formation energies (in eV) for Schottky and Fren-
kel defects and the sum of corresponding formation energies for
neutral and charged isolated defects. The values in parentheses for
Schottky and Frenkel defects are the cohesion energies. The chemi-
cal potentials for Schottky (Vp,+2Vg) and Schottky (Vp,+2V(y) are
fixed at line AD (PbF,-rich) and BC (PbCl,-rich), respectively, de-
fined in Fig. 2. For comparison, the results of Islam are also shown.

Defect This work Results of Islam
Schottky 221 (2.95) 473
(Voo + Ve+Ver)

Voot Ve+ VY, 10.81

Vo Vi+VE 5.16

Schottky 2.63 (2.57) 5.27
(Vpp+2VE)

Vo 2V 10.93

Vio 42V 5.20

Schottky 2.67 (2.68) 2.43
(Vpp+2V(y)

Vo, +2Ve, 10.65

Vis 42V, 5.35

Frenkel 4.11 (1.23) 9.75
(Vpp+Pby)

Vo +PbY 11.45

Vg, +Pb? 7.87

Vg +Pb2 5.34

Frenkel 3.78 (1.11) 4.52
(Ve+F)

Ve+F 7.12

Vi+F; 4.89

Frenkel 4.58 (1.37) 6.02
(Var+Cl)

Ve +Cld 8.44

Ve +CI7 5.95

indicating that the C17(F") is easier to occupy F(CI7) site.

From Table II, it is found that the present results are very
different from those reported by Islam. For example, Islam’s
formation energy for V}Z,g is about 20 eV higher than our
calculated value. This distinct discrepancy mainly originates
from the different reference energies adopted in the calcula-
tions. Islam’s formation energy for an interstitial ion means
the energy required to move the ion from infinity to the in-
terior of crystal, and the formation energy for a vacancy is
defined as the energy required to remove an ion from its
interior site to infinity. However, in the present calculations,
the reference energies are the chemical potentials of elemen-
tal solid (fcc Pb) and molecule (F, and Cl,). In fact, this
method is more practical and close to the real system.

The defect formation energies are also strongly dependent
on the electron Fermi energy for the charge states, shown in
Fig. 4. For each defect, only the charge state that gives the
lowest formation energy with respect to the Fermi level is
depicted. The solid dots denote the values of E where tran-
sition between charge states happens, and the corresponding
value of Ey is the defect transition energy &,(g/q’) defined
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in Eq. (3). From Fig. 4, the stable states of the isolated de-
fects are found to be charged in a wide range of the Fermi
level, showing the strong ionic character in PbFCI crystals.

The possibility of formatting charge-compensating defect
pairs is expected based on the charge-neutrality requirement.
The dominant defect species can be determined by finding
the smallest formation energy of the charge-neutral defect
reaction. The interaction including Coulombic attraction and
charge transfer between the defects with opposite charge
states can significantly lower the formation energy. The for-
mation energies of Frenkel and Schottky defects are shown
in Fig. 3(b). To analyze the interaction between the defects
forming Frenkel and Schottky defects, the formation energies

for Schottky and Frenkel defects and the sum of correspond-
ing formation energies for neutral and charged isolated de-
fects are shown in Table III. The chemical potentials for
Schottky (Vp,+2Vg) and Schottky (Vp,+2V(y) are fixed at
line AD (PbF,-rich) and BC (PbCl,-rich), respectively, de-
fined in Fig. 2. For comparison, the Islam’s results are also
shown. Our calculated results show that Schottky defects
have much lower formation energies of 2.21, 2.63, and
2.67 eV for Spyrct, Sppr2, and Spycpp, respectively, than those
of Frenkel defects (4.11, 3.78, and 4.58 eV for Pbyg, Fyx,
and Clg, respectively), thus expecting that the Schottky de-
fects are dominant in PbFCI. In fact, the Schottky defects
often happen in the ionic crystals which are composed of
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elements with close ionic radii. For example, the Schottky
defects are also found to be dominant in PbF, and PbCl,
crystals.®® As shown in Fig. 3(b), Frenkel defects and
Schottky (Vpp+Vg+V(y) defects are independent on the
chemical potentials since they are still stoichiometric. While
for Spppy and Spycpp defects, the formation energies are de-
pendent on the chemical potentials.

From Table III, it is also found that the sum of formation
energies for the isolated defects significantly decrease with
increasing charge states, suggesting that both Frenkel and
Schottky defects have the tendency to be charged. This is
reasonable because PbFCI is a typical ionic crystal with
strong electronegativity for F and Cl ions. Furthermore, the
contour plot of the calculated charge density of vacancy-
containing PbFCI, shown in Fig. 5, exhibits strong ionic
characteristics since the overlapped covalent contribution
cannot be observed.

When isolated charged defects come close to each other,
forming Frenkel or Schottky defects, the interaction between
the individual charged defects can further lower their forma-
tion energies. This interaction can be described by the cohe-
sive energy obtained from the sum of isolated charged for-

Conduction Band
5]
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=~ o (0/+) (+2+)
@ 34 —_
>
=
2
w o,

i @y L0

(-0} o)
0
VF VCI VPb Fi CII Pbi
Valence Band

FIG. 6. (Color online) Calculated defect transition energy levels
e,(q/q") according to Eq. (3).

mation energies minus the formation energy of Schottky or
Frenkel defects. The present results show that the cohesive
energies of Schottky defects are 1 eV higher than those of
Frenkel defects, shown in Table III (values in parentheses),
suggesting that Schottky defects could have lower energy
states compared with the Frenkel defects. This may be one of
the reasons why Schottky defects have lower formation en-
ergies. Additionally, our results indicate that Spygpc; has the
lowest formation energy, which is in accord with the previ-
ous experimental result showing that the Schottky defect
with both types of anion is dominant.>* In contrast, Islam’s
results show Spycpp has the lowest formation energy. It should
be noticed that, in Islam’s calculations, the formation ener-
gies for Schottky defects were obtained by considering the
formation energies of isolated vacancies and the cohesive
energy between them. Unfortunately, the cohesive energies
in his calculations were difficult to be precisely determined;
thus, the results were not very accurate. In the present calcu-
lations, the formation energies for Schottky defects were di-
rectly obtained by calculating the total energy of relaxed
Schottky-defect-containing supercells, therefore providing
more reliable results.

The formation of vacancies and interstitials can cause
structural relaxations of the ions surrounding the defect. For

7000 T .
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1]
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1000

2 ' 10
Energy (eV)
FIG. 7. (Color online) Densities of states for neutral perfect and

defective PbFCI supercells. The arrows denote the extra levels in
the band gap.
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TABLE IV. Defect transition levels €,(q/q") of Eq. (3).

Level VPb VF VCI Pbl Fl Clt
(0/+) Ec-3.32 Ec-3.12 Ec-3.05

(+/2+) E--3.67

(~/0) Ey+0.47 Ey+1.05 Ey+0.57
2-/-) Ey+0.9

F vacancy, the nearest-neighboring F~ ion in the F~ ion plan
exhibits inward relaxation by 0.79%, and the nearest-
neighboring Pb?* ion exhibits outward relaxation by 3.8%
with a corresponding relaxation energy of 0.15 eV. For Cl
vacancy, the nearest-neighboring CI~ ion in the CI™ ion plan
shows inward relaxation by 2.8%, and the first near-
neighboring Pb?* ion exhibits outward relaxation by 2.1%
with a corresponding relaxation energy of 0.20 eV. Such re-
laxations can be understood as follows. When an anion is
removed, the electrostatic repulsive force for other anions
disappeared, causing the neighboring anions to relax inward,
whereas the electrostatic attractive force for the cations is
also missing, causing the neighboring cations to relax out-
ward.

The calculated defect transition energy levels are shown
in Fig. 6 and are also listed in Table I'V. It can be found that
the donorlike defects induced by anion vacancies and cation
interstitials have deeper levels than those induced by cation
vacancies and anion interstitials. For instance, the calculated
Ve level E(0/+)=E -332eV and Vg level E=E,
—3.12 eV are considerably deeper than the F; level E(-/0)
=Ey+1.05 eV and CI; level E(-/0)=E,+0.57 eV. In addi-
tion, the Pb; also forms deeper levels than that of Vpy,. From
the calculated results, there are several deep traps with en-
ergy of 1.53-2.15 eV for F, CI vacancies, and Pb intersti-
tials. These levels could act as electron traps or hole traps
which are responsible for the thermoluminescence peaks.
The energy levels of defects deduced from thermolumines-
cence measurements>>® are in the range of 0.3-1.2eV.
However, the calculated trap levels cannot be definitely as-
signed to the thermoluminescence trap levels since the ex-
perimental levels may be also related to the impurity defects
such as oxygen and hydroxyl. Therefore, other measure-
ments, such as electron spin resonance and deep-level tran-
sient spectroscopy, are necessary for revealing the nature of
experimental trap levels.

The total densities of states (DOS) profiles for the neutral
perfect and defective PbFCI supercell are present in Fig. 7.
The defective DOS profiles are similar to those of perfect the
one, expect for some extra levels in the band gap. From our
previous results,'3 the valence band maximum (VBM) is
mainly composed of CI 3p states, and Pb 6p states are the
main component of the conduction band maximum (CBM).

In the case of Vi and V(, the highest occupied levels with
one electron are located at 2.5 and 2.7 eV, respectively,
which are composed of Pb 6p states near the vacancy and are
donorlike levels at the vicinity of the VBM. Vp, does not
induce evident extra states in the gap because the F 2s com-
ponent in the CBM is rather little compared with Pb 6p
states. For the case of Pb;, the extra states appear at 2.0 eV,
which is composed of the 6p states of interstitial Pb ions. Cl;
also forms the extra states located at 0.3 eV, which can be
understood by the fact that VBM is composed of CI 3p
states. There are no evident extra states in the gap for the F;
case because the F 2p component in VBM is small.

IV. SUMMARY

We have performed first-principles pseudopotential calcu-
lations for the intrinsic defects in PbFCI. The main results
can be summarized as follows:

(1) The defect formation energies for various isolated
charged states are calculated with a function of atomic
chemical potentials and electron chemical potentials. In a
wide range of electron chemical potential, the full ionized
states of defects are stable, suggesting that there is a strong
tendency toward ionization of the defects. The formation en-
ergies of Schottky are much lower than those of Frenkel
defects, indicating that the Schottky defects are energetically
favorable and dominant. The Schottky defect Spyrc has the
lowest formation energy of 2.21 eV. The calculated results
are in accord with the experiment.

(2) Defect transition energy levels occur between different
charged states. The anion interstitials and cation vacancy
form acceptorlike defects with transition energies of 1.05,
0.57, and (0.47, 0.9) eV for F,, Cl;, and Vpy, respectively.
While Vg, V¢ and Pb; have high transition energies of more
than 3 eV.

(3) There are evident extra states located in the band gap
for Pb;, Cl;, V(y, and Vi observed from the profiles of densi-
ties of states for defective supercells.
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