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We explore the effect of spin—orbit interaction (SOI) on the electronic and optical properties of
CsPbCOsF using the full potential linear augmented plane wave method with the density functional
theory (DFT) approach. CsPbCOsF is known for its high powder second harmonic generation (SHG)
coefficient (13.4 times (dzg = 0.39 pm V™Y that of KH,PO, (KDP)). Calculations are done for many
exchange correlation (XC) potentials. After the inclusion of SOI, the calculated Tran—Blaha modified
Becke-Johnson (TB-mBJ) band gap of 5.58 eV reduces to 4.45 eV in agreement with the experimental
value. This is due to the splitting of Pb p-states. Importantly, the occurrence of a band gap along the
H—-A direction (indirect) transforms to the H-H (direct) high symmetry points/direction in the first
Brillouin zone. We noticed a large anisotropy in the calculated complex dielectric function, absorption,
and refractive index spectra. The calculated static birefringence of 0.1049 and 0.1057 (with SOI) is found
to be higher than that of the other carbonate fluorides. From the Born effective charge (BEC) analysis
we notice that the Cs atom shows a negative contribution to birefringence whereas Pb, C, and F atoms
show a positive contribution. In addition, we have also calculated the nonlinear optical x,‘fﬁ(—Zw;w,w)
dispersion of a CsPbCOsF single crystal. We found that dy; = dip = 4.35 pm V™! at 1064 nm, which is
11.2 times higher than dsg of KDP. The origin of the highly nonlinear optical susceptibility dispersion of
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CsPbCOxsF is explained. Overall, our results are in agreement with experiments and it is obvious from the
present study that CsPbCOsF is a direct band gap, large second harmonic generation, and good phase
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1 Introduction

Nonlinear optical (NLO) polarization is an interesting phenom-
enon that arises from the application of highly intense laser
radiation (in the order of > = 10'° V. m™") on to the material."
However, before the invention of the laser, the optical fields of
conventional sources were too weak to explore the optical non-
linearities. Based on the crystal symmetry it is possible to
obtain second 7'» and third z** order nonlinear phenomena,
Kerr effects, etc. for various materials.” In general, the conven-
tional contracted d; notations are used to represent these
nonlinear susceptibilities of different classes of crystal symme-
try. For example, under Kleinman’s symmetry, the hexagonal
crystal system of the D3}, class will have only one independent
dy» = —dy; SHG tensor component.” The strength of the non-
linearity will vary based on the chemical composition and the
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matchable NLO crystal in the ultraviolet region.

bonding environment which in turn decides the phase-
matching conditions. These nonlinear effects have large scien-
tific, medical, and industrial applications as they generate
unknown coherent wavelengths in the ultraviolet (UV), deep-
UV, and infrared (IR) regions. Among all the known NLO effects,
second harmonic generation (SHG) is mostly utilized for gen-
erating different unknown wavelengths like those in the UV and
deep-UV regions. Even though excimer lasers are used to emit
isolated UV and deep-UV wavelengths with a high output power,
compact and efficient solid-state lasers with suitable nonlinear
crystals are still needed in this region." Similarly, it is well known
that many explosive materials show strong absorption in the
0.3-10 terahertz (THz) region of the optical spectrum.’ In order
to detect them for homeland security purposes, the develop-
ment of generation and detection techniques for terahertz
frequencies through NLO processes is very important and is
an interesting field of research. To date, very few materials are
commercially available to generate these frequencies with a
desired band width. Hence the search for efficient new UV,
deep-UV, and IR NLO materials is still a challenging task of
research in the nonlinear optics domain. From the point of view
of electronic properties, a better UV-NLO crystal for practical
applications is expected to have larger nonlinear coefficients
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(>d3¢ of KDP), a wide band gap (6.2 eV), and moderate
birefringence (0.07) with a larger laser damage threshold value
(>5 GW cm ?).* Materials with P-O® (KH,PO,), I-0’ (LilO;),
Nb-O® (LiNbO3), and B-O° (B-BaB,0,, LiB;05, CsB;05, KBe,BO;F,,
Sr,Be,BO-, and CsLiBsO;,) bonds have been extensively studied
for this purpose.” But these materials possess their own draw-
backs in generating coherent light such as a narrow band width,
poor beam quality, lack of tunability, and relative difficulty of
handling."

For the past five years experimental and theoretical investi-
gations®>* have suggested that carbonate fluorides (made up of
C-0 bonds) are promising polycrystalline NLO crystals for the
generation of coherent light in the UV and deep-UV regions.
Since 2011, the synthesis of non-centrosymmetric carbonate
fluoride materials has accelerated to meet scientific and indus-
trial needs. During the last five years, a few tens of carbonates
(centrosymmetric and non-centrosymmetric) have been synthe-
sised and their powder nonlinear optical responses to an applied
external electric field (1064 nm) are reported in the literature.
The novel COs;F-based crystals reported to date are ABCO;F
(A =K, Rb, Cs; B = Ca, Sr, Ba),” CsPbCO,F,'>"" ATCO;F (A = K,
Rb; T = Zn, Cd),"> RbPbCO;F,"" RbMgCO;F,"* K,Pbs(CO;);F,,"*
KCdCO,F,"* Ca,Na;(CO;);F,"> MBeCO;F,'® MAICO;F, (M = Li, Na,
K, Rb, Cs),"® KPb,(CO;),F,"” K, 70Pbs-15(CO3)sF3,"” Cs3Pby(CO5)51,"
KBay(CO;3),F,'® RbBa,(CO;),F,'® CsSrCOF," Na,Cd;(COs5)4(OH),, >
and ACdCO5F (A = K and Rb).>* Some carbonate crystals without
fluorine have also been reported such as Na,La,(COs)s,>
CsNa;Cas(CO3)5,>* and Pb,O(OH);(CO5);3(BO5).>° Among all
these reported carbonate fluorides, powder lead carbonate
fluoride is found to show the largest SHG intensity (13.6 X dz¢
(0.39 pm V) of KDP and 4 x that of KSrCO;F).'® All other crystals
show a 1-5 times increase in the SHG coefficients with respect
to dze of the KDP crystal.

It is also important to notice from the literature that
researchers are trying to use alkaline and alkaline-earth metal
cations to eliminate the negative influence of d-d and f-f
electronic transitions to the band gap'® of carbonate fluorides.
In addition, fluorine atoms’ large electronegativity and its presence
in carbonate fluorides have been found to be useful for producing
a wide band gap, layered topology.'® The absorption spectra
studies and powder SHG measurements of carbonate fluorides
also reveal that these materials possess wide band gaps above
6.0 eV and an absorption edge below 200 nm. These peculiar
properties confirm the importance of carbonates in nonlinear
optics for UV harmonic generation. In the process of innova-
tion, CsPbCO;F is a recently synthesized optically active non-
centrosymmetric crystal. Even though it possesses a smaller band
gap (4.1 eV) than other carbonate crystals, it has the largest SHG
coefficient (13.4 times that of KH,PO,) among the carbonates. In
addition, it is transparent to light in the near-UV to middle-IR
regions.'® Due to the uniqueness of this NLO crystal, we have
reported a detailed analysis of the structural, mechanical, vibra-
tional, and thermodynamic properties in our previous work.>* Our
analysis revealed the soft (bulk modulus (B) = 41 GPa) and ductile
(B/shear modulus (G) is >1.75) nature of CsPbCO,F with a high
thermal conductivity (32.430 W m™" K ").>* We further noticed a
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need to explore the electronic and optical properties of CsPbCO;F
in detail. It is important to synthesise this crystal with a larger size
(few centimetres) and to alter the band gap and hence the reported
preliminary experimental data is not sufficient alone. In the
present work we have focused on qualitative analysis of the
electronic, linear, and nonlinear optical properties of this novel
material. Even though there are few theoretical reports on electro-
nic band structure calculations in the literature, to the best of our
knowledge the role of SOI (due to the presence of Pb & Cs) on
various optoelectronic properties has not been studied. In general,
for second-row transition metals and heavier elements, the role of
SOI is not negligible.>> Moreover, we should emphasize that the
reported value of the SHG of CsPbCO;F is measured for a powder
sample without considering the influence of the packing structural
units. Hence, we have focused on the calculation of the SHG of
CsPbCOsF taking into account the influence of the packing
structural units using the full-potential method. According to the
Chens’ group theory,* the overall SHG response of a crystal is the
geometrical superposition of the second order susceptibilities.
Therefore, the packing structural units will also influence the
macroscopic SHG coefficients. The high SHG arises due to the
strong interactions between the structural units. Therefore,
the novelty and the aim of this work are to carry out qualitative
and quantitative investigation to report the SHG values and the
details of the SHG tensors of a CsPbCO;F single crystal.
Hence in this work, we report the electronic, linear, and
nonlinear optical susceptibility dispersion of CsPbCO;F by taking
SOI into account. The experimental crystal structure of CsPbCO3F
is shown in Fig. 1 along with the iso-structural compounds
RbSrCO;F, KCaCO;F, and KSrCOsF for comparison. Computa-
tional techniques utilized for the present calculations are pre-
sented in Section 2. In the results and discussion (Section 3), we
discus the effect of SOI on the electronic band structure and
bonding and on the linear optical properties such as the real and
imaginary parts of the complex dielectric function, absorption
spectra, refractive index, and birefringence. In the next section we
explore the nonlinear optical response with respect to energy/
frequency. Finally the conclusions are given in Section 4.

2 Calculation methods

For the present computational study, we have considered the
experimental crystal parameters'® as reported by Zou et al. CSPbCO;F
crystallizes in the Pém2 (hexagonal) non-centrosymmetric space
group, with Z = 1 formula unit per unit cell having a volume (V) of
128.44 A®. The Wyckoff positions of atoms with an occupancy of
1 are as follows: Cs (0 0 0), C (0.3333 0.6667 0.5), F (0.6667 0.3333 0),
Pb (0.6667 0.3333 0.5), and O (0.1961 0.392 0.5). We have used the
full-potential linearized augmented plane wave (FP-LAPW) and local
orbitals method through a density functional theory approach.>®
Here, the Kohn-Sham equations are solved by expanding the wave
functions in the spherical harmonics form inside the atom
spheres. Plane wave expansion is used in the interstitial regions
of atoms inside the unit cell. We have used /,,x = 10 for angular
momentum expansion and K,.x X Ryr = 7 as a plane wave cut-off
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Fig. 1 Experimental®© crystal structures of CsPbCO3F, RbSrCOsF, KCaCOsF, and KSrCOsF.

with 1000 & points to achieve self-consistency. Here Ry is the
average muffin-tin (MT) radius and K. is the wave function
cut-off. The muffin-tin (MT) radii for different atoms are taken as
2.5 atomic units (a.u.) for Pb, 2.0 a.u. for Cs, 1.2 a.u. for O, 1.8 a.u.
for F, and 1.1 a.u. for C atoms. The energy between successive
iterations is converged to 0.0001 Ry and forces are minimized to
1 mRy Bohr . The Monkhorst-Pack (MP) technique is used for
Brillouin zone integrations. We used the Perdew-Burke-Ernzerhof
(PBE,”> PBESol*®) and Tran-Blaha modified Becke-Johnson
approach (TB-mBJ)*’ as an exchange correlation functional to
extract the electronic band structures. A dense k-mesh with
1500 k-points was used in the first Brillouin zone to calculate
the linear optical properties. To treat the interactions of heavier
elements like Pb and Cs one needs to consider SOI during the
calculations.”® Therefore, we have performed electronic band
structure and optical property calculations with and without
SOL In WIEN2K, spin-orbit (SO) effects are included via a second
variational procedure to calculate the eigenvalues and eigen-
vectors using the scalar relativistic wave functions.”> We used
the second variation energy cut-off as 10.0 Ry. The optical proper-
ties are calculated using the optics package in WIEN2k. The
complex second order nonlinear optical susceptibility tensor
xﬁf}(—Zw;w,w) has been discussed earlier and we refer the
interested reader to ref. 40-48. It can be generally written as:
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From these formulae we notice that there are three major
contributions to ;{5}2(—2(»;(3@): the inter-band transitions
xEZ’f@r(—Zw;w,w), the intra-band transitions xE?{’E)a(—Zw;w,w),
and the modulation of inter-band terms by intra-band terms
xﬂﬁ)d(wa;w,w), where n # m # [. Here n denotes the valence
states, m denotes the conduction states, and [ denotes all states
(I # m, n). There are two kinds of transition that can take place;
one of them (v c¢ ¢’) involves one valence band (v) and two
conduction bands (c and ¢’), and the second transition (v v' c)
involves two valence bands (v and v’) and one conduction band (c).

The symbols are defined as Aﬁlm(lz:) = .9;,,(12) —9 (12) with %,
beingﬂthe i Hcomponentqof thg electron velocity given as Sf,m(jc) =
09 RPo(B) a0 (P (B} = 11208 + P (B i(R):
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The position matrix elements between band states n and m,
F,l,m(%) are calculated from the momentum matrix element P,
: : 49 =i (1) P (E) : :
using the relation:™ 7! (k) = —""-——, with the energy differ-
imey, (k) i )
ence between the states n and m given by hw,,, = h(w, — ®,)-
foum = fo, — fo, is the difference of the Fermi distribution
functions. i, j, and k correspond to Cartesian indices. It has
been demonstrated that only the one electron virtual transi-
tions (transitions between one valence band state and two
conduction band states (v ¢ ¢’)) give a significant contribution
to the second order tensor.”® We ignore the virtual hole con-
tribution (transitions between two valence band states and one
conduction band state (v v/ c)) because it was found to be
negative and more than an order of magnitude smaller than the
virtual electron contribution for this compound. For simplicity
we denote nglg(wa;w,w) by ygfﬁ(w)

It is clear that from formulae (1)-(3) that the energy gap
comes in the denominator. Hence the nonlinear optical proper-
ties are very sensitive to the energy gap. Therefore, to obtain
accurate results it is necessary to use TB-mB]J exchange correla-
tion potentials. We have applied the scissors correction to bring
the value of the calculated energy gap to match the measured
gap by rigidly shifting the conduction/valence bands. It has been
found that the scissors corrections has a profound effect on
the magnitude of the complex second order nonlinear optical
susceptibility tensors.

3 Results and discussion
3.1 Electronic band structure and density of states

It is very important to understand the bonding and optically
transparent region of a NLO material correctly by means of
predicting the exact energy band gap. Since CsPbCO;F is a
recently synthesized carbonate fluoride crystal, there are very few
reports available in the literature on the electronic properties which
explain the fundamental structure-property co-relationship.
CsPbCO3F is a layered, phase-matchable hexagonal crystal with
lattice parameters a = 5.3888 A and ¢ = 5.1071 A.*® For the first
time Zou’s group reported the experimental band gap of
CsPbCO;F from UV-vis diffuse reflectance spectra as 4.15 eV.
They have also reported a theoretical band gap (using the PBE
functional) of 3.35 eV using CASTEP software.'® This deviation
was obtained due to the fact that the GGA normally under-
estimates the band gap by around 50%. Later, Thao Tran’s
group also reported the band gap of the CsPbCO;F crystal as
3.31 eV by using the PBEsol functional as implemented in the
total energy code VASP.* Even though there are differences in
the CsPbCO;F crystal structures reported by Zou and Thao
Tran, they possess a similar band gap difference when com-
pared with the experimental value. More recently, in 2016,
Qun Jing et al. reported a theoretical optical band gap of 3.43 eV
and 4.0 eV by using the PBE and modified Becke-Johnson (mBJ)
methods as implemented in the FP-LAPW code.? In this work,
the optical properties were calculated with the PBE functional
after adding the scissors correction. Moreover, the mB]J optical
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band gap was obtained by adjusting the c-parameter to 1.2,
which is a relatively expensive calculation compared to the
default TB-mB]J functional. Overall, all the theoretically reported
values so far were obtained without considering the effect of SOI.
Our calculations remove this drawback.

We have considered the experimental crystal structure
reported by Zou et al. and minimized the total energies and
forces. Initially, we performed the electronic band gap calcula-
tions with the PBE,** PBESol,** and TB-mBJ*” functionals using
the FP-LAPW method. Due to the presence of heavier elements
like Pb and Cs, we have incorporated SOIL**

The obtained band gap values along with previously reported
theoretical and experimental results are presented in Table 1.
The results obtained without the inclusion of spin-orbit effects
with the PBE (3.59 eV) and PBEsol (3.48 eV) functionals show
good improvement over the previously reported values.'®''?”
The improved band gap is obtained with the default TB-mB]J
functional (5.58 eV). However all these values deviate from the
experimental value of ~4.1 eV. The underestimation of the band
gap due to GGA functionals can be attributed to the lack of
derivative discontinuities of the XC potential with respect to
occupation number. But a more sophisticated semi-local DFT
method like TB-mBJ in the present case also shows large devia-
tion (~30%) when compared to the experimental band gap,
which clearly suggests to us that we should re-look at the
physical properties of the present compound. The accuracy of
the TB-mB]J band gap of 4.0 eV*° reported with the c-parameter
variation method without the spin-orbit effect needs to be
re-verified.

However, after SOI is taken into consideration, we found a
considerable reduction in the calculated band gap. The gap
values are 3.03 eV (PBE), 2.94 eV (PBEsol), and 4.45 eV (default
mBJ). Therefore we can conclude that the TB-mB]J functional
with the inclusion of SOI gives an improved band gap value that
is in good agreement with the experimental data (4.15 eV'° and
4.1 ev'"). This indicates that treating SOI with the mBJ func-
tional is more efficient than using other functionals in the
present case. It is clear from Table 1 that the differences in the
predicted band gaps before and after the inclusion of spin-orbit
effects are as follows: with PBE and PBEsol: ~0.5 eV; with
TB-mBJ: ~1 eV. This change can be attributed to the limita-
tions of PBE and PBEsol functionals and the improved perfor-
mance of the TB-mBJ functional.>* Moreover, since it is known
that CsPbCO;F possesses considerable van der Waals (vdW)
interactions,> the accuracy of the present obtained band gap

Table 1 Calculated energy band gaps (in eV) of CsPbCOzF with and
without the inclusion of SOI at an experimental volume. Results are
compared with previously reported data

Present .
Previous
Functional Without With Without
PBE 3.59 3.03 3.35,1° 3.43%°
PBEsol 3.48 2.94 3.31"
TB-mB]J 5.58 4.45 4.0%°
Experiment — — 4.15,'° 44"
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values with respect to the experimental value may be further
improved by incorporating van der Waals (vdW) interactions
along with spin-orbit interactions. Since it is well known that the
change in lattice parameters along with spin-orbit effects may
influence the interactions between the constituent atoms,” it is
better to also take vdW interactions into account. However since
the TB-mBJ + SOI band gap results already show reasonable
agreement with experiments in the present case, we did not
check the actual effect of vdW interactions along with SOL

We have calculated the band structure along symmetry
directions in the first Brillouin zone with/without SOI and this
is shown in Fig. 2. The results show considerable splitting in the
energy levels both in the valence band (in the —5 eV to —10 eV and
—15 eV to —17.5 eV regions) and in the conduction band (in the
5 eV to 10 eV region). These regions are shown in Fig. 2 separately.
The 1 eV downward shift of energy bands in the bottom of the
conduction band towards the Fermi level is seen clearly. Impor-
tantly, after the inclusion of SOI, the band gap which occurs in the
H-A direction is transformed to the H high symmetry point i.e. an
indirect to direct band gap. It is well known that indirect band gap
materials are inefficient at emitting light.

In order to understand the individual atomic contribution to
the splitting of energy levels, we have calculated the total and
partial density of states (DOS) with/without SOI at the TB-mB]
level. The results are shown in Fig. 4. It is clear from the plots
that the top of the valence band is dominated by Pb-s, F-p, and
O-p states before and after the inclusion of SOI. The F-s and F-p
states are dominate in the bottom of the conduction band
before the inclusion of SO effects, while F-p and F-s states are
dominate in the bottom of the conduction band with SOL It is
also found from Fig. 4 that the p-states corresponding to the
lead atom are shifted downwards by 1 eV to the bottom of the
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Fig. 2 Calculated TB-mBJ electronic band structure with and without
spin—orbit interaction effects of CsPbCOzF at an experimental crystal
structure volume.
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conduction band whereas no changes were observed in the top of
the valence band near the Fermi level. We have also noticed from
the PDOS plots that a strong covalency exists between carbon and
oxygen atoms in the CO; group. Ionic bonding is also observed
between Pb and F and Cs and between Pb and the CO; group.
The same is observed from charge density plots plotted in the xy
and yz planes as shown in Fig. 5. There is charge sharing between
carbon and oxygen atoms, and Pb and F are found to form a
dumbell shape. The charge around the Cs atom is spread in a
spherical shape which confirms the presence of ionic bonding.
For further understanding the lead atomic orbital contribution to
the band structure around the Fermi level, we have performed
fat-band analysis. Since the effect of Pb-p states is more crucial in
this compound, we have plotted the Pb-total p(p + py, p;) orbital
contributions in Fig. 3. Here Fig. 3(a) and (b) show the clear
contribution and splitting of the lead p-total states before and
after the inclusion of SOI. In order to obtain details about the two
downward shifted fat-bands in the conduction band (Fig. 3(b)),
we have plotted the partial Pb-p state contribution separately.
Fig. 3(c) and (d) show the p, + p, state and p; state contributions
to the energy band structure. It is clear from these figures that the
bottom of the conduction band is occupied by p, + p, states but
not by p, states. The indirect to direct band gap transition arises
due to p, + p, states alone and it can be observed only after the
spin-orbit effects are taken into account.

3.2 Linear optical properties and birefringence

Until now there are no detailed experimental & theoretical reports
available in the literature on the linear optical properties of
CsPbCO3F. In this section, we report calculations of the linear
optical properties with/without SOI along with the TB-mB]J func-
tional. The optical properties can be described in terms of the real
and imaginary parts of the dielectric function as g(w) = & () + iey().
As the studied compound crystallizes with a hexagonal crystal
structure, there are two possible non-zero components of the
dielectric tensor along the [1 0 0] and [0 0 1] directions. The
imaginary part of the dielectric function (&,(w)) arises due to direct
inter-band transitions and is calculated using a random-phase
approximation.*®*” Here, the small contribution of indirect inter-
band transitions arising due to phonon scattering is neglected.

a(0) = (42w2) (Z |, @i )

i

(4)
x O(Ejx — Ejx — w)d’k).

Here 7 and j are the initial and final states and M is the
dipole matrix. f; and E; are the Fermi distribution function and
the energy of an electron in the ith state of the wave vector k.
The real part of the dielectric function (g(w)) is calculated using
Kramers-Kronig transformations.>®

2 [Fo'e(0)de
g(w)=14+=-P| —F5—— 5
o) =1+ 7] SO ©)

The calculated complex dielectric function (real and imaginary

parts) of lead carbonate with/without the SO effect is shown
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Fig. 3 Calculated partial electronic band structure of (a) Pb p-total states without SOI, (b) Pb p-total states with the inclusion of SOI, (c) px + p, states
with SOI, and (d) p, states with the SOI effects of CsPbCOsF at an experimental crystal structure volume using the TB-mBJ functional.

in Fig. 6. & () is shown in Fig. 6(a)-(c) and &,(w) is plotted in SO effects and Fig. 6(c) and (f) show the results after the
Fig. 6(d)-(f). Here, Fig. 6(b) and (e) show & (w) and &,(w) before inclusion of SOI. For better visualisation, we have zoomed in
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and plotted the real and imaginary parts of the complex
dielectric function on top of each other in Fig. 6(a) and (d).
It can be seen from the plots that CsPbCOsF possesses large
anisotropy in the dielectric constants along the [1 0 0] and
[0 0 1] directions. Further observations on the spreading of the
dielectric spectra with respect to energy (eV) leads to the
following important conclusions. Firstly, the spectra obtained
before the inclusion of the SO effect indicate that: (1) the high
intensity peaks of &, occur at energies (eV) of 6, 6.5, 9.2, 7.9,
8.5, 11.11, 12.0, and 13.5, respectively. A dip is observed at
9.5 eV with a magnitude of —1.47 for &,; (2) for &, high
intensity peaks occur at energies (eV) of 5.6, 8.2, 6.5, 11, 11.7,
10.0, 9.5, and 12.5, respectively; (3) overall, up to 7.25 eV &, is
dominant; from 7.25 to 8.25 €V ¢&,, is dominant; from 8.25 to
9.25 €V ¢, is dominant; and after that ¢,, shows a dominant
nature. Secondly, the spectra after the inclusion of SO effects
show that: (1) ¢, occurs at energies (eV) of about 5.0, 5.7, 7.2,
9.0, 8.1,11.6, 11.1, and 10.5. The dip of &,, occurs at 9.5 eV with a
magnitude of —1.3; (2) &, high intensity peaks occur at energies
(eV) of about 4.9, 5.9, 7.5, 6.3, 8.7, 11, 10.5, 11.7, and 12.5;
(3) up to 9 eV ¢, is dominant and after that ¢,, is dominant. In
conclusion, after SOI is taken into account, the &,, component
shows a significantly higher value than ¢,, in the lower energy
regions, whereas mixed behaviour of ¢, and ¢,, was observed
without the inclusion of SOI. Thus, these differences in the
findings of the dielectric constants confirm the crucial role of
SO effects in the optical properties of CsPbCO;F. For further
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Fig. 6 Calculated real and imaginary parts of the complex dielectric function with and without SOI effects of CsPbCO=zF at an experimental crystal

structure volume.
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Table 2 The optical transitions of CsPbCOzF before and after the inclu-
sion of spin—orbit interactions observed from the imaginary part of the
dielectric function and the TB-mBJ band structure

View Article Online
PCCP
Table 3 Linear optical properties such as the absorption coefficient

(x10* cm™), refractive indices, and birefringence of KCaCOszF, KSrCO4F,
and RbSrCOsF

N [100] [001]
Direction
Peak A B C D P Q R S

Before SO 6.3 6.9 8.0 8.5 5.9 6.6 8.2 8.6
After SO 5.2 6.4 7.6 8.5 5.2 6.0 6.5 7.7

analysis of possible optical transitions, the maximum intensity
peaks in the imaginary part of the dielectric function plot
(Fig. 6(e) and (f)) are labelled as A, B, C, and D along the
X-direction and P, Q, R, and S along the Z-direction respectively.
The positions of these peaks along two crystallographic direc-
tions [1 0 0] and [0 0 1] are tabulated in Table 2. From Table 2 it
is clear that after the inclusion of SOI, all of the peaks show a
considerable red shift. Similarly, other linear optical properties
such as the absorption (o(w)) and refractive indices (n(w)) are
calculated and shown in Fig. 7. The corresponding static values
of dielectric constants, absorption coefficients, ordinary n, and
extraordinary n. refractive indices, and birefringence (n. — n,)
values are shown in Table 3. Our results show that all the linear
optical property spectra show a red shift with slight intensity
variations.

For deeper level of understanding of the optical response of
CSPbCO;F, we have analysed the possible optical transitions
from the valence band to the conduction band states by utilising
PDOS information (Fig. 4). It is clear from the PDOS plots that

An
(ne - no)

1.43759 1.33270 0.10489
1.45832 1.35263 0.10569

8%100]((0) 8[1001]((1)) a[lOO](w) “[001]((0) 1o Ne

Before SO 2.12 1.82 73.16  40.8
After SO 2.06 1.77 50.81  25.03

the Pb(s), O(s), and F(p) states are dominate in the VBM
(—1 eV to the Fermi level) and these states are unaffected by
the inclusion of SOI. In the deep valence band below —2 eV,
spreading in the DOS peaks of the Pb(p), Cs(d), F(p), O(p), and
C(p) states is clearly seen, whereas in the conduction band
minimum, before including spin-orbit effects, the Pb(p), Cs(d,p),
F(s,p), C(p,s), and O(s,p) states are dominant. After the inclusion
of SOI, a clear difference in the dispersion of the DOS in the
Pb(p), F(p,s), O(p), C(s, p), and Cs(d,p) states is observed. It is also
noticed that all of the states are red-shifted in the bottom of the
conduction band by approximately 1 eV as follows: O (1.15 eV),
Pb (1.14 eV), Cs (1.02 eV), F (0.91 eV), and C (0.79 eV). Hence
these observed differences in the PDOS will lead to changes in
the optical properties. Based on the selection rules, we have
explained the possible optical transitions (from the valence
band to the conduction band) for the high intensity peaks in
the [1 0 0] crystallographic direction. The results before and
after the inclusion of SOI are tabulated in Table 4. Because of
the changes in the DOS spreading, the optical transitions also

100 200 200
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= mEm ey 150 - 150 -
3 st 100 100
A
5 50 50
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Fig. 7 Calculated refractive index and absorption spectra with and without spin—orbit interaction effects of CsPbCOsF at an experimental crystal

structure volume.

31262 | Phys. Chem. Chem. Phys., 2017, 19, 31255-31266

This journal is © the Owner Societies 2017


http://dx.doi.org/10.1039/C7CP05750D

Published on 25 October 2017. Downloaded by University of Hyderabad on 04/12/2017 08:51:59.

PCCP

View Article Online

Paper

Table 4 The optical transitions of CsPbCOsF derived from the top of the valence band to the conduction band observed from the imaginary part of the

dielectric function along the [1 O 0] direction

Peaks Transitions

Before SO

A Pb(s) to F(p)/O(p)/C(p)/Cs(p); O(P) to F(s)/Cs(d)/Cs(s)/Pb(s); F(P) to O(s)/Cs(d)/Cs(s)/Pb(s)
B Pb(s) to F(p)/C(p)/O(p)/Cs(p); O(P) to Cs(d)/F(s)/Cs(s)/Pb(d); F(P) to Cs(d)/O(s)/Cs(s)/Pb(d)
C Pb(s) to O(p)/C(p)/F(p)/Cs(p); O(P) to F(s)/Cs(s)/Pb(d)/Cs(d); F(P) to Cs(d)/Pb(d)/Cs(s)

D Pb(s) to O(p)/C(p)/F(p)/Cs(p); O(P) to Cs(d)/Cs(s)/F(s)/O(s)/Pb(s); F(P) to Cs(d)/Cs(s)/O(s)/Pb(d)
After SO

A Pb(s) to F(p)/O(p)/Cs(p); O(P) to F(s)/Pb(s)/Cs(d); F(P) to O(s)/Pb(s)/Cs(d)

B Pb(s) to F(p)/O(p)/Cs(p); O(P) to F(s)/Cs(d); F(P) to O(s)/Cs(d)

C Pb(s) to F(p)/C(p)/O(p)/Cs(p); O(P) to Cs(d)/Cs(s)/Pb(d); F(P) to Cs(d)/Cs(s)/Pb(d)

D Pb(s) to F(p)/C(p)/O(p)/Cs(p); O(P) to Cs(d)/F(s)/Cs(s)/Pb(d); F(P) to Cs(d)/O(s)/Cs(s)/Pb(d)

showed considerable variations in the results. In particular, in
the case of absorption peaks A and B, a Pb(s) to C(p) state
transition is possible before the inclusion of SOI effects, but
later this transition can not occur. This clearly shows the role of
SOI in explaining the optical transitions of the lead carbonate
NLO material in the UV region. Our further optical transition
analysis of other high intensity absorption peaks is given in
Table 4. Similar kinds of effects can possibly occur in the [0 0 1]
crystallographic direction too.

The values of the ordinary and extraordinary refractive
indices show an increment of 0.0246 in magnitude after the
inclusion of SOI. Furthermore, the birefringence values at static,
1064 nm (1.165 eV), 532 nm (2.33 eV) are tabulated in Table 5 for
future reference. The results of all the studied crystals show a
linear increment in the birefringence values starting from
static - 1064 nm — 532 nm. Overall, it is clear from the
results that CsPbCO;F possesses the largest birefringence at the
TB-mBJ level among all the studied carbonate fluoride crystals.
There are slight differences between the birefringence values
reported by Qun Jing et al.*® at the GGA-PBE level using CASTEP
and our calculated results of CsPbCO3F. The reason for this
deviation comes from the accuracy of the TB-mB]J functional in
predicting the exact band gap with the inclusion of SOI in the
present case. Besides this expected discrepancy in the results,
both works end up proposing lead carbonate as a unique
material among the reported carbonate NLO materials family
to date. In order to explore the reasons behind the changes in
the birefringence (An) values of CsPbCO;F, we have calculated
An from 300 nm to 1200 nm and this is shown in Fig. 8. We find
that the birefringence of CsPbCO;F is higher than that of other
isostructural carbonate compounds. To explore the birefringence
more, we have calculated the change in the Born effective charge
values along two crystallographic directions using our recent work.

Table 5 The birefringence of CsPbCOsF before and after the inclusion of
spin—orbit interactions observed from the imaginary part of the dielectric
function at the TB-mBJ level. For comparison, the birefringence of ABCOzF

(A = K, Rb; B = Ca, Sn) is also calculated using our previous work®®

@ Before After RbSr KSr KCa
Static 0.10489 0.10569 0.08878 0.09210 0.09660
1064 nm 0.10639 0.10734 0.09012 0.09343 0.09815
532 nm 0.11089 0.11231 0.09429 0.09767 0.10287
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Fig. 8 Calculated birefringence of CsPbCOzF with spin—orbit interaction
effects. ABCOsF (A = K, Rb; B = Ca, Sr) at an experimental crystal structure
volume.

Table 6 The change in the Born effective charges along the x and
z directions of different metal atoms of CsPbCOzF and ABCOsF (A = K, Rb;
B = Ca, Sn**

Atom  Agq Atom  Ag Atom  Agq Atom  Ag

Cs —0.28 Rb —-0.2 K —-0.11 K —0.15
Pb 0.46  Sr 0.1 Sr 0.07 Ca 0.11
C 2.82 C 2.91 C 2.76 C 2.72
F 2.03 F 0.78 F 0.9 F 0.79

The results reveal that Cs and Rb negatively contribute to the
birefringence, whereas Pb, C, and F show a positive contribution.
Perhaps one can also clearly see the role of SOI on An of lead
carbonate fluoride from Fig. 8. The reduction in the refractive
indices (Fig. 7(b)) along the [1 0 0] and [0 0 1] directions and
birefringence values after the inclusion of SO effects can be
attributed to differences in the photo-induced inter-band tran-
sitions (Table 6).

3.3 Nonlinear optical susceptibility dispersion

CsPbCO;F crystallizes in a non-centrosymmetric structure
resulting in the removal of the inversion symmetry which gives
a non-zero second harmonic generation (SHG). The hexagonal
structure with the space group Pém2 allows seven non-zero
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complex second order nonlinear optical susceptibility tensors

(= 2050) = =152 (~25050) = 152~ 25050) = 18 (~2050) =

1P (= 25050) = 151 (= 25m50) = 1F3Y(—2w;0;0). Since the space
group of CsPbCO;F belongs to the class 6m2, under the restriction
of Kleinman’s symmetry, only one set of independent SHG
tensor components remains. Therefore, 75"Y(—2w;w;m)
—1829(—2m;050) completely defines the nonlinear optical
properties of CsPbCO;F.

The calculated y5"Y(w) and 3$'*?(w) are shown in Fig. 9(a),
in which 3$'**(w) shows the same spectral features as y5"'Y(w)
but with the opposite sign. The absolute value of |;¥%(w)| of
|75 9(w)| and |522(w)| (Fig. 9(b)) reveals that both 75 (w)
and 75'%?(o) present the same structural features with a second
harmonic generation (SHG) value of about 4.7 pm V" at the static
limit and 8.7 pm V ' at A =1064 nm i.e. dy; =dy; =2.35 pm V!
at the static limit and 4.35 pm V' at A = 1064 nm. The latter is
about 11.2 times that of the experimental value of the well-
known KDP single crystals (dz6 = 0.39 pm V ')°* and about a
quarter of the experimental value of KTiOPO, (KTP) single crystals

which exhibit a ds value of about 16.9,°* 16.75,°° 16.65,%°
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15.4 + 0.2,°* 146 + 1.0, 17.4 + 1.7,°° 169 + 3.3,
16.9 + 1.7,°2 13.7,°* and 10.6 + 7.5.°° Our calculated value also
shows good agreement with the previous calculated results.’
It has been reported that the estimated average NLO suscepti-
bility (deg)exp Of CSPbCO,F is approximately 20 pm V', We
should emphasize that this value is measured for a powder
sample without taking into account the influence of the packing
structural units."" It is important to highlight that, on the basis of
anionic group theory,** the overall SHG response of a crystal is
the geometrical superposition of the second order susceptibility.
Thus, the packing of CO; structural units and the stereochemi-
cally active lone pair of Pb polyhedra can also influence the
macroscopic SHG coefficients.”® The larger SHG is due to the
strong interactions of the stereo effect between Pb(u) cations and
CO; triangle groups.>® Moreover the [CO;]~ groups are the main
contributors to the optical anisotropy; in addition, Pb** cations
may also contribute to the optical anisotropy due to the repulsion
interactions of the lone pairs of Pb** cations.®* Furthermore, the
high electron density configuration and strong anisotropy of C-O
groups are the main contribution of CO; groups to the optical
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Fig. 9 (a) Calculated imaginary (dark solid curve, black line) and imaginary (light dashed curve, red line) spectra of CsPbCOsF, which show y3 () = — 32" (w);

(111 (122

(b) calculated |75 (w)| = [3522(w)| of CsPCOsF; (c) calculated imaginary (dark solid curve, black line) and real (light dashed curve, red line) spectra of
CsPbCOsF; (d) calculated total Im spectrum (dark solid curve, black line) along with the intra- (2)/(1) (light solid curve, blue line)/(light dashed dotted curve,
cyan line) and inter- (2)/(1) (light long dashed curve, red line)/(light dotted curve, green line) band contributions of CsPbCOsF, where all Im frequencies are

multiplied by 1077, in esu units.
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anisotropy (Fig. 5). The imaginary and real parts of 5'*(w) for
CsPbCO;F are shown in Fig. 9(c). From the imaginary part we
can see that the spectral futures of z5''"(w) exhibit a zero value
below half of the band gap and slowly rise up after ~2.2 eV
since the 2w resonance begins to contribute at energies above
~2.2 eV (half of the band gap) due to E-2w terms in the
denominator of formulae (1)-(3). The w resonance begins to
contribute for energy values above the value of the fundamental
band gap (~4.4 eV). At a low spectral range (less than ~2.2 eV)
the SHG optical spectra are dominated by the 2w contributions.
Beyond ~4.4 eV (the fundamental gap) the major contribution
comes from the o term. To support this, we have plotted the
2w/ inter-/intra-band contributions to the total Im 3%'*Y(w).
It is clear from the results that each of the w and 2w resonances
can be further separated into inter-band and intra-band con-

tributions as shown in Fig. 9(d).

4 Conclusions

The effect of SOI on the optoelectronic, linear, and nonlinear
optical properties of CsPbCO;F is thoroughly investigated by
means of density functional theory. The electronic band gaps
calculated with the inclusion of SOI effects at the TB-mB]J level
of accuracy are in good agreement with the experimental
reported results. The band gap results without SO effects are
in good agreement with the previously reported works. The
electronic band structure analysis reveals that CsPbCO;F is a
direct band gap NLO material but not an indirect one as is the
case when SOI is neglected. The band gap occurs at the H high
symmetry point in the first Brillouin zone. Analysis of individual
atomic contributions to the band structure reveals the fact that a
band gap reduction of 1.1 eV for CsPbCO;F mainly occurs due to
Pb atom p-states splitting near the Fermi level. More splitting of
energy levels is observed in the valence and conduction bands
because of SOI effects. Similar shifts are observed in the calcu-
lated PDOS plots too. Our further analysis of the charge density
plots along the [1 1 0] and [1 0 1] planes reveals the mixed ionic
and covalent nature of bonding present in CsPbCOsF. Our
further calculations on the linear optical properties (the absorp-
tion, real and imaginary parts of the dielectric function, ordinary
and extraordinary refractive indices, and birefringence) also
show considerable differences in the results obtained before
and after the inclusion of SOI into the calculations. Our further
observations about the optical transitions associated with this
material show important changes with respect to SO effects.
These differences alone decide the importance of SO effects for
understanding the optical response of CsPbCO;F. CsPbCO;F is
the best phase-matching material in the deep-UV region with
the highest static birefringence value of 0.1049 among all the
other reported carbonate fluorides. Moreover, the present Born
effective charge analysis suggests that Cs and Rb atoms show a
negative contribution to the birefringence, whereas Pb, C, and
F atoms positively contribute to the birefringence. Based on
these important observations, we have calculated the nonlinear
optical responses of CsPbCO;F using the FP-LAPW method and

This journal is © the Owner Societies 2017
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clearly explained the different nonlinear optical responses.
The obtained dy; = dy, = 2.35 pm V' (static) and 4.35 pm V*
(at 4 = 1064 nm) values again confirm that CsPbCO;F has the
highest SHG response among the carbonate family. We strongly
believe that our present study on the optoelectronic, linear, and
nonlinear optical properties is very crucial in understanding the
structure-property correlation of the carbonate fluoride family.
We hope our present results will inspire many experimental
researchers to look into the uniqueness of the CsPbCO;F crystal
and to invent many more efficient crystals in the carbonate
fluoride family.
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