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3
Institute for Mathematical Physics, TU Braunschweig, Mendelssohnstr. 3, D-38106 Braunschweig, Germany
4
Faculty of Physics, University of Osnabrück, Barbarastr. 7, D-49076 Osnabrück, Germany
(Received 23 February 2011; revised manuscript received 1 July 2011; published 9 September 2011)
An ab initio density functional theory–based study of the electronic band structure, the elastic, electric,
elastoelectric, and linear and nonlinear optical properties of the new ion conductor LiB6 O9 F, has been performed.
The computed band structure reveals a wide direct band gap. The coefficients of the second order nonlinear
susceptibility χ (2) were found to be comparable to those of KH2 PO4 . Corresponding experimental investigations
of second harmonic generation comply with the respective ab initio calculations.
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I. INTRODUCTION

Solid alkali ion conductors are constitutional components of
all solid state electric batteries, and Li+ ions comprising solid
materials are among the top-performing conductors. A new
material, LiB6 O9 F (LBOF), has recently been synthesized,
and its crystal structure and electric conductivity have been
studied.1
The fundamental prerequisites for high conductivity are
well understood.2 The anionic matrix needs to provide two
dimensionally, or better three dimensionally, branched migration paths along which the ions experience a flat electrostatic
potential profile. Researchers must avoid accumulations of
negative charges on the walls of the pathways that might trap
the moving cations, and LBOF was recently suggested as a
candidate material.
LBOF crystallizes in space group Pna21 . Figure 1 displays
a view of the unit cell, which contains four formula units (Z =
4) and is characterized by the experimental parameters a =
7.6555(1) Å, b = 8.5318(1) Å, and c = 10.7894(2) Å. The
corresponding density of the crystal is equal to 2.213 g/cm3 .1
Because LBOF crystallizes in a noncentrosymmetric space
group and consists of boroxine (B3 O3 ) rings, its electronic
structure and related properties can be expected to be similar to
those of other boroxine rings containing crystals, e.g., LiB3 O5
(lithium triborate or LBO),3 Li2 B4 O7 ,4 and CsLiB6 O10 .5 These
materials are known to be good nonlinear optical materials
used for different nonlinear optical applications. Therefore, the
goal of the present work has been to measure and calculate the
electronic structure and nonlinear optical properties of LBOF
and to compare the results with the respective properties of
LBO.
LBO is a biaxial crystal and has been proved to be an
attractive material for pulsed optical parametric oscillators
and amplifiers.6 LBO has a short wavelength transmission
limit of 160 nm, making it extremely suitable for applications
in the ultraviolet (UV) spectrum. Because of the sensitive
thermal dependence of its principal refractive indices,7,8 it
has wide temperature tunability, which is a rather beneficial
feature. Although LBO has a moderate nonlinear coefficient
(∼1 pm/V), it offers several major advantages: it has a
wide transparency range (0.16 – 2.6 μm) and shows strong
1098-0121/2011/84(12)/125112(8)

birefringence, which makes it applicable for the generation
of radiation tunable from near UV to near infrared (IR);
the surface-damage threshold of LBO is the highest of any
nonlinear optical crystal measured so far.3

II. METHOD

In the present investigation, the first-principles code
CRYSTAL9 was used, which employs a local basis set. Full
geometry optimization10 was performed, and the energy vs.
volume curves E(V) were computed for various configurations.
Subsequently, the polarization P, bulk modulus B, coefficients
of the elastic stiffness ckl (k, l = 1, 2, . . ., 6), and coefficients
of the elastoelectric tensor eik (i = 1, 2, 3) were calculated
using the same approach as in earlier studies.11,12 The
coupled perturbed Kohn-Sham method (CPKS) was used to
compute linear optical properties.13 The calculations were
done within the framework of the hybrid functional B3LYP
for the exchange and correlation part of the Hamiltonian.
The following basis sets for the constituent atoms of LBOF
and KH2 PO4 (KDP) were used: 6-11G for Li,14 6-21G∗ for
B,15 8-411 for O,16 7-311G for F,17 86-511G for K,18 86-31G
for P,18 and 3-11G for H.19 K-point nets with 4 × 4 × 4 and
6 × 6 × 6 sampling points were used.
Calculations of the electronic dielectric permittivity ε(ω)
of LBOF were performed using the ab initio total-energy
and molecular dynamics program known as the Vienna ab
initio simulation package (VASP) developed at the Universität
Wien.19 The projector-augmented wave method with the
local density approximation (LDA) and the Perdew-BurkeErnzerhof (PBE) exchange and correlation functionals were
used. A cutoff energy Ecutoff of 520 eV for the plane waves
and 18 irreducible k-points were used for the results presented.
In addition, for calibration purposes, different cutoff energies
and k-point samplings were tested.
The components of the ion-clamped nonlinear dielectric
susceptibility dij k of LBOF were calculated using the density
functional theory (DFT)–based plane wave pseudopotential code ABINIT20 (version 6.0.4). The LDA exchange–
correlation functional21 was used for the calculations. The core
electrons of the constituent atoms of LBOF were handled using
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FIG. 1. (Color online) Repetition unit of the chainlike polyoxoanion (a) and crystal structure of LBOF with the margins of the unit cell
(b). The B3 O3 rings are emphasized in gray (Ref. 1).

nonlocal pseudopotentials of the Troullier-Martins type. The
cutoff energy was chosen at 600 eV. Additional tests at different
cutoff energies were performed. Six k-points in the irreducible
part of the Brillouin zone were used. This corresponds to the
default grid used by this code for the calculation of response
functions for a unit cell of this size.
III. RESULTS AND DISCUSSION
A. Band structure and density of states of LBOF

The experimentally determined unit cell dimensions a, b,
and c and the fractional coordinates1 were used as the initial
geometry for the DFT-based calculations using the CRYSTAL
code. In view of the forthcoming calculations of the elastic constants, spontaneous polarization, piezoelectric constants, and
optical properties, it was necessary to perform an optimization
(relaxation) of the initial crystal structure. The optimized unit
cell parameters and atomic positions were found to be close
to those obtained from the experiment. Figure 2 illustrates
deviations of the calculated and experimental interatomic
distances. The standard deviation of a set of these differences is
relatively small at SD = 0.027 Å. Similar results were obtained
for the case of a larger atomic basis set.
The results of the Mulliken population analysis are displayed in Table I, with atom labels as in Fig. 1. The boron
atoms carry a charge of +1.1 to +1.2, oxygen is negatively
charged (from −0.7 to −1.0), fluorine has a charge of −0.5,
and the lithium charge is +1.0. For comparison, in the case
of LBO, the Mulliken charges are obtained as +1.2 (boron),
−0.9 to −1.0 (oxygen), and +1.0 (lithium).
The band structure of LBOF, as obtained on the optimized
crystal structure (with the B3LYP exchange–correlation functional), is displayed in Fig. 3(a). There is a relatively large
direct (-) energy gap Eg (B3LYP) ≈ 8.83 eV, which means
a wide photon energy range of optical transparency. The
corresponding wavelength λ = 140 nm is in good agreement
with the bottom boundary of the experimental transparency
range (160–2600 nm) for the related compound LBO.3 The
direct character (-) of the gap makes the crystal suitable for
laser light generation. The direct (-) energy gap calculated

FIG. 2. Differences of calculated and experimental interatomic
distances (dcalc − dexp ) of the atoms of the LBOF unit cell as a
function of the experimental dexp in the range from 1.3 to 2.8 Å. The
dashed line is an averaged magnitude of (dcalc − dexp ). The standard
deviation is SD = 0.027 Å.

using the LDA functional was found to be considerably
smaller, being Eg (LDA) ≈ 6.47 eV.
The band structure of LBOF calculated for the k-points
sequence X--Z has revealed that in the direction -Z
([000]-[001]/2) near the -point, the electron effective mass
=
calculated at the top of the valence band is equal to m(−Z)
v
−3.45 me and at the bottom of the conduction band, m(−Z)
=
c
2.27 me , respectively. In the direction -X ([000]-[100]/2)
near the -point, the analogous absolute values are a bit higher,
m(−X)
= −4.76 me and m(−X)
= 2.5 me . Taking into account
v
c
the relatively small density of LBOF (ρ = 2.081 g/cm3 ),
the electron effective masses obtained may be regarded as
sufficiently small ones, which indicates a comparatively high
degree of delocalization of the corresponding electronic states
in the crystal.
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TABLE I. Mulliken populations of LBOF.
Atom
Li
B1
B2
B3
B4
B5
B6
O1
O2
O3
O4
O5
O6
O7
O8
O9
F

Charge
1.0
1.1
1.1
1.2
1.2
1.1
1.2
−0.9
−0.7
−0.8
−0.9
−0.8
−0.9
−0.7
−0.7
−1.0
−0.5
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FIG. 3. (Color online) Electronic band structure of LBOF, ρ =
2.1 g/cm3 (a), and of LBO, ρ = 2.38 g/cm3 (b), for the optimized
crystal structures, on the level of B3LYP.

LBO is known as a nonlinear optical material with relatively
promising parameters, and it crystallizes in space group Pna21 .
The band structure of LBO [Fig. 3(b)] is substantially different
from that of LBOF [Fig. 3(a)]: LBO has an indirect gap, and
the band widths are smaller for LBO than for LBOF (at the
level of the B3LYP functional). This is different from earlier
calculations in which a direct gap was obtained22–24 ; see also
the review in Ref. 25.
B. Elastic properties of LBOF

For the optimized crystal structure of LBOF, the coefficients
of the elastic stiffness tensor cij (i, j = 1, 2, . . ., 6),

σi =
cij εj ,
(1)
j

and the bulk modulus B,
∂ 2E
∂P
=V
,
(2)
∂V
∂V 2
were calculated using the approach presented in Ref. 26. For
the calculation of one coefficient of the elastic stiffness tensor
cij or bulk modulus B, seven distortions in the range from −3%
to 3% were applied. The values of B and cij as calculated are
shown in Table II.
The bulk modulus Bv obtained on the basis of the calculated
components cij agrees satisfactorily with the magnitude of the
bulk modulus B:
B = −V

Bν = [(c11 + c22 + c33 ) + 2 · (c12 + c13 + c23 )]/9.

(3)

FIG. 4. Unit cell volume dependence of the absolute value of the
polarization P(V) of LBOF. The dashed line marks the computed
equilibrium geometry.

The components cij of the elastic stiffness tensor of LBOF
were calculated for the clamped and nonclamped crystals. As
expected, the cij values for the nonclamped crystal are smaller
than those for the clamped one, and the corresponding relative
differences reach 50% in the cases of c11 and c33 . The c22
value is the greatest, which agrees qualitatively with the spatial
arrangement of the boron rings in the crystal structure: we can
expect a smaller elastic compliance and higher elastic stiffness
for the directions lying approximately in the plane of the boron
rings.
C. Electric polarization and elastoelectric properties of LBOF

The electric polarization P of LBOF was calculated on the
basis of the Berry phase approach26,27 for different crystal unit
cell volumes V. According to this approach, the polarization
P of a crystal is the sum of the electronic Pel and ionic Pion
components,28


1
d rj(r ,t) = Pel + Pion .
(4)
P = dt
Vcell cell
The dependence of the polarization upon the unit cell
volume P(V) was analyzed (Fig. 4). At the equilibrium unit
cell volume V = 753.4 Å3 , corresponding to the optimized
crystal structure of LBOF, the polarization is equal to P =
−8.2×10−3 C/m2 . The absolute value of the polarization P
increases with decreasing unit cell volume V and achieves its
maximum at 670 Å3 . Here, the value of polarization is twice
as large as the one at the equilibrium volume (Fig. 4).

TABLE II. Bulk modulus B, elastic stiffness constants cij , and derivative bulk modulus Bv of LBOF in space group Pna21 (in 109 N/m2 ).
Crystal
Clamped
Nonclamped

B

Bv

c11

c22

c33

c12

c13

c23

c44

c55

c66

26.9
27.2

29.9

40.8
24.1

108.8
89.5

38.2
20.0

−3.5
−8.9

23.2

21.0

24.6

36.6

22.8
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TABLE III. Elastoelectric constants eik of LBOF (in 10−3 C/m2 ).

Clamped crystal
Nonclamped crystal

e31

e32

e33

e24

e15

57
−39.4

101
−18.5

165
171

166
—

167
—

Because the derivative of the polarization with respect to
the unit cell volume dP/dV at the equilibrium volume V =
753.4 Å3 (Fig. 4) has a large value, the pyroelectric coefficient
dP/dT in LBOF is also expected to be large, so there may
be a practical interest for the use of LBOF as the active part
of the detectors of IR radiation. If we estimate the thermal
expansion of LBOF as being equal to dV/V/dT = 10−5 K−1 (a
typical order of magnitude for similar solids), then, taking into
consideration the data in Fig. 4, the pyroelectric coefficient of
LBOF will be on the order of γ = dP/dT = 10−6 C/m2 /K.
This is ∼30 times smaller than for triglycine sulfate at room
temperature (0.32×10−4 C/m2 /K),29 which is widely used as
a good pyroelectric material.
The coefficients of the elastoelectric tensor eki of LBOF
were calculated using the approach described in Ref. 9,
eki =

|e|  dϕl
akl
,
2π V l
dεi

k, l = 1,2,3;

i = 1,2,...,6, (5)

where V and akl are, respectively, the undistorted unit cell
volume and component along the Cartesian axis k of the
direct lattice vector a l . According to Eq. (5), the elastoelectric
constants can be obtained by evaluating the phase ϕ as a
function of the deformation of the unit cell parameters. The
corresponding results for LBOF are presented in Table III.
The results obtained reveal significant differences between
the elastoelectric constants calculated for the clamped and
those calculated for the nonclamped crystals. For the clamped
crystal, all elastoelectric constants eik are positive. Taking
into account a negative magnitude of the polarization of
nonstrained LBOF, this means that an elongation of the crystal
in the orthogonal unit cell directions a, b, and c leads to the
decrease of the absolute value of the spontaneous polarization.
This conclusion agrees qualitatively with the results of the unit
cell volume dependence of the polarization (Fig. 4). For the
nonclamped crystal, however, two of the elastoelectric constants (e31 and e32 ) are negative but relatively small (Table III).
D. Linear and nonlinear optical properties of LBOF and
related materials

In view of the interest in boron-containing noncentrosymmetric crystals possessing good nonlinear optical
characteristics,3 30–32 we have calculated various optical properties. This was done to include several reference materials:
LBO, KDP Fdd2 (ferroelectric KH2 PO4 , space group Fdd2),
and KDP I 4̄2d (paraelectric KH2 PO4 , space group I 4̄2d).
LBO has a somewhat similar chemical composition to that
of LBOF, possesses the same space group, and has been
well studied because of its wide applications as a nonlinear
optical material.33,34 KDP Fdd2 displays the same point group
of symmetry mm2 (and therefore the same set of nonzero
(3)
components of the tensors χ (2)
ij k and χ ij kl ). KDP I 4̄2d shows

the point group symmetry 4̄2d. KDP was also chosen for
our comparative study because its nonlinear optical properties
were studied comprehensively in Ref. 18 and it is often used as
a reference material for second harmonic generation (SHG).
In Table IV, the following calculated linear optical
properties of LBOF, LBO, and KDP Fdd2 are displayed,
as obtained with various methods: the refractive index n =
ε1/2 = (χ (1) + 1)1/2 , the birefringence n, the acute angle
between the optical axes 2V, and the optical sign.35 The angle
V was calculated using

α
cos V =
β

γ 2 − β2
,
γ 2 − α2

(6)

where α, β, and γ are the principal refractive indices and α <
β < γ . The calculated values were obtained at the optimized
unit cell dimensions and fractional atomic coordinates.
The computed values of the refractive indices agree reasonably well. We observe that the density functional with the
largest gap gives the smallest value of the refractive indices,
which is to be expected (see, e.g., Ref. 39). This trend can be
seen when comparing the results for LDA, PBE, and B3LYP in
Table IV: the LDA gap is smallest, and the refractive index is
largest. The PBE gap is a bit larger, and the refractive index a
bit smaller. Finally, the B3LYP gap is largest, and the refractive
indices are smallest. However, the computed equilibrium
volume is different for the various functionals. These different
equilibrium volumes, depending on the functional, may indeed
affect the computed refraction indices. According to the
Lorentz-Lorenz (or Clausius-Mossotti) equation, the dielectric
function depends on the density: ε−1
= Kρ. This relation does
ε+2
not hold for the present orthorhombic crystal type, and the
polarizability that enters K also depends on the volume. Still,
it may serve as an estimate. Indeed, when we compute the
ratio of the computed equilibrium volumes of LBOF, on the
LDA and PBE level, we obtain a ratio of ρ (LDA) /ρ (PBE) = 1.11.
(LDA) ε−1 (PBE)
/ ε+2
≈ 1.08 for the
The corresponding ratio of ε−1
ε+2
various εx (h̄ω = 0), εy (h̄ω = 0), εz (h̄ω = 0) is close to the
previously mentioned ratio of the densities.
The maximal birefringence, however, is higher for LBOF,
|n12 | ≈ 0.08, in comparison to LBO, |n12 | ≈ 0.06, which
indicates a larger optical anisotropy, corresponding to a greater
anisotropy of the corresponding electronic system of LBOF.
Two other characteristics of optically biaxial crystals, the
sign (+ or −) and the acute angle between the optical axes
(2V), are important when analyzing optical anisotropies.35
In addition, the real and imaginary parts of the complex
dielectric permittivity ε(h̄ω) were computed for LBOF (Fig. 5).
The figure presented is obtained with a cutoff energy of
520 eV and 18 irreducible K-points. Tests with fewer (8)
and more (100) irreducible K-points, as well as tests with a
lower (500 eV) and higher (600 eV) cutoff energy gave similar
results, with deviations of the order of a few percent.
Having determined the dependences ε2 (h̄ω) for the three
principal directions of the optical indicatrix, we can estimate
the possibility of SHG. It is seen from Fig. 5 that SHG in
LBOF is expected to occur, because the same magnitude of the
refractive indices nx = nz is found for the reference and double
frequencies ω, e.g., for h̄ω = 1.85 eV and 2h̄ω = 3.70 eV.
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TABLE IV. Calculated refractive indices ni , birefringences nj k , optical sign, and acute angle 2V between the optical axes of LBOF, LBO,
and KDP Fdd2 for the principal directions of the optical indicatrix 1 ≡ [100], 2 ≡ [010], and 3 ≡ [001]. h̄ω corresponds to the photon energy,
Vc to the computed equilibrium volume, Eg to the gap.
Parameter
Compound Method Parameters

n1

n2

n3

|n12 |

|n13 |

|n23 |

Sign 2V (degree)

LBOF
CRYSTAL, B3LYP, CPKS
h̄ω = 0, Vc = 753.4 Å3 , Eg = 8.83 eV

1.397

1.484

1.424

0.087

0.027

0.060

+
69

LBOF
VASP, LDA, h̄ω = 0, Ecutoff = 525 eV
Vc = 676.47 Å3 , Eg = 6.22 eV

1.510

1.591

1.550

0.081

0.040

0.041

+
46

LBOF
VASP, PBE, h̄ω = 0, Ecutoff = 520 eV
Vc = 750.09 Å3 , Eg = 6.50 eV

1.468

1.547

1.494

0.079

0.026

0.053

+
72

LBO
CRYSTAL, B3LYP, CPKS, h̄ω = 0, Vc = 334.4 Å3 , Eg = 8.61 eV

1.476

1.539

1.520

0.063

0.044

0.019

−
64

LBO
VASP, PBE, h̄ω = 0, Ecutoff = 400 eV, Vc = 316.83 Å3 , Eg = 6.45 eV

1.629

1.689

1.652

0.060

0.023

0.037

+
77

LBO
(experiment)30
h̄ω = 1.5 eV
Eg ≈ 8.0 eV3
KDP Fdd2
VASP, PBE, h̄ω = 0, Ecutoff = 400 eV, Vc = 822.79 Å3 , Eg = 5.40 eV
KDP Fdd2
CRYSTAL, B3LYP, CPKS, h̄ω = 0, Vc = 816.90 Å3 , Eg = 7.82 eV
KDP Fdd2 (experiment)36,37
h̄ω = 2.105 eV
Eg > 7.6 eV38

1.569

1.610

1.595

0.041

0.026

0.015

−
73

1.512

1.484

1.447

0.028

0.065

0.037

1.422

1.405

1.364

0.017

0.058

0.041

1.516

1.504

1.470

0.012

0.046

0.034

−
80
−
63
—
61

Another precondition for SHG is a comparatively high
second order nonlinear electronic susceptibility χ (2) ,40 which
can be evaluated using the electric field dependence of the
dielectric susceptibility χ (F) = ε(F) − 1,41

where i, j, k, l, r = 1, 2, 3. The tensor χ (1)
ij has three principal
(1)
(1)
(1)
components, χ 11 , χ 22 , and χ 33 , corresponding to the three
principal refractive indices.35 In the crystals with inversion
symmetry or along the nonpolar directions, in the case of polar
crystals, the susceptibility χ does not change when inverting
the electric field; therefore, the even-order susceptibilities χ (2) ,
χ (4) , . . . are equal to zero in these cases. Some components of
(3)
(4)
the tensors, χ (2)
ij k , χ ij kl , and χ ij klr , may be equal to zero due to
symmetry conditions.42
For calculating all nonvanishing components of the second
order susceptibility tensor χ (2)
ij k of LBOF, LBO, KDP Fdd2,
and KDP I 4̄2d, we used the ABINIT code.20 This code
employs perturbation theory within the framework of the
independent particle picture.43 Quasiparticle effects are neglected, which may be important due to their influence on
the band gap, and have been suggested to be treated with,
e.g., the scissor operator approach, the GW (where the self
energy is approximated as the product of a Green function
G and a screened interaction W) approximation,44 or possibly
hybrid functionals.39 The corresponding results are gathered in
Table V. The calculations refer to the static limit, whereas the
experiments (see Sec. III F) are performed at a wavelength of
λ = 1064 nm (h̄ω = 1.165 eV), in the present case. From Fig. 5,
we can see that the linear optical response function shows a
relatively small dispersion in this range. In the case of LBO,45
we can similarly see that the second order susceptibility has
only a small dispersion in the photon energy range of 0–4 eV.

χij (F ) = χij(1) + χij(2)k Fk + χij(3)kl Fk Fl + χij(4)klr Fk Fl Fr + · · · ,
(7)

FIG. 5. (Color online) Spectra of real (ε1 ) and imaginary (ε2 )
parts of the dielectric permittivity ε(h̄ω) of LBOF for light polarizations along the principal directions X, Y, and Z of the optical indicatrix,
obtained using the VASP code, with LDA.
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TABLE V. Components of the linear susceptibility tensor χ (1)
ij and independent components of the second order susceptibility tensor dij k
(in 10−12 mV−1 ) for LBOF, LBO, KDP Fdd2, and KDP I 4̄2d. The calculated values χ (1)
ij and dij k were obtained using ABINIT code, with the
LDA.
Crystal
Parameter

LBOF

LBO

KDP Fdd2

KDP I 4̄2d

χ (1)
11 /calc.
χ (1)
11 /exp.

1.334
—

χ (1)
22 /calc.
χ (1)
22 /exp.

1.540
—

χ (1)
33 /calc.
χ (1)
33 /exp.

1.385
—

1.579
1.461430
(h̄ω = 1.5 eV)
1.737
1.593330
(h̄ω = 1.5 eV)
1.689
1.545430
(h̄ω = 1.5 eV)

1.460
1.298936,37
(h̄ω = 2.105 eV)
1.450
1.261436,37
(h̄ω = 2.105 eV)
1.175
1.160936,37
(h̄ω = 2.105 eV)

1.471
1.247330
(h̄ω = 1.4 eV)
1.471
1.247330
(h̄ω = 1.4 eV)
1.204
1.135930
(h̄ω = 1.4 eV)

d311 /calc.
d311 /exp.

0.029
—

−0.817
−0.6746

−0.427
0.846

—

d322 /calc.
d322 /exp.

0.255
—

1.092
0.8546

0.463
0.546

—

d333 /calc.
d333 /exp.

−0.235
—

−0.093
0.0442

0.022
<0.0242

—

d123 /calc.
d123 /exp.

—
—

—
—

—
—

0.458
0.3946

Therefore, the static limit of values (h̄ω = 0) should be a
sufficiently good approximation.
Concerning the accuracy, we performed test calculations
on the simpler system LBO. We find that varying the cutoff
energy between 490 and 760 eV changes the computed
values of the second order susceptibilities in a range of
∼10%. For d113 = d131 = d311 , we obtain values between
−0.800 and −0.850 (experiment: −0.6746 ); for d223 =
d232 = d322 , values are between 1.09 and 1.25 (experiment: 0.8546 ); and for d333 values, are between −0.081
and −0.141 (experiment: 0.0446 ).
Therefore, LBOF appears to be a promising candidate for
nonlinear optical conversion, including SHG. However, we
must take into account that the efficiency of SHG depends on
the whole set of nonvanishing components of the tensor χ (2)
ij k
(2)
(2)
(2)
(2)
(in the case of LBOF: χ (2)
=
χ
=
χ
and
χ
=
χ
113
131
311
223
232 =
(2)
(2) 41,42
χ 322 and χ 333 ).
E. Phase matching related to SHG in LBOF

For a principal realization of SHG in a crystal, the known
phase matching conditions PM1 and/or PM2 have to be
satisfied, in addition to the sufficiently high coefficients of
30
the nonlinear dielectric susceptibility, dij k = ( 21 )χ (2)
ij k . These
phase matching conditions are derived from the principle of
momentum conservation in a three photon process.30 The
phase matching condition PM1 leads to the relation
n||(2h̄w) = n⊥(h̄ω),

(8)

where n(2h̄ω) and n⊥(h̄ω) are refractive indices in the
spectral range of crystal transparency for two orthogonal
polarizations of the light electric field, F and F⊥ , respectively.

The phase matching condition PM2 concerns the interaction
of two orthogonal light polarizations.30 The photon energy
dependencies of refractive indices n1 (h̄ω), n2 (h̄ω), and n3 (h̄ω)
give the possibility of checking the phase matching conditions
PM1 and/or PM2, both of which are necessary for SHG. If
these conditions are satisfied, then the efficiency of SHG will
be directly proportional to the square of the respective effective
coefficients of the nonlinear dielectric susceptibility deff . The
susceptibility deff is a linear combination of all components of
the tensor dij k (i, j, k = 1, 2, 3). The coefficients of this linear
combination depend on the direction of light propagation,
satisfying the phase matching conditions.31,40,47
For the study of the phase matching conditions in LBOF,
we performed DFT-based ab initio calculations of the band
structure and of the real and imaginary parts ε1 (h̄ω) and ε2 (h̄ω)
of the dielectric function ε(h̄ω) using the VASP code.19 The
corresponding results for the photon energy dependences of
the refractive indices ni (h̄ω) (i = a, b, c) are presented in
Fig. 6, together with the analogous results for LBO. The
results obtained for the imaginary part of the dielectric function
ε2 (h̄ω) reveal a similar range of transparency for LBOF and
LBO, h̄ω < 7 eV.
On the basis of the photon energy dependences of the refractive indices ni (h̄ω) obtained for LBOF, we have calculated the
ranges of the angles  and  satisfying the phase matching
conditions PM1 and PM2 by using the respective relations
for biaxial crystals.47 The range of the fundamental photon
energy h̄ω of SHG and the corresponding energy h̄ω has been
obtained to be 0.7–2.3 eV. The corresponding results for the
photon energy h̄ω = 1.165 eV (λ = 1064 nm) are presented
in Fig. 7. The maximal angular ranges of phase matching
in LBOF were found to be for the energy h̄ω = 1.4 eV.
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FIG. 6. (Color online) Photon energy dependences of the refractive indices na (h̄ω), nb (h̄ω), and nc (h̄ω): LBOF computed with VASP
(LDA) is indicated by thick lines in the range of 0–6 eV, LBO
computed with VASP (LDA) is indicated by thin lines in the range
of 0–6 eV, LBO computed with CRYSTAL (B3LYP, only for h̄ω =
0) is indicated by horizontal lines, and experimental LBO (Ref. 3) is
indicated by squares (na ), circles (nb ), and triangles (nc ). na , nb , and
nc are refractive indices for the directions of the light polarization
along the unit cell edges a, b, and c.

FIG. 7. Phase matching angles of LBOF (LDA) for type I (PM1)
and type II (PM2) for the first photon energy h̄ω = 1.165 eV (λ =
1064 nm), plotted on the first quadrant.

There is a very sensitive dependence of the phase matching
angle on the refractive indices47 ; consequently, as the different
functionals give different refractive indices, the dependence
on the functional is also very strong.

IV. CONCLUSIONS

F. Experimental verification of SHG in LBOF

To verify SHG in LBOF experimentally, the corresponding measurements were performed using the SHG powder
technique.48 Samples of different size fractions were excited
by a pulsed Nd:YAG laser with a fundamental wavelength
of 1064 nm corresponding to a photon energy of 1.165 eV.
We applied 40 μJ pulses with a repetition rate of ∼20 Hz.
The generated SHG light was collected by an integrating
sphere and detected using a photomultiplier system with
appropriate pulse processing electronics. Fundamental light
was suppressed by an optical band-pass filter; second harmonic
light was identified by a set of optical edge filters. As standards,
KDP samples of identical geometry were chosen. The main
results of the powder measurements include the following:
(1) The fraction size dependence proves that LBOF indeed
shows phase matched SHG at a fundamental wavelength of
1064 nm.
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