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Birefringence plays a great role in phase matching of the nonlinear optical (NLO) crystals. Small
birefringence restricts various crystals from achieving deep-ultraviolet laser output although they
exhibit short UV cutoff edges and high second-harmonic generation (SHG) intensities. An access
to achieve deeper coherent light output through external pressure on NLO crystal, K3B¢O;(Cl is
proposed and demonstrated through computer experiment based on the first principles theory. The
“hot spot” in structure that determine the SHG effects and birefringence were highlighted. The
shortest achievable phase-matching wavelengths are predicted based on calculated refractive indi-
ces. It is found that the quasi-planar (B¢O;0)*~ group is the dominant contributing unit to optical
anisotropy. The pressure-induced increase of polarizability anisotropy of (B¢O0)>~ group can
notably enlarge birefringence which extends the shortest achievable wavelength of K3B¢O,(Cl fre-
quency conversion. The results show that pressure engineering may be a promising scheme to over-
come the drawback of small birefringence of some NLO crystals. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4906427]

Nonlinear optical (NLO) crystals are the key materials to
extend the working wavelength range of solid state laser
through frequency conversion and drive wide applications in
many fields."? As the continuous development of laser
micromaching, laser communication, and modern scientific
instrument (e.g., laser-based photoemission spectroscopy),
the ultraviolet/deep-ultraviolet (UV/DUV) NLO crystals are
increasingly required.”® However, the exploration of DUV
NLO crystals is a great challenge because of rigorous prereq-
uisites that include a wide transparency window down to the
DUV spectral region, a large second-harmonic generation
(SHG) effects and a sufficient birefringence to achieve phase
matchability. Consequently, the exploration of DUV NLO
materials exclusively limited within borates system which
possess both wide transparency and large SHG effects. Over
the past decades, continuous intensive studies have resulted
in the discovery of various NLO materials, such as ;-BaB,0y,
(BBO),” LiB;0s (LBO),® CsB;0s (CBO),”> CsLiB4Ojq
(CLBO),” KBe,BOsF, (KBBF) families,' MM'Be,B,OgF
(M = Na, M = Ca; M = K, M = Ca, Sr),'"' NaBeB;Oq
(NBBO) families,'> NaSr;Be;B;0oFs,"*  Sr,Be,B,0-
(SBBO),'* Ba,B;,0,0F,* and Li,Sr(BOs),."> Among them,
KBBF is the only practically usable DUV material to date
that satisfy the criteria mentioned above and can generates
coherent light of wavelength below 200nm by the direct
SHG. Unfortunately, KBBF is very poisonous and features a
strong layer growth habit.® Besides KBBF, various materials
exhibit short UV cutoff edges and high SHG intensities.
Typical examples include Ser4O7,16 BPO,4, LBO, CBO, and
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CLBO with UV cutoff edges of 120, 134, 160, 167, and
175 nm and SHG intensities of 8x, 2x, 3x, 2.5x and 2.7 x
KH,PO, (KDP), respectively. However, their relative smaller
birefringence’s compared to that of KBBF cause them impos-
sible to satisfy the phase-matching condition in the DUV
region. This shows birefringence plays a great role in phase
matching of the NLO crystals. Therefore, it is meaningful to
study optical anisotropy properties of NLO materials and
accordingly propose the method that can help us to enlarge
the birefringence and further achieve DUV output.

Recently, our group found a borate halide NLO material
series K3B4O ;10X (X = CI, Br)'"~!” that exhibits a large SHG
response and short wavelength UV cutoff edges (180 nm).
These results highlight K;B¢00X (X = Cl, Br) as a promis-
ing material series for NLO materials. However, until now,
there is no deep insight into the mechanism of NLO proper-
ties that is crucial to help us to improve the NLO properties
of the corresponding crystals. In this work, we systematically
analysis the NLO properties of K3B5017Cl (KBOC) and its
isostructure K3;Bs0;0Br (KBOB) based on the first-principles
theory. The “hot spot” that cause optical anisotropy and fur-
ther determine the shortest achievable phase-matching wave-
length were highlighted. Accordingly, an access to achieve
DUV coherent light output through external pressure is pro-
posed based on simulated experiment.

SHG tensor is a very important parameter to character-
ize NLO property. Started in the 1960s, some groups greatly
improved the evaluation methods to calculate SHG tensor
from the band structure.’*>* Aversa and Sipe’' used the
length-gauge in their derivation to give expressions free
from the unphysical divergence in the static limit.

© 2015 AIP Publishing LLC
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Afterward, Rashkeev et al.? rearranged the equations to
make Kleinman symmetry of SHG tensor more apparent.
Lin er al®® further rearranged Rashkeev’s zero-frequency
formula into Virtual-Hole (VH), Virtual-Electron (VE), and
Two-Bands (TB) contributions. It became more compact and
shows Kleinman symmetry more explicitly with its full per-
mutation indexes. The energy eigenvalues that appear as dif-
ferences in denominators are now separated by band gap, the
fact that no divergence could occur for insulator is therefore
transparent. The formula has been used to predict the SHG
coefficients of a large number of crystals.” It has been
noticed that in these early works the contribution from the
Two-Bands process is so small that can be neglected.
Incidentally, we were able to prove that Two-Bands term
cancel exactly? (the detail is given in the supplementary ma-
terial*). The long-term suspicions of why Two-Bands con-
tribution in SHG is so small compared with the other two
(VE and VH) is finally settle down. In the present work, we

use the following formula for calculating the SHG
coefficients:
2 2 2
1y = Xy (VE) + 75, (VH), ()
3 3
(2) e d’k [ B oy }
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Here, o, f§, and y are Cartesian components, v and V'
denote valence bands, ¢ and ¢’ denote conduction bands, and
P(ofy) denotes full permutation. The band energy difference
and momentum matrix elements are denoted as /;; and P,
respectively.

The electronic and band structures as well as linear optical
property calculations were performed by employing
CASTEP,* a plane-wave pseudopotential density functional
theory (DFT) package, with the norm-conserving pseudopoten-
tials (NCP).?” The exchange-correlation functional was
Perdew-Burke-Emzerhoff (PBE) functional within the general-
ized gradient approximation (GGA).?® The plane-wave energy
cutoff was set at 900.0 eV. Self-consistent field (SCF) calcula-
tions were performed with a convergence criterion of
0.5 x 10~ ®eV/atom on the total energy. The k-point separation
for each material was set as 0.025 A~ in the Brillouin Zone,
resulting in corresponding Monkhorst-Pack k-point meshes
6 x 6 x 6. There are 168 empty bands (3 times of valence
bands) involved in the calculation to ensure the convergence of
SHG coefficients.

KBOC and KBOB crystallize in the thombohedral space
group R3m. As shown in Figure 1, the structure of the KBOC
crystal is composed of two networks. The first one is the
[BsO10lo network connected by hexaborate B¢O;3 units
through their vertices. The second one is the CIK¢ network, in
which the CIK¢ units are linked together through sharing
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FIG. 1. The 3D framework of KBOC along c direction with BO;3 unit and
CIKg units.

potassium atoms to create a perovskite framework. The whole
structure is analogous to the mineral perovskite CaTiOs, the
B¢O13 units occupy the positions of the calcium cations, and
the CIK octahedra are similar to the TiOg octahedra.

The band structures of KBOC and KBOB calculated
along selected high symmetry k-points within GGA using
the first-principles method are similar to each other due to
their isomorphic structures. They are both direct gap materi-
als with calculated band gaps of 5.31 and 5.26 eV, which are
relatively smaller than experimental band gaps (6.8 and
6.4eV) resulting from discontinuity of exchange-correlation
energy functional. These differences will be corrected using
a so-called scissors energy shift when evaluating optical
properties based on DFT band structure calculation results.

Using Eq. (1), the SHG coefficients of KBOC and
KBOB are calculated from band wave functions. The KBOC
and KBOB belong to Cj, point group and, owning to sym-
metry restriction, there are three independent elements: d,,,
ds;, and d33. The calculated results are listed in Table 1. The
largest tensor component is d,, which is about 2.6 and 3
times that of KDP ((|d36(1064 nm)| = 0.39 pm/V) for KBOC
and KBOB, respectively. d3; is very small for both KBOC
and KBOB. Zhang et al."® and Xia et al.*® measured the
SHG coefficients of KBOB using Maker fringe method, as
listed in Table I. One can find that the calculated results are
in well agreement with the experimental ones in both abso-
lute value and relative order.

To investigate the respective contribution of each
electron state at spectral representation and identify the
NLO-active units at spatial distribution, the band-resolved®’
and SHG-density’' methods are adopted here. The biggest
tensor d,, is analyzed and the results are drawn in Figure 2.
In valence bands, the non-bonding 2p orbitals of oxygen

TABLE I. Calculated SHG coefficients with a correction of the band gap by
using a scissor operator of KBOC and KBOB, and the experimental SHG
coefficients measured by Maker fringe method of KBOB (unit: pm/V).

Crystal dy ds3 ds

KBOC Present calculation —1.033 0.488 —0.033

KBOB Present calculation —1.169 0.627 0.003
Expt."? 0.83 0.51 Too small
Expt.? 1.23 0.43 Too small
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FIG. 2. (a) The partial density of states (PDOS) of KBOC and the band-
resolved results of y,,. The diagonal area marks the 3p orbitals of chlorine.
(b) The non-bonding 2p orbitals of oxygen and 7 anti-bonding orbitals of
BO; substructure make major contribution to y,, in valence and conduction
bands, respectively. The VE process is analyzed using SHG density method
because it dominates the SHG in the crystals studied (larger than 94% to
both KBOC and KBOB).

make major contribution. In addition, the 3p orbitals of chlo-
rine near Fermi level also make an apparent contribution
(shown as marked region in Figure 2(a)). As to conduction
bands, the NLO-active states disperse in a wide range and
the remarkable states located around 7 eV which is character-
ized by 7 anti-bonding orbitals composed of 2p states of
three-fold coordination boron and oxygen.*> In both occu-
pied and unoccupied states, halogen atoms make significant
per-atom contribution. The NLO mechanism of KBOB is
similar to that of KBOC. For both KBOC and KBOB, the

TABLE II. Analysis of the SHG coefficients and birefringence using real-
space atom-cutting method (unit in pm/V).

Crystal  Contributions dys dss ds; An
KBOC K" —0.023 0.201 —0.060  0.009(CIKg)
Cl™ —-0.075  —0.033 0.040

(BsO10)>~ —0.947 0.438  —0.081 0.047
Sum —1.045 0.606  —0.101
Origin —1.033 0.488  —0.033 0.047
KBOB K" —0.048 0.136  —0.062  0.011(BrKg)
Br —0.123 0.098 0.104
(BO10)*~ —1.026 0417  —0.119 0.047
Sum —1.197 0.651 —0.077
Origin —1.169 0.627 0.003 0.049

Appl. Phys. Lett. 106, 031906 (2015)

non-bonding 2p orbitals of O atoms in occupied states and
the © anti-bonding orbital of BO3 substructure is the major
source. Besides, the per-atom contribution of halogen is
significant.

Table II shows the respective contributions of (B6010)27
group, K™ and halogen of KBOC and KBOB using the real-
space atom-cutting method. In all SHG contributions to d,,,
(B4O10)* " is found to be the major origin (90.6% and 85.7%
for KBOC and KBOB, respectively). CI~ and Br~ are the
second large source that is about 7.2% and 10.3%, respec-
tively. The contribution of K is very small. As to d33 and d,»,
the contribution of (BgO;0)>~ becomes small comparing to
that in d,, due to the restriction of the symmetry33 of quasi-
planar (B¢O10)>~ and result in the decrease of total value.
The changes of the contribution of K™ and C1~/Br ™ are small
comparing to that in d,,. On the whole, (BGOm)z* dominate
the large tensors, such as d,, and ds3, but it does not in small
tensor d3; due to the restriction of symmetry both in KBOC
and KBOB. Br~ exhibit a slightly larger SHG contribution
than CI™ in all the tensors.

Besides NLO effects, a sufficiently large birefringence
for phase-matching is another important prerequisity. The
calculated dispersion curves of the refractive indices n. and
n, using DFT method are plotted together with the experi-
mental data'®'" in Figure 3(a). The calculated results are
slightly larger than experimental one. Nevertheless, it shows
an excellent agreement between calculation and experiment
after slightly shifting the calculated curve down. The results
illustrate that DFT method excel at predict birefringence and
chromatic dispersion of refractive indices to the title materi-
als and hence the shortest achievable phase-matching wave-
length (4), which satisfy ny(1) — n.(4/2)=0, simply
because A, only depends on the birefringence and chromatic
dispersion.

KBOC and KBOB exhibit similar birefringence but the
former can achieve a shorter phase-matching region. As we
know, beside large birefringence, small chromatic dispersion
is beneficial to phase-matching. Therefore, the dispersion
powers (dn/d4) of experimental and predicted refractive indi-
ces are calculated. As shown in Figure 3(b), KBOC shows a
smaller dispersion power, which causes KBOC reaching a
shorter achievable phase-matching wavelength comparing to
KBOB. When the band gap of KBOB is shifted up to be
equal to KBOC using a scissors operator, the dispersion
power decrease and be comparable to that of KBOC. It
reveals that the larger band gap of KBOC results in a smaller
chromatic dispersion, which further leads to a shorter achiev-
able phase-matching wavelength comparing to KBOB. This
identifies KBOC as a better NLO material to achieve a
shorter wavelength output comparing to KBOB.

As shown in Table II, (B¢O,0)*>~ dominate the contribu-
tion to anisotropy, while XKg (X=CIl, Br) is small.
Therefore, an access to increase the optical anisotropy by
changing the structure anisotropy of (B¢gO10)*~ group is pro-
posed. We apply stress along z-direction to KBOC and
investigate the variation of its birefringence. The calculated
birefringence under various z-direction pressures are given
in Figure 3(c). It increases linearly from 0.049 to 0.086 at
700 nm when the z-pressure increases from 0 to 10 GPa. The
hydrostatic pressure is also applied. As shown in Figure 3(d),
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the birefringence increase, like z-direction pressure mode,
with the enhancement of pressure. The calculated birefrin-
gence increase from 0.049 to 0.059 at 700nm when the
hydrostatic pressure increase from 0 to 10 GPa. Based on the
calculated refractive indices under 10 GPa pressure, the coef-
ficients in Sellmeier equations were fitted (the Sellmeier
coefficients are listed in Table SI in the supplemental mate-
rial*®) and the phase-matching angles for type I as a function
of fundamental wavelength are predicted. As shown in
Figure 4, the shortest achievable wavelengths by type I SHG
are 216 and 239 nm, which are less than the result predicted
without pressure. The pressure strategy can effectively
increase the birefringence and accordingly extend the short-
est achievable wavelength of KBOC.

According to the well-known Lorentz-Lorenz relation-
ship,” the refractive indices are related to the polarizability of

-
o
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FIG. 4. The phase-matching angles for type I as a function of fundamental
wavelength. The predicted shortest achievable phase-matching wavelength
of KBOB based on calculated refractive index is in excellent agreement
with that of experimental refractive index. The shortest achievable wave-
lengths of KBOC are obviously blue-shifted (10 GPa hydrostatic pressure,
orange; 10 GPa z-direction pressure) compared with non-pressure one.

400 500 600 700

Wavelength (nm)

materials. To further explore the reason of pressure-induced
change of birefringence, we calculated the polarizabilities o/,
and o, of (BgOy3) 2 group using the DFT method imple-
mented by the Gaussian09 package®* at 6-31 G level. The cal-
culated results of fragments from zero-pressure and 10 GPa are
listed in Figure S1 in the supplementary material.> One can
define the optical anisotropy as = o — o, /.35 The calculated
optical anisotropy are dg= 11.7 (no stress), o, = 14.0 (10 GPa
hydrostatic pressure), and ¢, =23.9 (10 GPa z-direction pres-
sure), which are proportional to corresponding birefringence of
0.049, 0.059, and 0.086. One can see that the construction of
(BgOy3) 2 group are squashed to become more planar with the
increase of pressure. Therefore, the optical anisotropy of the
(B6O13) % increase with structural change under pressure that
further results in the increase of birefringence of the crystal.

In summary, the systematically analysis to KBOC and
KBOB give a deeper insight into the mechanism of NLO
effects based on the first principles theory. The SHG coeffi-
cients are calculated by static limit formula. The calculated
results are in well agreement with the experimental ones in
both absolute value and relative order. The “hot spot” that
determine the SHG effects of KBOC and KBOB were high-
lighted using our band-resolved weighted density method.
For both the KBOC and KBOB, the transition between non-
bonding 2p orbitals of O atoms in occupied states and the ©
anti-bonding orbital of BO; substructure is the major source.
In addition, halogen atoms make significant per-atom contri-
bution. Furthermore, dispersion curves for refractive indices
were calculated and then fitted using the Sellmeier equations.
Based on this, we predict the shortest achievable phase-
matching wavelength of KBOC and further identify KBOC
as a better NLO material to achieve a shorter wavelength
output comparing to KBOB due to larger band gap of
KBOC. The quasi-planar (BﬁOm)z* group is found to be the
dominant contributor to optical anisotropy using atom-
cutting analysis method. Based on computer experiment,
application of external pressure is proposed to achieve
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deeper coherent light output. We also predicted that
pressure-induced increase of polarizability anisotropy of
(B¢O10)>~ group can notably enlarge birefringence which
extends the shortest achievable wavelength of KBOC. The
results show that pressure engineering may be a promising
scheme to enlarge birefringence and further achieve deeper
coherent light output of some NLO crystals.
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