SKYPHAJT ®T3MTHUX JOCIIYKEHD
T. 24, No 4 (2020) 4708(3 c.)

JOURNAL OF PHYSICAL STUDIES
v. 24, No. 4 (2020) 4708(3 p.)

NONLINEAR OPTICAL EFFECTS IN CRYSTALS OF LANGASITE FAMILY

N. Y. Ftomyn'

, Ya. I. Shopa?

' Tvan Franko National University of Lviv, Faculty of Physics,
Department of General Physics, 19, Drahomanov St., Lviv, UA-79005, Ukraine,
2 Cardinal Stefan Wyszyhski University in Warsaw, 5, Dewagtis St., 01-815 Warsaw, Poland,
e-mails: nazar.ftomyn@lnu.edu.ua, i.shopaQuksw.edu.pl
(Received 17 September 2020; in final form 18 November 2020; accepted 24 November 2020;
published online 18 December 2020)

A calculation technique based on the Dipole Electron Shifting model is applied to investigate
the nonlinear optical properties of the crystals of langasite family. The di1 component of nonlinear
optical susceptibility tensors is determined for LazGasSiO14, CazGazGesO14, LasGas5Tag.5014
LasGas.5Nbo.5014 crystals. The results of the calculations are compared with the experimental

ones, described in literature.
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I. INTRODUCTION

In recent years, researchers have become increasi-
ngly interested in investigating new nonlinear optical
(NLO) materials effective in the wide spectral regi-
on. The crystals of langasite family (La3GasSiO14,
CazGagGesO14, LazGas5Tag 5014, LagGassNbos01y4,
etc) are promising in the application in the midinfrared
region (they are transparent up to 7 ym) [1]. They also
attract great interest as systems with unique physical
properties, e.g., dielectric, elastic, piezoelectric, etc [2, 3].
The structural studies [4-6] have demonstrated that the
crystalline systems under interest belong to the space
symmetry group P321 (Z = 1). They are optically
uniaxial, optically positive (n. > n,, with n. and n,
being respectively the extraordinary and ordinary
refractive indices) and optically active (their gyration
tensor g;; is diagonal, with two independent components
g11 = goo and g33). The optical activity of the some of
these crystals are studied in [3, 7-11].

Nonlinear optical properties of crystals of the langasi-
te family were widely investigated and reported in
the works [1, 12-14]. The second harmonic generation
effect is observed and d;; coefficients were measured
for LagGa5SiOl4, CagGagGe4Ol4, LagGa5_5Ta0_5014,
LagGa5_5Nb0,5Ol4 e.g., in [12] (d11 = 1.7 x 10712 HI/V
for LagGasSiO14). It is necessary to note that there
are no possibility to obtain the phase-matching condi-
tions for LazGasSiO14 crystals in the range from 500 to
2500 nm [14] (in contrast, the directions of the phase-
matching were investigated and experimentally determi-
ned in [13] for LagGa5_5Tao,5014 materials).

It is well known that for nonlinear crystals the polari-
zation P can be expressed as [15]:

P, = EOXijEj + ZdijkEjEk + ...+ (1)

Here E; denotes the jth component of the electric fi-
eld, x;; the linear susceptibility, d;;; the second-order
nonlinear optical susceptibility, €y the permittivity of free
space.
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The aim of our work is to calculate the NLO
parameters (NLO susceptibility tensor components) of
some crystals of the langasite family by using the method
expressed in [17].

II. CALCULATION METHOD

It is well known that the calculation method based on
the classical polarizability theory of optical activity [16]
can be extended to determine the parameters of NLO
effects (electrogyration, electro-optic effect and second-
harmonic generation) [17]. There is the so-called DES
(Dipole—dipole interaction electron-cloud shifting) model
of calculations. The results of the applications of the DES
available in literature [17-20] indicate the validity of the
theoretical calculations based on this approach.

In the DES model, the virtual shift x of the electron
cloud of the selected atom is directly proportional to
its electronic polarizability o (x; = (8gq/€) Z oz;»jEJ]»“lght,

J
where e is the electron charge, o’ = a/4me the electronic
polarizability volume, EL2ht the field of light wave) [18].
As a result, the coefficients d;;, of NLO susceptibility
tensor could be determined via relation [18]:

eij (EVEM) — 55 (0) =2 dijn B (2)
k

oo . Light
Here ¢;; denotes relative dielectric constants, E; """ the

kth component of the field of light wave, and 0 refers to
relative dielectric constants without electric field.

We have created our own software (the C+-+
programming language was used) for calculating
the electro-optic [22] and NLO susceptibility tensor
components. In addition, our program was tested,
in particular, for SiO,, D-mannitol (CgH;40¢), and
KH3;PO, (KDP) crystals (we have obtained almost the
same values of d;;; tensor components, as expressed
in [17, 18]). The errors of the calculations did not
normally exceed 5% for the d;j;. In contrast, there is the
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WinOPTACT software [21] for calculating the refracti-
ve and gyrotropic parameters of crystals based on the
polarizability theory of optical activity [16].

III. THE ELECTRONIC POLARIZABILITY
VOLUMES AND RESULTS OF THE
CALCULATION

consider the results of the calculati-
ons performed for LazGasSiO14, CazGasGeysOqy,
LagGa5,5Ta0,5014 and LagGa5,5Nb0‘5014 crystals,
respectively. The values of electronic polarizability
volumes have been determined for these materials
in [7, 8, 22] using the good correlation between the
calculated and observed refractive indices and optical
rotation in the direction of the optical axis. It is
necessary to note that excellent agreement between
the calculated and measured [7, 9] (the high-accuracy
polarimetry method has been applied) optical rotation
in the direction perpendicular to the optical axis for
CazGasGeyO14 and LazGasSiOq4 crystals is reported.

The Lorentz—Lorenz equation [23] has been used
to obtain the o' for the wavelength of light A =
1064 nm (this wavelength of light is typically used
in the second harmonic generation experiments). This
method of determinatinf the wavelength dependence
of electronic polarizability volumes has earlier been
used for e.g., SIOQ [16], LagGa5SiO14, Ca3G32G64014,
LagGas 5Tag 5014 [7, 8, 22]. As a result the follow-
ing values of o are estimated: of, = 1.557 A3,
af, = 0325 A3 ol = 0.561 A% o, = 1.725 A3
(LazGasSiO14), ap, = 1.121 A3 af, = 0.262 A3,
o, = 0.240 A3 o = 1.633 A3, (CazGayGeysO14),
of, = 1.996 A3 af, = 0412 A3 of, = 0.902 A3
o = 1.731 Af (LagGas 5Tag5014), af, = 1.941 Af,
g, = 0428 A3 af,, = 1.022 A3, af, = 1.742 A3
(LazGas 5Nbg 5014), respectively. Because the consi-
dered systems belong to disordered materials, the polari-
zability volumes of the atoms occupying mixed la, 2d
and 3f Wickoff positions have been determined via
the relations depending on site occupancy factors [4—
6]: 0.5Ga + 0.5Si (2d, LagGasSiO14), 0.4Ga + 0.6Ge and
0.53Ga+ 0.47Ge (la and 3f, CagGasGesO14), 0.55Ga+
0.45Ta (1a LagGa5.5TaO,5014) 0.48Ga + 0.52Nb (].CL
LagGa5,5Nb0,5Ol4).

Since the point symmetry group of the investigated
crystals is 32, the NLO susceptibility tensor can be wri-
tten [15]:

Let us

din —din 0 diga O 0
0 0 0 0 —d14 —d11 . (3)
0 0 0 O 0 0

dij =

Here contracted indices are used: 1 = (11), 2 = (22),
3 =(33), 4 = (23) = (32), etc. As a result, there are
only two dy; and di4 nonzero independent components,
respectively.
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The calculated di; components for LazGasSiO1q4,
CazGasGeyOq4, LazGassTag 5014, LazGas5Nbgs5014
crystals are shown in Table 1.

As can be seen from the data in the Table 1, the
results of the calculations are in excellent agreement
with the experimental ones for LazGasSiOi4 and
CagGag Ge4014 crystals, in contrast to LagGa5,5Ta0,5Ol4
and LagGas 5Nbg 5014 (the value of the calculated dqq
coefficients are approximately 4 times smaller). It may
probably be explained by the application of the unsati-
sfactory sets of electronic polarizability volumes of the
ions for these materials. In addition, the o’ of ions for
LagGasSiO14 and CazGagsGesO14 were determined using
the experimental results of the optical activity in the di-
rection parallel and perpendicular to the optical axis. As
a result, the complete information about the gyrotropic
properties of investigated materials is necessary for the
correct calculation of the parameters of NLO effects in
DES approach.

Crystal di1, 10712 m/V  di, 10712 m/V
Experimental results
LazGasSiO14 1.48 1.7%, 1.86°
CazGasGesO14 0.82 0.9¢
LazGas.5Tag.5014 0.60 2.3%, 2.4¢
LazGas.5Nbg.5014 0.61 2.6

a[12], b [1], ¢ [13]

Table 1. Results of calculations

IV. CONCLUSIONS

1. Components of the nonlinear optical susceptibility
tensor of some crystals of the langasite family have
been calculated using the dipole—dipole interaction
model. Good correlation between the experimental
(expressed in literature) and calculated parameters
is reported for LazGasSiO14 and CazGasGesOqy
crystals.

2. The values of the calculated di; coefficients
are approximately four times smaller than the
experimental ones for both LazGas 5Tag.5014 and
LagGas 5Nbg 5014 crystals. It may be explained
by the application of the unsatisfactory sets of
electronic polarizability volumes of the ions for
these materials.

3. To obtain correct values of the nonlinear opti-
cal susceptibility, the magnitude of the electronic
polarizabilities should be determined according to
complete information about the optical activity of
the investigated material.
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HEJIIHIVTHO OIITUYHI EPEKTHU B KPUCTAJIAX POAVHU JIAHTACUTIB

H. €. ®romun’, 4. I. Mlona?
L Tveiscorut nayionasvrul ynisepcumem imens Isana Ppanka, disuwnul dakyiomem, xadedpa 3azarvroi disury,
eys. Apazomanosa 19, J/Iveis, 79005, Yrpairna
2 Vuisepcumem xapdunana Cmegdana Buwuncorozo, eya. Jesatimic 5, Bapwaea, 01-815, Horvua

Pospaxyukosuii meron, mo 6asyerbcs na DES-moueni (Dipole Electron Shifting), sukopucrano s
JOCJTT?KEHHS HEIiHIHO-ONTUYHUX BJIACTHBOCTEN KPUCTAIIB POJIUHN JAHTACUTIB. Y MEYKaX IHOTO T IXOITy
TAKOXK MOXKHA, PO3PAXOBYBATH MMAPAMETPH TAKUX ONTUYHUX €(EKTiB, K eJeKTPOripaliis, eJeKTPOOITH-

9HUA edekT ToII.

Busnadeno di1-KOMIIOHEHTY TE€H30PiB HeiHIfHO-OnTHYHOI cupuiinsarauBocti kpucraiis Las3GasSiOqy
(1.48 x 10712 M/B), CazGasGes Oy (0.82 x 10712 M/B), LasGas 5Tag 5014 (060 x 10712 M/B),
LagGas 5Nbg 5014 (0.61 x 107!2 v/B) 3 Bukopucrannam indopwmarii mpo iXHIO KpHCTaTiuHy CTPYKTY-
Py Ta eneKTpoHHI mosspu30BHOCTI. OCKIIBKY JOCTIKYBaHl 00’€KTH € PO3YTNOPSITIKOBAHUMH, €JIEKTPOHHI
TMOJITPU30BHOCTI HOHIB y Kpucrajorpadiuynnx no3umisx la, 2d ta 3f po3paxoByBayn 3TiHO 3i CTATHUCTHU-
koo ix zamosuenns (2d: 0.5Ga + 0.5S1 — LazGasSiOq4, la: 0.4Ga + 0.6Ge ta 3f: 0.53Ga + 0.47Ge —
Ca3Ga2G64014, la: 0.55Ga + 0.45Ta — LagGa5_5Tao.5014, la: 0.48Ga + 0.52Nb — LagGa5_5Nb0.5014)
Jis BiAnoBiaaux Kpuctamis. Kpim Toro, aia o0YucIeHHsT BeIUYUH HOJIAPU30BHOCTEHN TS TOBXKUHA XBHUJI1
1064 HM BUKOPUCTOBYBAJM CriBBigHOMEeHHS JlopeHTIl-JlopeHtia.

Busnadgeni B 1iit poboTi BenmuwaM d11 MOPIBHSIN 3 €KCIEPUMEHTAJIHHUMU [TAHUMU, HASBHUMU B JIi-
teparypi. na kpucranis LagGasSiOq4 Ta CazGasGesO14 OTpEMAHO JOCTATHBO J00PE Y3TOMKEHHST MiXK
pe3y/jibraraMi po3paxyHKiB Ta ekcuepumenToMm. Haromicrs ana LazGag sTag 5014 Ta LagGas 5Nbg5014
00YNCIEH] KOMIIOHEHTH TEH30PiB HEJIHIHHO-ONTUYHOI CIPUHHATIIMBOCTI CyTTEBO BiAPI3HAIOTHCS BiI JiTe-
parypHux (po3paxoBani 3uadenHs di1 npubau3HO B 4oTUpy pa3u Menini). 110 ocobnusicTs MOXKHA, NOACHU-
TH BUOOPOM HETOYHHUX BEJWIHH €EKTPOHHUX MOJIAPU30BHOCTEN i MuX 00’ €KTiB, OCKLIbKH iH(OpMAITis
IIPO OITUYHY aKTUBHICTH y HAIIPAMKAX, BIAMIHHUX BiJl OITUYHOL OCl, /IS 1IUX KPUCTAJIB BiJICyTHS.

KurrouoBi ciioBa: HeqiHiliHA ONTHKA, TOJISIPU30BHOCTI, JJAHTACUTH.

4708-3


https://doi.org/10.1155/2017/2980274
https://doi.org/10.1155/2017/2980274
https://doi.org/10.1134/S1063774507050069
https://doi.org/10.1134/S1063774507050069
https://doi.org/10.1134/1.2049391
https://doi.org/10.1007/s10789-005-0145-6
https://doi.org/10.1007/s10789-005-0145-6
https://doi.org/10.5277/oa130202
https://doi.org/10.4028/www.scientific.net/SSP.200.129
https://doi.org/10.4028/www.scientific.net/SSP.200.129
https://doi.org/10.1364/JOSAA.34.000943
https://doi.org/10.1364/JOSAA.34.000943
https://doi.org/10.1134/S1063774515060140
https://doi.org/10.1134/S1063774515060140
https://doi.org/10.1134/S1063774518020104
https://doi.org/10.1134/S1063774518020104
https://doi.org/10.1002/pssa.2211120172
https://doi.org/10.1364/OL.39.004033
https://doi.org/10.1364/OL.39.004033
https://doi.org/10.1143/JJAP.36.6159
https://doi.org/10.1143/JJAP.36.6159
https://doi.org/10.1107/S0108767386098732
https://doi.org/10.1107/S0108767386098732
https://doi.org/10.1524/zkri.1997.212.4.283
https://doi.org/10.1524/zkri.1997.212.4.283
https://doi.org/10.1088/0022-3727/31/7/003
https://doi.org/10.1088/0022-3727/31/7/003
https://doi.org/10.1088/0034-4885/63/10/201
https://doi.org/10.1088/0034-4885/63/10/201
https://doi.org/10.3390/molecules15010554
https://doi.org/10.3390/molecules15010554
https://doi.org/10.1107/S0021889802013997
https://doi.org/10.1107/S0021889802013997
https://doi.org/ 10.12693/APhysPolA.133.933
https://doi.org/ 10.12693/APhysPolA.133.933

	Introduction
	CALCULATION METHOD
	THE ELECTRONIC POLARIZABILITY VOLUMES AND RESULTS OF THE CALCULATION
	CONCLUSIONS
	

