
ÆÓÐÍÀË ÔIÇÈ×ÍÈÕ ÄÎÑËIÄÆÅÍÜ

ò. 24, � 4 (2020) 4708(3 ñ.)

JOURNAL OF PHYSICAL STUDIES

v. 24, No. 4 (2020) 4708(3 p.)

NONLINEAR OPTICAL EFFECTS IN CRYSTALS OF LANGASITE FAMILY

N. Y. Ftomyn1 , Ya. I. Shopa2
1Ivan Franko National University of Lviv, Faculty of Physics,

Department of General Physics, 19, Drahomanov St., Lviv, UA�79005, Ukraine,
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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 d11 component of nonlinear
optical susceptibility tensors is determined for La3Ga5SiO14, Ca3Ga2Ge4O14, La3Ga5.5Ta0.5O14

La3Ga5.5Nb0.5O14 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 e�ective in the wide spectral regi-
on. The crystals of langasite family (La3Ga5SiO14,
Ca3Ga2Ge4O14, La3Ga5.5Ta0.5O14, La3Ga5.5Nb0.5O14,
etc) are promising in the application in the midinfrared
region (they are transparent up to 7 µm) [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 (ne > no, with ne and no
being respectively the extraordinary and ordinary
refractive indices) and optically active (their gyration
tensor gij is diagonal, with two independent components
g11 = g22 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
e�ect is observed and d11 coe�cients were measured
for La3Ga5SiO14, Ca3Ga2Ge4O14, La3Ga5.5Ta0.5O14,
La3Ga5.5Nb0.5O14 e.g., in [12] (d11 = 1.7 × 10−12 m/V
for La3Ga5SiO14). It is necessary to note that there
are no possibility to obtain the phase-matching condi-
tions for La3Ga5SiO14 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 La3Ga5.5Ta0.5O14 materials).
It is well known that for nonlinear crystals the polari-

zation P can be expressed as [15]:

Pi = ε0χijEj + 2dijkEjEk + . . .+ . (1)

Here Ej denotes the jth component of the electric �-
eld, χij the linear susceptibility, dijk the second-order
nonlinear optical susceptibility, ε0 the permittivity of free
space.

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
e�ects (electrogyration, electro-optic e�ect 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 α (xi = (8ε0/e)
∑
j

α′ijE
Light
j ,

where e is the electron charge, α′ = α/4πε0 the electronic
polarizability volume, ELight the �eld of light wave) [18].
As a result, the coe�cients dijk of NLO susceptibility
tensor could be determined via relation [18]:

εij
(
ELight

)
− εij (0) = 2

∑
k

dijkE
Light
k . (2)

Here εij denotes relative dielectric constants, E
Light
k the

kth component of the �eld of light wave, and 0 refers to
relative dielectric constants without electric �eld.
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 SiO2, D-mannitol (C6H14O6), and
KH2PO4 (KDP) crystals (we have obtained almost the
same values of dijk tensor components, as expressed
in [17, 18]). The errors of the calculations did not
normally exceed 5% for the dijk. 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

Let us consider the results of the calculati-
ons performed for La3Ga5SiO14, Ca3Ga2Ge4O14,
La3Ga5.5Ta0.5O14 and La3Ga5.5Nb0.5O14 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
Ca3Ga2Ge4O14 and La3Ga5SiO14 crystals is reported.
The Lorentz�Lorenz equation [23] has been used

to obtain the α′ for the wavelength of light λ =
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., SiO2 [16], La3Ga5SiO14, Ca3Ga2Ge4O14,
La3Ga5.5Ta0.5O14 [7, 8, 22]. As a result the follow-
ing values of α′ are estimated: α′La = 1.557 �A3,

α′Ga = 0.325 �A3, α′Si = 0.561 �A3, α′O = 1.725 �A3

(La3Ga5SiO14), α
′
Ca = 1.121 �A3, α′Ga = 0.262 �A3,

α′Ge = 0.240 �A3, α′O = 1.633 �A3, (Ca3Ga2Ge4O14),

α′La = 1.996 �A3, α′Ga = 0.412 �A3, α′Ta = 0.902 �A3,

α′O = 1.731 �A3 (La3Ga5.5Ta0.5O14), α
′
La = 1.941 �A3,

α′Ga = 0.428 �A3, α′Nb = 1.022 �A3, α′O = 1.742 �A3

(La3Ga5.5Nb0.5O14), respectively. Because the consi-
dered systems belong to disordered materials, the polari-
zability volumes of the atoms occupying mixed 1a, 2d
and 3f Wicko� positions have been determined via
the relations depending on site occupancy factors [4�
6]: 0.5Ga+ 0.5Si (2d, La3Ga5SiO14), 0.4Ga+ 0.6Ge and
0.53Ga+0.47Ge (1a and 3f , Ca3Ga2Ge4O14), 0.55Ga+
0.45Ta (1a La3Ga5.5Ta0.5O14) 0.48Ga + 0.52Nb (1a
La3Ga5.5Nb0.5O14).
Since the point symmetry group of the investigated

crystals is 32, the NLO susceptibility tensor can be wri-
tten [15]:

dij =


d11 −d11 0 d14 0 0

0 0 0 0 −d14 −d11
0 0 0 0 0 0

 . (3)

Here contracted indices are used: 1 = (11), 2 = (22),
3 = (33), 4 = (23) = (32), etc. As a result, there are
only two d11 and d14 nonzero independent components,
respectively.

The calculated d11 components for La3Ga5SiO14,
Ca3Ga2Ge4O14, La3Ga5.5Ta0.5O14, La3Ga5.5Nb0.5O14

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 La3Ga5SiO14 and
Ca3Ga2Ge4O14 crystals, in contrast to La3Ga5.5Ta0.5O14

and La3Ga5.5Nb0.5O14 (the value of the calculated d11
coe�cients 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 α′ of ions for
La3Ga5SiO14 and Ca3Ga2Ge4O14 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 e�ects in
DES approach.

Crystal d11, 10
−12 m/V d11, 10

−12 m/V

Experimental results

La3Ga5SiO14 1.48 1.7a, 1.86b

Ca3Ga2Ge4O14 0.82 0.9a

La3Ga5.5Ta0.5O14 0.60 2.3a, 2.4c

La3Ga5.5Nb0.5O14 0.61 2.6a

a [12], b [1], c [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 La3Ga5SiO14 and Ca3Ga2Ge4O14

crystals.

2. The values of the calculated d11 coe�cients
are approximately four times smaller than the
experimental ones for both La3Ga5.5Ta0.5O14 and
La3Ga5.5Nb0.5O14 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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Í. �. Ôòîìèí1, ß. I. Øîïà2
1Ëüâiâñüêèé íàöiîíàëüíèé óíiâåðñèòåò iìåíi Iâàíà Ôðàíêà, ôiçè÷íèé ôàêóëüòåò, êàôåäðà çàãàëüíî¨ ôiçèêè,
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Ðîçðàõóíêîâèé ìåòîä, ùî áàçó¹òüñÿ íà DES-ìîäåëi (Dipole Electron Shifting), âèêîðèñòàíî äëÿ
äîñëiäæåííÿ íåëiíiéíî-îïòè÷íèõ âëàñòèâîñòåé êðèñòàëiâ ðîäèíè ëàíãàñèòiâ. Ó ìåæàõ öüîãî ïiäõîäó
òàêîæ ìîæíà ðîçðàõîâóâàòè ïàðàìåòðè òàêèõ îïòè÷íèõ åôåêòiâ, ÿê åëåêòðîãiðàöiÿ, åëåêòðîîïòè-
÷íèé åôåêò òîùî.

Âèçíà÷åíî d11-êîìïîíåíòó òåíçîðiâ íåëiíiéíî-îïòè÷íî¨ ñïðèéíÿòëèâîñòi êðèñòàëiâ La3Ga5SiO14

(1.48 × 10−12 ì/Â), Ca3Ga2Ge4O14 (0.82 × 10−12 ì/Â), La3Ga5.5Ta0.5O14 (0.60 × 10−12 ì/Â),
La3Ga5.5Nb0.5O14 (0.61 × 10−12 ì/Â) ç âèêîðèñòàííÿì iíôîðìàöi¨ ïðî ¨õíþ êðèñòàëi÷íó ñòðóêòó-
ðó òà åëåêòðîííi ïîëÿðèçîâíîñòi. Îñêiëüêè äîñëiäæóâàíi îá'¹êòè ¹ ðîçóïîðÿäêîâàíèìè, åëåêòðîííi
ïîëÿðèçîâíîñòi éîíiâ ó êðèñòàëîãðàôi÷íèõ ïîçèöiÿõ 1a, 2d òà 3f ðîçðàõîâóâàëè çãiäíî çi ñòàòèñòè-
êîþ ¨õ çàïîâíåííÿ (2d: 0.5Ga + 0.5Si � La3Ga5SiO14, 1a: 0.4Ga + 0.6Ge òà 3f : 0.53Ga + 0.47Ge �
Ca3Ga2Ge4O14, 1a: 0.55Ga + 0.45Ta � La3Ga5.5Ta0.5O14, 1a: 0.48Ga + 0.52Nb � La3Ga5.5Nb0.5O14)
äëÿ âiäïîâiäíèõ êðèñòàëiâ. Êðiì òîãî, äëÿ îá÷èñëåííÿ âåëè÷èí ïîëÿðèçîâíîñòåé äëÿ äîâæèíè õâèëi
1064 íì âèêîðèñòîâóâàëè ñïiââiäíîøåííÿ Ëîðåíòö-Ëîðåíöà.

Âèçíà÷åíi â öié ðîáîòi âåëè÷èíè d11 ïîðiâíÿëè ç åêñïåðèìåíòàëüíèìè äàíèìè, íàÿâíèìè â ëi-
òåðàòóði. Äëÿ êðèñòàëiâ La3Ga5SiO14 òà Ca3Ga2Ge4O14 îòðèìàíî äîñòàòíüî äîáðå óçãîäæåííÿ ìiæ
ðåçóëüòàòàìè ðîçðàõóíêiâ òà åêñïåðèìåíòîì. Íàòîìiñòü äëÿ La3Ga5.5Ta0.5O14 òà La3Ga5.5Nb0.5O14

îá÷èñëåíi êîìïîíåíòè òåíçîðiâ íåëiíiéíî-îïòè÷íî¨ ñïðèéíÿòëèâîñòi ñóòò¹âî âiäðiçíÿþòüñÿ âiä ëiòå-
ðàòóðíèõ (ðîçðàõîâàíi çíà÷åííÿ d11 ïðèáëèçíî â ÷îòèðè ðàçè ìåíøi). Öþ îñîáëèâiñòü ìîæíà ïîÿñíè-
òè âèáîðîì íåòî÷íèõ âåëè÷èí åëåêòðîííèõ ïîëÿðèçîâíîñòåé äëÿ öèõ îá'¹êòiâ, îñêiëüêè iíôîðìàöiÿ
ïðî îïòè÷íó àêòèâíiñòü ó íàïðÿìêàõ, âiäìiííèõ âiä îïòè÷íî¨ îñi, äëÿ öèõ êðèñòàëiâ âiäñóòíÿ.

Êëþ÷îâi ñëîâà: íåëiíiéíà îïòèêà, ïîëÿðèçîâíîñòi, ëàíãàñèòè.
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