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Analysis of nonlinear susceptibility in ion-exchanged glass
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Abstract. We demonstrate that electric-field-assisted ion-exchange in glass allows one to
obtain a structure with close to a step-like concentration and conductivity profiles. Application
of DC voltage to the ion-exchanged glass results in charge accumulation. The electric field
induces symmetry breaking and provides quadratic optical susceptibility in the glass. Nonlinear
optical properties of modified glass are studied using the Maker fringe technique. Particularly,
we study the influence of the nonlinear susceptibility tensor components ratio x,_ : 7y, on re-
sulting characteristics. Comparing modeling and experiments, we deduced the ratio 1:3 which
corresponds to Kleinman symmetry of isotropic materials.
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AnHotanud. I1poaeMOHCTpUPOBAHO, YTO MOHHBIA OOMEH MpU ITOMOIIU 3JEKTPUYECKOIO
MoJsi B CTEeKJE II03BOJISIET TIOJYYUTh CTPYKTYpPY C TpodWISIMM KOHUEHTpAalluu |
MPOBOANMOCTH, ONMM3KUMM K CTyrneHuyaTbiM. [locTOosIHHOe HampsDkeHue, MPWIOXKEHHOE K
MOHOOOMEHHOMY CTEKIIy, TPUBOAUT K HAKOTUICHUIO 3apsiia, dJEKTPUIECKOE MOoJie KOTOPOTO
BBI3BIBACT HApYyIICHUE CUMMETPUU U pa3pellaeT KBaIpaTUIHYI0 ONTUUYECKYI0 HEIMHEHHOCTh
B cTekie. HennHeliHO-onTHUeCKUEe CBOMCTBA MOAMGMUIIMPOBAHHOIO CTEKJIa MCCIAEAOBAaHBI C
MCIIOJIb30BaHUEM MeToaa nosoc Meiikepa. B yacTHOCTH, UcClIeNOBaHO BIMSIHUE COOTHOLLIEHMSI
KOMITOHEHT TE€H30pa KBaApaTUYHON ONTUYECKOW BOCIIPUUMUUBOCTH ¥, ¥, HA HEIUHEHHO-
OTNITUYECKMNE XapakTepucTuku. CpaBHEHWE SKCIEPUMEHTOB M MOJEIMPOBAHUS TTO3BOJIMIIO
3aKJTI0YUTh, YTO 3TO COOTHOIIEHWE COCTaBSIeT 1:3, YTO XOPOIIO COOTBETCTBYET YCIOBUSM
cummMeTpun KieiiHMaHa 1719 M30TPOMHBIX CPEI.
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Introduction

Isotropic nature of glass forbids second order optical nonlinearity, limiting glass functionality in
nonlinear optics. Recently, a method was demonstrated [1] that allows for breaking the material’s
isotropy by applying DC voltage to ion-exchanged (1E) glass at room temperature. During IE, the
subsurface layer of glass is enriched with potassium ions, which provides conductivity gradient in
the structure. Under applied voltage, nonequilibrium charge can accumulate in the region with
conductivity gradient (Maxwell-Wagner effect). Electric field of this charge combined with the
third-order nonlinearity induces effective quadratic susceptibility %* due EFISH (Electric-Field
Induced Second-Harmonic) phenomenon [2].

Nonlinear optical properties of the material are determined by the 5((2) tensor components,
particularly, by their ratio. A powerful tool for evaluating this ratio is the analysis of Maker fringes
[3] — dependence of the SH intensity (/, ) on the angle of incidence of the fundamental wave (9).

In this study, we analyze the ratio of the tensor components of the second-order nonlinear
optical susceptibility of charged field-assisted ion-exchanged (FIE) glass. Advantage of the FIE is
that it allows us to obtain a step-like concentration profile, where one can consider known analytical
solutions applicable to crystals and thin films. Thus, having determined all parameters except the
ratio y,_:,,,» We consider a series of Maker fringes with different thicknesses of the nonlinear layer.

Materials and Methods

In our experiments we subjected 1-mm-thick soda-lime glass slide with concentration
C, = 6.9-10” m> of mobile alkali ions to FIE. On the anodic side of the specimen, we placed a
stainless-steel tube with an inner diameter of 16 mm restraining potassium nitrate melt. We use
Teflon spacer between the tube and the specimen to prevent any leakage of the melt. Then we
placed it in a graphite crucible with glass spacers where cathodic side of the glass contacts with
NaNO, melt. The spacers create a gap filled with the melt, which allows free displacement of
sodium ions from the glass by potassium ones. Then, we heated the cell up to 365 °C, applied a
DC voltage of U= 10 V and registered DC current, which allows to calculate passed charge g,.
After, we cooled down the cell under applied voltage for about 15 min. The charge value allows us
to estimate interface depth as L = ¢,/(SeC) considering full replacement of sodium by potassium,
where S is the tube opening and e — electron charge.

For optical measurements we fixed the specimen in motorized rotating platform and irradiated
it with a p-polarized light beam of a femtosecond laser (wavelength A = 1.03 um). The details of
optical setup can be found elsewhere [4].

Results and Discussion
We rewrite analytical expression of Maker fringe [3] as:

- . 1
I, ~ Xz,fft(:f]—'z,:p sin’ (E AkLJ; (1)

where Y — effective nonlinear coefficient (or their combination) corresponding to the geometry
of the experiment normalized by ),
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=~ _ szx ! . ! !/ szx ! ’ ! ! 2
Yo = 2722 cos 0/, sin 0, cos 0, + 2% cos” 0’ sin 0], +sin’ 0’ sin0)_; (2)
t, — Fresnel transmission of fundamental p-polarized wave:
2cos0
t = —; 3)
n,cos0+cosO
T, — SH transmission determined as [3]:
T — 2 cosd (n, cosO+cos 0, )(n,, cosO. +n, cosb, ) )
20 20 2m , \3 B
(1,, c0sO+cos 6, )
and Ak — wavevector mismatch:
Ao — 4r 0 o (3)
= T(nm cos 0, —n, cosb) ),

0, 0,, — angle of the propagation of the fundamental and SH waves in glass, defined by Snell’s
law refractlve index of these waves. For the simulations we use n, = 1.5134 and n, = 1.5288.
Changmg Yo * KXoz ratio from 1:2 to 1:4 only slightly modifies the shape of the ﬁaker fringe,
as illustrated in Fig. 1 a.
Moreover, the inﬂuence of x, . 1%, on angular maxima is most noticeable for small thicknesses
of the nonlinear layer, becoming negligible when the thickness approaches the coherence length,
as shown in Fig. 1, b. Therefore, direct identification of the ratio is challenging, especially
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Fig. 1. Simulation of Maker fringe for L = 0.9 um (@) and angle of maximum SH dependence on
thickness (b) for different , :y, , vs experimental data (crosses)
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Fig. 2. Experimental data (dots) and simulation with fitted ratio of Maker fringes for L = 0.9 um,
9 um and 18 pm
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for thicknesses close to the coherence length. For more accurate identification of the ratio we
consider the ratio x,_:7%,,, as a fitting parameter and simulate Maker fringes for the specimens
different depths of FIE-modified layers. Several results of the fitting are presented in Figure 2.

The average y,_:%,,, for 10 specimens with L from 0.9 pm to 20.5 pm was found to be 1:3.1
which is very close to the 1:3 ratio predicted by Kleinman’s symmetry condition for isotropic
materials [5].

Conclusion

We analyzed the shape of angular dependences of the second harmonic in FIE glass with
varying thicknesses of the ion-exchanged layer and ratio y, :y, .. We determined this ratio by
fitting, and obtain a value that approximately corresponds to the Kleinman symmetry condition
in isotropic media. Thus, we have shown that in polarized ion-exchanged glasses the ratio of
nonlinear optical susceptibility components y,_ :,,, is confirmed to be 1:3.
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