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Abstract. We have revealed experimentally a movement of the topological defects
of optical indicatrix orientation, which takes place in CaB4O; glass with residual
mechanical stresses under application of external compressive mechanical stresses.
The effect is explained basing on the equation of optical indicatrix perturbed by the
combination of both residual and external mechanical stresses. The conditions for
the appearance of the topological defects with the strength module |1/2] in glasses
are formulated. Finally, possibilities for the appropriate topological reactions caused
by the applied stresses are discussed.

Keywords: topological defects, optical indicatrix, residual stresses, glasses

PACS: 78.20.hb, 62.40.+1, 02.40.Pc
UDC: 535.551+620.171.5+515.143

1. Introduction

Topological defects (TDs) that appear as a result of some symmetry lowering are known in many
branches of physics, including the theory of interaction of forces [I, 2], cosmology [3], and
condensed matter physics [4-6]. For example, 2D TDs arising spontaneously in the ferroic
materials in the form of domain walls [4]. Probably, the TDs of director orientation appearing in
liquid crystals have been studied the best [5, 6]. Recently we have shown that, under the action of
inhomogeneous electric fields or mechanical stresses, TDs of optical indicatrix (OI) orientation
can appear either in glasses or in crystalline materials [7-12]. Whenever a conically shaped
electric field is applied to the crystals of certain point symmetries, a Pockels effect forms the TDs
of OI orientation with the strength equal to +2 and a Kerr effect induces the TDs with the strength
+1 [7, 8]. We have also found that superposition of the both electrooptic effects can result in the
topological reactions of birth, adding and annihilation of the TDs [9—11].

According to our experimental data [12—15], the mechanical stresses of bending or torsion
can also induce the TDs with the half-integer strength in many situations. In particular, the TDs of
OI orientation with the strength module |1/2| appear in the amorphous glass media with residual
stresses [16]. Notice that the general conditions needed for these defects to appear have still not be
elucidated in the literature. It is known from Ref. [17] that the strengths of those defects, in
particular of the TDs arising in a CaB4O; glass, have the same (positive) signs. Then a removal of
the TDs cannot be accompanied by a reaction of annihilation, i.e. the defects can be eliminated
either by leaving a sample due to application of some external mechanical stresses — or by
vanishing due to annealing. In the former case a movement of the TDs within the sample has to be
observed under application of external mechanical stress, although no experimental confirmation
of that phenomenon is still available.
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In this work we clarify the conditions of appearance of the TDs of OI orientation in the
glasses with residual stresses and study the movement of TDs in the glass samples under the
application of external compressive stresses.

2. Experimental methods

In our experiments we used a borate CaB4O; glass with the refractive index equal to n = 1.544 at
the light wavelength A=632.8 nm [17]. A glass boule was not annealed so as to retain the residual
mechanical stresses that produced nonzero optical birefringence inside a sample. The sample was
prepared in the shape of parallelepiped, with the sizes 8.53, 4.41 and 3.87 mm respectively along
Z, Y and X axes. The sample was placed onto a stage that allowed application of compressive
stresses along the Z axis (see Fig. 1). A wide parallel circularly polarized laser beam (A=632.8 nm)
propagated through the polarization system along the X or Y axes of the sample. The sample was
placed in between circular or linear polarizers. The optical output was detected with the aid of a
CCD camera linked with a computer.

Fig. 1. Schematic view of a sample containing a TD of
Ol orientation, which is placed into a setup for
applying external pressures: a dashed line
corresponds to a chain of defects and ellipses denote
the cross-section Ol.

The sample can be described by a linear phase retarder model for which the dependence of
the output light intensity / on the analyzer azimuth a is expressed as

I :%0{1+sinAFsin[2(a—cj)]} = +Cysin[2(a-C3)], (1)

where ¢ is the orientation angle of the OI, AI' =27 And /A the optical phase difference, d the
sample thickness along the light propagation direction, An the optical birefringence, o the angle
of analyzer orientation, and /, the incident light intensity. After recording and filtering a relevant
optical image, the azimuthal dependences of the intensity / are fitted with a sine-squared function
for every pixel, with the fitting coefficients

1y

I
C = x sz?osinAF, G =¢. 2)

Then the optical phase difference Al is given by the coefficients C, and C,,
sin AFZCZ /Cl . (3)

while the angular orientation of the intensity minimum is determined by the orientation of the
principal axis ¢ of the OI and the coefficient C, .
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Hence, fitting of the dependences of the light intensity passed through the analyzer upon the
azimuth for each pixel of the sample image enables to construct 2D maps of the optical anisotropy
parameters of the sample, the optical phase difference and the OI orientation. The optical setup has
been described in detail in a number of our earlier works (see, e.g., Refs. [8, 9, 13, 14, 16, 17]). It
is worthwhile that the procedures for measuring the phase difference and the OI rotation angle de-
scribed above are strictly applicable only to the cases of 2D distributions of the optical anisotropy
parameters or, at least, under the conditions that the OI orientation does not depend on the spatial
coordinate along the direction of light propagation. In case of the residual stresses in our glass
sample, the phase difference is very small and so the birefringence distributed in some manner in-
side the sample does not exceed ~ 107°. The above facts enable one to neglect inhomogeneities of
the optical parameters along the light propagation direction while measuring the OI orientation and
the phase difference.

3. Results and discussion

Spatial maps of the OI orientation and the phase difference are presented respectively in Fig. 2 and
Fig. 3. Two pairs of the TDs (TD; and TD, on an YZ face, and TD; and TD4 on a ZX face of the
sample) are clearly seen under the condition of zero external mechanical stresses. All of the de-
fects have the strength equal to '%, since the OI rotates by the angle 180 deg around the defect core
when the tracing angle changes by 360 deg (see Fig. 4). As seen from Fig’s. 2, 3, 5, the defect core
is characterized by a zero phase difference and uncertainty of the OI orientation angle. According
to our recent experimental studies on the same sample [17], all the defects have the positive
strengths. Moreover, the dependence of the phase difference on the coordinate in the vicinity of the
defect cores is linear. For the distances from the defect cores less than the p (o = 0.57 mm), the OI
rotation angle does not depend on p (see Fig. 5). Furthermore, the full intensity extinction of the
light emergent from the sample placed in between the crossed linear polarizers, which is observed
in the region where the phase difference depends linearly on the coordinates, means that we indeed
deal with a 2D stress distribution in this region. Finally, vanishing of the phase difference at the
light propagation through the defect cores should imply that our defects are linear ones. In fact, the
defects represent linear chains inside the sample, which are surrounded by the region of 2D
distribution of the phase difference and, hence, of the residual stresses.

As seen from Fig. 2, application of the compressive mechanical stresses —3.22x10° and
—6.74x10° N/m” leads to a sliding movement of the defects inside the sample. The defects TD, and
TD, move downwards and upwards, respectively. The changes in the positions of these defects oc-
curring with changing stress are shown in Fig. 6. We have found that the dependence of the displa-
cement (d = o'y ) of these TDs on the compressive stress is almost linear. The modules of the

proportionality coefficient B are equal to (6.64+1.28)x107"" and (4.95+1.44)x10"°m’/N
respectively for TD; and TD,, i.e. these coefficients differ in their orders of magnitude. Since the
movability parameters of those defects are quite different, they cannot originate from some
structural imperfections of the glass. The TD, and TD, defects tend to leave the sample with incre-
asing pressure (see Fig. 2). However, these defects cease to be detectable already at the mechanical
stress —13.48x10° N/m?, since the phase difference induced by the external pressure via a piezo-
optic effect becomes comparable to the phase difference caused by the residual stresses
themselves. As a result, we observe appearance of the birefringence along the direction of light
propagation through the defect core (see Fig. Se, f), perturbation of the OI orientation angle and,
consequently, smearing of the defects. When the light propagates along the Y direction, the indu-
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ced phase difference becomes comparable to the residual one at still lower pressures o',

(—6.74x10° N/m’ — see Fig. 3). This is because the initial phase difference is here somewhat smal-
ler than that typical for the case of light propagation along the X axis. However, a further increase
in the external pressure up to —13.48x10° N/m? induces new defects, TDs and TDy (see Fig. 3e, f).
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Fig. 2. Spatial maps of the Ol orientation angle (a, c, e, g) and the phase difference (b, d, f, h) appearing under
application of different mechanical stresses along the Z axis and light Eropagation along the X axis. The
stresses applied to CaB.O; glass are equal to 0 (a, b), —-3.22x10° N/m* (c, d), —-6.74x10° N/m? (e, f) and
—13.48x10° N/m? (g, h).
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Fig. 3. Spatial maps of the Ol orientation angle (a, c, e) and the phase difference (b, d, f) appearing under
application of different mechanical stresses along the Z axis and light propagation along the Y axis. The
stresses applied to CaB,0- glass are equal to 0 (a, b), =6.74x10° N/m? (c, d) and —13.48x10° N/m? (e, f).

Let us analyze the reasons for appearance of the TDs of OI orientation in the stressed glasses.
The TDs of OI orientation with the strength equal to £, which are caused by inhomogeneous
mechanical stresses, can appear in the glass media if the following equations for the OI orientation
angle are satisfied:

tan 2¢, = 20,(¥,2) , tan2¢, = 205(X,2) , Or
o,Y,Z2)-0,(Y,2) 0,(X,Z)-0,(X,2)
an2¢, =— 206D @

0,(X,Y)=0,(X,Y)’

Note that these relations follow from the general equation of OI. Since the coordinate
dependences of the phase difference are linear (see Fig.5), the mechanical stress tensor
components (written, e.g., for the YZ plane and the defect TD,) have to depend linearly on the
coordinates:
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Fig. 4. Dependences of the angle of Ol rotation around the defect cores in CaB,O; glass on the tracing angle for
TD;, (a, b) and TD; (c, d), as obtained at the distances 0.34 mm (a, ¢) and 0.57 mm (b, d) from the defect cores

under the condition o', =0.
0'4:k1Y+k22, 62:k3Y+k4Z aIld 0-3:k5Y+kGZ, (5)
where k; are the proportionality coefficients. Then the equation for the OI cross section may be
written as
2 2
(B + 71102 + 71303)Y " +(By + 71,0, +711103) 27 + 27y = 7112)04YZ =1, (6)
where B, and x, are components of the optical impermeability tensor and the piezooptic tensor,

respectively.
Hence, the birefringence and the angle of OI rotation induced by the residual stresses are
given by the relations

3
Anyy :—%(”11 _”12)\/((k3 —ks)Y + (k4 _k6)Z))2 +4(kY +kyZ) (7

2k Y +k,2)

tan 2 = .
(k3 —ks)Y +(ky —ke)Z

@®)

Notice that, according to Eq. (7), one of the observed properties of TDs, the equality to zero of the
birefringence in the TD cores, holds at Y=Z=0. After taking the elastostatics equation
(0o, /0X, =0) and Egs. (5) into account, one can find that the equilibrium conditions hold true at

k, =—k, and k, =—k,. Then we rewrite Eqs. (7) and (8) as

n3

tzy ==y =k )7~y + KV + 4 Y +h02) ©
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2(kY +kyZ) . (10)
(ky +k))Z —(ky + ks)Y
As found in Ref. [15], the TDs with the strength £}, appear when Eq. (10) acquires the following
general form:

tan 2 =

20k\Y £k, Z
tan2¢; = kY £kyZ) ) (11)
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Fig. 5. Dependences of the phase difference at o', =0 in the vicinities of defect cores in CaB,O; glass, as
obtained for TD; (a, b), TD: (c, d) and TD (e, f) under the condition ', =—13.48x10° N/m’.

For example, in the simplified situation when we have k4= k, and ks= k, Eq. (10) reduces to
tan 2, = —tan(e + ¢,) i =—(p+¢,)/2,

Z =psing, and (p,@) are the polar coordinates. Moreover, the TDs would appear even when

or where ¢, =arctan (k,/ k,), Y =pcose,

k,#20 or k,#0. It can happen whenever (RotP), =k #0 and (RotP,) =-k, #0 or
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Fig. 6. Dependence of displacement of the TDs on the compressive stress, as obtained for CaB40;

glass sample.
(RotP), =k, #0and (RotP), =k, # 0, where P; and P, are the load that are determined by the
applied force F; per unit area S, i.e. Pi=F}/S. Notice also that, under torsion of LiNbO; crystals
around the Z axis, the relations (RotF), #0 and (RotP,), # 0 should be true for inducing the
TDs [14, 15]. On the other hand, under bending of a glass beam by a moment A, the relations
(RotP), #0 and (RotP,), #0should be satisfied for the same aim [12]. Hence, we are in a
position to formulate the general conditions needed for the appearance in the glasses of the TDs
with the strength +%: (i) a 2D stress distribution in the vicinity of the defect core, (ii) the condition
(Rot B,), # 0, and (iii) a linear dependences of the stress components on the coordinates holding
true around the defect core.

Now let us analyze the behaviour of our TDs under condition when the homogeneous
compressive stress o', is applied. Then Eq. (6) may be rewritten as

2 2
(Bl + 7110, + 715 (03 +c7'3))Y +(Bl + 71,0, + 711 (03 +0"3))Z +

) (12)
2(7711 _ﬂ12)04YZ =1
while Eqs.(7) and (8) become as follows:
n3 Y 2
An23 :_?(ﬂ-ll_ﬂ-12)\/((k4 +kl)Z—(k2 +k5)Y_G 3) +4(k1Y+k22) 5 (13)
an2¢, = 2(kY +kyZ) (14)

(kg +k)Z —(ky + k)Y =G5y

We have simulated the spatial map of the angle of OI rotation for the defect TD,, using
Eq.(14) and the average parameters k;=-19.8x10°, k=-1.98x10°, k;=3x10° and
ks=9x10° N/m’, and o =-3.22x10° N/m”. It is seen from Fig. 7 that the application of the

compressive mechanical stress can displace the TD of OI orientation approximately by 0.2 mm.
Finally, the coordinates of the TD can be obtained by solving the system of equations based

on the uncertainty of the angle of OI rotation:
{le +kZ =0

. 15
(k4+k1)Z—(k2+k5)Y_G’3:O ( )
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Fig. 7. TDs of Ol orientation appearing at o', =0 (a) and o', =-3.22x10° N/m? (b).

For the parameter values mentioned above, we get the following coordinates: (Y, Z) = (-0.01 mm,
0.2 mm). It is obvious that, with some values of the k; parameters and the external mechanical
stresses, one can reach the condition under which the TDs leave out of the sample. Moreover, it is
quite possible that the topological reaction of adding of the defects (TD,+ TD,= %+ Y%= 1) can
be realized while one chooses properly the parameters mentioned above.

4. Conclusions

In the present work we have experimentally studied the movement of the TDs of OI orientation,
which are caused by the residual stresses available in the CaB4O; glass, under application of
external compressive mechanical stress. We have found that the TDs change their positions inside
the sample and the dependence of this displacement on the uniaxial mechanical stresses is close to
linear. The observed effect is explained basing on the equation of OI perturbed by the residual and
external mechanical stresses. We have ascertained that the TDs of OI orientation are nothing but
the linear defects which represent some chains inside the sample surrounded by the regions of 2D
spatial distributions of the phase difference and, hence, of the residual stresses.

As a result of our experimental and phenomenological results, we have formulated the
following conditions needed in order that the TDs of OI orientation with the strength module |1/2]
appear in the glasses: (i) a 2D stress distribution should take place in the vicinity of the defect core,
(ii) the conditions (RotPA, ), #0 should hold true, and (iii) the stress components should depend

linearly on the coordinates around the defect core.

Following from the present analysis, one can assume that, in principle, the TDs can leave the
glass sample under some conditions defined by the spatial distribution of the residual stress tensor
components and the values of the external stresses applied to the sample. Moreover, it is quite
probable that one can observe the appropriate topological reactions when the parameters
mentioned above are chosen properly.
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Anomayia. Y pobomi eKxcnepumMeHmAanvbHO BUAGIEHO 3MIWeHHA WONON02IYHUX —OegheKxmis
opienmayii onmuyHoi IHOUKAMPUCYU, NOB A3AHUX 3 ICHYBAHHAM 3ANUWIKOSUX HANPYICEHL ) CKIl
CaB,0;, nio dieto cmuckaruo2o mexaniunozo Hanpyoicenus. Cnocmepecysanutl eQpexkm nosaCHeHO
Ha OCHOGI DIGHAHHA ONMUYHOI [HOUKamMpucu, 30YpeHOi 3aANUWKOBUMU HANPYICEHHAMU I
npukaiadenum mexaniunum uanpysceHusam. C@opmynbo8ano ymosu nossu @ CKii Monoi02i4HUx
Oeghexmis opienmayii onmuyHoi iHoukampucu 3 mooyiem cuau |1/2| i obeosopero moacrusicmo
MONONO2IYHUX PeaKyill, CHPUYUHEHUX NPUKAAOEHUM HANPYICEHHSIM.
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