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A unified description of photodarkening and light induced
anisotropy in chalcogenide glasses is presented in terus
of bistable atomic configurations

Tt is a well established fact,
that certain amorphous chalcogenide
semiconductors show struciural changes
under light illumination®. There is an
irreversible part of the structural
changes which oceurs in vapour deposited
films, prior to any heat treatment<’>.
On the other hand in melt-quenched
glasses or in well-annesled evaparated
films so-called reversible structural
changes ocecur. Light illumination, well
below the glass transition temperature
ieads to changes of a number of physical
parameters within the illuminated spot, such

fined as o,-o,, is negative and is a-
round 10% of the photodarkening (u, and

®, are the abscrption coefficients for
a light beam with polarization parallel
and perpendicular to the polarigation
of the i1lluminating light beam, resp.).
Photodarkening has been explained
by assuming that in chalcogenide glasses
local bisiable atomic conflgurations are
present "' ‘.A similar assumption was
made by us to acgount for the light in-
duced anisotropy . The aim of the pre-—
sent letter is to provide a unified de-—
seription of nhotodarkening and induced
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as optical constants, density ete. Heat treat-
ment near the glass transition temperature re-
stores the initial structure and all parameters
become the same as before the illumi-
nation. This cyecle can be repeated a lot
of times.

Photostructural changes are most
easlly observed through %the variation
of the absorption coefficient, o.During
reversible photostructural changes light
irradiation always leads to an increase
of o {photodarkening). Purthermore it
is observed, that when the illumination
is carried out with polarized light,
the irradiated spot becomes aniso-—
tropic? 5.6 The optical axis of the an-
isotropic structure is determined by the
direction of the polarization of the i1+
luminating light beam. The optical axis
can be reoriented a lot of times into
any direction by rotation of the direc-
tion of the polarization. The induced
anisotropy can be erased by ugpolarized
or circularly polarized light .

To illustrate the effects mentioned
above, in Fig.l we present experimental
results obtained for an annealed GeSe
film. The absorption coefficients were
determined from reflection and trans-—
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mission measurments, using a dye laser.
The film thickness was chosen to be
large enough to avoide interference ef-
fects. (The dichroism data presented in
Ref.(6) may be influenced by interfer-
ence effects)}. The anisotropy of the
absorption coefficient (dichreism) de-—
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Fig.l Bxperimentai results Tor afGeSeE.
Film thickness 20 am. o :ab-
sorption coefficient afler an-
nealing. o, and a,: absorption
coefficients after illumination
at A=600 nm, for kB, at power
density 12W/em?.
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anisctropy by generalizing the previous
models,

The existence of bistable config-
urations {or double-well potentials) is
assumed in a number of glasses in order
to expilain the linear heat capacity and
related phenomena observed at low tem—
peratures We emphasize however that
the bistable configurations which are
responsible for photostructural changes
should differ from those which cause
e.g. the linear heat capacity 1in the
following respect. In the latter case
there 1s a continous distribution of the

heigth of the potential barriers sepa-
rating the two minima, +thus tunneling
transitions occur even at very low tem-
peratures. In case of photostructural
changes we assume, that the potential
barriers have a more or less well-de-—
fined heigth, and this is large enough
to prevent thermal transitions even at
room temperatures. Such transitions can
occur only near the glass transition
temperature.

The concept of bistable centres was
applied to describe photodar%enlng quan—
titatively by Kolobov et.al. In this

model it is assumed that after heat
treatment all the bistable atems sit in
the deeper energy minimum. Light ir-
radiation at room temperature makes
possible transitions from the ground
state to the metastable configuration
of the given centre. The transition con-
s5ists of two steps: an incoming photon
excites an electron and this induces
the relaXation of the surrounding atoms
to a new (metastable) egquilibrium posi-
tion. Of course the invers process,i.e.

transition from the metastable state to
the ground state can also oeccur in a si-
milar way. After a long illumination

an eguilibrium establishes, i.e. the
rate of itransitions from the grournd
state equals to that of the invers tran-
sitions. Denoting by Yo the probability
of the first transitiofn and by W that
of the invers one, the equilibrium frac-
tion of the atoms in the metastable
state (ng) is

b2
2 W12+W21 1/

The probabilities w and w21 are pro-

12
portional %o (u1E) and (u E) where p
and W, are the dipole matrix elements
for the electronic excitations in the
stable and metastable configurations
resp.; E is the field strength of the
irradisting light beam. Denoting the
proportionality factors by A1 and h2 we
can write.

wyp=hy (w B)? s VoA (URENT )

It is reasonable to assume that not
only the magnitude of u, and o differs
but their directions %oo, We shall show
that this circumstance leads to light
induced anisotropy.

Although, for the time belng there
is no generally accepted microscopic
model of bistable atomic configurations,
it is evident that these should be an-
isotropic. We found convinient to as-—
cribe an "orientation™ to the bistable
centres in the following way. Let us
choose as "reference" centres those bi-
stable configurations for which u. angd
Upo lie in the XY plane and the bisector
of . ané u, coincides with the X axis.
The Srientation of a given bistable cen-—
tre can be characterized by the ortho-
gonal transformation, 2 which transforms
a reference centre to the given one.
can be expressed with the help of 3 in-
dependent parameters, e.g. by the Buler
angleg”, Assuming a uniform distribution
of orientations, the number of bistable
centres with orientation between § and
f+d2 in unit volume 1is N/an ag, Where
¥ is the total number of the centres
per unit volume. /In terms of the Euler
angles 4l =sin$dddedy/.

In the present paper we assume for
simplicity that all bistable centres
are identical, apart Ffrom their orien-—
tations. In a reference centre the di-

pole matrix elements are go) and ufo),

in & centfe with orien aglon R these
are ulzﬂu1 and u2 Rug

The isotropy of the amorphous film
after annealing originates from the uni-
form distribution of the orientations.
However after illumination, ny depends
on the orientation of the bistable cen-
tre with respect to the polarization di-
rection of the light beam. From Egs./1l/
and f2/

2 2
ny (2)=4 (u, B) 27 (A (1, B) A (0 oR) )

/37

The dependence of n_ on the orientation
implies macroscopic anisotropy of the
illuminated spot.

If the density of the bistable
centres is small enough, it can be as-
sumed that these give independent con-
tributions %o the change of any physical
parameter. In this cacse the dielectric
tensor is

E=e L+ _ﬂg_l[nz(g)ggog'lag Y
gu

where ¢  is the dielectric permittivity
of the annealed sample.

Uy, 18 a symmetric tensor, which gives
the change of e during a transition from
the stable state to the metastable one
in a reference cenire. contains 6 in-
dependent parameters, ﬁ%lch could be
determined only on the basis of a micro-
scopic model. Aes we shall see below, in
fact only 3 parameters enter in the ex-
pression for €, wich we shall cousider
here as phenomenclogical caefficients,

The imaginary part of ¢ at optical
frequencies determines the absorpltion
coefficients., For symmetry reasons the
illuminated spot becomes optically un-
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iaxial, so the eguilibrium form of ¢
can be written as

£. .=t j+(E"_E*)eiej /5

13 Aai
where €,;and £, denote the dielectric
permittivity perpendicular and parallel
to the unit vector e; e lies in the di-
rection of the polarization of the ir-
radiating light beam. Evaluating the
integral in Eq. /4%/ we get

Tre= g, +2¢, =3¢ _+NTr Vv £ (B,M) /6.af
- ¥ = o o "o
e -g, =N (uou-uow)f.f(B,iﬁ}+uoxyf2(8,M) 16.1/

Here B is the angle between Ly and o/

MA:AﬂGV(A?ugé); the f funetions are
given in Figs.2 and 3. Eq./6.a/ de-
gcribes photodarkening, while Eg./6.b/
gives the induced anisotropy.

We nobe that while y, is a funec-
tion of the wavelength at which the op-—
tical constants are measured, the T
functions depend on the wavelength at
which the illumination is carried oub.
According to our model, the dependence
of photodarkening and induced anisobropy
on the wavelength of illumination/meas-—
ured atflxed wavelength/ gives infor-
mation on the wavelength dependence of
the parameter Mm(Aluﬁ/(A,ug))1f9,

As £ 1s more or less lifieGr in M, from
photédarkening measurements the rela-
tive wvariation of M with wavelength
can bhe estimated. On the contrary ¥
and T, are far from linear, so an-
isotrOpy measurements /in conjuction
with photodarkening measurements/ pro-
vide informatiorn on the absclute value
of M.

1

To demonstrate this possibilivy,
we compared the photoinduced changes
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Fig.2 fo as a function of M and B.
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Fig.3 solid line: £,(M,B); dashed line
£ (M, 60,

in GeSe, at the wavelengths A, =632 nm
and A, 488 nm {the optical constants
were always measured at L88 nm). The
first wavelength corresponds to a phoion
energy Wwhich is smaller than the opti-
cal gap, while for A,. the photon energy
exceeds the gap. We %ound that photo-
darkening induced by A, is approxi-
mately h0% larger than“thalt for A1. On
the other hand we found that the ‘two
wavelengbhs induce approximately the
same anisotropy, although the error of
measuerments in this case was rather
large /10-15%/. In any case, the dif-
ference between the anisoftropies seems
to be considerably smaller than that
of the photodarkening. The results
described above are consistent with
the assumption that M (AP);:l and

M ()\1)':50.5. /We assume that

U

oxxﬂ%yyis not considerably larger than

ony. In this case the anisctropy is

determined essentially by f2 [Fig.3//.

The description of photostructural
changes presented above implies that to
every wavelength and state of polariza-—
tion of the illuminating light there be-
longs an eguilibrium (usually anisotro-
pig) structure, vhich is determined by the
n, /2/ distribution. Whatever is the in-

itial structure, light irradation estab-
lishes the equilibrium configuration
belonging to the given wavelength and
polarization. This fact makes possible
to switch the amcrphous film reversibily
between different struectures by changing
the polarization / see reorientation ex~—
perimentss/ or the wavelength. In ac-—
cordance with this considerstion, we
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found in GeSe, that if a spot was first
illuminated at the wavelength Ao, sub-

sequent irradiation at A1 bleached the

Spot, l.e. o decreased by L0O%.

As a summary, we thionk that the
description of photosturctural changes
in terms of bistable atomic configura-
tions explains the main features of the
phenomena. There 1is of course a number
of way to improve the present model.
E.g. it may be assumed that two elec-—
trons per centre can be excited to in-
duce atomic rearrengments. These elec—
trons may be the two Donding electrons
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between a Se atom and the two neigh-
bourning Ge atoms. A calculation, where
we assumed that the magnitudes of the
dipole matrix elements are equal for
the two bonding electrons and that these
are perpendicular to each other, gave
very similar results toc those presented
in Fig. 2. Furthermore it seems likely
that there is z distribution not oniy
for the orientation of the bistable
centers, but for other parameters like
M ard B too. This circumstance is im-
portant for the kinetics of photoin-
duced changes 6,
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