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TRANSIENT CURRENTSIN PHOTOCHROMIC LITHIUM NIOBATE
CRYSTALS
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In the studies of the photovoltaic effect in photochromic lithium niobate crystals the transient
currents, that accompany the processes of induction and relaxation of the photochromic
effect, are revealed. The mechanism of initiation of these currentsis proposed on the basis of
the model of the optical energy dissipation by impurity centres taking into account the kinetic
theory of irreversible processes.
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1. Introduction

An influence of doping with various impurities and their combinations on photorefractive
properties of lithium niobate crystals was investigated in [1]. It was found that some combinations of
impurities lead to the initiation in a crystal of the photochromic effect — a photoinduced reversible
change of the absorption coefficient. In [2, 3] a mode of the photochromic effect was proposed based
on the recharging between impurity centres and on the balance of éectrons. In our last paper we
reported on the production of bulk periodically poled LiNbO; crystals [4]. In present paper the
photodlectric characteristics of photochromic crystals are investigated, in particular, the transient
currents, which are observed at an induction and relaxation of the photochromic effect. The influence of
the photovoltaic effect on the photochromic properties of lithium niobate crystals is also studied. The
mechanisms of the photochromic and photovoltaic effects and their interrdation are discussed. A
possible modd of the transient currents' initiation at recharging of impurity centres of various typesis
proposed.

2. Experimental results

In experiments the dependencies of the photovoltaic and photochromic effects on the light
intensity (A = 488 nm) were investigated. The kinetics of the above-mentioned effects was also studied
at a fixed levd of the light radiation, as well as relaxation currents observed after the light switching
off. Doped lithium niobate crystals (LiNbOs:Fe:Cu) grown by the Czochralski technique were used as
samples. Crystals contained 0.05 wt % of Fe impurity and 0.03 wt % of Cu impurity. Under the
assumption of a randomly distributed impurity the above-mentioned concentrations are rather small to
cause a direct interaction between impurity ions in crystal. The samples had the form of
paraldepipeds, and the dectrodes were deposited on the sides perpendicular to the spontaneous
polarisation axis. The obtained experimental dependencies are presented in Fig. 1 and 2. Asiit is seen
from the curve 1 in Fig. 1 the absorption coefficient o increases with the increase of the light intensity.
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At the same time the linear dependence of the stationary photovoltaic current on the light intensity is
maintained (curve 2). Since the value of the photovoltaic current in the outer circuit is j =kal (k
is the photovoltaic constant, « is the coefficient of light absorption, | is the light intensity), then it is
obvious that in the LINbO3:FeCu crystal the glass constant depends nonlinearly on the light intensity,
namely, it decreases with the increase of the intensity. This decrease is connected with the change of the
absorption coefficient.

Let us consider now the experimental results presented in Fig. 2. The curves 1 and 2 show
temporal dependencies of short-circuited currents in the lithium niobate crystal at the light switching on
and switching off. Measurements were carried out at two intensities of light, namely, the curve 1
corresponds to theintensity, at which thereis not a change of the absorption coefficient, and the curve 2
corresponds to the intensity, at which the photochromic effect is observed. To compare the curves the
values of currents are normalised on the incident light intensity. Stationary values of normalised
photovoltaic currents have just the same value, however, transient components are different. The
transient component of the short-circuited current presented on the curve 1 corresponds to the typical
transient component in measurements of photovoltaic currents and is caused by the pyroeffect.
However, on the curve 2, besides the usual transient pyrocomponent, we observe also a slower transient
component of the short-circuited current (both at switching on and switching off of the light). It is
natural to connect these transient currents with the process of an induction and rdaxation of the
optically induced change of the absorption coefficient, i.e. with the photochromic effect. Really, as it
was shown in [1, 2], at the induction of the photochromic effect a redistribution of eectrons between Fe
and Cu impurity centres takes place, i.e. under the light action a part of dectrons passes from Fe leved
to Cu levd which leads to the unbalanced state. At the light switching off a relaxation of this
unbalanced state takes place and eectrons return from Cu leve to Fe levd. In this case the rdaxation
time is not connected with the Maxwdl's time which is a characterigtic time for other photoinduced
phenomena in lithium niobate crystals (photorefraction, photovoltaic effect, pyroeffect, etc.).
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Fig. 1. Experimental dependencies of absorption Fig. 2. Photocurrent kinetics in LiNbOs:Fe:Cu
and photovoltaic current on the light intensity crysta: 1 —light intensity does not inducethe
in the LiNbOs:Fe:Cu crystal. photochromic effect; 2 — light intensity exceeds

the threshold and is sufficient for change of the
absorption coefficient.

Since the formation and relaxation of the unbalanced state take place in a crystal without a
symmetry centre and are connected with photovoltaic centres, it is natural to expect that these processes
will be accompanied by the passing of currents through the crystal and external registering circuit and
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these currents are necessarily transient which fact is observed in experiment. Thus, we consider that
detected transient currents accompanying induction and relaxation processes of the photochromic effect
are relaxational currents having the photovoltaic nature and conditioned by the recharging processes
between the impurity photovoltaic centres. Similar currents caused by the y-centre’ s decay in lithium
niobate crystals under the light action and therefore called photordaxational have been earlier found in
[5]. Bdow we will try to substantiate these conclusions by the mode calculation of the photovoltaic
effect in photochromic crystals.

3. Theoretical model

As it was shown in [6] at an excitation of the impurity centre a change of the centre dipole
moment takes place since the dipole moment is generally different in ground and excited states. A
mechanism of the dipole moment change for Er impurity in lithium niobate crystals was proposed in
[7]. In ferroeectrics this change has just the same direction. Therefore for these crystals a total
polarisation change may be presented as AP=ny, where n is number of impurities at the excited state, ¢
is the change of the impurity centre's dipole moment. In this case the dectric current in the external
measuring circuit is equal to | = dP/dt. In the above-mentioned references the intraatomic optical
transitions were considered. However, since the photochromic effect is conditioned by the recharging
processes between Fe and Cu centres through the conduction band [1], we will consider the mechanism
of the transient currents formation under the excitation of eectrons to the conduction band.

The origin of the change of the local dipole moment at the recharging of centres Fe —~ Cu can
be illustrated on the basis of the one-dimensional asymmetrical potential [8]. Using the Born-
Oppenheimer approximation, one can separate the Schroedinger equation [9] for an isolated photoactive
centre into two independent equations for the photoelectron and nucleus. We denote by li and mi thei-th
vibrational modes of the unexcited (I) and excited (m) states. The complete wave function ¢ of the
photoactive centre in the unexcited (I) and excited (m) states may be presented as a product of the
dectronic wave function F(q,r) and vibrational wave function F(r) of the lattice:

Hi(a.r) = Fi(a.r).Fa(r)
@)
i (q1r) = Fn (qu)-Fmi (r)

where g, r are the "dectronic* and "nuclear" co-ordinates, respectivey. Beow we consider only the
dectronic wave functions and Schroedinger equation for photodectrons, whereas the lattice wave
functions are considered as invariable.

The transition dipole moment or the matrix dement of eectric dipole moment between two
states ¥; and ¥; are calculated from the relation

M(mi - i) = < Y| Z] > = <Fu|Z|F><Fr|Fi> 2

where Z is the spatial co-ordinate.

The modd potential functions Veu(2) and Vee(2) for an eectron at the excitation energy E are
shown in Fig. 3. An asymmetry is conditioned by the lack of the inversion centre in the crystal. In our
calculations the modd potential well is represented by a piecewise-smooth function with the
discontinuities of derivative. It is assumed that along with the rdaxation through the conduction band,
dectronic transitions are possible from the Cu levd to the Fe level bypassing the conduction band, by
the tunndling through a barrier separating these states. Values of energy levels presented in Fig. 3, are
approximated from spectral data (spectra of the absorption and photoconductivity for crystals doped
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only with the Fe or Cu ions). The value of the asymmetrical barrier is calculated from the spectra
dependence of the photovoltaic current.
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Fig. 3. Modd of potential well for Fe and Cu impurities.

The Schrédinger equation for an dectron in a potential well has the form

d?®d(z)  2m
Tz()+h_2[E‘V(Z)]:°’ ©)
where V(2) is the potential of an impurity centre, mis the particle mass. A solution of the equation for
the potential shown in Fig. 3 can be presented in the form of a piecewise-smooth analytical function [9].
Though values of the wave function in the whole space may be obtained analytically, however, because
of the cumbersome expressions, we will use a numerical method. Suppose that the potential well width
for Fe impurity equals 107 cm and for Cu is 2 x 107 cm. It should be noted that the value of the
potential well width weakly influences the value of the dipole moment change. Integrating numericaly
the wave function by the Simpson method in the whole space, we obtain the mean value of the spatial
co-ordinate of the wave function. The wave function for the ground state is calculated analytically, and,
thus, the mean value of the spatial co-ordinate is also calculated analytically. Calculating the wave
function for the excited states of the Fe and Cu centres (E = 3.1 €V) we can determine both the charge
centre for these centres and the charge centres for an dectron on the bottom of the conduction band.
Calculating the dipole moment change for Fe by the formulas (2) and (3) we obtained that the
excitation from the ground state to the conduction band (hv = 3.1 eV) leads to the dipole moment
change by 40 D. Under the recombination from the bottom of the conduction band to the ground level
the change of the dipole moment equals 37 D, and an excitation from Fe levd to Cu leve leads to the
local dipole moment change by 4 D. In these calculations a trangition trajectory is not significant, since
the system is potential, except the process of the photod ectrons scattering on phonons in the conduction
band. Owing to the temporal invariance, the above-mentioned values of dipole moments, for transitions
without a scattering on phonons, are the same by the absolute value for the excitation and rel axation.
Consider a specific model of the photovoltaic dectrons scattering. As it is known, the dastic
scattering on a random static potential is one of the simplest types of scattering. The probability W(k,K)
of the transition for eectron with the momentum k to eectron with the momentum k' is determined by
the Fokker-Planck eguation [11]. As it was mentioned, for transitions without the scattering the dipole
moment value is invariant relatively to the time inversion. This is reflected in the equality of the time
inversion and in the equality of the transition probabilities W(k,kK)=W(k',K). The relaxation of
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photoelectrons to the bottom of the conduction band caused by the phonon scattering is determined by
the kinetic theory of irreversible processes. An irreversibility of processes in the kinetics appears by the
averaging of the expansion coefficients of the wave function over time This averaging is based on the
hypothesis of random phases, which is the background of the kinetic theory of the scattering. In this
case, for the dastic scattering processes, eectron after the first interaction completely losses a
preferential moving direction [11].

Thus we assume that e ectrons passed to the conduction band are isotropized (chactized) by the
momentum due to the strong dectron-phonon interaction, which is inherent for ferrodectrics. Then,
owing to the indastic dectron-phonon interaction, a slow relaxation by energy to the bottom of
conduction band takes place without a change of mean value of spatial co-ordinate of wave function.
Assuming that in the conduction band, owing to the scattering on phonons, a loss of the photovoltaic
momentum occurs without a change of spatial co-ordinates we obtain a difference of mean values of
dectronic wave functions at the excitation and relaxation. The photovoltaic current is conditioned just
by this difference of the charge localisation co-ordinates. The mean distance between impurities does
not enter the obtained result, which is obvious and is due to the translational invariance.

From the above-mentioned it can be shown that along with the usual photovoltaic current under
the illumination the transient currents must be observed, which have a photovoltaic nature and are
conditioned by a change of Cu leve population. Actually, as it is shown in the photochromic effect
modd [1], processes of the induction and relaxation of the photochromism are conditioned by a
recharging between Fe and Cu impurity centres. This means a redistribution of eectrons between these
impurity centres and hence a change of the dipole moment of the system, which leads to the transient
currents at the induction and rdaxation of the photochromic effect.

Beow we consider the process of dectronic subsystem reaxation without light excitation.
Assuming that a release of traps takes place as a result of the interaction of thermal phonons
conditioned by thermodynamic temperature of crystal and is subject to the Gauss-Markov conditions,
one can calculate the probability R of the transition from Cu level to Fe level by solving Fokker-Planck
equation:

R(zt) _ IV (DR, 2%R(z,1)

ot oz 0z° )

Further considerations will be based on the following assumption: a probability of occurrence
in the state & during the time 4t is completdy determined by the value of the state & and does not
depend on a way how the system came to the state &, i.e it does not depend on the prehistory of the
process. We will find a solution of the equation (4) in the case of the asymptatic limit which does not
depend on time (dR/Jt = Q) [11]. In the equilibrium case a solution of this type is reduced to the
Maxwedl distribution. A stationary solution with account of boundary conditions has the following
form:

R= (ag/D) exp (-Vo/ KT) [1 —exp (-AV/ KT)] (5)

where Vg is the transition barrier haght satisfying the inequality kT<< Vg, AV is the difference of the

Fe-Cu energy leves, D is the diffusion coefficient which is equal to D = KTy*/e [15], where 1 is the
mobility of charge carriers, gisthe interaction cross-section.

Having the transition probability and using the balance equations for the photoeectron
concentration at Cu level [1] we get the transient (relaxational) current’s dependence on time at fixed
temperature:

JO=RN(DAP, (6)

where N¢, is the density of captured dectrons at the Cu levd; AP is the change of the impurity
centre's dipole moment. The equation obtained describes exactly the rdaxation dynamics of currents
conditioned by the recharging of the Fe - Cu centres, as well as it allows to predict the decay
dynamics for other impurities introduced into a crystal using the energy levels values in the forbidden
band and the decay dynamics in the range of low and room temperatures. From the solution (5) of the
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Fokker-Planck equation one can determine the relaxation time. It was seen that some modes have a low
relaxation time, whereas the other ones have a large relaxation time. We are dealing with systems with
two temporal scales.

Thus, on the basis of have the kinetic theory of irreversible processes with the use of the
analytical-numerical modd we shown the possibility of the initiation of transient currents during
induction and relaxation of the photochromic effect in ferrodectric crystals.

4. Conclusions

Transients currents that accompany the induction and relaxation of the photochromic effect
were revealed in lithium niobate crystals.
A mechanism based on the modd of dissipation of optical energy on impurity centers was proposed.
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