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A new theory of the photoplastic effect in coloured alkali
halide crystals
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A new theory of the photoplastic effect (PPE) in colored alkali halide crystal, which is based on the interaction between
moving dislocation and photo-obstacles has been formulated. When a colored alkali halide crystal is illuminated by light with
certain wavelength during its plastic deformation, the increase or decrease in flow stress occurs because the photo-ionized
electrons from F-centers influence the motion of deformation bleaching and photo-ionized electrons from F-centers
influence the motion of deformation bleaching and interaction of moving dislocations with F-centers, expressions are
derived for the PPE, like temporal , deformation, strain-rate, spectral, light intensity, coloration, dimension and thermal
characteristics of PPE. A good agreement is found between the theoretical and experimental results. It is shown that the
PPE provides a sensitive tool for determining the lifetime of dislocation-captured F-centers in crystals. It is shown that in

certain crystals the radius of interaction between F-centers and moving dislocation may increase with their deformation.
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1. Introduction

Photoplastic effect (PPE) is a phenomenon where the
flow stress of materials is appreciably affected by
illumination of light with a wavelength around the
intensive absorption. The phenomenon of photoplastic
effect is reversible, that is, when the Light is turned off,
the flow stress return to its expected initial value. Both
positive (hardening) and negative (softening) photoplastic
effects have been observed. The photoplastic effect first
reported by Nadeau[l] has been extensively investigated
in colored crystals of NaCl, KCI, KBr, and KI. The studies
have explored important information on both the small

scale variation of the feature of the relevant defects
and the chemical reaction of the color centers subjected to
the optical excitations in the concerning various features,
such as optical-, electrical- and mechanical-properties in
the alkali metal colloid particles in densely colored alkali
halides [2-11]. The plastic deformation of non metals has
been the subject much research throughout the world for
the last three decades. A wide variety of nonmetallic
materials exhibit photoplastic behaviour, including alkali
halides [NaF, KF, KI, NaCl, KBr (1), KCI [1,12-131], I -
VIl compounds [CuCl (14), CuBr [15]], II-VI
semiconductors [ZnS (16), ZnO (16-18), ZnSe, ZnTe,
Cdse, CdTe (16,18), CdS [16,18-20], HgCdTe[21]], IlI-V
semiconductors GaAs(22), and group 1V semiconductors
Si [23]. The photoplastic effects in 11-VI semiconductors
have been reviewed by Takeuchi et al (24) and Ossipyan et
al [25].

Because the photoplastic effect apparently deals with
the interaction between charged dislocations and charged
defects, it should have an important bearing on the plastic
behaviour of dielectric materials. It should be especially
relevant to irradiation or defect hardening as well as to the

processes of annihilation and conversion of color centers
induced by plastic deformation. Furthermore, it can also
throw some light on the charge structure of dislocations in
ionic compounds and provide a new tool for determining
the charge. An ever-growing interest in investigating the
PPE is also caused first by the need of a better
understanding of the influence of the electronic states on
the crystal plasticity and second by the fact that this effect
underlies the degradation of opto-electronic devices.

The PPE in alkali halides containing F-centers has
been attributed to the interaction between moving charged
dislocations and defects, originating from photochemical
reactions and bleaching of the F-centers due to optical
excitation. Nadeau [1] has pointed out that there exist two
photoplastic effects in alkali halides, i.e., a flow stress
increases during light illumination (positive PPE) in
twelve alkali halides such as KCI, KBr, NaBr, and so on,
as well as a decrease of flow stress (negative PPE) in NaF,
KF, etc. Since that time, much work has been done by
various investigators [21, 26-30]. It has been considered
that the positive PPE may give rise to retardation of the
motion of the dislocations due to the F-center [1, 27,30 ],
electron cloud around the dislocation [29] and the
aggregation of the metallic colloids along the dislocation
[31]. On the other hand, as to the negative PPE, Cabrera
and Agullo-Lopez [29] have suggested that the interaction
between an excess anion arrays along dislocations, which
is caused by agglomeration of the excess action vacancies,
and the anion vacancies resulting from the ionization of
the F-centers may take place in the specimen doped with
divalent captions. Korovkin and Soifer [32] have later
concluded that their results are well explained by
considering the interaction with the Z-type centers
(complex of the F-center and divalent caption and caption
vacancy [33].
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In past significant experimental works have been
made on the PPE in alkali halide crystals. It has been
found that the photoplastic effect depends upon several
parameters like strain level strain rated light intensity F-
center concentration wavelength of the exciting light etc.
to date, there is a few theories which explains satisfactorily
the PPE in alkali halide crystals. Therefore it will be of
worth to investigate theoretically the PPE in alkali halide
crystals. The present paper reports the theory of positive
photoplastic effect in colored alkali halide crystals and
makes comparison between the theoretical and
experimental results.

In previous investigation Hagihara and Okada [2]
have proposed the theory of PPE which is based on the
statistical dislocation dynamics whereby the motion of
dislocations interacting with the optical sensitive defects is
described by a master equation. Then by introducing
several characteristic its interaction times, they have
extended the theory to the PPE in alkali halides containing
F-centres. We have proposed a new theory which begins
with the interaction of dislocations with F-centers, hereby
the population of dislocation band takes place.
Subsequently by the exposure of deforming sample
containing F-centers to light causes the creation of

F’-centers whereby the interaction between the
negatively charged F’-centers and positively charged
moving dislocations gives rise to the photoplastic effect.
Although the interaction of dislocations with color centers
is common, the mathematical approaches are quite
different in both the theories.

2. Theory

From the several experiments, it has been confirmed
that photoplastic effect (PPE) is closely related to the
excitation of F-centers. Typical photochemical process of
F-centers during F-bleach at around room temperature
may be expressed as

h 1 +
2F—F +F

Where F’ is the center having two electrons in a
negative ion vacancy and F' is the negative ion vacancy
without trapped electrons.

Nadeau [1] has shown that F* center can be eliminated
as hardening center at around room temperature. Thus, the
interaction between the positively charged dislocations and
negatively charged F’- centers may be responsible for the
PPE.

On illuminating F-centers, equilibrium state of F ===
F’ is accomplished in a few seconds. Dislocations are
assumed to have constant equilibrium charges (p) per unit
length and they can interact with F’-centers only in a
cylindrical region of radius R around dislocations with

appropriate mean strength (f ). Dislocation densities are
expected to increase with the increase of the plastic strain
(). In this case, the interaction region could be expected to
increase in the crystal with plastic deformation.

Ermakov et. al. [27] has shown that the photo-obstacle
centers, responsible for PPE in alkali halide crystals are F-

centers.

In PPE experiment, the color centers are bleached due
to deformation as well as due to the F-light illumination.
Now, we will estimate these bleaching, one by one.

When a colored alkali halides crystal is plastically
deformed, the movement of dislocations takes place. The
moving dislocations may captures electrons from the
colour centers and may subsequently transport the
captured electrons to hole centers, deep traps and other
compatible traps in the crystal [34]. As a matter of the fact,
deformation bleaching of the coloration in alkali halide
crystals may take place. Suppose a crystal contains Ny
dislocations of unit length per unit volume. When Ny
dislocations will move through a distance dx, then the area
traps out by the dislocations will be Ngdx. The
deformation bleaching in colored alkali halide crystals
takes place due to the transfer of electrons from F-centers
to the dislocation band and their subsequent recombination
with other centers. Near an edge dislocation, some of the
F-centers lie in the expansion region and some of the F-
centers lie in the compression region. In the expansion
region, the energy gap between ground state of F-centres
level and dislocation band which lies just above the
ground state of F-center level [35-36] deceases due to the
decrease in local density of the crystal, however, the
energy gap between the ground state of F-centre level and
dislocation band increases in the compression region of the
dislocation due to the increase in the local density of the
crystal. Since, there is a greater probability of the transfer
of electrons from the F-centers lying in the expansion
region rather than from the compression region of the edge
dislocations, the interaction volume may be taken only
along the expansion region of the crystals. Thus, the
volume in which Ny dislocations interact while moving
through a distance dx may be given by

Ngdxre, where re is the distance upto which a
dislocation can interact with the color centers.

If NE is the number of F- centers in unit volume,
then the number of color centers interacting with the
dislocations will be Ny N g Ig dx. If a dislocation moves

the distance dx in time dt, then the rate of interaction g; of
the number of F-centers with dislocations may be given by

dx
0; = Ngnere EZ NgNereVy
or
gizgnFrF @

Where vy is the average velocity of dislocations,
gszde is the strain rate and b is the Burgers vector.

Now, there are two possibilities: Firstly, the electron
from interacting F-center may get transferred to the
dislocation band laying just above the F-center level,
secondly, the electron from the F-centre may return to the

negative ion vacancy. If ocl is the probability of the

transfer of F-centre electrons to the dislocation band
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during the interaction of dislocations with F-centers
electrons to the dislocation band during the interaction of

dislocations with F-centers and (xzis the back to the

negative ion vacancies, then we may write the following
rate equation

dn, (a, + )N = _n )
dt _gl 1 2 i_gi 21

Wherel/(e, + @,) = 7, is the lifetime of the interacting

F-center, and ni is the number of F-centers interacting

with dislocations at any time t.
For ni=0 at t = 0, the integration of above equation

gives
9%

! (al a,)

From equations (2) and (3), the rate of generation of
electrons in the

L-expl~(n +a)lt] @

oy 49 )[1 exp[—(a, +a,)t] (4)
l
For(ocl+0L2)t>>1, i.e., in equilibrium the rate of

generation of electrons in the dislocation band may be
given by

o= %9,
(al+a2)
or
o .
gzilngnF 5)
(o, +a,)
or
_ &
g_BpFanF
Where , _ %1 isthe dislocation capture
(ocl+(x2)

probability of F-centres electrons.

It has been found that only few electrons near the core
of moving edge dislocations are bleached during the
deformation of crystals [34, 37]. Thus, it seems that when

<< i
o, a,. p p may be written as

e ©6)

DF—a

2
Since there is a band gap of E, between the bottom of
dislocation band and the ground state energy level of the
interacting F- entres lying in the expansion region of an
edge dislocation [34], the activation process should be

involved in transferring the electrons from interacting F-
centres to the dislocation band. Thus, 0L1 should be

temperature dependence and it may be given by
o, =a ] exp(-E_ /KT) (7)

0.
where OL_ is a constant.

1
From equations (6) and (7), Pr may be expressed as

szp(F)exp(—Ea/kT) ®)
o0
Where pgzil

o,

When the moving dislocations containing electrons
encounter defect-centres like hole centres, deep traps and
other compatible traps, the electrons are captured by these
centres. As such the rate equation may be written as

dn n
d_ a9
Vg =0, N, Vg —03NaVny=0——

1
T =
d (01N1+02N2+03N3)Vd
is the lifetime of electrons in the dislocation band, ng is
the number of electrons in the dislocation band at any time
t, 5.0, and o, are the cross-sections and N;, N, and
N3 are the densities of hole centres, deep traps and other
compatible traps, respectively. The drift velocity of
electrons has been taken as the velocity of dislocations
because the dislocation captured electrons are moving with
the dislocations. Here, the compatible trap means the traps
whose electron-capture probability greater than that of the
dislocations. It should be noted that the vacant negative
ion vacancies have nearly the same probability of electron-
capturing and electron-detrapping hence; their presence
may not affect significantly the recombination processes
[38].
Since Td is shorter as compared to the time needed
for generating the electrons in the dislocation band [34]
equilibrium will be established quickly between the rate
generation and rate of recombination of dislocation
electrons, and thus from eq. (9), we get

(10)

n,=gt, (11)
From egs. (4) and (11), we get
Pern Fér d
ny=——7p 1—exp(—t/ri)] (12)

Now, the rate of recombination of dislocation electro
with defect centres may be given by

n, p.n_r_e

d zid:i[l_exp(_t/ﬂc_ )] (13)
T, b I

As a crystal of volume V will contain Ng4V dislocation the

value of Ry may be given by

R

p_n_r eV
R=R dV:%[l—exp(—t/ri)] (14)

Equation (14) shows that for a given strain rate, R will
initially increase with time and then it will attain saturation
value for longer duration of the deformation time The
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saturation value of R may be expressed as

el &V (15)
s b

The above equation shows that in equilibrium, the rate
of recombination is equal to the rate of generation
electrons in the dislocation band.

The number of dislocation electrons recombined with
the defect centres will be equal to the number of F-centres
bleached. Thus, the number of F-centres bleached by
deformation for the change of strain from € to (¢ + Ag) of
the crystal may be given by

An =pFnFrF 8+J‘A8$dt
FD-  p o dt

PeNeTe _

or Angy =— -Dn;As (16)

where D:(pFrF)/b’iS the coefficient of deformation

bleaching.

It is known that absorption coefficient of coloured
alkali halide crystals is directly proportional to the density
of colour centres [38]. If A is the cross-sectional area of
the F-centre for the optical excitation, then the absorption
coefficient will be A,F. For the intensity I, of the incident
radiation on the sample, the rate of generation of excited
F-centres by photo-ionization may be written as

g, =An_I 17

If B is the probability of ionization of excited F-
centres, then the rate of optical bleaching of F-centres is
given by

= 18
90 BAn_I, (18)

In PPE experiment, the sample is not exposed to light
continuously, however, it is exposed frequently for a short
interval of time. If f is the ratio of the total time duration to
which the sample is exposed to light and the total duration
of deformation, then the number of F-centres bleached
optically for the change of strain from ¢ to (¢ + Ag) of the
crystal may be given by

—Ango, = fBAN. 1 dt

or
fBANn_| Acg
_ - kL 19
AN o= . =En Ae (9)
el
fABI
where =L
£

From egs. (16) and (19), the number of F-centres
bleached due to the deformation and F-light illumination is
given by

— AN =—(Angy + AN ) = angAg  (20)
where a=(D+E&).

Integrating eq. (20) and taking ng = ngo, at € = 0, we
get

n.=n_, exp(—ae) (21)

where ngo is the density of F-centres in the undeformed

crystal.

In the PPE experiment, the sample is excited by
exposing it to lightat t = t,.

If vy 1is the rate constant for the transformation of

excited F-centers into normal F-centers, and ) is the rate

constant for the formation of F’-centres from the excited
F-centres, then we may write the following rate equation
dn
Tte:gefylnefyzne (22)
where n, is the number of excited F-centers at any time t.

As the lifetime of F’-centre electrons is less than 1 sec
at RT, one may think that there may also be some
contribution of F’- centres in giving rise to excited F-
centres. However, such contribution by F’-electrons may
be neglected because of the following facts (i) in PPE
experiments the sample is mostly exposed to F-light
whereby the light absorption by F’-centres is not
significant, (ii) the number of F-centers is significantly
higher than the number of F’-centers for all the time values
after exposure of the sample to F-light, and (iii) the
excitation of F-centers generated during exposure of the
sample to F-light, will give excited F’-centers and not the
excited F-centers. It is to be noted that the formation of F’-
centers during exposure of the sample to light plays an
important role in the phenomenon of PPE. This fact has
been discussed in the following paragraphs.

In the PPE measurement the sample is deformed at a
very slow strain rate. Therefore, we may assume that for
the time duration during which a single PPE measurement
is made, the strain € may be assumed to be constant. Thus,
integrating eq. (22) and takingn =0, at t = t,, we get

T ek vt @
1

Thus, the rate of generatlon of F’-centres may be written
as

_y2 e

759 (24)
o ){t xpl=(v, +1,)(t—t I}

As , the lifetime of excited F-centres is
Uy, +v,)
very short (less than a microsecond), is ver
y ( ) (v,+7,) y
high and in equilibrium, the rate of generation of F’-
centers may be written as
— nge (25)
FS (v,+v,)
If r=1/[?> is the lifetime of normal F’-centres, then we
can write

dn..

th =Gp — e (26)
where ng- is the number of F’-centres at any time t. Since
the ng- will depend recombination of on the rate of
generation and rate of F’-centres, the contribution of F-
centre interacting with dislocations is not taken into
account to the right hand side of
eq. (26).
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Integrating eq. (26) and taking ng=0 at t=t. the time
at which light is turned on, we get

GBF'S B-expl-B(t-t )]} (@7)

For longer duration of exposure to light, i.e., in
equilibrium, eq. (27) may be expressed as

G F's (28)

n F's - [3

If r; is the radius of interaction of dislocations with the F* —

centres produced during exposure of the sample to light,

then similarly to that of the F-centres, the rate of
generation of interacting F’-centres may be expressed as

n.=

=En
91_5 FS'i

or
_SGF'sri

9% B
or
g _& Ll yde
1
b B (v,+7,)
or
. ery An_|
glzﬁexp(_ag) (29)
By, +v,)

It is to be noted that the electrons of interacting F’-
centres lie in the normal energy level of F’-centres.
However, some of the interacting F’-centres may be
captured by dislocations and the electrons of such
dislocation-captured F’-centres may lie in the traps slightly
different from normal F’-level [39]. Since the F’-centres
captured by dislocations may only pin the dislocations, the

PPE will depend only on the number of
F’-centres captured by the dislocations [12,40].

If 81 is the rate constant for the transformation of

interacting F’-centres into F-centres by their
recombination F*-centres (F’+F" — 2F) and 82 is the rate
constant for the capture of F’-centres by the dislocations,
then we can write the following equation

dn

R
W‘gl L P
or
dn,
1 .
H_gl_61n1

where s— .
8=(3,+3,)

Now, substituting the value of g! from egn. (29), we
get

dn, ery An__I ,
My TN et exp(—ie)=5n (30)
dt  bB(y,+v,) .

where nl

time t and 1/8 is the lifetime of interacting F’-centres or
the pinning time of dislocations [41].

In certain crystals, the radius r; of interaction between
the charged dislocations and pi-centres, may increase
significantly with the deformation of crystals. This may
due to the increase in linear charge density of moving
dislocations with deformation of crystals [42], as well as
due to the increasing concentration of vacancies with the
deformation of crystals. If 0: is the deformation coefficient
of the increase in radius of interaction between the
dislocations and F’-centres, we may write

is the number of interacting pi-centres at any

r =riO (I+o €) (31)

0
where I‘O

For o Og<<1, eg. (31) may be expressed as

is the value of r; for undeformed crystals.

= rio exp(a,&) (32)
From egs. (30) and (32), we get
dn. er y. An__I : .
—1_ 12 FOL ayp(—qet)-8n (33)
dt  bB(y,+v,) !
where o =(a—ot ). |
Integrating eq. (33) and taking n; =0 att =0, we get
n® — éri}/ZAnFOIL
bB(, +7.)6 ~a, &)

Thus, the rate of generation of (34) dislocation-
capture F’-centres may be written as

[exp(-a, £t) —exp(-a)] 34

0,17, ANgo 1,

9y = 6,0, = — [exp(-a, £t) —exp(-A)]
bﬂ(yl + }/2)(5—0{e 5)
or
g, = 2EWe Al ein gty - exp(- %y (39)
bp(r, +7,)(0 -2, &) £

If T‘d =Z|./60 is the life time of dislocation captured

F’- centres, then we can write the following rate equation

dn
d_tdz 94 — %Ny (36)

where N, is the dislocation captured F-centres at any time

t.

For low strain-rate, gy may be taken as constant during
the measurement of single PPE, which is completed in a
short duration. Thus, integrating eg. (36) and taking nq= 0,
att="'c' we get

n =S feexpla,0 L)) @D

From egs. (35) and (37), we get
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n, = 02807 ANl e g iy exp(- %)
50bﬂ()/1+;/2)(5—0598) &
{l-exp[-5 0 (t—tc)]} (38)

Total Coulomb force (W) between positive charge p on a
dislocation and negative charge surrounding the
dislocations (the F'-centres in the present case) may be
written as
n
W=cpe zd‘,iz (39)
J=1rj
where ny is the number of dislocation captured F’-centres
in unit volume of the specimen, r. is the distance between
a dislocation and an F’-centre and C is a constant. It is to
be noted that the number of F-centre electrons trapped by
dislocations may be smaller than the negative ion
vacancies giving rise to positive charges to dislocations, so
that dislocation charges might not be influenced by the F-
centre electrons trapped by the dislocations [30].
The radius of interaction r; in which F’-centre can
interact with dislocation is assumed to be obtained from
; :C’ﬁ”d ~fn,(m=1-2) (40)
I

where f is an appropriate mean strength between a
dislocation and an F’-centre and it is given by

s e
I
It is known that the force caused by a uniform shear
stress o is F = bo per unit length of dislocation [43].
Thus, the photoplastic effect Ac may be given by
2 W nrizfn
AG—(T[rl 1) b~ b

where D = (zr2 f)/b, is a constant.

Now, substituting the value of nd from equation (38)
in eq. (42), we get

(41)

d_pn ] (42)

.0
DS _ery, An__|
Ao 271 12" FOTL

[exp(—a, &)-exp(-2)]
8,bB(y,+7,)(E-at 1) g
f-exp[-5, (t-t )] (43)
> Ao=(Ao) {l—exp[—B o (t=t=, )]} (44)
Where
(45)

D5 er’y An__I . 5e
(Ac) =—2—1—2—FOL[exp(-a _e)-exp(—)]

8,bB(y, +1,)(5-0t, &t) €

It is to be noted that in the measurement of PPE, the
sample is deformed at a very low strain rate and the
sample is exposed to light for a short duration. Thus, for
the time duration during which a single PPE measurement
is made, the strain £; may be taken to be constant and

thereby (Ac) may be treated as constant.
S

Rise of PPE
For smaller values of (t-t;), eq. (44) gives

Ao =(Ao),0,(t—-t,) (46)
Equation (46) indicates that when light will be turned

on, initially, Ao should increase linearly with (t-t).
It is evident from eq. (44) that for longer duration time

80t will be greater than 1 and Ac will attain a

saturation value (Ac) , given by eq. (45).
S

2.1 Decay of Photoplastic effect

When the light source will be turned off at t = t', then
I =0 and therefore g4 = 0, and from eq. (36), we get
dn
d

ot %o 47)

Integrating eq. (47) and taking n =40 at —¢ we get
c
Ny =Ny, €XP[-6, (t—1,) (48)

is the saturation value of N
do d

n q at 80t>>1, and from eq. (38), it can be expressed as

where N , i.e, the value of

5 er’y, An__| . Se
N, =t —[exp(-a_&)-exp(—)]

5, bB(y,+v 2)(8—oceét) g

(49)
Thus, Ac may be expressed as
Ao =Dny = Dng, exp[-J, (t—t.)] (50)

or
D5, er’y. An__| . .
Ao 2B VAN L [eXp(—oce8)—€Xp(—§)]eXp[—5(t_tc)]
8,bB(y,+v,)(3-a &) €
(51)
or Ao = (Ao), exp[-6, (t—t.)]

The above equation shows the exponential decay of
Ao, where the decay time will be controlled by the lifetime
of the dislocation-captured F’ -centres.

2.2 Strain dependence of PPE

It is evident from eq. (45) that (Ac) iszerofore=0
S
as well as for € = o0. Thus (Ac) should be maximum for
S

a particular value of € = g,

As (Ac) Wwill be maximum, when d(AG)LO, eq. (45)
s ds

gives

d¢
o exp(-a g )=§exp(—_m] (53)

€ €
or
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=———In
" (G L

L

& (54)

Thus, form egs. (4.53) and (4.54), the maximum value
of (Ac) , May be expressed as

D5, er’y. An__I —8¢ —8¢
(80) = 2%i T2V eo 'L Slexp[ m]exp[ m]

ax .
SObB(yl+y2)(6—aest) oE

o )
DSZSI’i YZAnFOIL 5 1| exp 5 |n[6/8]
8, bB(y,+v,)(8-0 &) || o & {5 J

For §/t>>q ,» We have
e

.0
DS, er.y An_ |1
A _ 2 i1 '2 FO L e e
(40) :

max

8,bB(y, +v,)(6-0a et) | o &

or

"0
DS erv, Angg (55)

(Ao) =
max .
SObB(ylﬂlz )(8—0Le &t)
For low values of ¢, &z & <<1, and eq. (45) gives

(Ac), =— Do en 7 ANl {1— exp [&ﬂ
ObB (L +7,)(0 —a, €t) £
(56)

Equation (56) indicates that for low strain (Ao), should
initially increase linearly with strain and then it should
attain a saturation value.

For high value of &, %»

1 and eq. (4.45) may be

€
expressed as

Ds ér.oy An__|
(Ac) = 2 1.2 FO L exp(-a. )
8,bB(y,+v,)(3-a &) (57)

It is evident from eq. (57) that for high values of strain
(Ac), should decrease exponentially with strain, where

the decay constant will be controlled OLe .

3. Experimental support to the proposed
theory

3.1 Temporal caracteristics
Fig. 1 shows the PPE for NaCl and KCI crystals

measurec by Inoue et al [30] at room temperature and Fig.
2 shows the PPE of KCI crystals measured by Hagihara

[40] at low temperatures. When the samples are
illuminated during deformation, rise in flow stress is
observed. A region of steady flow state keeps during
illumination. When the light is turned off, the stress
decreases exponentially to the initial stress level. The
results illustrated in Fig. 2 indicate the linear increase of

Ao, when the light is turned on. Such linear increase of

Ao, attainment of saturation value and exponential decay
indicated by equations (46), (44) and (52), respectively.

The decay time Td=1/500f dislocation captured

F’centres, is determined from the decay time of PPE and it
is found to be 2.8 sec and 2.2 sec for 166K and 233K,
respectively. The decay time of dislocation captured F’-
centres determined from the rise PPE in KCI crystals with
time is determined using eq. (44) and is found to be 2.5 sec
and 2.0 sec for 166K and 233K respectively. The decay
time of dislocation-captured F’-center is determined for
NaCl crystals using eq. (52) and the result reported by
Nadeau [1] and it is found to be 1.6 sec. Korovkin [44]
has reported that the decay time of PPE is of the order 10
sec for NaCl crystals.

KCi
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§
g

§

STRESS (g mA')
g
STRESS{g mm'}
8
v

T LIGHT ON
b LIGHT OFF

t LIGHT ON
t LIGHT OFF

a

. s . . . . L
0z .4 X3 08 1.0 0 [F] 0.4 13
STRAIN() STRAIN(N)
[EY] 1]

Fig. 1. Photoplastic effect for (a) NaCl and (b) KCI

measured at room temperature. Turn on and off of

llumination are marked by arrows (strain rate 4 -1 1.2 X
1s) [30].

KCl (PPE) jo-ﬂ:

TIME (sec).

Fig. 2. Typical examples of the PPE in coloured KCI
5 -1 strain rate 5 X 10 s) [40].

3.2 Deformation characteristics

Figs. 3 and 4 show the dependence of Ac on the strain



A new theory of the photoplastic effect in coloured alkali halide crystals

1847

level, for KCI and NaCl crystals, where the experimental
data have been taken from the results reported by Inoue et
al [30 Inoue et. al. 1979] and the theoretical data are based

on equation (45), here AGO corresponds to the value of

Ac for zero strain level. Figs. 3 shows that for KCI
crystals, Ac/Acy is optimum for a particular strain and
Figs. 4 shows that for NaCl crystals, Ac/Ac, initially
increases at a fast rate and then it increases at a slow rate.

---=-- THEORY
EXPERIMENT

\

3

KCl

STRAIN (%t}

O57/07
Fig. 3. The dependence of the photoplastic effect on
strain level for KCI crystals [30].

Figs. 3 and 4 show a good agreement between the
theoretical and experimental results. The value of ae is

found to be 22.75 for KCI crystals and —1.87 for NaCl
crystals. This fact indicates that I‘i increases significantly

with the deformation of NaCl crystals, so that the value of
Ote becomes negative. On the other hand, the change of

0o . L
ri with deformation is less for KCI crystals, so that (xe

is positive. Practically the value of oce may be found

higher due to the optical bleaching occurring during the
PPE measurements.

EXPERIMENT

>
z

\ S
w

ES

=

i

1

STRAIN(*ls)

0oy j07
Fig. 4. The dependence of the photoplastic effect on
strain level for NaCl crystal [30].

Using the curve-fitting technique in Figs. 3 and 4, the

value of &/¢ is found to be 1350 and 2000 for KCI and

NaCl crystals, respectively. For ¢=1.2x10"s?, 5 comes
out to be 0.16 and 0.04 s* for KCI and NaCl crystals,
respectively. This gives that the lifetime of interacting F-
centres or pinning time of dislocations is 6.25 and 4.16
sec, for KCI and NaCl crystals, respectively. This is
comparable with the experimental results [42]. It is to be
noted that the pinning time of dislocations depends on
temperature, strain-rate and density of colour centres in the
crystals.

3.3 Strain-rate characteristics

Fig. 5 shows the strain-rate dependence of PPE for
coloured KCI crystals where the experiment was carried
out by Hagihara et al [40] at 166 K. It is seen from the
figure that increases linearly with the strain rate. For a

strain rate ¢ =1.2x107*s™ the values of 0 are 0.16 and
0.04 s for KCI and NaCl crystals, respectively. The values
of determined using the results of Figs. 3 and 4 and
expression (45) are found to be 22.75 and -1.87 for KCI
and NaCl crystals, respectively. These data clearly

indicates that 0 » «, g and thus eq. (45) supports the
linear increase of Ao with the strain rate.
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STRAIN=- RATE CHARACTERISITICS
(T=186K)

& (MPa)

0.06} 9

Fig. 5. Dependence of PPE in KCI crystals on
the strain rate.

3.4 Spectral characteristics

Figs. 6 (a) and (b) show the dependence of the
magnitude of AG/AGF on the wavelength (or photon

energy) of exciting light for NaCl and KCI crystals,
respectively, where AGF is the magnitude for Ac given

at the same strain level in the case of F-light illumination,
465 nm for NaCl and 565 nm for KCI, respectively. Solid
curve indicates the optical absorption spectra near the F-

band peak. For NaCl [Fig. 6 (a)], a shape of AGF is close

to the F-band in the short wavelength side but in the long
wavelength side, AG/AGF does not fit to F-band. On

the other hand, for KCI [Fig. 6(b)], AG/AGF has a

similar shape of the F-band in the region of long
wavelength, and has a different shape from the F-band in
the short wavelength side. However, for both crystals, the

wavelength in which the maximum value of AG/AGF
appears coincide to the F-band peak. Both curves roughly

resemble the respective F-absorption bands. Such fact is
expected from the proposed theory.

WAVELENGTH {nm) WAVELENGTH (nm)

400 450 500 550 600
—r — T — 71— 1
Nacl
1.0
'S
b
2
b 0.5
<1
0 L L 0 1 n
5 3.0 2.5 2.0 3.0 2.5 2.0

PHOTON ENERGY (eV) PHOTON ENERGY (eV)
(a) (b}
Fig. 6. Dependence of the photoplastic effect on
wavelength (or photon energy) of exciting light for (a)
NaCl and (b) KCI crystals. F-centre concentrations (Ng)
for NaCl and KCl are 1.0 x10 * ‘cm®and 4.7x10' cm™®,
respectively. Solid curves correspond to the optical
absorption spectra near the F-band peak [30].

3.5 Light intensity characteristics

Fig. 7 (a) and (b) shows the dependence of a
photoplastic effect on light intensity for KCI and KI
crystals. It is seen that, initially, the PPE increases linearly
with the light intensity and then it tends to attain a
saturation value for higher intensity of the light. It seems
that for high light intensity, a large numbers of F’ -centres
are formed, whose recombination with F'-centres may
cause the occurrence of saturation in Ao when the rate of
generation of F’ -centres will become equal to their rate of
recombination initially, the recombination is negligible
and an increase in with the light intensity is observed. It is
evident from eq. (45) that for a given strain, the PPE
should increase linearly with the light intensity IL.

.0k Kel (a)
AT RT /’g,.d_,-
. -
¢
E 2.0F
"
a —_——
=
1.0F
x10"
L s |
1 El 3 %

LIGHT INTENSITY{phot e sec)

K (b
AT AT o

aclkpa em™)

LIGHT INTENSITY (phot cm “sec)

Fig. 7. Dependence of the photoplastic effect on light
intensity for (a) KCI and (b) KI crystals. For each
crystal, F-centre concentrations and wavelengths of
excitation light are the following KCI : ng = 1.4 x 10'®
cm®, A=555m 1 (0); |, 3310 cm 3 A= 435
F7
mu (0). KI : n =2x107cem=3 A =435 mu(0);
Fs

n —2x10 cm 3, 2 =570 mu(o) [29].

3.6 Coloration characteristics

Fig. 8 shows the dependence of the magnitude Ac a of
the photoplastic effect on F-centre concentration for o-
irradiated KI crystal. Other alkali halide crystals show the
similar behaviour. The concentration is varied between 5
X 105 and 3 X 1017 cm® the main results are the
following:

(i) For wavelengths aside from the F-band peak,
monotonic rise in Ac with concentration is observed.
Although the rate of increase in Ac diminishes at high F-
centre concentrations, a definite saturation has not been
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found.

(ii) For light of wavelength corresponding to the F-
band peak, the effect increases rapidly with concentration
upto a maximum and then decreases for higher
concentrations.

1.5F AT RT
2
”JA
- ’/k
e a8 -7 800 mp
o 1.0 -
©
a
-
b
<

F-CENTRE CONCENTRATION (emi?)

Fig. 8. Dependence of the photoplastic effect on F-centre
concentration for KI. Wavelength of excitation light is
marked on each curve [29].

It is to be noted that the maximum of Ao occurs for
an F-centre concentration which corresponds to an optical
density - 1.5. The same conclusion is valid for all alkali
halides used in the experiments. This fact suggests that the

maximum of Ao as well as the subsequent decay should
be attributed to non-uniform illumination of the samples. It
is clear that for optical densities most light is absorbed in a
small fraction of the sample thickness. Equation (45)
indicates that for a given strain the PPE should increase
lineary with the initial colour centre concentration ngo.
This is practically true for these samples having low
concentration of colour centres where the effect of non-
uniform coloration does not occur.

3.7 Dimension characteristics

Confirmation of the idea described above in Section
3.6, can be obtained by studying the dependence of the
photoplastic effect on sample thickness while keeping the
F-centre concentration constant. Experimental data for
KCI are shown in Fig. 9. One should then conclude that
meaningful information on the role of the F-centre
concentration can only be obtained if one works with low
optical densities to void the above "geometry" effect. In
this regard, the curves in Fig.8 taken with alight of
wavelength aside from the F-peak (optical density < 0.5)
are only relevant to that purpose. It is clear that the
photoplastic effect increases monotonically with F-centre
concentrations.

2F AT RT

18 -3
Ne= 1.4x10 cm

17 'JM
n-=1.5x10 cm
oLt ",

1 N 1 L 1

0 2 4 6 8
SAMPLE THICKNESS (mm)

Fig. 9. Dependence of the photoplastic effect in KCI on
sample thickness (in the direction of light illumination).
Other dimensions are kept constant [29].

3.8 Thermal characteristics

The dependence of the magnitude of the photoplastic
effect on temperature is shown in Fig. 10 (a, b) for KBr
and K crystals. Monochromatic light has been used for all
experiments. It is seen Ac is maximum for a particular
temperature of the crystals. It is evident form eq. (45) that
the temperature dependence (Ac)s may primarily be due to
the temperature dependence of

0
Neoo ,y2/(y1+y2),82,5 and & . As the value

of nFO

0 . .
r ,yzl(yl+yz),825 and 80|ncrease with
temperature, (Ac)s should be optimum for a particular

temperature of the crystal.

decreases with temperature, however, the value

of

— 0.6 KBr (a) o
e )
o 0, "‘&
2 0.4f ,’ﬁ y i
3 ;ﬁﬁ DB
02} P &
L
100 700 300
T T T
Ki (b)
o~ 1.0F 4
rE 0
o
a
= 0.5}
b
o
0 I s 1 '
100 200 300
T(K)
Fig. 10. Dependence of the photoplastic effect on
temperature. F-center concentration and light

wavelengths are the following: KBr : n _ox10" cm™=3.
F

2=580 mu(0); KI: n F:2x1017 cem ™3, 41=585mu
[29].
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Fig. 11 shows the kinetics of the stress decay after
light Fig.12 is turned off for additively coloured KCI
crystals shows that the temperature dependence of the rate
constant for stress decay follows the Arrhenius plot. This
fact shows that the lifetime of dislocation-captured F’-
centres decreases with increasing temperature of the
crystals.

2.0F KCl “
Cp= 4ppm(5x10 cc)
1.5F
«
'E
E 1.0
=
b
Q
[=]
o
0.5 55.0K
59.2K
77.4K 64-0K
69.5K
0 1 1 1 1 1 1 1
0 2 3 4 5 6 7
TIME (sec)

Fig. 11. Kinetics of the stress decay after light is
turned off. Additively colored KCI[30].

KCl
0.80F Cp= 4ppm (5x10%%c )
E=0.01ev
0.50F
-
o -]
L)
0.40r
0.20 . I L ' . 1 ) 1
0.012 0.014 0.016 0.018 0.020

1/ 7K™

Fig. 12. Arrhenius plot of rate constant for stress
decay in additively coloured KCI [30].

4. Conclusions

The important conclusions drawn from the study of
photoplastic effect in coloured alkali halide crystals are as
given below:

@) Considering the basic process of PPE, an

expression is derived for PPE, which is as

given below

0

Do _ery An__I

_ 2% 2"V FO L
(Ac) =

5,bB(y,+7,)(E-at &t)

exp(—aes)

exp(—aes)—exp —i {l—exp[—S 0 (t—tc)]}
€

(i) The proposed theory is able to explain
temporal, deformation, strain-rate, spectral,
light intensity, coloration, dimension and
thermal characteristic of PPE.

(iii) PPE can be used to determine the lifetime of
the dislocation-captured F’ -cen tres in
crystals and the pinning time of dislocations.
It is shown that the lifetime of dislocation-
captured F’-centres is longer as compared to
the lifetime of normal F’-centres, i.e., the
dislocation non-capture F’-centres present in
the bulk.
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