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The results of an experimental study of the mobility of individual dislocations in silicon single 
crystals under conditions of periodic pulsed loading are presented. The dependences of the 
average glide distance of individual dislocations in silicon single crystals on the load pulse widths 
and the intervals between load pulses with different shear-stress levels were investigated using the 
method of intermittent two-level loading. The experimental data are analyzed on the basis of a 
kinetic model which takes into account the fluctuation formation and expansion of kink pairs in 
the stress field as well as their relaxation when the load on the crystal is removed. Significant 
disagreements between the computational results and the experimental data have been found. 
The possibility ofdescribing the observed facts by taking into account the changes of the 
dislocation and kink energies as a result of interaction with point defects, giving rise to specific 
regimes of one-dimensional motion of a kink in the field of a random source or in a random 
potential, is analyzed. 

INTRODUCTION 

More than 50 years ago, when the dislocation hypothe- 
sis of the plasticity of crystals was formulated, it was already 
acknowledged that in a crystal lattice exhibiting transla- 
tional symmetry the energy of a dislocation and hence the 
resistance to the motion of a dislocation are periodic func- 
tions of the position of the dislocation in the glide plane 
(Peierls barriers) W, ( y )  (Fig. l a ) .  For stresses less than the 
Peierls stress r, = ( l /b)  [aW,/ay)],,,, where b is the 
magnitude of the Burgers vector, such barriers are overcome 
by creating nonlinear soliton-type excitations on the disloca- 
tion which subsequently evolve, resulting in formation of 
kink pairs. Kink pairs, growing via a series of fluctuations up 
to a configuration that is stable against collapse, expand by 
drifting until they annihilate with antikinks from adjacent 
pairs in the dislocation 

The average velocity of the stationary motion of a dislo- 
cation in the Peierls relief is determined by the probability of 
pair formation and the kink velocity along the dislocation 
line. These elementary acts occur in two neighboring valleys 
of the potential relief, which are separated by the interatomic 
separation distance. They have not yet been directly studied 
experimentally by the methods of high-resolution electron 
microscopy. 

A method based on the analysis of the laws of motion of 
dislocations under conditions of periodic pulsed loading and 
making it possible to obtain specific information about the 
characteristics of elementary acts of dislocation glide, has 
been proposed only recently in Refs. 4 and 5. A compari- 
son5z6 of the experimental data, obtained by this method for 
silicon single crystals, with estimates made in the approxi- 
mation of the theory of motion of dislocations in a uniform 
Peierls relief' revealed a number of serious contradictions. 

The most significant contradiction is that the disloca- 
tions stop completely as the width of the load pulses de- 
creases or as the duration of the pauses between the pulses 
increases. Repeated application of load pulses should give 
rise to drift of thermodynamically equilibrium kinks along 
the dislocation line; under the conditions of the experiment 

the contribution of such kinks to the motion of the disloca- 
tion is equal to at least 60% of its stationary ~e loc i t y .~  

It is natural to conjecture that the observed discrepan- 
cies are determined by the influence of point defects, which 
are always present in a crystal. Being distributed nonuni- 
formly along a dislocation, point defects can, in particular, 
determine the specific nature of the one-dimensional motion 
of a kink along a dislocation line. The possibility of attaching 
a point defect to the dislocation core or detaching a point 
defect from the dislocation as the kink passes causes the en- 
ergy of a kink pair to depend discontinuously on its size (Fig. 
lc, curve 3) .  There arises a unique "memory" effect, gov- 
erned by the superposition of the contributions of several 
point defects to the interaction with dislocations. This re- 
sults in the formation of a specific potential relief for kink 
motion. Petukhov7-lo and ~ i n o k u r " - ' ~  investigated kink 
migration in such a relief theoretically; this migration is 
called "motion in the field of a random force." 

The distinguishing feature of such motion is the exis- 
tence of a critical stress 

which separates two regimes of kink migration. Here a is the 
distance between the valleys of the potential relief, c, and c, 
are the concentrations of point defects in adjacent valleys of 
the potential relief, u is the energy of short-range interaction 
of a dislocation with a point defect, k is Boltzmann's con- 
stant, and T is the temperature. For high shear stresses 
r > .r,, kink motion can be described in terms of the standard 
drift, when the displacement depends linearly on the time, as 
in the case of a random potential generated by individual 
point defects or clusters of point defects.''-l5 For stresses 
r < rO, however, the collective contribution of the point de- 
fects becomes significant and the kink motion can no longer 
be described in terms of the standard diffusion and drift. In 
particular, in the case of drift the kink path length is a sublin- 
ear function of the time:I2 
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FIG. 1. a )  The dependence of the energy of a dislocation on its 
position in the glide plane in an ideal crystal and b) in a crystal 
distorted by the interaction of the dislocation with a cloud of impur- 
ities. c )  The free energy of a kink pair as a function of the pair size in 
an ideal Peierls relief in the absence of stress ( 1 ) , with application of 
a load (r>O) ( 2 ) ,  and taking into account the interaction of the 
dislocation with point defects'." with T <  T,, (3). The circled let- 
ters show the states of the dislocation which are studied in the sys- 
tem of equations ( 7 ) .  The rest of the notation is explained in the 
text. 

where 

Another possibility is associated with the change 
brought about in the energy of a dislocation as a whole by the 
action of a cloud of point defects. As the point defects redis- 
tribute themselves around a dislocation they decrease 
further the minimum of the potential relief at the location of 
the dislocation (Fig. lb) .  Now the transfer of a dislocation 
into a neighboring valley of the potential relief under shear 
stresses less than some critical value, called the starting 
~ t r e s s ' ~ * ~  

is no longer energetically favorable. It should be noted that 
the quantities r,, and r,, are not constants, but rather depend 
on the state of the impurity cloud, which in turn is deter- 
mined by the speed of the di~location.~ The indicated de- 
crease in the energy of the dislocation determines the addi- 
tional force that stimulates relaxation of kink pairs and gives 
rise to the collapse of kink pairs. 

In this connection it is of interest to investigate theoreti- 
cally kink dynamics under conditions when the mechanisms 
predicted by the theory of motion in the field of a random 
force are realized. Such conditions can be achieved, in par- 

ticular, when internal stresses stimulating the contraction of 
kink pairs are partially compensated by the application of an 
external stress or when the applied stress has the same sign as 
the internal stress and determines the process of relaxation 
of kink pairs. 

In the present paper a method making it possible to 
realize such experimental conditions is developed. The re- 
sults of an investigation of the effect of weak external forces 
on the dynamics of kinks in dislocations in silicon, per- 
formed by a modified method of periodic pulsed loading, are 
presented; the method makes it possible to investigate the 
transition from motion in the field of a random force to mo- 
tion in a random potential. 

EXPERIMENTAL PROCEDURE 

In order to solve the problem posed above, we modified 
the method of intermittent pulsed loading, previously pro- 
posed in Ref. 4. In Refs. 4-6 the mechanisms of motion of 
individual dislocations under the action of a succession of 
load pulses r, , separated by pauses during which no load was 
applied to the sample, were investigated in Refs. 4-6. The 
width of a single pulse was comparable to the average time 
t ,  = a/ V, for transfer of a dislocation over a distance equal 
to the lattice spacing under conditions of stationary motion, 
where V7 is the average velocity of the dislocation under 
static loading. 

It was found that by varying the width ti of the pulses 
and the duration t, between pulses and by measuring the 
characteristics of the distribution of dislocations over the 
glide distances it is possible to obtain information about the 
characteristic formation time of a stable kink pair in a dislo- 
cation line-diffusive growth of a pair from the critical size 
x* up to x ,  = x* + x' (Fig. 1c)-as well as about the char- 
acteristics of kink motion as the pair expands and contracts. 
This made it possible to estimate, on the basis of very general 
assumptions about kink formation and kink motion, the 
characteristics of these processes. Here x* is the distance at 
which the mutual attraction of the kinks is balanced by ex- 
ternal forces:' 

x' is the diffusion length, 

r, is the shear stress in the load pulse, and the constant a 
determines the elastic interaction energy of the kinks. 

Periodic pulsed loading was achieved by four-point 
bending of the sample by means of a series of trapezoidal 
pulses, applied from a generator of pulses of a special form 
through an electromagnetic force t ran~ducer .~  In this work, 
in order to accelerate or decelerate collapse of kink pairs 
during the "pauses" (the intervals between the load pulses) 
a definite stress rp was created by applying a constant load 
with the required sign. Two-level sign-alternating loading 
was achieved with a six-point scheme, similar to that em- 
ployed in Ref. 17. The two-level loading with stresses of the 
same sign was achieved using the standard four-point 
scheme. A special setup was used to produce constant addi- 
tional loading. It includes removable beams with supports 
that transmit the load to the sample; the beams are connec- 
ted to the table for the weights, placed in the cold zone of the 

1080 Sov. Phys. JETP 73 (6), December 1991 lunin etal. 1080 



setup, by means of a hinge mechanism. This modification of 
the method makes it much more useful for investigating dif- 
ferent regimes of kink motion. 

The experiments were performed on samples of n-type 
silicon, cut from a dislocation-free ingot, grown by the meth- 
od of crucibleless zone melting and doped, during growth, 
with phosphorus until a resistivity of 150 R/cm was 
reached. The samples had the form of rectangular prisms 
with edge orientations [ 1701, [ 1121, and [ 11 1 ] and dimen- 
sions of 35 X 4 X 1.5 mm3. In order to introduce individual 
dislocations in the ( 1 1 1 ) faces stress concentrators were 
created with the help of a small pyramidal diamond inden- 
tor. The dislocation half-loops which formed from them un- 
der subsequent loading were revealed by selective chemical 
etching using the method described in Ref. 18. The use of 
Sirtl's etchant made it possible to distinguish 60-degree and 
screw segments from the form of the etch pits.I9 The glide 
distances of only those dislocations that did not exhibit sur- 
face bending were considered in the measurements.'8 In this 
paper we present the results obtained for 60-degree segments 
of dislocation half-loops of the glide system ( l i  1 ) [Ol 1 1,  
which were introduced on the compression side of the sam- 
ple. 

In order to determine the temporal characteristics of 
kink formation and kink motion the dependence of the aver- 
age glide distance? of dislocations on the pulsed-loading pa- 
rameters was measured. Two types of experiments were per- 
formed: we measured the dependence 7(ti) with constant 
inverse-duty factor Q = 2 (t, = ti ), where ti and t, are the 
widths of the load pulses and the durations of the "pauses" 
between them, respectively, as well as the dependences T(t, ) 

for fixed width of the load pulses (ti = const). The total 
width of the load pulses Bti was chosen to be equal to the 
static loading time t, within which the dislocations moved 
over distances of 20-30 pm, and remained unchanged in 
each series of experiments. The width of the leading edge of 
the load pulses was held constant (t, = 4 ms). The loading 
was performed at a temperature of T = 600 "C. The tem- 
perature was measured with a thermocouple, placed adja- 
cent to the sample, and was maintained constant to within an 
accuracy of 1 "C. 

RESULTSAND DISCUSSION 

Figure 2 shows the average glide distances of disloca- 
tions as a function of the width of the load pulses for the case 
t, = ti with different shear stresses during the "pauses" be- 
tween the pulses. One can see that even the application of a 
comparatively weak stress r, substantially changes the de- 
pendence?(ti ). If a weak additional load whose sign is oppo- 
site that of ri (curve I )  is applied during the "pauses," the 
glide distances decrease to zero for pulse widths substantial- 
ly larger than in the absence of the additional loading (curve 
2).  Both curves have an s shape with a point of inflection. If, 
however, a small stress of the same sign as in the pulses is 
applied during the "pauses," the dependence ?(ti ) becomes 
weaker and the dislocation glide distances do not drop to 
zero, even for the smallest values of ti employed in the exper- 
iment (curve 3). 

Figure 3 shows curves of the average glide distances of 
the dislocations versus the duration of the pauses between 
the load pulses. The curves were obtained with fixed pulse 

FIG. 2. The average glide distances of dislocations, normalized to the 
value for static loading, as a function of the relative load pulse widths 
(2, = t , )  with different level of stresses applied during the pauses: 
T, = - 1.1 MPa ( I ) ,  no additional loading (T, = 0) ( 2 ) ,  T, = + 1 MPa 
(3) .  T, = 7 MPa, Pt, = t, = 3600 s. Curve 4 is the computed dependence 
obtained from the relation (14) for W,, = 1.6 eV, 7, = 7 MPa, and 
T ,  = 76 ms (4) .  

widths. The curves 1-4 were obtained with different shear 
stresses during the pauses between the pulses. It is clear that 
in all cases as t, increases the glide distances decrease. Appli- 
cation of a small positive stress rp during the "pauses" slows 
down the decrease ofTas t, increases. Application of a small 
stress with the opposite sign (with respect to ri ), however, 
not only increases the rate of decrease of the glide distances 
as t, increases, but even changes the form of the dependence. 
If in the absence of additional loading during the pauses be- 
tween the pulses (curve 2 )  and with additional loading 
rp = + 1 MPa (curve 3) the curves are s-shaped and have a 
point of inflection, then in the case of loading with the oppo- 
site sign (7, = - 1.1 MPa) the glide distances decrease al- 
most linearly (curve l ) . 

FIG. 3. Average glide distances, normalized to the value with static load- 
ing, as a functton of the relative length of the pauses between the load 
pulses ( r ,  = 34 ms = const) for different level of stresses applied during 
the pauses (T, = 7 MPa, Pt, = t, = 3600 s ) :  T, = - 1.1 MPa ( I ) ,  no 
additional loading (T, = 0) ( 2 ) ,  T, = + 1 MPa (3) ,  and 7, = + 1.5 
MPa (4) .  Curves 5 and 6 are the computed dependences obtained from 
the relation ( 15) (t, = 76 ms): W, = 1.6 eV, T, = 7 MPa (5) and 
W ,  = 1 .55eV,~ ,  =re,  =5 .5MPa(6 ) .  
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It is interesting to note that the glide distances are ob- 
served to decrease to zero even when a small constant addi- 
tional load of the same sign as in the pulses (curve 3) is 
applied during the intervals between the pulses. However 
when the stress during the pauses is increased up to + 1.5 
MPa (curve 4), the dependence ?(tp ) becomes significantly 
weaker and the glide distances do not drop to zero right up to 
t, = 4ti = 136 ms. 

We now compare the experimental data presented 
above with the theory of dislocations moving in a perfect 

where kink motion is determined by the uni- 
form Peierls reliefof the second kind. At the present time the 
nonstationary motion of dislocations, which is realized un- 
der our experimental conditions, has still not been given a 
rigorous theoretical interpretation that takes into account 
the kinetics of kink nucleation and kink propagation. For 
this reason, for comparison, we shall employ a simple model 
(with some refinements) based on the scheme proposed in 
Refs. 25 and 26 for processing experimental data obtained 
with periodic pulsed loading and no additional loading dur- 
ing the pauses. 

In this approach the probability of finding a dislocation 
in one of two states is studied: "no kinks" C, and "with a 
pair of kinks" C, . These states are indicated by the circled 
letters A and B in Fig. lc. The time dependence of C, and C, 
is described by the system of equations 

where v, is the rate of formation of kink pairs with critical 
size x*, v2 is the rate of collapse of pairs, and 2u, C2 - v, is 
the rate of annihilation of kinks with antikinks from adjacent 
pairs on the dislocation line as the pairs undergo drift expan- 
sion. The arrows in Fig. lc  indicate the directions of these 
processes, v,  is the drift velocity of a kink 

D, is the diffusion coefficient of a kink 

Dk=vDb2 exp (- W,/kT) ,  ( 9 )  

Y,  is the Debye frequency, and W,,, is the effective activation 
energy of kink motion.' 

The dislocation velocity is determined by the transfer 
time of a dislocation into an adjacent valley of the potential 
relief V = a/t= av, . Then the stationary velocity can be 
written in the form 

while the average dislocation velocity during the load pulse 

The system of equations (7)  can be solved, if the contri- 
bution of terms that are quadratic in C, is neglected. In par- 
ticular, during a load pulse 

where v = v, + v2 and C; is the value of the probability C2 
under conditions of stationary motion of the dislocation. In 
determining C2 (0) the fact that the solution of the system of 

FIG. 4. The average glide distance of 60-degree dislocations in silicon 
under conditions of static loading as a function of the shear stress, 
T = 600 "C. The duration of the loading r = 9000 s. 

equations (7)  has a cyclical character 
[C2 ( t )  = C2 ( t  + ti + t, ) ] must be taken into account. 
Since v, v2, we obtain the following expression for the dis- 
location velocity under the conditions of periodic pulsed 
loading: 

v -- { I - e x ~ ( - ~ ) )  2 ( C V  ( 
- 1 -  

V ,  z ( 2 , ;0 ) ' )  

= I -  (7-1) ( 1 - e ~ ~  (-2)) {I-exp(-Y)) 
yz{i-exp[- (yfz)  I )  (13) 

where v; and v; are, respectively, the probabilities that a 
kink pair collapses during a pause and during a load pulse, 
y=v;/v; = exp(x*/xf), y=v; tp, Z-v;ti. 

The relation ( 13) makes it possible to calculate the de- 
pendences I( ti ) and I(t, ). In the case tp = ti the equality 
y = yz is satisfied. This leads to the expression 

In the case ti = const the expression ( 13) gives the following 
expression for the average dislocation glide distance: 

Z(tP) -= 1 - (I-%) (7-1) {I-exp(-vZftp)} 
5, yvzl'ti {I-x exp (-~, ' t , )  ) ' (15) 

where x - exp ( - z )  = exp ( - v;ti ) = const. 
Calculations using Eqs. ( 14) and ( 15) were performed 

on the basis of the diffusion model, where the rate of collapse 
of kink pairs of size x* is determined by the diffusion coeffi- 
cient of the pair v ; ~ 2 D , / ( x * ) ~ .  The coefficient D, (and 
correspondingly W,,, ) can be estimated from the relation6 

where x' is the diffusion growth length of a pair (6)  from the 
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critical size x* (5)  up to the stable configuration x ,  (Fig. 
lc), and t f is the pulse width corresponding to the position 
of the point of inflection on curve 2 in Fig. 2-the character- 
istic formation time of a stable kink pair on the dislocation 
line. The estimates made according to Eqs. (16) and (9)  
give the value Wm z 1.6 eV. The dashed curves in Fig. 2 
(curve 4) and Fig. 3 (curve 5 )  show the dependence calcu- 
lated according to Eq. ( 14) and ( 15) for this value of Wm . 
Decreasing W,,, results in a shift of the "step" at short times 
and a decrease of its "depth"; increasing W,,, results in the 
opposite effect. However, even if W, is set equal to the effec- 
tive activation energy of the motion of the dislocation as a 
whole U,, ~ 2 . 1 3  eV, the computed change in the glide dis- 
tances does not exceed 40%. 

Thus, in the above model of the motion of a dislocation 
in a uniform potential relief the glide distances of disloca- 
tions do not decrease to zero, as they do in Ref. 6. The mech- 
anism, incorporated in the model, of kink-pair relaxation by 
means of diffusion probably does not allow for the pairs to 
return efficiently to the centers of nucleation; this is the rea- 
son for the significant disagreement between the computed 
and experimental dependence for short pulse widths (Fig. 2, 
curve 2) and quite prolonged pauses (Fig. 3, curve 2 ) .  

We now examine the possibility of describing the results 
presented in Figs. 2 and 3 on the basis of the theory in which 
the effect of point defects on kink-pair formation and kink- 
pair motion is taken into account. As we have already men- 
tioned, the result of the interaction of a moving dislocation 
with point defects is to redistribute the defects which, accu- 
mulate in the stress field and in the dislocation core. This, in 
particular, gives rise to the starting stresses for dislocation 
m ~ t i o n . ~ ' - ~ ~  In order to reveal them, in this work we investi- 
gated the average glide distance of individual dislocations as 
a function of the shear stress. Figure 4 shows this depend- 
ence. One can see that as the stress decreases the nearly lin- 
ear dependence is replaced at T < 3 MPa by a sharp drop of 
the dislocation glide distances and at 7 = 1.5 MPa (marked 
by the arrow) dislocation motion cannot be observed within 
the time of the experiment. This quantity was taken as the 
starting stress T,, . 

The interaction of a dislocation with point defects de- 
termines whether or not formation of kink pairs for 7 < T,, is 
energetically favorable, since, to a first approximation, a 
constant effective stress, equal in magnitude to 
( - T,, ) = - ( l /b )  [d  Wd/dy] ,,, and returning them to 
the nucleation center (Figs. l b  and c) ,  acts on them. In this 
case the kink pairs formed on the dislocation line during the 
load pulse will relax during the pauses under the action of 
the internal stress ( - T,, ) by drifting and not diffusion, as 
assumed in the preceding workL6 and the first part of the 
discussion. The reason, studied here, for the relaxation of 
kink pairs may permit explaining qualitatively the signifi- 
cant change, observed in our experiments, of the dislocation 
glide distances as a function of the load pulse width and the 
duration of the pauses. 

If, now, the action of the internal forces is balanced 
during a load pulse by application of an external stress dur- 
ing the pauses between the load pulses, the relaxation of kink 
pairs should be determined by random walk of the kinks. In 
order to check this assumption we performed experiments 
with periodic pulsed loading of the samples, when a stress 

rP ZT,, , balancing the action of the internal stresses, was 
applied during the pauses. Curve 4 in Fig. 3 shows the de- 
pendence, obtained under these conditions, of the normal- 
ized average glide distance of dislocations on the duration of 
the pauses between the load pulses. The dot-dashed curve 
(curve 6) in Fig. 3 shows the dependence calculated from 
Eq. ( 15 1; the amplitude of the pulsed stress was taken to be 
-r,, = ri - 7,, = 5.5 MPa. In these calculations W, was 
used as an adjustable parameter. One can see that for 
W,,, = 1.55 eV the computed change in dislocation glide dis- 
tances for large values of tp agrees qualitatively with the 
change determined in the experiment. But the rate of change 
of the dependence, i.e., the kink relaxation kinetics during 
the pauses, cannot be satisfactorily explained on the basis of 
the usual model of kink diffusion. 

This discrepancy could be due to the characteristics of 
the one-dimensional motion of kinks in the specific potential 
relief formed by the superposition of the contributions of 
many point defects to the energy of a kink pair. Under these 
conditions, kink motion cannot be described in terms of 
the standard diffusion and drift and must be analyzed 
on the basis of the theory of motion in the field of a random 
force.'-l2 Diffusion in the field of a random force must be 
slower than in a random potential, according to the law 
x - ln2t.12 This can determine, in principle, the discrepancy 
between the curves 4 and 6 in Fig. 3. 

In order to answer this question we measured the char- 
acteristic relaxation times T,* of kink pairs of different sizes, 
the starting size of a pair being determined by the load pulse 
width ti. Curve I in Fig. 5 shows the dependence of the criti- 
cal duration of the pauses t,* on the pulse width ti in the 
absence of additional loading during the pauses. In order to 
construct this dependence in the experiments we construc- 
ted the curves i ( tp  ) ( T ~  = const) for different values of ti 
and determined the position of the points of inflection t ,* on 
curves similar to the curve 2 in Fig. 3. 

We now examine the possibility of describing the de- 
pendence t ,* (ti  ) for kink motion in the a random force field 
and in a random potential. During a load pulse with ri > T, 

( 1) kink pairs expand by the standard diffusion and drift 
processes. Assuming (as in Refs. 4 and 6) that during a load 
pulse a kink pair grows to a stable configuration by diffusion 
over the time t f and then expands by drift, while during a 
pause the pair contracts under the action of a force equal to 
( - T,, ab) , likewise in the regime of linear drift (motion in a 
random potential), we obtain, equating the path lengths of 
the kinks during pair expansion and relaxation during a 
pause t ,*, the following equation describing the dependence 
t ,*(ti):  

The first term on the left side of Eq. (17) is the diffusion 
length ( 6 ) ,  modified by replacing T, by 7, - .r,, . The second 
term is the drift distance of a kink pair during the load pulse 
minus t :-the formation time of a stable pair. The right- 
hand side of the equation is the path length of kinks in the 
case of drift-induced pair contraction under the action of the 
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internal stress --T,,, i.e., x(tp)=2v;t,, where 
v; = (D,/kT) T,, ab. 

In the case of motion in the field of a random force the 
path length of the kinks in the case of drift-induced pair 
contraction under the action of the internal stress T = - T,, 

is described by the expression (2).  In this case the depend- 
ence t ,* ( ti ) is described by the equation 

kT /  (r,-r,,)ab+2 (D,/kT) [ ( ~ ~ - r , ~ ) a b ]  (ti-ti') =XO (tp-/to)', 

wherex, = kT/ (~ , , ab )  and to = ( x , ) ~ / ( ~ D , ) .  
The dashed lines in Fig. 5 show the behavior calculated 

using Eqs. ( 17) and ( 18). One can see by studying kink 
motion in the random potential (17) that the experimental 
data disagree even qualitatively with the computed depend- 
ence (curve 5). However, in the case of motion in the field of 
a random force the computed dependence can be matched 
with the experimental data for short pulse widths (ti  < 110 
ms) with 6 = 0.4 (curve 3 ) .  

The disagreement between the computed and experi- 
mental curves in Fig. 5 for large pulse widths could be 
caused, in principle, by two factors. The first possibility is 
associated with the fact that for relatively large ti kink pairs 
reach sizes when annihilation of kinks from neighboring 
pairs on the dislocation line may be more probable than re- 
turn of the kinks to the centers of n~cleat ion.~ However, the 
experiments performed when the two-level loading alter- 
nates in sign (Fig. 3, curve 1) show that a significant number 
of kinks can return to the nucleation centers even after the 
dislocation moves over several valleys of the potential relief. 

Indeed, if all kinks from adjacent pairs were annihilated 
within times ti--,2t, corresponding to regions of rapid 
growth oft ,* (Fig. 5), dislocation glide could not be reversi- 

FIG. 5. The critical length of a pause as a function of the load pulse width: 
experimental data (7, = 7 MPa, r, = 0, I t ,  = 7200 s )  ( I ) ,  results of cal- 
culations of the nonlinear-drift-relaxation times for a kink pair during a 
pause under the action of stress r,, = 1.5 MPa [using the formula ( 18) ] 
with 6 = 0.2 ( 2 ) ,  0.4 (3) ,  and0.6 ( 4 ) ,  aswell as thelinear-drift-relaxation 
times [computed using the formula ( 1 7 ) ]  (5) .  

ble under sign-alternating loading with pulses of width 
greater than 2t, (rP is too small to stimulate nucleation of 
pairs of kinks of opposite sign during the pauses). It is evi- 
dent from curve 1 in Fig. 3, however, that under the condi- 
tions of reversible loading with load pulse widths ti ( lot, the 
dislocation glide distances are short. The dislocation glide 
distances start to increase only when the pulse widths are 
sufficiently long: ti > lot, ~ 7 0 0  ms. This type of motion of 
dislocations is possible when the dislocations contain widely 
separated barriers which prevent annihilation of some kinks 
from adjacent pairs. The increase in the dislocation glide 
distances for ti > lot, can be interpreted in this case as over- 
coming of barriers by the superkinks formed or the onset of 
motion of defects, forming the obstacles, under the action of 
linear tension forces of the bowed dislocation. 

The discrepancy between the computed and experimen- 
tal curves in Fig. 5 could also be caused by the specific nature 
of the one-dimensional motion of a kink in a time-dependent 
random force field. In the theory of motion in a random 
force field7-I2 point defects are assumed to be stationary. 
This is valid only for times shorter than the relaxation time 
of a cloud of point defects after a dislocation has moved into 
the next valley of the potential relief. The quantity r,, (4)  
should decrease with time because the point defects are re- 
distributed to the new position of the dislocation. If, how- 
ever, the force moving the kinks is weak, the theory9 pre- 
dicts that for sufficiently long kink paths a kink can "stick" 
to a large fluctuation of the random force field generated by 
point defects, i.e., so-called quasilocalization can occur. Un- 
der these conditions the average kink velocity becomes equal 
to zero, and the dislocation segment that has crossed into the 
next valley of the potential relief during a load pulse does not 
return into the initial valley for any length of the pause. 

Kink quasilocalization should in principle also be ob- 
served in the process of drift expansion of a pair using low- 
amplitude load pulses. This should result in qualitative 
changes in the mechanism of dislocation motion. In particu- 
lar, "sticking" of kink pairs as they expand makes it possible 
for gliding to extend to the successive valleys of the potential 
relief. This should cause superkinks to form. The superkinks 
formed as a result of forces generated by linear stretching of 
a dislocation stimulate escape of kinks from traps in the ran- 
dom force field. For even weaker stresses, when superkink 
formation becomes energetically unfavorable, dislocations 
once again approach the rectilinear form. In this case, how- 
ever, the dislocation velocity should decrease sharply, since 
under these conditions kinks can escape from traps only by 
thermal activation. 

In order to determine the possibility of observing this 
phenomenon we performed experiments with periodic 
pulsed loading with small-amplitude pulses, when quasilo- 
calization of kinks should occur. Figure 6 shows the results 
of our investigations of the dependence 7(ti) for t, = ti. 
These results were obtained without additional loading dur- 
ing the pauses and with different stresses during the load 
pulses. One can see that for the highest stress ri = 7 MPa 
(curve I )  the dependence of the average glide distance of 
dislocations on the load pulse widths attains the value of the 
average glide distance in the case of static loading under the 
same conditions with relatively short pulse widths ti -to, 
which corresponds to displacement of a dislocation over a 
distance on the order of one lattice spacing. 
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FIG. 6. Average glide distances of dislocations, normalized to the static 
values, as a function of the relative pulse width (t, = t , )  for different 
shear stresses (7, = O):r, = 7 MPa (to = 76 ms) ( I ) ,  4 MPa (2, = 129 
ms) (2), and 3 MPa ( t ,  = 228 ms) ( 3 ) .  

When the stress in the pulses is reduced to 4 MPa 
(curve 2) the dependence of the average glide distance on 
the relative pulse width changes substantially. In particular, 
the average glide distances reach the values obtained with 
stationary motion under the same conditions with signifi- 
cantly larger relative pulse widths t, -- 103t,, i.e., under these 
conditions, as the dislocation enters the regime of stationary 
motion, separate sections of a dislocation glide over dis- 
tances - 103a. Formation of superkinks on the dislocation 
line then becomes unavoidable. As T, is further decreased to 
3 MPa (curve 3 )  the stationary glide distances are reached 
for much lower relative pulse widths than for T~ = 4 MPa. 
As one can see from Fig. 4, however, in this stress range the 
dislocation velocity starts to depend sharply on the stress. 

It should be noted that the distortion of the form of the 
dislocation line in the region of weak applied stresses was 
observed previously in Refs. 18 and 28 with the help of x-ray 
tomography and was interpreted as resulting from the action 
of strong stoppers on the kink motion. The experiments per- 
formed show that fluctuations of the random force field can 
act as stoppers. 

Thus the modified method of periodic two-level loading 
makes it possible to achieve, by varying and T ~ ,  different 
regimes of kink motion along a dislocation line and to obtain 
information about the accumulation of point defects from 
the volume of the crystal by the dislocation. When these 
experimental data are compared with the theory it is neces- 
sary to take into account the fact that the interaction of a 
dislocation with a cloud of point defects, which gives rise to 
the starting stress, is of a dynamic nature and depends on the 
preceding history of the crystal. In addition, it should be 
noted that the mechanism, studied in this work, of kink stop- 
ping in the relief created by the random force field is only one 

of the possible mechanisms. Potential barriers, associated 
with the dependence of the kink energy on the position of the 
kink relative to the point defect, are also obstacles to kink 
motion.I3,l4 In a real crystal both possibilities are evidently 
realized and the random barrier and the random force field 
are superposed. Unfortunately, a strict theory of kink mo- 
tion in which all indicated possibilities are taken into ac- 
count has still not been developed. 

We thank V. Ya. Kravchenko, B. V. Petukhov, and V. 
L. Pokrovskii: for their interest in this work and for fruitful 
discussions. 
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