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The kinetics of the thermally activated motion of screw pyramidal dislocations in zinc crystals is investigated 
in the temperature range 4.2-295 'K. It is shown that the dislocation path length depends linearly on the 
loading duration; a lag time t, is observed. The effect of the stress T and temperature Ton the dislocation 
velocity is studied. It is shown that the motion of the dislocation is determined over the entire T and T interval 
by the surmounting of the Peierls barriers. Estimates are obtained for the Peierls stress T, = 780 gf/mm2 and 
the energy of a single kink V, = 0.17 eV. 

PACS numbers: 61.70.Le 

1. INTRODUCTION entire range of temperatures available in the study- 
from helium temperature to  room temperature and Displacement of a dislocation along crystallographic 
above-while in semiconductors, motion of dislocations direction, a s  is  well known, is accompanied by periodic 
can be observed only a t  high temperatures. The impor- 

changes in its potential energy; the corresponding po- 
tance of the advantages mentioned is due to the fact that 

tential hill pattern is referred to a s  Peierls  hills. The 
only comprehensive data on the dependence of mobility 

height of Peierls  barr iers  depends on the type of crys- 
on s t r e s s  and temperature, over a wide range of these 

tal structure and the kind of crystallographic plane in 
parameters, allows us to reliably establish not only the 

which the dislocation moves. When the barr iers  a re  Peierls  hill structure but also the relative role of phy- 
sufficiently high, they a re  one of the primary factors 

sical  processes promoting the passage of dislocations 
determining the mobility of individual dislocations, and through the barr iers  (especially the role of thermal 
consequently also the plastic-deformation kinetics of the 

fluctuations). 
entire crystal. Therefore study of the Peierls hills 
structure and the physical processes promoting passage 
of the dislocations through the barr iers  is  one of the 
important problems of dislocation physics. 

According to current ideas, the Peierls  barr iers  limit 
dislocation mobility in crystals with covalent bonding 
(most semiconductors) and in metals with bcc lattice 
structure.' We shouldpoint out that only for some semi- 
conductors (germanium, silicon) a r e  these assumptions 
based on results of direct observation of the mobility 
of individual dislocations. In the remaining cases,  the 
success of the Peierls  model i s  based on indirect data 
obtained from study of Bordoni peaks in the tempera- 
ture dependence of the internal friction o r  from an analy- 
s i s  of the macroscopic characteristics of plastic de- 
formation. There is also a large amount of direct and 
indirect data to indicate that the motion of dislocations 
in planes with low crystallographic indices in fcc metals 
and in basal planes of hcp metals i s  not associated with 
overcoming appreciably high Peierls barriers.  As r e -  
gards the (1122) (1123) pyramidal sl ip planes in hcp 
metals, there a r e  grounds for assuming that the Peierls  
barrier in such metals has an appreciable height.2 How- 
ever,  up to the present time little direct experimental 
data confirming this viewpoint has been obtained. 

Moreover, in the study of the Peierls  mechanism 
of dislocation deceleration, hcp metals have a number 
of advantages over semiconductor crystals. It is 
enough to mention only two of these advantages: firstly, 
owing to the high plasticity of hcp metals, the mobility 

The laws of plastic deformation and dislocation mo- 
tion in the {1122}(1123) slip system in zinc have been 
previously studied in a number of  paper^.^-^ In ex- 
periments on dislocation mobility ,3v4 strain hardening,'" 
and ultrasound it was shown that thermally 
activated motion of pyramidal dislocations is  character- 
ized by the following parameters: activation energy 
0.1-0.2 eV, and activation volume (2-30)b3. Such small 
values of the activation parameters were evidence that 
pyramidal dislocation motion in Zn is controlled by the 
surmounting of the peierls  barrier^.^"-^ However, it 
was not possible to  draw final conclusions since sys- 
tematic and methodologically correct  measurements 
over a sufficiently broad range of temperatures and 
shear s t resses  were lacking. Moreover, the major 
part of the experimental investigations was carried out 
even before a sufficiently rigorous theory of dislocation 
motion through the Peierls  barr iers  was established, 
which made interpretation of the experimental data 
difficult. 

Subsequent theoretical analysis of thermally activa- 
ted motion of dislocations in a Peierls  potential hill 
pattern was carried out by Petukhov and Pokro~sk i i . ' ~  
The existence of such a theory and also the improve- 
ment in experimental investigation techniques for 
individual dislocation mobility in recent years have 
made it possible to approach the problem of identifica- 
tion of the mechanisms of pyramidal dislocation mobility 
a t  a qualitatively new level. 

curves can be obtained over broader s t r e s s  intervals The task of our work was to study dislocation mobility 
than in brittle semiconductors; secondly, pyramidal in the {1122)(1123) slip system over a broader tempera- 
dislocations in these metals remain mobile over the ture interval and with a more accurate technique than 
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previously ,3-8 and to  compare the experimental data with 
the theoretical results.1° 

2. EXPERIMENTAL TECHNIQUE 

We used Zn single crystals of 99.997% purity, grown 
according to the procedure described by Vladimirov 
etal."; the basal (0001) plane was parallel to the 
growth axis. The crystals were cut by the electric 
spark technique into blocks which were annealed for 50 
hours a t  380°C and then cleaved along the (0001) plane 
at 77°K into prismatic samples with dimensions 3 ~ 3 x 8  
mm and 4 x 4  x 9 mm. In the samples prepared by such 
means, the basal dislocation density wasp, = 5 105 cm-', 
the pyramidal dislocation density was p, = (3-4). lo3 
cm-', and small-angle faces were absent. 

The samples were deformed by compression along the 
[ l l Z ~ ]  axis at constant s t ress .  The magnitudes of the 
shear s t r e s s  T in the {1122}(11~3) slip system were 
varied from 120 to 740 gf/mm2; the starting s t r e s s  for 
onset of dislocation motion in these crystals is equal to 
110 gf/mm2.12 The loading time varied from 0.15 to 
1.8. lo4 seconds. 

Freshly formed dislocations were introduced by 
scoring scratches on the (0001) plane in the [ l l Z ~ ]  di- 
rection. After loading, the displacements of the screw 
components of the pyramidal dislocations were mea- 
sured. The dislocation density and path lengths (lengths 
of the sl ip line) were determined by selective chemi- 
cal  

The investigation was carried out at 4.2, 77, 144, 
220, and 295°K. At each temperature, the dislocation 
path length I was plotted vs  the loading time t for sever- 
a l  values of the shear s t ress  (the kinetic curves). The 
path lengths varied from 30 to 4000 p.  Each point on 
the l(t) graph corresponds to measurement of the path 
lengths of 30-80 dislocations. 

3. EXPERIMENTAL RESULTS 

On Fig. 1 we present a s  an example the kinetic 
curves for different shear s t resses  obtained at 144°K. 
The I(t) curves obtained at other temperatures a r e  
qualitatively similar to these. The characteristics of 
the curves a r e  a s  follows: 

1) The l(t) curves a r e  linear for average path lengths 
up to 1s 2.  lo3 p (in this case,  many dislocations 
traverse apath of I =  (3-4).103p ; with further increase 
in 1, deviation from linearity is observed in several  
l(t) curves. The reasons for the deviation of the kinetic 
curves from linearity at I> 2 .  103p was not specially 
studied. 

FIG. 1. Average dislocation path length vs. duration of load- 
ing at 144°K: A -  T =  140 &rnrn2, A-160, 0-180, 0-200. 

loot ZOO JOO YO0 600 
r ,~/rn2 

FIG. 2. Dislocation velocity vs. shear stress at different temp 
eratures: - T = 295 K, A- 220, o - 144, - 77, - 4.2. 
The value of T,, is indicated by the arrow. 

2) All the kinetic curves intercept a segment on the 
t axis, the so-called lag time1) t i ;  in the temperature 
and shear s t r e s s  range studied, the lag time decreases 
with an increase in T and (or) T ;  the range over which 
ti varies is from lo-' to 5. lo3 seconds. 

The linearity of the l(t) curves obtained shows that 
in the experiments carried out a t  constant s t r e s s ,  the 
dislocation velocity [defined a s  the slope of the linear 
portion of I@)] is constant over a wide range of path 
lengths. The plots of dislocation velocity vs. shear  
s t r e s s  for temperatures of 4.2-295 OK a r e  presented in 
Fig. 2 on a logarithmic scale. On lowering the tem- 
perature, the graphs of v(r) a r e  shifted toward the 
higher s t r e s s  region. In the literature it is customary 
to plot the mobility curves in the coordinates v-7". As 
is evident from Fig. 2, in our case the exponent m in 
the functional relationship v - T m i s  increased a s  the tem- 
perature is lowered-from 3 to 295OK at  87 at 4.2"K. 

On Fig. 3 we show the plots of v vs  1 / ~  for different 
shear s t r e s s  levels. It is evident that the dislocation 
motion is thermally activated and may be described by 
an Arrhenius relationship. Extrapolation of the obtained 
v(l/T) curves to 1/T = O  makes it possible to determine 
the pre-exponential factor v, a s  a function of stress.  It 
was shown that v , - T ~ . ~  for s t r e s ses  from 120 to 300 
gf/mm2. From the reduction of the experimental data 
we obtained plots of the thermal activation parameters 

FIG. 3. Dislocation velocity vs. 1/T for different shear stress: 
0- 7= 130 gf/rn2, + - 150, 0- 160, 0- 170, x - 190, 0 - 200, 
A - 220, A - 250, 0- 280, .- 300. 
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vs. s t r e s s  in the range 120-740 gf/mm2; the activation 
energy varies from 0.01 to 0.1 eV, and the activation 
volume from 5. t o  7. cm3. 

4. COMPARISON OF EXPERIMENTAL DATA WITH 
THEORY 

The low values of the activation energy and activa- 
tion volume provide a basis for assuming that the 
motion of pyramidal dislocations in Zn is  controlled 
by the decelerating effect of the Peierls  hills. There- 
fore we must discuss in detail the data obtained from 
the point of view of the theory of thermally activated 
surmounting of Peierls  barriers." 

The motion of dislocations in the Peierls  hills at 
s t resses  T < T ~  occurs by means of thermal-fluctuation 
formation and further broadening of double kinks. The 
average dislocation velocity v is  related to the prob- 
ability w of developing a kink of critical dimensions 
a s  v-w1I2. In the classical limit, the expression for 
the dislocation velocity takes the form 

The explicit form of the activation energy H(T) and of 
the pre-exponential factor v, was obtained by Petukhov 
and Pokrov~ki i '~  for two limiting values of the s t r e s s ,  
T c< T, and T - 7,. We should point out that v, also de- 
pends on T and T; however, this dependence i s  weak 
(a power law relationship with a small  exponent) and 
taking it into account changes the overall result only 
slightly. Subsequently, we will neglect this dependence 
in treatment of the experimental data, a procedure ac- 
ceptable if we consider the significant spread in the ex- 
perimental points. 

In the indicated limiting cases,  H(7) is determined by 
the expressions 

The constants V,, lo, T,, and H, in these equations de- 
pend on the magnitude of the Burgers vector b, on the 
tension coefficient of the dislocation C, and on the 
parameters of the Peierls  potential ~ , ( y )  (y  is the co- 
ordinate along the dislocation motion). The parameter 
Vo represents the energy of a single kink; this energy 
was computed by Guyot and Dorn15 for certain specific 
forms of ~,(y). The expressions for the remaining con- 
stants have the form 

Here 

is  the value of the second derivative of the function 
uP7,(y) at the minimum point; 

is the value of the third derivative at the inflection 

FIG. 4. H [  T ln ( ~ 7 ~ / 7 1 1  curve for the low-stress region, 
Tp= 780 gf/mm2. 

point yo, where the first  derivative auP(y)/ay reaches 
a maximum; the Peierls  s t r e s s  T, is defined by the 
relationship 

a is the period of the function ~ , ( y ) .  

From Eqs. (2 )  and (3) it is  easy to obtain the expres- 
sions describing the activation volume y ( ~ )  = - ~ H ( T ) / ~ T :  

The values of the constants in the theory may be rela- 
ted to  the measured parameters of the crystal for a 
sinusoidal Peierls hill pattern 

by using the relationship C = ~ b a ,  where G is  the shear 
modulus in the sl ip direction; 

Vo=Gb3(2a/nb)"*(rJG"), L0=bn"(a/2b)"( (G/rp)lb, 
nu0 

To-XTp, TP = -, 
ab (7) 

From Eqs. (2)-(6) it i s  evident that the activation 
parameters H and y depend differently on T in the high 
and low s t re s s  regions. 

Let us analyze the experimental data obtained in the 
appropriate coordinates. On Fig. 4 and Fig. 5 we 
present the plots of H vs  T ln(m,/r) and y vs ln(m,/~) 
- 1 for s t resses  of 120-300 gf/mm2. In the reduction 

FIG. 5. y[ln (r~dr)- 11 for the low-stress region, T p =  780 
gf/mm2. 
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the experimental data we used, for the parameter 7, a 
set  of s t r e s s  values from 750 to 1200 gf/mm2. It 
turned out that the experimental data were best linearized 
in the coordinates corresponding to  Eqs. (2), (3), (61, 
for 7, = 780 gf/mm2. It is  evident that the curves on 
Figs. 4 and 5 a r e  linear; the slopes a r e  close to 17b3 
for H and 23b3 for y. Extrapolation of the curves of 
H vs  7 ln(nrP/7) to the zero value of the function 
T ln(n~,/r) gives Vo =0.17 eV. An estimate of the 
parameters b2ZO and Vo from Eq. (7) gives b210 = 5b3 and 
Vo =0.10 eV, if we take for the crystal parameters 
entering into Eq. (7) the values C = 2.97. 10" dyne/cm2, 
a=2.6.  lo-' cm, and b =5.65 lo-' cm. 

On Fig. 6 we give plots of y v s  (1 -  for stresses  
above 650 gf/mm2. The experimental points fit well 
a straight line at T 680 gm-f/mm2; the value yo = 8b3 
determined from this plot agrees well with the yo =9b3 
calculated from Eq. (7). 

Thus, the experimental data obtained on mobility of 
pyramidal dislocations in the temperature range 4.2- 
295°K for low and high s t r e s s  a re  satisfactorily des- 
cribed by the theory of dislocation motion in the Peierls  
hills.1° In particular, the experiment confirms the 
curves obtained t h e ~ r e t i c a l l y ' ~  for the s t r e s s  depen- 
dence of the activation parameters; we note that the 
form of these dependences i s  not associated with a 
specific form of the Peierls function U,(y). The nu- 
merical values of the constants Vo and b2l0, calculated 
assuming a sinusoidal form for the Peierls  hills pat- 
tern ,  differ from those found from analysis of the ex- 
perimental data by several-fold; apparently, such a 
shape for the hill pattern is not too good an approxima- 
tion in the calculation of the quantities U', and U: in 
Eq. (4). As T - rp ,  this approximation gives better 
agreement between the calculated and observed values 
of the parameter yo, which is  determined only the the 
third derivative u:. 

On the basis of the analysis performed, we can 
state that the mechanism controlling the mobility of 
pyramidal dislocations in Zn is the surmounting the 
Peierls  hills. 

We should point out that the results of our work 
differ substantially from the results of Blish and 
Vreeland; who studied the mobility of pyramidal dis- 
locations in Zn in the temperature range 77-323°K. 
A complex functional dependence for V ( T )  was obtained 
by them4 at constant T: the dislocation velocity first 
grows a s  the temperature increases, while at T>200°K 
it decreases. The shape of the v ( T )  curve observed is 

FIG. 6. y [ ( l -  T/T,)'/~] for the high-stress region. 

connected with a change in the mechanism controlling 
the velocity, the double kink mechanism at 77-llO°K, 
and cross-glide above 200°K. However, a s  is  shown in 
our work (see Fig. 2) the pyramidal-dislocation velocity 
is a monotonic function of temperature for any shear 
s t r e s s  and is controlled over the entire range of T and 
7 by a single mechanism-the surmounting the Peierls 
barriers.  

We should point out that cross-glide of screw com- 
ponents of pyramidal dislocations was observed in our 
experiments, a s  With increase in tem- 
perature, the slip bands a r e  appreciably broadened; 
this is due to activation of the double cross-glide." The 
agreement between the activation parameters obtained in 
this work and those obtained previously'' is  apparently 
evidence that the double cross-glide of the screw com- 
ponents of the pyramidal dislocations is determined by 
the same ba r r i e r s  which control the motion, i.e., the 
Peierls  hills. 

Substantial differences between our experimental data 
and that of Ref. 4 may probably be explained by the fact 
that in Ref. 4 the measurements were performed with 
fixed loading times on sl ip lines arising from random 
sources. It i s  clear that neglect of the nonlinearity of 
the l ( t )  curve for long path lengths and lag t imes I,, 
which reach significant values, leads to substantial 
e r r o r s  in the determination of dislocation velocity and 
in the dependence of the velocity on shear s t r e s s  and 
temperature. 

In this work we studied the motion of dislocations in 
the Peierls  hills a t  helium temperatures; therefore 
we should discuss in particular the possibility of ob- 
serving quantum effects on such motion.1° ~ h e o r y "  
predicts that a s  T - 7, the motion of dislocations takes 
on a quantum character a t  temperatures on the order 
of 

where T, i s  the Debye temperature. In our case,  
the temperature To-0.3"K for T, - 7 -0.17,; there- 
fore,  at T = 4.2"K the dislocation motion should st i l l  
have a completely thermal activation character-which 
i s  confirmed in the experiment. At present, it has be- 
come feasible to study dislocation motion a t  tempera- 
tures below 1 " ~ . ' ~ * ' ~  This encourages us to hope that 
the theoretical results  involving this point will also be 
tested in the near future. 
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Increase of resistance of bismuth deformed at 80 K when 
the temperature is lowered to the helium region 

Institute of Physics Problems, USSR Academy of Sciences 
(Submitted 19 May 1980) 
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The temperature dependence of the resistivity p(T) of bismuth is measured in the range 0.4 < T < 8K at 
various values of the residual resistivity obtained by deforming the sample at 80 K (the value of p in the 
helium region increased upon deformation by 300-900 times). With increasing deformation, thep(T) plot first 
becomes steeper and then, at low temperature, dp/dT begins to decrease and reverses sign. In the low 
temperature limit,p(T)-p(O)--Tnp(0)" , where n = 0.5*0.15 and 0.8 < m  < 1.1. A comparison is made with 
theory of Al'tshuler and Aronov [Sov. Phys. JETP 50,968 (1979) and JETP Lett. 27,662 (1978)], according to 
which n = 0.5. 

PACS numbers: 72.15.Eb 

Sharvin and the author' observed a n  i n c r e a s e  of the 
resis t ivi ty  p(T) when the tempera ture  of a bismuth 
wire ,  strongly deformed at 80 K, was lowered to the 
liquid-helium region. Since the appearance of the 
anomaly was  not due to introduction of magnetic im- 
puri t ies ,  it can be assumed that  it was not caused by 
the Kondo effect. 

The observed effect,  a s  noted by Al'tshuler and 
Aronov, was  of the s a m e  o r d e r  as est imated by t h e i r  
theory ( see  Ref. 2  and the earlier Ref. 3), which d e a l s  
with the effect of the interference between the e lec t rons  
and of the i r  elastic sca t te r ing  by lattice inhomogeneities 
According to t h e i r  t h e ~ r y ~ . ~  the contribution of this  
mechanism to the p(T) dependence f o r  a n  isotropic  
model  takes at k T  <<ti/r the fo rm 

where 1 and T are the electron mean f r e e  path length 
and time, p, is the F e r m i  momentum, and the constant 
C is negative f o r  a repulsion interact ion between the 
electrons. 

By deforming bismuth at low tempera tures  it is pos- 
s ib le  to obtain values of p(0)  l a r g e  enough to sat isfy 
at helium tempera ture  the condition kT << E/r (the value 
obtained in Ref. 1  f o r  a deformed wi re  w a s  p =  1 . 9  
X a - c m ,  leading to the estimate E/kr=  190 K; f o r  
the data  on the  e lec t ron  spec t rum of bismuth see, e. g.,  
Ref. 4). 

For a m o r e  detailed study of the effect and f o r  a com- 
parison of the resu l t s  with the theory of Refs. 2 and 3, 
we  have measured  p(T) in a l a r g e r  t empera ture  in te r -  
val 0 . 4  < T < 8  at various d e g r e e s  of plast ic  deformation. 

EXPERIMENT 

In the ini t ia l  fo rm,  the samples  w e r e  bismuth single 
c r y s t a l s  i n  the  f o r m  of rectangular  parallelepipeds 
measur ing  0 . 2 5  XO. 37 x 18 m m ,  growth f r o m  the mel t  
in  a dismountable mold of construction s i m i l a r  to  that 
descr ibed  in Ref. 5 .  The p a r t s  of the mold were  made 
of g l a s s  and s ta in less  s teel .  Prior to the casting the 
mold was  coated with a thin l ayer  of vacuum g r e a s e  and 
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