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Lattice wave emission from a moving dislocation
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A dislocation moving in a lattice accelerates and decelerates due to the lattice periodicity and emits lattice
waves. Simulations of this process in square and triangular lattices have been presented. Under a small stress,
less than 70—80 % of the Peierls stress, a dislocation moving from an unstable position cannot overcome the
next Peierls hill because it loses energy by emitting lattice waves. With a larger stress a long-distance motion
of a dislocation is possible. When a dislocation moves slowly, lattice waves of dipolar type are emitted in the
direction perpendicular to the motion of the dislocation. When the dislocation velocity is about half of the shear
wave velocity, a V-shaped pattern of strong lattice vibration forms behind the moving dislocation because of
the restricted propagation directions of the excited lattice waves. When the dislocation velocity exceeds 70% of
the shear wave velocity, pair creation of dislocations occurs, which leads to dislocation cascading. A disloca-
tion can move faster than the shear wave velocity in the square lattice, and there is no discontinuous change
between subsonic and supersonic motions. The dislocation velocity is not proportional to the applied stress.
The energy loss of the moving dislocation is about one order of magnitude larger than the theoretical value
estimated by phonon-scattering mechanisms, even at room temperature.
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[. INTRODUCTION relief it was found that, even if the viscous drag due to elec-
trons is taken into account, a dislocation forms multikink

Dislocation motion is driven by external stress. At finite pairs, and, therefore, long-range motion is possible under a
temperatures the thermal fluctuation of the crystal latticestress larger than 70% of the Peierls streShis contradicts
triggers the motionthermal activation The moving dislo- the experimentally obtained temperature dependence of the
cation loses energy by viscous drag due to phonon and/dlow stress, because the flow stress of bcc metalad of
electron scattering. It can also dissipate energy by radiatinglkali halides of NaCl typ¥ increases at least up to 95% of
acoustic waves. Dynamical processes of dislocations, such #ise Peierls stress with decreasing temperature.
vibration, depinning from local obstacles, and kink pair for-  (2) In insulating materials such as Csl and CsBr there are
mation for overcoming the Peierls potential, have been inno free electrons, and the phonon contribution vanishes at 0
vestigated by writing the equation of motion of a dislocationK. However, the flow stress of Csl and CsBr at 0 K is larger
in an appropriate approximation, for example, the stringthan the value theoretically expectd.
model. In the equation of motion, only the viscous drag pro-These facts suggest that the energy loss of moving disloca-
portional to the dislocation velocity has been taken into actions is much larger than that due to viscous drag only.
count, but the radiation loss so far has been ignored. The It has been known from elasticity thedfy*®that when a
equation of Granato and tke' for amplitude-independent dislocation accelerates, it emits lattice waves and loses ki-
internal friction has been used to determine the coefficient ohetic energy. A rough estimate shows that radiation of lattice
viscosity? The equation was modified by adding a term duewaves from a moving dislocation is large enough to explain
to the Peierls potential and was used to simulate the motiothe flow stress of CsBr at 0 K.In real materials, accelerat-
of a dislocation on the Peierls reli&f° The string model of a  ing motion of a dislocation occurs when the dislocation sur-
dislocation was also applied to the tunneling process of anounts point obstacles or when the dislocation vibrates be-
dislocation through the Peierls potenfiaihe viscous drag tween pinning points under cyclic stresses. Even when there
has been taken into account to explain low-temperaturare no extrinsic obstacles, the dislocation accelerates and de-
anomalies of plasticity as welt:® The difference of the flow celerates owing to the lattice periodicitthe Peierls poten-
stress of superconducting and normal states of supercondudtial), and dissipates energy by emitting lattice waves. This
ing metals is explained by assuming that the superconductinigitrinsic process is especially important in materials with
electrons do not contribute to the viscous dtag. large Peierls stress.

However, theories of this type, which ignore the radiation Wave emission from a dislocation moving on the Peierls
loss of a moving dislocation, are unsatisfactory due to theelief was calculated by Al'shitet al?’ in the framework of
following reasons. the elasticity theory. For a dislocation in a discrete lattice,

(1) In a simulation of dislocation motion on the Peierls Celli and Flytzanié* and Ishiok&? obtained analytically the
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stressF necessary to maintain a steady motion of a disloca- L | o L o o
tion as a function of the velocity4 in a two-dimensional ] 3
square lattice with a harmonic interatomic row potential. The P Py ® o o

2

stress has a minimum at one-half of the shear wave velocity, ;
and when the dislocation velocity is less than one-third of the
shear wave velocitys (v4) diverges and changes discontinu- yi o ’ g % o
ously at several values of;. Although supersonic motion is
impossible in the continuum, their calculations indicate that a ®
dislocation can move with a velocity larger than the shear (@)
wave velocityc;, and no discontinuity exists ayy=c;. The
dislocation velocity is not a single-valued function of the
applied stress. It is not clear whether a dislocation can move P ° ° PY o o
with a steady constant velocity or not.

Recently, Gumbsch and G&d“made an atomistic simu- e © o o o
lation of an edge dislocation moving in a bcc lattice. They A
showed that it can move above the longitudinal wave veloc- e, 0 o e © o
ity, between the longitudinal and transverse wave velocities, 4 5 6
as well as below the transverse wave velocity, and that a g_,.
discontinuity seems to exist between transonic and subsonic z X
motion. In their figures, shock waves emitted from a fast ®)
moving dislocation are clearly visible. Because of their com-  F|G. 1. A part of a squaréa) and a triangular latticéb). A is
plicated geometry of an edge dislocation in a bcce lattice, bothne stable equilibrium position anBl is the unstable equilibrium
transverse and longitudinal waves are emitted and propagap@sition of a screw dislocation in the absence of applied stress
in various directions. Physically it is necessary to understangdr =0).
much more: wavelength and frequency, propagation direc-
tion and amplitude, in short, the nature of the lattice waves 2

. . . . a AU
emitted. A simulation on a simple model should be helpful to U(Au;) = _( 1—cos 277_”) 2
understand these aspects. For example, our ak a . 4372 a
screw dislocation in a square lattice identified dipolar waves
excited by the forward motion, and quadrupolar waves exin the triangular lattice, wher& is the shear modulus and
cited by the breathing of the core of the dislocation. Gumb-Au;; =u;—u; is the difference of the displacements of tie
sch and Gao'?*kept their dislocation at supersonic velocity, and jth atomic rows. Note that these potentials are different
but the most interesting question is if and how the soundrom the parabolic potential used by Celli and Flytz&his
barrier can be broken. This requires continuous monitoring aand by Ishiok&? The lattice can be strained by applying
all speeds. Wave emission depends on the lattice structure;farces in thez direction to the top and the bottom surfaces of
triangular lattice resembles the configurations in fcc, bccthe slab. The maximum stress that can be applied to the
and hcp metals more than a square one. lattice or the ideal strength of the latti¢g,,, is G/27 and

Our aim is to solve the equations of motion of atomic G/\/3 for the square and the triangular lattices, respec-
rows in a dislocated crystal, to visualize the lattice wavegively. In the present model, the shear wave velocitis the
emitted from the moving dislocation, at all velocities, from only characteristic velocity. For Cu and Sg; is 2.7
rest to the velocity of sound. To avoid the complexities aris-x 10° m/s and 6.X10° m/s, and the time unit/c, is 9
ing from mode mixing, we treat a straight screw dislocationx 10" 1% s and 6x10 * s, respectively. The mass of an
in square and triangular two-dimensional lattices, in whichatom isGa3/ct2 and \/§Ga3/2ct2 for the square and the tri-

only shear waves are emitted and propagate. angular lattices, respectively.
A screw dislocation with the magnitude of the Burgers
Il. CALCULATION vector b=a is introduced into the strained crystal. In the

absence of applied force, the configuratinn Fig. 1 (the
Figure 1 shows am-y plane of a square and a triangular center of a square or of a trianylis stable and the configu-

lattice, used in the present calculation. Each atomic row parration B (the center of a bondis the unstable equilibrium
allel to thez axis moves rigidly only in this direction. The configuration. The stress at which no stable configuration can
distance between the atomic rows in tkeg plane isa in be found is the Peierls stress, and is 0.0158 and
both lattices, and the distance between the lattice planes 000395, respectively, for the square and triangular lattices.
thez dire-Ction is alsa. Nearest-HEighbor rows interact with For these lattices the difference of energy between the con-
a potential figurationsB and A is 0.005 066 a? and 0.000 63Ga? per

atomic distance along thedirection, respectively.

Ga’ Auj; A molecular-dynamics simulation is performed for 80
U(Aujj)=7—|1-cos2r—= (1) %80 or 80x92 atomic rows, respectively, at zero absolute
temperature, which means that there is initially no kinetic

in the square lattice or energy in the system. The initial configuration of the dislo-
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FIG. 3. (Color) Emitted waves from a moving dislocation at
F=0. (a) t=12.55%/c;, (b) t=17.54&/c,, (c) t=33.96@&/c;.
The direction of the motion of atomic row is shown by red and blue
colors, and strong colors mean large velocities. The position of the
dislocation is indicated with a cross. The maximum velogity, of
the atomic rows is 0.049, 0.012%,, and 0.0046; in the casesa),
(b), and(c), respectively.

The dislocation positionX,Yy) is determined by

FIG. 2. (Color) Time dependence of the dislocation positiqn _a
in the square lattice. Theg coordinate of the positioB is 0. (a) Up=5-
When the applied stress is zero, the dislocation moves to the posi-
tion A (xg=0.5a). When the applied stres6=0.0119%, the from the displacement;(x;,y;) of the atomic rows near the
steady velocity of the dislocationy is 0.10Z,, and whenF dislocation(atomic rows 2, 3, 5, and 6 when the dislocation
=0.020 263, v4=0.25%k,. (b) F=0.152@ andvy=1.00%k,. The is nearA and 1, 2, 3, 4, 5, and 6 when it is ne@rin the
orange and blue lines are the positions of positive and negativequare lattice, and 2, 3, and 5 when the dislocation is Aear
dislocations on thgg=0 plane. and 2, 3, 4, and 5 when it is neBrin the triangular lattice

cated crystal is obtained by the following method when theIn the case of the square lattiog, is always zero due to the

applied force is smaller than the Peierls stré¢é$:The dis- symmetry .Of the Iattice_, but not in the triangular lattice, as
placement of the elastic solution for a dislocatioq {yq) is described in the following section.
imposed on the perfect lattic€2) The lattice is relaxed un-
der the condition that the relative displacement of the atomic ll. RESULTS
rows (2 and 9 in the dislocation core is fixed3) If the
residual forces on the atomic rows 2 and 5 after relaxation
are zero, the configuration is the unstable equilibrium con- Even when the applied stress is zero, a dislocation placed
figuration under the applied stress. When the applied stress igitially at an unstable equilibrium positioB moves to the
larger than the Peierls stress, no unstable equilibrium cornearest stable positioA [Fig. 1(a)]. It stops at the stable
figuration exists. position after some vibrating motion and does not move until
Starting from this initial position, the motion of the dislo- the reflected waves from the surface reach the dislocation at
cation and the emission of the lattice waves are traced bthe time of about 88/c, [Fig. 2(a)]. The emitted waves are
integrating the equations of motion for all atomic rows in theshown in Fig. 3. The displacement of each atomic row
crystal. Even when the dislocation is placed at an unstablacludes the contributions of the dislocation field and the
equilibrium position under an applied stress less than themitted waves, and we have mopriori method to identify
Peierls stress, it starts moving due to small residual forcesthe two contributions separately. Therefore, in Fig. 3 the ve-

tanfl—yj Yo
2 Xj_Xd

)

A. Square lattice
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FIG. 4. (Color) Emitted waves from a moving dislocation witha  FIG. 5. (Color) Emitted waves from a moving dislocation with a
velocity of 0.5k, under the applied stresf=0.051G. (@) t  velocity of 1.13; under the applied stress &=0.157G. (a) t
=6.36/c,, (b) t=6.9%/c,, (c) t=37.6%/c,. The meaning of the =7.6%a/c,, (b) t=14.4@/c, (c) t=28.2&/c,;. The meaning of
colors and the contrast are the same as in Fig. 3. The maximuriie colors and the contrast are the same as in Fig. 3. The maximum
velocity vy Of the atomic rows is 0.125, 0.17&,, and 0.20&,  Vvelocity v mq, Of the atomic rows is 0.3%1, 0.33%;, and 0.448,
in the casega), (b), and(c), respectively. The position of the dis- in the casesa), (b), and (c), respectively. The positions of the
location is indicated with a cross. dislocations determined by the Burgers circuit method are indicated

with black (positive dislocationand green crossdsegative dislo-

. . . . cation.
locity of each atomic row is shown with colors of contrasts

proportional to the magnitude of the velocity. The color, redshe{:\r wave velocity, a \_/—shaped pa.ttern'of strong lattice vi-
or blue, indicates the direction of the motion of the atomicbration is observed behind the moving dislocatiig. 4).
row; forward or backward. The maximum velocity,,, of When the dislocation moves faster than 70% of the shear

atomic rows rapidly decreases with the time proceeding, s |avﬁ ve(ljocity, dislocation dPairt ctrﬁation 'tc.>ccursf. In _It—"ig. 5 g
that the color contrasts of the three parts in Fig. 3 are not thg 2¢cX and green crosses indicate the positions ot positive an
. Negative dislocations, as determined by the Burgers circuit

: . o . Chethod. When the leading dislocation isAatn Fig. 1, pair
Umax a8 noted_ln the caption. The p(_)smon_of the d'5|ocat'°ncreation occurs at the positioAg andA, or A, andAs. All
is indicated with a cross. When a dislocation moves fdm gjsjocations are found within a distanagrom the original
to A, it emits dipolar waves that are antisymmetric with re-sjip plane. The positions of all dislocations on the original
spect to the slip plangFig. 3@]. It emits quadrupolar slip plane are shown in Fig.() as a function of time. The
waves, anticentrosymmetric with respect to the dislocatiorcreated positive dislocations move in the same direction as
position, when the dislocation is in the bottom of the Peierlsthe leading dislocation, and the negative dislocations move
potential[Figs. 3b) and 3c)]. Although the dislocation does in the opposite direction. The velocity of the daughter dislo-
not move, the quadrupolar waves continue to be emitted. cations reaches the velocity of the mother dislocation after
When the applied stress is larger than @78r 0.011%,  they move a few atomic distances.
a dislocation repeats acceleration and decelerdtoreven The velocityv 4 of this steady motion is plotted in Fig. 6
backward motion when the stress is relatively sjnatd ~ @s a function of applied stre$s Thevq(F) relation shows
continues motion, overcoming the Peierls refiEfg. 2(a)].  @n abrupt change of slope @§~0.2c,. The dislocation ve-
The velocity averaged over one lattice distance becomes aloCity exceeds the shear wave velocdywhen the applied
most constant after the dislocation moves a few atomic disStress is about 95% of the ideal crystal strengh, and
tances. The dislocation continues steady motion before it erfhere is no discontinuity atq=c;.
counters the lattice waves reflected at the surface. As the
applied stress increases and the velocity of the dislocation
becomes large, the modulation due to the Peierls relief be- Because the lattice is not symmetric with respect toythe
comes small. When a dislocation velocity is about half of theplane, traces of a moving dislocation in the triangular lattice

B. Triangular lattice
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FIG. 6. The dislocation velocity 4 of the steady motion as a
function of the applied stredsin the square lattice. The relation of
Eq. (6) with B=1Xx10"2Ga/c, is shown by the oblique solid line.

are not straight but deviate from ttxeaxis. Figure 7 shows
the x andy coordinates of the dislocation position as a func-
tion of timet. When the stress is zero, a dislocation starting
motion from an unstable equilibrium positidin Fig. 1(b)

stops at the nearest stable position after a few vibrating mo: @ C ]

tions (Fig. 7). It does not move until the reflected waves at - _}\ -
: ; i : a — b

the surfaces return to the dislocation position. The disloca- (d) 2 %

tion moves on the line shown in Fig(d, and the emitted ®

waves are of dipolar type. FiguresaB and 8&c) show the ® ®

lattice waves when the dislocation moves to the right, and in

Fig. 8(b) the lattice waves emitted from a dislocation moving  FIG. 8. (Color Emitted waves from a moving dislocation &t
to the left are shown. The polarity of the emitted waves is=0. (a) t=9.73%/c,, (b) t=15.33%/c,, (c) t=24.07%/c,. The

reversed when a dislocation moves in reverse. meaning of the colors and the contrast are the same as in Fig. 3. The

maximum velocity v, Of the atomic rows is 0.016 45,
0.007 8@, and 0.00192€) in the caseda), (b), and(c), respec-

5 ' ' ' ' ' tively. The position of the dislocation is indicated with a cross. In
(d) the trace of the dislocation movement is shown by the orange
41 0.00366G . line, and the crosses marked with a, b, and c are the positions of the

dislocation at three time&), (b), and(c), respectively. The lattice

F=0 (x10) dislocation with black dots.

/ 7 When the stress is larger than 081or 0.003%5, a dis-

F=0 (x10)" "]

Xy ¥q (@)

distance motion occuréig. 7). While the applied stress is

P ] -
gt bl N ~

- wiggler, in contrast with the planar path in the square lattice.
-1 ) . . .0'0036.6G Figures 9a)—9(d) show the emitted waves when a disloca-
0 20 40 60 80 100 120 tion is at the positiong-d shown in Fig. ). The relation
t (a/ct) between the polarity of the emitted dipolar waves and the

i points are indicated with blue circles and the stable positions of a

location overcomes the Peierls potential and the long-

not large, a dislocation moves keeping away from the lattice
4 points[Fig. 9e)], and takes a nonplanar zigzag path like a

direction of the dislocation motion is always the same as in

triangular latticex, is shown by solid lines anyl, by dotted lines. ~ Shear wave velocity, the emitted waves form a V-shaped pat-
The x andy coordinates of the positioB are 0. When the applied tern of strong lattice vibrations behind the dislocation as

stress is zero, the dislocation moves to the posithdixy,Yq) shown in Fig. 10.

=(al4,\3a/12)). When the applied stres§=0.003 66, the When the applied stress is larger than @G1&nd the ve-
steady velocity of the dislocationy is 0.0378;. locity is larger than 0.8, pair creation of dislocations oc-
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FIG. 9. (Color) Emitted waves from a moving dislocation with a
velocity of 0.03%, under the applied stred5=0.003 665. (a) t FIG. 10. (Color) Emitted waves from a moving dislocation with
=17.87&a/c;, (b) t=21.864/c;, (c) t=31.23R/c;, (d) t a velocity of 0.5t, under the applied stress 6=0.0731G. (a) t
=35.76%/c,. The meaning of the colors and the contrast are the=6.90&/c,, (b) t=11.20&/c,, (c) t=40.11%&/c,. The meaning
same as in Fig. 3. The maximum velocity,,, of the atomic rows is  of the colors and the contrast are the same as in Fig. 3. The maxi-
0.0314&,, 0.014 34,, 0.03308,, and 0.010 3§, in the casesa), mum velocityv s Of the atomic rows is 0.2189, 0.2232,, and
(b), (c), and (d), respectively. The position of the dislocation is 0.266&, in the casesa), (b), and(c), respectively. The position of
indicated with a cross. Ife) the trace of the dislocation movement the dislocation is indicated with a cross.
is shown by the orange line, and the crosses markedayfittt, and

d are the positions of the dislocation at four timeg (b), (c), and IV. DISCUSSION
(d), respectively. The lattice points are indicated with blue circles )
and the stable positions of a dislocation with black dots. The results can be summarized as follows.

(1) Below a certain value of the applied strdssa dislo-
curs in the triangular lattice, just as in the square lattice. Thé:fcmon canno_t overcome the Peierls potential and no long-
emitted waves and the positions of all the dislocations arglstance motion occurs.

h in Fia. 11 | thp i lar latt like in th (2) With increasing, long-distance motion becomes pos-
shown in F1g. L1.-In he triangufar fattice, uniik€ I e g0 (Figs 6 and 12 From the computer simulation it is not

square lattice, the pair creation does not always occur at th§a,r whether there is a jump iny(F) at this critical stress.
position next to the mother dislocation, but often occurs sev- (3) With further increase ofF, the velocity increases

eral atomic distances behind the mother dislocation. Furthermonotonically. However, there is at least one abrupt change
more, the created dislocations move not only in tfdirec- i the slope of the 4(F) relation.

tion but also in the +1,y/3,0] directions, while the leading (4) When the dislocation velocity is about half of the

dislocation moves on thg=0 plane. As a result, nucleated shear wave velocity, a V-shaped pattern forms behind the

dislocations form a cloud, as seen in Fig(dland we can- moving dislocation.

not draw a picture like Fig. (®) for the created dislocations (5) Whenvy is 70—80 % of the shear wave velocity, dis-

in the messy region. However, the leading dislocation movetocation pair creation starts.

at constant velocity. (6) In the square lattice, supersonic motion of a disloca-
The velocity of the dislocation is plotted as a function of tion was confirmed, while in the triangular lattice it was not

the applied stress in Fig. 12. In this case a discontinuousbserved.

change in the slope afy4(F) occurs att~0.1c,. Unlike in As shown by the present authdraranslational motion of

the square lattice, the shear wave velocity is not attained. a dislocation causes dipolar emission, while core expansion
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w(Ky ky) = fgct r12— nz—kjL[ky)a
_ 1/2
rorp oYk ©

in the triangular lattice. In Figs. 13 and 14 the intersection of
w(k) and w=k-vq4, as well asw(ky,0), are shown in the
extended zone for both lattices. Aty~0.21%, for the
square lattice and aty=~0.13&; for the triangular lattice,
w=k-vq is in contact with the dispersion relation. The
abrupt changes in the slope of calculateg{F) relations
(Figs. 6 and 12seem to occur around thg values obtained
for a harmonic lattice, being attributed to the van Hove sin-
gularity.

The V-shaped patterns formed behind the dislocations at
vq=0.5c; (Figs. 4 and 1Dlook like Cherenkov cones, but
this is not true. Their interpretation is as follows: According
to the selection rulew=k-v4 of wave emissiod:?? the
wave vectok of the emitted wave is given by the dot-dashed
lines in Figs. 18a) and 14a). Since it belongs to the second
and is close to the first Brillouin zone, the wave propagates
backward from the moving dislocation. The group velocity
of the wave is {4y,v4y) = (dw/ Ik, ,dwl 3k,) and, therefore,
the direction angle ranges only betweem8° and +48°
from the — x axis for the square lattice. Since the dislocation
moves with the velocity 4,0), the successively emitted
waves with the sam& vector form a line with an anglé
=tan*1[vgy/(vd—ugx)] from the — x direction, as shown in

FIG. 11. (Color) Emitted waves from a moving dislocation with Fi9- 15. The lines for all possible vectors are superimposed
a velocity of 0.86, under the applied stress B=0.175%. (3 t ~ t0 produce a triangular region of large amplitude. The front
=3.627/c,, (b) t=7.803/c,, (c) t=36.464/c,. The meaning of €dges of the triangle are given by the largest and the smallest
the colors and the contrast are the same as in Fig. 3. The maximuk@lues of6. As calculated from the dispersion relations, Egs.
velocity v, Of the atomic rows is 0.37%2, 0.381@,, and  (4) and(5), the maximum value off| is 27° and 23° for the
0.5408; in the casesa), (b), and(c), respectively. The positions of square and the triangular lattices, respectively. The angles of
the dislocations determined by the Burgers circuit method are indithe V-shaped patterns in Figs. 4 and 10 agree well with these
cated with blackpositive dislocationand green crossdsegative  calculated values. Therefore, the appearance of the V-shaped
dislocation).

1.2 r T T

and shrinkage cause quadrupolar emission. Figui@sabd :

8 correspond to the former case, and Fig®) &nd 3c) to I o B R LR R EE PR i-- 4
the latter. In addition, Fig. 9 for the triangular lattice shows :
that when the dislocation changes its direction of motion it 08l ° * -
always emits dipolar waves directed perpendicular to the dis- .
location motion. On the other hand, quadrupolar waves are® 06l ° i
not emitted in the triangular lattice, probably because of the - S° o

threefold symmetry of the lattice. .

For their harmonic models, Celli and Flytzaftisand 0.4 1 . .
Ishiok&?? showed that when a dislocation moves with a uni- ° F nax
form velocityvy, the emitted waves satisty=k- vy, where 02f ¢ P
k is the wave vector and is the angular frequency of the :
excited waveg® The dispersion relation of phonons is ool - L L :

0 0.05 0.1 0.15 0.2
1/2 F l G
w(Ky 1ky)_ S|n2 +sin2% 4 FIG. 12. The dislocation velocity 4 of the steady motion as a

function of the applied stregsin the triangular lattice. The relation
of Eq. (6) with B=1x10 2Ga/c, is shown by the oblique solid
in the square lattice and line.
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1
(a)
©
[
e 0' 9
e
g
_)
Ap— Y
2 ®) FIG. 15. A dislocation moving with velocityy emits lattice
_ waves that propagate with group velocity. The successively
o emitted waves with a certaik vector leave a line behind the dis-
© location. The angle between the line and the direction is 6
8 1t =tan [vgy/(va—vg0] -
Repeated pair creation of dislocations leads to dislocation
0 . ; cascading. In the square lattice, geometrically, dislocations
-1 0 1 2 3 4 can move either in thg or y direction, but under the applied

ke (m/fa) shear force parallel to thedirection, dislocations move pref-
erably in thexx directions. This results in the cascade for-

FIG. 13. () Wave vectork that satisfiesw(ky,k,)=k-vg and  mation on the(010 slip plane, as seen in Figs(® and 5.

(b) phonon-dispersion curve along the akis=0, w(k,,0) for the  On the contrary, in the triangular lattice, the created disloca-
square lattice. tion can glide not only if100] but also in[ +1,,/3,0] direc-

) o _ tions, therefore, the dislocation cloud forms behind the lead-
patterns at subsonic velocity is just due to the strong anisofpq gislocation, as seen in Fig. 11. In the cloud, pair creation
ropy of the direction of wave emission. On the other handgnq annihilation occur more frequently than in the square
the wave fronts seen at trans/supersonic veldéigs. 5 and  |attice.

11) should be Cherenkov cones. . , Supersonic dislocation movement is not expected in the

As is shown in Figs. 5 and 11 a dislocation moving fastercontinuum elasticity theory. However, it is acceptable in the
than 0.%; in the square lattice or Oc8in the triangular lat-  h5rmonic lattice theor$*?2 Supersonic motion has been
tice creates dislocation pairs. The possibility of pair creatioryemonstrated by Gumbsch and &% in their computer
near a fast moving dislocation was predicted by Istiéka simylation of an edge dislocation in a bcc lattice. In the
and confirmed by Schiotz and Jacolfesy computer simu- present calculation, supersonic movement is confirmed in the
lation. Ishioka suggested that pair creation occurs on a sligquare lattice, and there is no discontinuity in thgF)
plane next to the original slip plane of a fast moving dislo-re|ation atv=c,. If in Fig. 12, for the triangular lattice, the
cation. However, the present simulation shows that in theyyplied forceF were taken much closer to the ideal strength
square lattice, pair creation mostly occurs on the original sllg:max, the dislocation velocity 4 might overcome the shear
plane. wave velocityc,. However, confirmation of the supersonic
motion is not important, because it is already found in the
square lattice. To be noted here is the fact that the easiness of
supersonic motion depends on the efficiency of energy dissi-
pation. Since energy dissipation occurs not only on accelera-
tion but also on turning the direction of motion, nonplanar or
zigzag(wigglerlike) motion of a dislocation in the triangular
lattice (Fig. 9 produces larger energy losses than the planar
motion in the square lattice. This accounts for the result that
thev 4-F curve for the triangular latticéFig. 12) is 20—30 %
lower than that for the square latti¢€ig. 6), and at the same
time accounts for the hardness of supersonic motion in the
triangular lattice.

Theories for dynamical processes of dislocations, which
are usually based on the string model of a dislocation, have
so far ignored the radiation loss, and exclusively considered
the viscous drag due to free electrons and/or phonons, which
is expressed as

1

k (4n/3a)

Bvy=Fa, (6)
FIG. 14. (a) Wave vectork that satisfiesw(ky k) =k-vq and . _ o .
(b) phonon-dispersion curve along the akis=0, w(k,,0) for the whereB is the viscous drag coefficient. For Cu, experimen-
triangular lattice. tally obtained values ofB fall in the range (1.2-6.5)
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nitude larger than the commonly accepted values of the pho-

><10*ZGa/ct, which is in rough agreement with theoretical non drag at room temperature. It should be noted that the
estimates of phonon scattering by the lattice anharmoniexperimental values of the drag coefficient found in the

strain field and the flutter effe¢t. The electron-scattering
contribution toB is smaller and is X 10 3Ga/c, for Pb3!

literature$?°3° have been derived simply by assuming Eq.
(6) in the theory of Granato and tke' for internal friction

Above the Debye temperature the viscosity due to dislocawithout considering radiation loss. If the radiation loss in

tion fluttering isB~kgTw3/m?c3, where wp is the Debye
frequency, kg is the Boltzmann constant, and is the
temperaturé” With wp~c,(w/a),B~(kgT/Ga%)(Galc,).
For most materials, Ga®~1eV, and, therefore, B

internal friction were reasonably taken into account, very

different estimates of the viscous drag coefficient as well as
other parameters of the theory would be obtained. The
present results strongly suggest that in every theory concern-

~1/40(Ga/c,) at room temperature. The oblique solid line ing dynamical processes of dislocations, such as the under-

in Figs. 6 and 12 is the relation of Ed6) with B=1

damped unzipping process as a cause of the anomalous tem-

X 10 2Galc,. It is obvious that the drag force due to radia- perature dependence of the yield stress of fcc metaind
tion loss can never be approximated by a linear relation suclonic crystals of CsCl typg®’ at low temperatures, the kink
as Eq.(6), in particular, at low stresses. There is a certainpair formation process due to inertial effécand also the
threshold ofF for the steady motion of a dislocation. As an tunneling process overcoming the Peierls potefitiak ra-
overall trend, the radiation drag is about one order of magédiation loss must be properly taken into account.

1A. Granato and K. Loke, J. Appl. Phys27, 583 (1956.

2R.M. Stern and A.V. Granato, Acta Metall0, 358 (1962.

3K. Sato and A. Sugiyama, J. Phys. Soc. J40).1698(1976.

4K. Sato and A. Sugiyama, J. Phys. Soc. J4n.889(1979.

5T. Suzuki and H. Koizumi, Philos. Mag. 87, 1153(1993.

6B.V. Petukov, H. Koizumi, and T. Suzuki, Philos. Mag. A,
1041(1998.

"For a review, T.A. Parkhomenko and V.V. Pustovalov, Phys. Sta

tus Solidi A74, 11 (1982.

8. Suzuki and H. Koizumi, Phys. Status Solidi4, K101(1982.

9H. Koizumi and T. Suzuki, Phys. Status Solidi7a, 301 (1983.

OFor a review, F.R.N. Nabarro and A.T. Quintanilha,Disloca-
tions in Solids edited by F.R.N. Nabarr@orth-Holland, Am-
sterdam, 1980 Vol. 5, p. 193.

1T, Suzuki, Y. Kamimura, and H.O.K. Kirchner, Philos. Mag78,
1629(1999.

12T, Suzuki and H. Koizumi, inProceedings of the International

Symposium on Lattice Defect Related Properties of Dielectric

Materials, Turawa, 1985%edited by B. MacalikPolish Academy
of Science, Wroclaw, 1986p. 117.

13G, Leibfried, Z. Phys127, 344(1950.

1FE R.N. Nabarro, Philos. Magt2, 1224(1957.

153.D. Eshelby, Proc. R. Soc. London, Ser286, 222 (1962.

8A. Ookawa and K. Yazu, J. Phys. Soc. Jd8, Suppl. 1, 36
(1963.

173. Weertman and J. R. Weertman,Dislocations in SolidgRef.
10), Vol. 3, p. 1.

183.P. Hirth and J. LotheTheory of Dislocations2nd ed.(Wiley,
New York, 1982.

194, Koizumi and T. Suzuki, ifDislocations in Solidsedited by H.
Suzuki, T. Ninomiya, K. Sumino and S. Takeugbiniversity of
Tokyo Press, Tokyo, 1985p. 479.

20y/|. Al'shitz, V.L. Indenbom and A.A. Shotl’berg, Zh. Eksp. Teor.
Fiz. 60, 2308(197) [Sov. Phys. JETRB3, 1240(1971)].

21y, Celli and N. Flytzanis, J. Appl. Phyd1, 4443(1970).

223, |shioka, J. Phys. Soc. JpB0, 323(1971).

23p, Gumbsch and H. Gao, Scien283 965 (1999.

24p. Gumbsch and H. Gao, J. Comput.-Aided Mater. Besl37
(1999.

25H. Koizumi, H.O.K. Kirchner and T. Suzuki, Mater. Sci. Eng., A
309-31Q 117 (2001).

26Although Celli and FlytzanigRef. 21) and Ishioka(Ref. 22 ob-
tained this relation for a harmonic lattice with nearest-neighbor
interaction, it is a universal relation. When a dislocation moves
at constant average velocity, it emits the same mode of the
lattice wave at equivalent positioff®r example, at the positions
A, A; andA,; in Fig. 1). If a wave emitted from the dislocation
at (0,0) is expi(k-r—wt), after the timet,, which satisfies
v4to=a, a being the lattice periodic vector parallel ¥, the
wave emitted at positioa is exp i[(k-(r—a)—w(t—tg)]. The
condition of constructive interference ja{>|a| is exgdi(—k-a
+oty)]=1, that is,o=Kk-vy.

273, Ishioka, J. Phys. Chem. Soli@8, 427 (1975.

283, Schiotz and K.W. Jacobsen, Philos. Mag. L&g.245(1995.

29T, Suzuki, A. Ikushima and M. Aoki, Acta Metalll2, 1231
(1964.

30w.P. Mason and A. Rosenberg, Phys. RE1, 434 (1966).

3IA. Hikata and C. Elbaum, Phys. Rev. LetB, 750 (1967).

32T, Ninomiya, J. Phys. Soc. Jp86, 399 (1974

214104-9



