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Defect dynamics in a smectic Grandjean-Cano wedge
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An array of edge dislocation forms spontaneously in a Grandjean-Cano wedge filled by a smectic liquid
crystal. In the vicinity of the smecti& to smecticC transition, these defects are visible under the microscope
[R. B. Meyer, B. Stebler, and S. T. Lagerwall, Phys. Rev. L41}.1393(1978]. This paper deals with their
dynamics under controlled deformatiddilation and compressignFirst, we characterize several regimes of
dislocation mobility occurring with increasing straénor strain ratee. We relate these regimes to the interac-
tions between screw and edge dislocations. We also show that screw dislocations give rise to loops of edge
dislocations under sufficient strain, which strengthens the model of loop nucleation by helical instability of
screw dislocations. Lastly, we discuss several models for the microscopic origin of the interactions between
defects.
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[. INTRODUCTION developed and a body of new data was collected about mov-
ing defect lines under given deformation conditions. These
It is well established that the plasticity of solids is con-included information on the aspects of dislocation motion
trolled by the motion through the crystal of topological de- (“jerky” as opposed to “viscous’, their velocities, the iden-
fects under stress. In the early days of crystal plasticitytification of obstacles to their motion, and details about the
Orowan[1] expressed the deformatierof a crystal in terms  corresponding by-passing mechanisms. This significantly im-

of dislocation displacements: proved the understanding of crystal plastidisge, e.g.[4]).
However, although the above experiments benefited from the
e=ApbL, (1) high spatial resolution of TEM, the restricted field of obser-

vation did not facilitate averaging the deformation parameter
whereA is a geometric coefficient. The corresponding crystalvalues over the crystal. The approach of the physical metal-
is assumed to deform via a densjty, of mobile disloca- |urgist was attempted with liquid crystals with the idea of
tions, withb andL as average dislocation Burgers vector andcollecting macroscopic data about the rheology of a smectic
mean free path, respectively. Taking the time derivative oimaterial and observing at the same time the details of defect
Eqg. (1) under steady-state conditiongy{ constant with dynamics, using an optical microscope.

time), the deformation rate is Smectic liquid crystal§5] are crystals of parallel layers of
_ two-dimensional liquids, which also display topological de-
e=Apnbv, (2)  fects like screw and edge dislocatidis7]. It is now estab-

lished through several studies of microplasti¢®y that dis-
v being the average dislocation velocity. Relati@his com-  locations also control the deformation of a smectic sample
monly called the Orowan equation. (at least for small strainsBut due to lack ofin situ obser-
Today, an impressive body of data is available, from plasvations little is known about their behavior under stress, their
ticity studies of a variety of crystals, under a range of experi-nucleation or their interactions, unlike solid crystals. For ex-
mental conditions, in which the strain rate is either imposedample, recent experimenit8,10] on the dynamics of oscilla-
or measured. However, the relative contributions @ndp,,,  tory plastic flow[11,127] in smectic liquid crystals observed
to the deformation rate in E@2) are still an open question. in layer-normal stress experiments have been interpreted as
In other words, for a given strain rate, it is not possible tothe helical instability of screw dislocations giving rise to
predict which combination op,,, andv is operating among edge dislocationgl3,14], but up to now no such instabilities
an infinite number of possibilitiel?]. have been directly shown. Edge dislocations in the smectics
As a matter of fact, when the first structural observationshave, however, been directly observed under the microscope
in crystals became possible using the transmission electran various experimental situations: in lyotropic lamellar
microscopg TEM), static as well as dynamic observations of phaseg15] or in ferrosmectic$16] between a spherical lens
dislocations were reportefB]. Dynamic experiments then and a plane, in the neighborhood of the smeAt{&mA) to
smecticC(SmC) transition[17] in a Grandjean-Cano wedge
geometry. In the latter case, sketched in Fig. 1, the contrast

*Electronic address: blanc@gdpc.univ-montp2.fr of the dislocation is enhanced by the fact that the molecules
"Electronic address: kleman@Imcp.jussieu.fr are normal to the layers in the @nphase, whereas they are
*Electronic address: jean-luc.martin@epfl.ch tilted in the Sn€C phase. The local compression of the layers
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FIG. 2. Fluorinated liquid crystal used in the experiments.

25 um

tween which the liquid crystal is confined. A high-voltage

grain signal (obtained by a function generator and a voltage am-
/boundary plifier) is applied to the ceramic. We mainly use an alternat-
= e ing linear sweep with constant amplitu¢@00 V) and vari-
O e !\smecﬁc able frequencyr which yields a displacement within the
ad /glgss/ /77 layers range 0—200 nm; the best strain obtained is of opdan 2

for a 10 um thick sample.
FIG. 1. A grain boundary made of a network of parallel edge The whole cell is enclosed in a millikelvin Instec oven
L .
dislocations is present in a mliquid crystal confined in a (temperature regulated at2Xx 10 K) and observed under

Grandjean-Cano wedge. In the vicinity of the S#8mC transition, ~ an optical polarizing microscopéeica DMRP. The video
the shift of the transition temperature due to the local stress make&cquisition line comprises a three-charge-coupled device
the edge dislocations visible under the optical microscope. 3CCD camera, a video recorder, and a PC frame grabber.

in the vicinity of a dislocation yields a local shift of the B. Sample preparation
SmMA-SmC transition. Under a polarizing microscope the
SmC domains (and thus the dislocationsappear clearly

within the dark background of the homeotropic Smo-  |aver of ionic surfactant cetylpyridinium chlorid€PCI; Al-

mali\lns. h I th d ob . ¢ disl . drich) obtained by spin-coating of a 0.1 wt % weight solution
ote that all the reported observations of dislocationsyt cpcy i ethano[22]. Depending on the perfection of the
have concerned only motionless dislocations in samples

f ; inf , ; %[Iass cleaning, the density of screw dislocations which ap-
rest, except for some observations in free-standing SmACtIC-pear in the samplésee below can be roughly adjusted.

films [18,19. The geometrical parameters of the wedtéckness close

Gathering these different ideas and observations has Ielg 10 um and anglen) are adjusted at 54 °C under the mi-
us to perform microplasticity experiments of smectics, incroscope by means of precision screws. The angke con-

which we can observe moving edge dislocations over Iarg‘f'rolled by interferometry(air wedge fringesand fixed be-

distances in order to visualize their local shapes and theiﬁ/veen 2<10°% and 10°® rad. The Grandjean-Cano wedge is

interactions with other defects, and to check the Orowany,on heated to 100 °C and filled under the microscope by the
equation directly. - . capillar flow of the liquid crystal in its isotropic phase. The

Th? outline of t.h's paper is as follows. In Sec. I, we sample is then slowly cooled down to the Smphase, where
dgscrlbe the experimental setup. In Sec. lll, we successwe%e homeotropic alignment is checked. We then stabilize the
give experimental results and discuss the existence of a y'elﬁi-:mperature a few tenths of degrees above thé\-SmC

stress in smectics, Study the condl_tl_ons In Wh'c.h the Orow.al?ransition when the dislocations are visible within the sm
equation is satisfied and the transition from a jerky to a vis-,

cous regime, and report dislocation multiplication. In Sec.phase.
IV, in the light of our results, we discuss some aspects of the
interactions between edge and screw dislocations in bulk
smectic liquid crystals.

In order to provide a good homeotropic alignment of the
layers on the glass, the plates are initially coated by a mono-

monochromatic reflected light
PZT

ceramics

II. EXPERIMENTS

A. Experimental system

The thermotropic liquid crystal we have used is a fluori-
nated octyloxyphenyl octyloxybenzoatBDH173; see the
structure in Fig. 2 which exhibits a SA-SmC transition
(Wher_1 cool_ed fror_n_ the SA phas¢ at 54°C and a FIG. 3. Deformation microdevice: the distance between the
SmA-isotropic transition at 79°C. o glass plates is modified by tuning the voltage applied to the ce-

The deformation microdevicésee Fig. 3is a rigid me-  ramic. The actual displacement is measured by interferometry of the
tallic frame on which a piezoelectric ceramiQuartz &  ajr wedge under monochromatic reflected lighty green light.
Silica) is glued by means of a cyanocrylate contact gluevertical arrows indicate the direction of the transmitted light and of
[20,21. The ceramic controls the thickness of a Grandjeanihe monochromatic light used in reflection. PZT indicates the piezo-
Cano wedggof angle «) made of two flat glass plates be- electric transducer.

transmitted light
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Sample dilated

Sample compressed

FIG. 5. Sketch of the sequence of regimes observed when a
Hm periodic triangular signal is applied., is the value of the yield

FIG. 4. Depending on the preparation of the glass, edge dislogtrain,v(é) is the stationary velocity of the edge dislocations at the

cations appear strongly pinned on numerous datsthe lefi or as strain rateé.:, andris the rglaxation time due to the finite mobility
straight lines(on the righj. The thickness of the sample is close to of dislocations(see below in the text
10 um in both cases, and the edge dislocations are in the same
focus plane, located at equal distances from the two glass plates. When a signal is applied to the piezo actuators, different
Note that slight strain might be present in the samples at rest bdypes of dislocation motions are observed, depending on the
cause of the presence of a yield strésse below. strain € and the strain rate. We usually work at constant
strain rate by applying ramggeriodic triangular signa)sAt

Due to the thermal dilation of the cell and the filling of the low strain (and consequently at low normal strgsso mo-
liquid crystal, the angler is usually slightly different in the tion is observed and the dislocations are strongly pinned on
empty and in the filled cell at the working temperature. Wedots. At higher strains, they move and relax the external
therefore only partially fill the wedge and leave an air wedgeStress but the motion strongly depends on the strain rate and
which is used to measureand the thickness variation of the the value of the angler (see Fig. 5. We now detail these
stressed sample by interferometry. Note that this latter medlifferent regimes.
surement is necessary to calibrate the deformation-voltage Note that in the following text we will use classical con-
relation because the holder has a finite rigidity, and the decepts from linear elasticity used in metallurgy. The normal
formation of the ceramic £0.4 nmV1) is not entirely local stress on the layers;, is thus given by Hooke’s law:

transmitted to the samp[@3]. o=Be whereg is the local strain of the layers ariélthe
compression modulus. This approach for smectic materials is
Il. RESULTS relevant only when their deformation remains small, which is

the case in our experiments.
Similarly to what has been observed in former studies
[17], the edge dislocations at rest form a stable network of
parallel lines. They are not usually straight, but are strongly
pinned on dots of size smaller than the optical resolution. 1. Observation of a yield strain
These dots are present in the sample with a typical density
N¢~ 10" m~2 [24]. Depending very sensitively on the glass
cleaning, this density can be lowered ka~10° m™? (as
shown in Fig. 4. Because these dots are not dragged by th

moving disl_ocatior_ls, we think that they reveal the presenc%ptical contrastsee Fig. 6. This effect is due to a shift of the
of screw dislocations that are strongly anchored on bothy .\ o transition temperature under straisee the de-

boundary surfaces and interact with the edge dislocations o P
(this point will be further discussed in Sec. IV, see d185)]). fﬁge\clj\lig;(hploafn;‘téolri]ng Re(17), which increasegdecreases

The measurement of both the peripaf the network and The yield strain could not be accurately measured from

the anglea provides the Burgers vector of the dislocations, the single deformation of a sample at rest, because a preex-

isting stress can always be present. We therefore obtained the
b~pa~3.7-0.4 nm (3 vyield straine, from the periods of rest of the dislocations

submitted to the periodic triangular sigriake Fig. %, which

(the large relative error is due to the variatienl 0% for « successively increases and decreases the thickness of the

~10 “ rad, of the angle of the wedge through the sample sample at constant strain rate &nd —€). For each given

This value compares well with the Smlayer thicknesss  cell, we found that the yield straig, is independent of the

measured by small angle x-ray scattering.3.3 nm. There- applied strain rate. It varies strongly, however, in the dif-

fore, the edge dislocations present in the sample are elemeferent cells(as shown in Table)land increases with the

tary ones. densityNg of observable pinning points.

A. Small strains and pinning dots

Below a finite straine, (for a given cell, the dislocations
do not move under the applied stress but appear strongly
inned on the dots. The only effect of a compresdiona
ilation) of the sample is an increager decreaseof the
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FIG. 7. Top: Isolated pinning point in sample Ilperiod

28 \ t 12.7 um). Bottom: Corresponding notation used in the text.
Sample dilated . . . .
v Sample compressed i where fi is a unit vector normal to the dislocation, abd
=, the modulus of the Burgers vector along The PK

t
force is opposed to the force due to the curvature of the

FIG. 6. Below the yield strairey, dislocations are motionless dislocation,
(b). A compression(a) or a dilation(c) increases or decreases the
optical contrast only, by locally shifting the SXs\SmC transition
[17]. dg
chz—y&dsn, (5)
2. Interpretation: Origin of the yield strain
Our observations strongly suggest that the yield strain of a
smectic sample is due to the presence of the pinning dotwherey is the line tension of the dislocation. The integration
which oppose the stress induced climb of edge dislocationsf the equilibrium conditiomlF,= —dFpk gives the shape of
In order to relate the yield strain to the pinning dots, wethe dislocation:
first consider the case of an edge dislocation pinned only at
the origin, as shown in Fig. 7. Far from the pinning dot, the

dislocation rests at the distan¥g, its equilibrium position. Bba 2
At the point (x,y), we denote byg the local angle between 1-coso= E(Yo_y) : 6)
the dislocation and th& axis (see the notation in Fig.)7

Due to the presence of the Grandjean-Cano wedge angle
«a, the local normal stress is given hy=Ba(Yy—V)/e, The resulting force acting on the pinning dot is given by
wheree is the thickness of the sample. An elementary Peacl,=2ysin6y. The depinning therefore occurs whefy
and Koehler(PK) [26] force acts on an elementary length = ¢, ,=arcsin(F/2y), whereF is the maximum force sup-
of the edge dislocation when the latter departs fiégn ported by the pinning dotif 7>2y the edge dislocation

surrounds the dot fofy= 7/2). The depinning therefore oc-
_ Bba(Yo—y) dsh (4) curs when the dislocation is at a distanc¥gn,
e ' =L\1—cosé,, from the dot, whereL= \2ye/Bba. This
o ] ) ) ) relation allows one to estimatg as follows. In sample llI,
. TABLE I Vgrlatlon of the yield straineg with the densityN of the distance of depinning,,~ £ has the same value as the
pinning points in four different cells. period p~10"% m (Table |’|), which yields y~ £ 2Bba/2e
~6x10 2N (with B~10° Nm™2), a value similar to that

dFpk

Sample p(pm) Ne(um?) €0 found in mixtures of decyl-cyanobiphenyl/octyl-

|a 225 8x 102 3x10°3 cyanobipheny(10CB/8CB in Ref.[18] (y=8x10 12 N).

1l 23.2 2% 102 7X10°% Coming now to the yield stress, we relate it to the pin-

b 12.7 8x10~4 1x10°4 ning. An external stressr acts on an edge dislocation

IV © 6.7 ~102-5x 102 5% 10 4 through a PK force. Its value per unit lengftpc=bo is
therefore counteracted by the pinning force due to the dots.

3See Fig. 4 left. One should then consider two different cases to estimate the

bSee Fig. 4 right. magnitude of the pinning force. Whefy, <N *?, that is,

“The small value op made the measurement Nf imprecise. for a small densityNg of screw dislocations, we expect the
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TABLE Il. Characteristics of sample | and of the three samples represented in Fig. 8.

Sample e(um)  a(rad P(um)  pu(um™?) &, (s v, (H)?  &(sh)  wy(Hz)®

| P 12 1.7x10°* 225 3.7x10°3

I 10 1.6x10°% 232 4.3x10°% s5x10¢ 0.04 2x10°3 0.15
nm 8 2.9x107% 127 9.8«10°% 2x10¢ 0.03 2x1073 0.30
v 24 6.0x10™4 6.7 6.2x10°° 3x10°* 0.05 6x 104 0.10

&The frequencies; are related to the correspondiggin our experiments.
®The stationary regimes of plasticity were not reached because of the too high yieldegtrain

dislocation to be pinned on all dots closer thas Y, and whered=3.7 nm is close to the Burgers vectomeasured at

the yield stress to be consequently of order rest.
The Orowan equation is, however, not satisfied above the
oo~FNL/b. (7)  frequencyrg (pointsA, B, andC in Fig. 8 where a transient

regime becomes important and the distance covered by the
However, when the typical distance between screw dislocadislocations during half a cycle decreases. In the limit of
tions N;l’z becomes lower tha¥,,, the number of pinning large frequenciegor strain ratek the dislocations are immo-
dots per unit length along the dislocation line scale®\gé  bile, which corresponds to a pure elastic behavior.
and the yield stress becomes

oo~ FNYb. (8) 12 ' ' e
o~ 1! ¢ Sample 1T

Note finally that the measurements of yield strains in ;‘m lga“‘f’iei]\], .
Table | provide a second way of estimatiAghrough Eq(7) 08 e
and Eq.(8). We obtain in all case&~ 10" N. This value is a) =
similar to the line tension of a dislocation pinned on a single § 0.6 B
point (see abovk This result consolidates the hypothesis that o 04l jr' / .
the yield stress present in our experiments is entirely due to - + . \
the pinning of edge dislocations. Q_E 021 ++ :5 o ¢ c

lasti . 0 j’ —A , ,
B. Plastic regime 0 50 100 150 200

Beyond the vyield strairgy, the sample exhibits a plastic v (um S'l)
regime: the edge dislocations move and reach a constant ve-
locity v after a short transient regintdiscussed below This
behavior is characteristic of the plasticity of crystals under 0.25
stress and has been used to check the Orowan equation di- Ea y=28 x
rectly [24]. e 02y

We observe two different regimes according to the value g
of €. Below ¢, (see some values in Table) lithe edge b) 2015} y=58 x
dislocations remain temporarily pinned, exhibitingjeaky § $ ¢ 537mm
motion during straining. The depinning distan¥g (e€), o011}
however, decreases rapidly with increasing\bovee;,, the i ¢ Sample I
dislocations in the steady regime appear as parallel straight 0.0 ® Sample IIT
lines, the pinning dots are no longer observed, and the mo- + Sample IV
tion becomewiscous 0 . ‘ . . . .

0 10 20 30 40 50 60 70
1. Orowan equation \ (llm s'l)

. For e?‘Ch sample, we ha\{e measu.red the statl.onary. veloc- FIG. 8. (a) Evolution of €/p,, with the dislocation velocity .
!ty acqlf”red by th? dlslocatlpns at different strain raiit Note that the Orowan relatiorEq. (2)] is well satisfied by a Bur-
in both jerky and viscous reglm'es. We have thergfore dlreCt%ers vectob=23.7 nm(close to the thickness of the smectic layers
checked the_ Orowan equati¢hig. 8). In b_Oth regimes, _the and to the static Burgers vecioNote also the departure from the
mean velocity follows the Orowan equation, and we find  oqwan relation at large velocities due to the existence of the re-
‘ laxation timer (see explanations in the texfhe pointsA, B, and
— =6, 9) C denote the departure from the Orowan equation at large strain rate
Pm (frequencies greater than).
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FIG. 10. Evolution of the morphology of the moving dislocation
with the strain rates for sample Il. Left: Fore<e;,,, a jerky motion
. . due to the presence of pinning dots is observed. Right: &or
1 ) 10 100 >¢€jv, a viscous motion is now observed and the pinning dots are
(2\;)_ (s) no longer visible. Period of the array: 23u2n.

FIG. 9. Influence of the finite relaxation timeupon the dis-

tance covered during half a cycle for sample Ill. The line is the best Note finally that the saturation regime, contrary to the

fit given by Eq.(13) with 7=1.47 s pinning regime, is observed even at large strains. Because of
' B the vicinity of the SPA-SmC transition, important deforma-
2. Interpretation of the saturation regime tions are made easier by the tilt of molecules visible through

. . . the formation of tilt domains.
The saturation regime occurs when? is of the same

order as the relaxation time necessary for a dislocation
under constant strain rate to get a steady motion.

The equations of motion of the dislocations are given by
[14] 1. Observations

C. The jerky-to-viscous transition

v=M(o—0) (10) The morphology of the moving dislocation changes with
0’ the strain rates. Low values of the strain rate correspond to
. a jerky regime characterized by important variations with
fvdta time of the edge dislocation velocity. Although the mean
0 velocity follows Orowan’s law, the instantaneous one varies
strongly. When an edge dislocation meets a pinning dot, it
suddenly stops. After its depinning, its velocity becomes
where M is the mobility of an edge dislocation. We have much larger than the average and a straight line is rapidly
added here a termxg in the first equation to account for the reformed.
observed pinning force. We assume that this force can be When the strain rate is increased above a value denoted
derived from the yield stress. The second equation gives thg, in Table II, the pinning points are no longer observed,
stress as a function of the local straén. Note thate; is  and the edge dislocation moves as a straight (Fig. 10.
different from the applied strain because the previous motioWe describe this regime agscousin contrast with thgerky
of edge dislocations has decreased the latter strain. Combinegime.
ing Eqg. (10) and Eq.(11) yields a relaxation time-:

oc=Be¢ =B\ et— = , (11

e 2. Interpretation of the transition
= . 12
" BMa (12

At first sight, our observations suggest that the pinning
forces strongly decrease with increasing dislocation velocity,
The measurement of the instantaneous velocity was not abut a closer analysis shows that our observations remain
curate enough to measute Let us then denote by the  compatible with a constant depinning force.

distance covered by a dislocation during the duration) (2 Let us consider a climbing dislocation crossing a dot dur-
of strain application. In the limit of a small pinning foreeg ing the stationary regime. Far from the pinning point, two
(which is the case for sample JJlone gets forces act on the dislocatidisee Fig. 1} a PK forceBdey

per unit length, where, is the local strain at the positioYy
and the opposing viscous forcevy/Mx, whereM is the
mobility of an edge dislocation in a sample without pinning
points. In the vicinity of the pinning dot, the velocity drops
whered,, is the distance covered by the edge dislocations atapidly to zero and the viscous force disappears. The profile
low frequency(stationary regime Using this equation, we of the dislocation is also due to the competition of the cur-
found for sample lli(see Fig. 9 7=1.47 s, of the order of vature forcegsee Eq(5)] and the increased PK forces under
(2vg)"1=1.7 s. The value of the mobility thus obtained, stress. The shape is then given by

namely, M~1.9x10 8 m*skg !, is in good agreement

with recent measurements made in a free-standing $im

(M=4.4x10 8 m?>skg * for 8CB in Ref.[19]). dF.+dFpx=0,

dy—d
dm

=27rv(1—e Y2 (13
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FIG. 11. Sketch of the forces acting on a climbing edge dislo-
cation: PK forceg(dotted arrowy viscous forceplain black arrowy
curvature forcgplain gray arrows and corresponding line tension
(dashed arrows

FIG. 13. Nucleation and growth of edge dislocation loops under
compressionarrows a and c). Note that the other patterr(®ot
necessarily circularare domains of tilt which do not change with
deformation.

(Yo—y)?  Yo—y

1-cosf= +Ke
£2

, 14
L (14 D. Loop nucleation

An advantage of the setup we have used is the possibility
where K=2e/La. The distance of depinning under stressof tuning p, all over the sample. In the jerky and viscous

Yom(€) is then related to the local strai by regimes previously described, the liquid crystal contains
enough mobile dislocations to relax the stress by their move-
ment only. By decreasing the angle we can prevent this

Y3m= Y3 (&) +KeLYom(er), (15 Y. BY 9 ge P

mechanism and favor the nucleation of edge dislocations.

where Y, is the depinning distance at regt10 um). 1. Observations
Therefore the lengtlY, (€) decreases rapidly with increas- . . . . .
ing €. We have represented in Fig. 12 the evolution of the We describe now a third regime in which the shape of

L . ! : edge dislocations greatly departs from straight lines. Figure
shape of two depinning dislocatiofsq. (14)] with ¢, for the ; : . :
typical valuesfy— /4, K=10" rad L, and a periodp of 13 shows a series of pictures corresponding to a compression

at a strain rate of 510 * s ! of a sample with a wedge
10 pm.

= -5 i is-
We arbitrarily define the jerky-viscous transition by the anglea=2x10 " rad. Due to the low density of edge dis

- - ) .~ locations, the stress is not rapidly relaxed, and the local
conditionYo(€i,j,) = Youm/10 (this corresponds to the opti- strain becomes important, which is at the origin of two phe-
cal resolution limit for the samples of Table).IlThe above

. o . .Fi il i he vicinity of th
static analysis gives the value of the local strain at the trangm?gﬁc ;:Ztn ;:tf odr)oi:r?éns ei[())?ne(ea*\ljiii:aol et uem\j/grlrgzsosg d epo-
o . ~ —3 H _ i N . . .
smont N '.J'Uw_lo/‘EMlBo ' Thfh morcat)tnatu(rja[[hdynawltéalgpa larizers. They are usually noncircul@ee poinb in Fig. 13,
rargeEerfjia p[lﬂ_ i Elev~'35 fg,g’ ;une . ;Olé? | ) which indicates that the corresponding line tension is rather
aEt =9 (N;' 1"’10_'29 f{“w h>'< his | ( atadm able )twe'th low. Second, dislocation loops appear ahead of the edge dis-
?heaég»fAUN X S 7, which 1S In good agreement With 5cations and grow rapidlypointsa andc). The loops dis-

N finallv that thi vsis sh h hould b appear when they meet the next edge dislocation, with which
ote finally that this analysis shows that one should b&y,ay t5m 5 single line. Therefore, the main edge dislocations

careful about drawing conclusions about the interactions begove forward indirectly through the nucleation of loops. The
tween screw and edge 'dlslocatlons In motion frqm optica pplication of a periodical strain shows that the loops origi-
obsgrva_tlons. Ob'_servatlons of straight ed_ge d'SIOC""t'Onﬁate from fixed sources, apparently in the bisecting plane.
moving in a smectic sample do not necessarily prove that thga ref| observations indicate, however, that no dust particles

interaction is weak. (of size at least larger than Am) are present at the nucle-
ation points.

This observation emphasizes the importance of disloca-
tions with respect to the smectic flow. When the local angle

—_—— T~ —

—_———

=0 £,=0.00001 £=0.0001 between the plates is close to zero, no edge dislocations are
present and the liquid crystal nucleates them in order to be
able to flow.
€,=0.0002 €,=0.0003 £=0.001 2. Interpretation and discussion

FIG. 12. Evolution of the shape of the depinning dislocations We observed that the decrease of the angfavors the
with the local strairg; . nucleation of loops. In the limit=0 rad (perfectly parallel
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FIG. 14. Nucleation of a loop of edge dislocations from a screw

dislocation, through a helical instabilitgee description in the text ] ] o
FIG. 15. Glide of an edge dislocation in tlxez plane through

glasseg no other dislocations are indeed present and thd&e motion of kinks.
nucleation of defects is unavoidable to remove one layer.
This situation has been explored mainly in surface force exthe edge dislocations in a $msample(8CB) are pinned.
periments(see Refs[9-12) in which the separation of two Therefore, we will consider defects in layered structures in a
parallel surfaces(plane and sphere or two cylindgréss  general way.
slowly decreased. The resulting oscillatory plastic flow can
be observed at macroscopic separations and is a consequence
of the layered structure. ReferencE®10] discussed the
mechanism responsible for the observed dynamics. Among First, we will discuss the influence of the wedge on the
several models, only the helical instability of screw disloca-defects present in the bulk. Let us consider a dislocation

tions was retained. Our observations strongly reinforce thighifted from the bisecting plane to a distarfzeln a first
model. approximation27], the walls of the wedge act as two image

First, let us recall the proposed mechanism, which is dedislocations located at the distanee:2h from the disloca-

scribed in detail in Ref§13,14). Figure 14 depicts the nucle- tion. The total interaction enerdyer unit length and within

ation of a loop from a screw dislocation under a helical in-the wedgg with the two image dislocations (28]

stability. Figure 14a) represents a straight screw dislocation

which joins the boundaries of an unstrained sample. Under_ _ 1 BVAb?[ 1 Lo BAb? 2+3_hz

compression, the screw dislocation is unstable and adopts a' 2 47 \\Je+2nh e-2h - 8\me e? |’

helical shape[Fig. 14b)]. The origin of this instability (16)

comes from the fact that one layer has disappeared inside the

cylinder formed by the helix, which therefore decreases thg,pere is the smectic penetration length. The restoring force

stress. The helical dislocation has acq.uwed a m|>§ed characttf)rer unit length along is then

(screw and edgeand can transform into a straight screw

dislocation of the same Burgers vector plus a loop edge dis-

location with a kink[Fig. 14(c)]. The loop then grows out- _ B _ 3B\Ab%h

ward to relax the remaining stress. oh T gmet?
The main characteristic of this model is that the edge loop

should appear in the middie of the sample, around a screw This force is a PK force resulting from the stress gener-

dislocation, and should leave it unchanged, ready to nucleateed by the imaae dislocations. It would vield a glide veloc-
another loop. Our observations are in complete agreemelﬁI; alor)llg 5- 9 ' y 9

with these points and strengthen the validity of the helical
instability model.

A. Influence of the wedge

(17)

_ MgF, 3MgBy\bh
IV. DISCUSSION VT Ty T 4med?

(18)

Our results raise the problem of the microscopic origin of

the pinning and how the dislocations intersect. We will nowwhere M is the glide mobility. However, the dislocations
discuss this point further, which was already approached imare trapped in their Peierls-Nabarro valley, and an easy glide
Refs. [10,13,14 but is still unsolved. Note here that this is possible only wherr,>Fpy, Where the Peierls-Nabarro
discussion also concerns the bulk Sphase. To our knowl- force Fpy is of orderBb per unit length. Here, a comparison
edge, small Burgers vector edge dislocations inASstruc-  with Eq. (17) shows that easy glide probably does not occur
tures have not been observed at rest, but only indirectly iinote that this result has been shown directly for large-
rapid motion because of the presence of tiny decorating focglitched cholesterics by fluorescence confocal polarizing mi-
conic domaingas reported in Ref.13]). They were straight croscopy[29]).

lines, but we have sedsec. lll C 2 that pinning could nev- Another possible mechanism involves the nucleation and
ertheless be present. Referen€@40] clearly indicate that motion of kinks (see Fig. 15 as observed in cholesterics

011705-8
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[29]. The total force acting on a kink alorigand the corre- Bh,b?
sponding velocity aréfor a kink of elementary Burgers vec- Fs=3.R (22
tor and heighb)

Taking B=10° Nxm~2 and b, =b,=R= 46, we obtainF,

_%& 3’8‘/——)‘b3h 19 ~10° 12 N in the vicinity of the screw dislocation. This value
* dh 4/me®2’ shows that the elastic interaction could be sufficient to ex-
plain the pinning force that has been observed.
MkFx
V=T (20 2. The role of the helical instability

Now reverse the above considerations, and consider the
whereM, is the kink mobility. This mechanism is certainly screw dislocation within the stress field generated by the
much more efficient in Sé than in large-pitched cholester- edge dislocation. When the horizontal edge dislocation ap-
ics because of the very weak energy of such kisorder  proaches the screw dislocation, this latter experiences a force
Bb3<kgT [30]), which can therefore appear spontaneouslyin the vertical direction. As explained in Sec. Ill D, a screw
by thermal fluctuations. LeN, be the number of pairs of dislocation might acquire some characteristics of an edge
kinks (two kinks of opposite signscreated along an edge dislocation through the helical instability and form an edge
dislocation per unit length and time. The net glide velocitydislocation loop.
resulting from the wedge is The horizontal force per unit line between two elementary

parallel edge dislocations is given bg8]

1/2 X(2)
B - 4Nz,
This efficient mechanism probably explains why the edge
dislocations are always observed next to the bisecting plangherex, andz, are the horizontal and vertical displacements
in our experimentgthe tilt boundary due to the edge is the between the edge dislocations. During the localized interac-
lowest energy configuration tion, we expecky~z,~ & which yields for a loop of typical
size 8, F=B &%, which also has the right order of magnitude.

. ZSNKMB\/szh 1 i
° afme? F_iiiﬁ(L
o ZO )\ZO

, (23

B. Origin of the pinning force
Our observations have shown that the depinning fdfce V. CONCLUSION

is of the same order as the line tensigrof an edge dislo- . b . der th . f th .
cation: F=2ysin 6y, with 6y~ /4. In other words, the Direct observations under the microscope of the micro-
’ om om y ' scopic defects in a strained sample allowed us to confirm

crossing Is not easgnot thermally aptwate)d Th's result 'S several hypotheses about the plasticity of smectics. Small
quite surprising because the crossing of a fixed screw dislo

. . . deformations can be analyzed through the “plasticity of sol-
cation O.f Burgers vectan, by a moving perp_endmular_edge ids” approach. The intersections between screw and edge
d_|slocat|on of Burgc_ars ve(_:tdrz should give rise 10 a single dislocation are not negligible and are at the origin of a small
kink on the edge dislocation of Burgers vectmr The cor-

responding energfar from the screw dislocatiois much yield stress which depends strongly on the density of screw

S dislocations. Larger stresses are relaxed through the motion
lower thankgT and therefore the crossing is expected to be 9 g

easy[31]. The complete problem of the interaction and theof edge dislocations in the bisecting plane of the wedge. Our

1a betw d d dislocati experiment allowed us to check the Orowan equation di-
Crossing between an edge and a screw disiocations Seen?éctly and to determine the nature of its limits. The departure
however, very complex to solve. We give below, sasiple

) i . - ; . of the Orowan relation is mainly due to the finite mobility of
|IIl_Jstrat|ons two dn‘fe_rent effects which could intervene in the dislocations. When the stress is no longer relaxed by the
this complex interaction. preexisting defects, edge dislocation loops nucleate. Our ob-
servations strengthen the model of the helical instability of
screw dislocations generating the loops.

In the linear approximation, there is no mean stress gen- The present experiment provides a unique tool for study-
erated by a screw dislocation and thus no PK force acting ofhg the local interactions between edge and screw disloca-
the edge dislocation. A similar problem concerning the intertions during the compression of a lamellar material. From a
action between two screw dislocations was discussed in Refnacroscopic point of view, the plasticity of the sample re-
[30] where the author shows that a long-range interactiosults from the interaction between an array of elastic lines
arises from nonlinear terms. To have a glimpse of the non¢the edge dislocationsand fixed obstaclegthe anchored
linear terms of the interaction between an edge and a screvtrew dislocations Therefore, our system also seems very
dislocation, consider the straig~b7/87°r? due to a single attractive for studying the physics of the depinning of an
screw dislocation at a distancdrom the core. elastic line in a disordered landscape. For example, specific

Applying the PK force formula to an edge dislocation work could concern the phenomena related to the vyield
located at the shortest distanRdrom the screw dislocation strain, such as avalanchdésudden depinning of several
under normal stresBe, we get the net force pointg and other related phenomena.

1. Interaction between two rigid dislocations
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