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Dynamic behavior of oscillatory plastic flow in a smectic liquid crystal

Richard A. Herke, Noel A. Clark!* and Mark A. Handschy
1Condensed Matter Laboratory, Department of Physics, University of Colorado, Boulder, Colorado 80309-0390
“Displaytech, Inc., 2602 Clover Basin Drive, Longmont, Colorado 80503
(Received 30 December 1996; revised manuscript received 22 April) 1997

Dynamic surface force measurements are used to study the response of a sniegtid-crystal under
layer-normal stress. The smecticis confined in a spherical wedge between crossed cylindrical surfaces
having a minimum gap spacing of 0.54n. The force transmitted between the surfaces by the liquid crystal
is measured vs surface spacing using a capacitance micrometer-based surface force apparatus. Above a thresh-
old stress plastic flow results, consisting of individual layers being excluded or included. Each layer flow event
has an intriguing dynamical structure, beginning with an enhanced drift rate, which can last for many minutes,
accelerating to a rapid separation change-@for 2 s duration wherein the bulk of the relaxation occurs, and
tapering off to a background drift rate over a period of a 100 s or more. The single-layer nature of the observed
jumps in liquid crystal thickness indicates that they are topological in origin, i.e., slippage events in the phase
of the smecticA order parameter that must necessarily involve edge or screw dislocations. A model based on
the Glaberson-Clem-Oswald-Ktean helical instability in screw dislocations is the only one found to explain
the data, the layering events arising from a cascade of these helical instabilities sweeping radially outward
through the smectié- sample. The slow precursor acceleration is due to the nucleation of a few helices in the
thin central portion of the sample. As time goes on, the force relieved is transferred to the rest of the sample,
pushing larger and larger amounts of the area into the unstable regime, and a type of chain reaction occurs
whereby the bulk of a layer is removed. In the end only the material at the edge of the droplet, where the
thickness is largest, is left to slowly continue to nucleate, producing a long-term tail.
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[. INTRODUCTION fined to the surface region, in smecficliquid crystals the
hybrid 1D solid—2D liquid structure makes oscillatory plastic
SmecticsA are liquid crystal phases having orientational flow a bulk phenomenon. In the first study of force vs sepa-
ordering and one-dimensionélD) translational ordering of ration for a liquid crystal, Horn, Israelachvilli, and Pei{&}
rod-shaped molecules. In the absence of applied stress the
equilibruim structure has planar layers spaced by the equilib-
rium period and the local mean molecular long axis, given by
the directorn, is oriented along the layer normal, as shown
in Fig. 1(a). The 1D stacking structure and the 2D liquidlike
nature of the layers combine in the smedido produce a (a)
variety of novel elastic, hydrodynamic, and thermal effects
[1]. One of the most exotic smectik+heological properties
is the phenomenon of oscillatory plastic flow: macroscopic
samples, in response to the application of a constant rate of
layer strain, can exhibit oscillatory layer normal strg&s5).
Here we present the first study of the dynamics of oscillatory
plastic flow in a smectié liquid crystal.
Oscillatory plastic flow was first discovered in isotropic
fluids in measurements of the force transmitted between two
closely spaced solid surfaces separated by a fluid layer a few (b)
molecules thick6]. As the surface separation is changed the
transmitted force oscillates with a period roughly equal to a
molecular diameter. This behavior is a consequence of the
layering induced in the fluid by the planar solid surfaces and
fluid pair correlations; preferred surface separations corre- 010 AR
spond to integral numbers of molecular layers between the %20 -10 ) 10 20
plates. Whereas in isotropic fluids this induced layer order is RADIAL DISTANCE (um)
short ranged and the consequent force oscillations are con-
FIG. 1. Sketch showinga) the position of edge dislocations in
the sample, ancb) the state of the stress;; in the sample under
* Author to whom correspondence should be addressed. compression.
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used the Israelachvilli surface force apparai®6A) [6] to  point B on the lower surface. If the spacing between the
demonstrate the surface interaction via Frank elastic forces iplates is altered, changes lyg are induced that are neces-
the nematic phase of the thermotropic liquid crystal 8CB sarily discrete and therefore must be mediated by the genera-
and found force oscillations in the homeotropically alignedtion or motion of topological defects. In our experiments we
smecticA phase. These oscillations were exhibited by jumpsalso observe jumps in separation of dize response to layer
in the separation distance equivalent to one layer thicknes®ormal compression, indicating that the jumps are topologi-
The surfaces were treated for homeotropic orientaiimyers  cal in nature, involving edge or screw dislocations. Although
parallel to the platgs and the jump size corresponded ap-the nonuniform gap between the cylinders requires the pres-
proximately to the layer spacing 6t=3.17 nm[7], thatis, to  ence of edge dislocations, our analysis indicates that in the
integer changes in the number of layers between the plateglacroscopic limit studied here, they are pinned and not in-
The force oscillations became extremely large in magnitud&/olved in the layer jumps in a significant way.
over the last few layers before surface contact and were still The helical instability of screw dislocation lines was first
detectable even past2m of separation. Other SFA studies discovered by Glaberson, Johnson, and Osterfiéi; who
on smectics have concentrated on swollen lyotropic smecticstudied the effect of the net fluid flow on quantized vortex
A—stacks of amphiphilic bilayers separated by a thin sheelines in superfluid helium II, and by Clefi1], who calcu-
of water and swollen by an oil diluent—in which oscillatory lated the response to the applied current of vortex flux lines
forces with the layer spacing were also obsery8fl By in a type Il superconductor. Quantized vortices in a super-
using an SFA a modulus of layer compression was directhfluid and vortex flux lines in a superconductor are the struc-
measured for the first timt], and the layer bending modu- tures corresponding to smec#cscrew dislocations in the de
lus was extracte5]. Gennes analogyl]. Glaberson, Johnson, and Ostermeir and
In this paper we present a study of the time dependence ¢tlem showed that at a sufficiently high phase strain, gener-
smecticA oscillatory plastic flow, using an SFA based on ated, respectively, by flow along the line in the superfluid
capacitance micrometry that is particularly well suited forand by current density normal to the line in the supercon-
dynamic force vs separation measurements. We find forcductor, equivalent to the strain of the smedhi¢ the linear
oscillations out to surface separations ofish; in this mac-  vortex line becomes unstable. Explicit consideration of this
roscopic limit the separation jumps corresponding to theeffect in a smectidA was first carried out by Bourdoet al.
layer number change exhibit an unusual avalanche-type si¢8], who calculated that under either compressive or dilative
nature, with long gestation periods of gradually increasingstrain, in a smectié\, a previously straight screw dislocation
acceleration preceding rapid jumps. A variety of models/ine deforms into a helix to eliminate or add layers, respec-
based on the elastic-hydrodynamic description of sme#tics tively. The fluid layering of the smecti& and consequent
[1], were tested to describe these layer-jump events. Thiack of intra- or interplane shear elasticity makes this a very
only model reproducing the observed dynamic signature i$ow energy process, unique, among elastic systems to fluid
based on the strain-induced helical instability of screw disdayer smectics. Oswald and Kien[9] studied the response
location lines[8,9]. of very thick smecticA homeotropic samples to large com-
The strain-induced helical instability of screw dislocation pressive displacements, observing a continuous stress relax-
lines is a phenomenon unique to fluid smectic liquid crystalsation with a characteristic time that depended in a discrete
and systems that are equivalent under the smectioway on the initial applied stress. They concluded that this
A—superconductor analogy developed by de Gerdgs behavior was a consequence of the screw dislocation insta-
This analogy is based on the description of an ordered stateility, providing our motivation to develop models based on
by the two-component order parameigfr)=|y(r)|e'"),  this mechanism to explain the dynamics of layer-jump events
which in the smectidA case characterizes the layer ordering.probed by direct surface force measurenié.
For the smecticA |¢(r)| gives the local magnitude of the
density modulation associated with the layering, and the
phased(r) is such thatV ¢(r)=n(r)/I(r), wheren is the
local layer normal and(r) the local layer thickness. For  Our surface force apparatus, shown schematically in Fig.
continuous deformation of the layers, the net number of lay2, is particularly applicable to the investigation of thg-
ers crossed for integration around a closed Idop N namicsof the normal force versus distance relationship, em-
=[_.V¢(r)dr=0. In the presence of topological defect ploying capacitance micrometry and electronic detection to
lines—edge or screw dislocations in the case of smectitneasure distance, without optical access if necegsy
A—N need not be zero, but will assume the integral valueDetails of the mechanical and electronic design, components,
N= g if the loop encloses a defect line of Burger’s strengthoperation, and performance are available elsewfibtg A
B. drop of the sample fluid occupies the space between the two
For the experiments described here, the sméciie con-  crossed cylinders. The precision screw is electronically con-
tained in a gap between molecularly smodtipper and trolled and coarsely adjusts the position of the bottom sur-
lower) crossed cylinders, equivalent geometrically to aface to obtain a rough surface separation distance. After
sphere and a flat plate as shown in Fi¢p),Lleach treated to coarse positioning the electrostatic clamp locks this surface
align the molecules normal to its surfage@meotropic align-  to a fine control mechanism. The fine motion of each surface
men). This forces the surface smectic layer parallel to theis detected capacitively by attaching it to a thin flexible plate,
surface to effectively impose a constant phéage) over the termed a flexure—the top surface directly by an adhesive and
surface. The integeMg= [V &(r)dr counts the number of the bottom by an electrostatic clamp. The flexure forms the
layers crossed on a path from pobn the upper surface to center plate of a three-plate capacitor in a capacitance bridge.

Il. EXPERIMENTAL APPARATUS
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displacements determined via optical interferometry as well
FIG. 2. Schematic diagram of the experimental apparatus show&S Wwith the voltage on the piezoelectric stack.
ing Blumlein-type transformer ratio bridge and three-plate realiza-
tion (t)f dual c?pﬁcgorgl and(;zt.hWZ]gfws ||n the_ enclosmgﬂt]emt; IIl. OBSERVATIONS: RHEOLOGY
perature controlled oven and the -angle mirror near the base OF A THIN HOMEOTROPIC SMECTIC A

provide for optical observations if desired. UNDER LAYERNORMAL STRESS
The plates are separated byl0 um gaps. Motion of the
surface induces motion of this flexure plate, a consequent
change in capacitance, and therefore a change in the unbal- The sample for these experiments was the liquid crystal
ance signal from a Blumlein transformer ratio briddg], as  4'-n-octyl-4-cyanobiphenyl8CB or K24], exhibiting isotro-
shown in Fig. 2. Any change in the relative capacitor spacing?ic (I), nematic (N), smecticA (sm-A), and crystal(C)
by motion of the center plate thus changes both the capacPhase$17]. Sample droplets were taken via a syringe from a
tances and the output to the detector. This entire bridge sysial of 8CB purchased from BDH Chemicals/EM Industries
tem is termed a capacitance micromgtts]. and used without further processing. The N-Anransition

The bottom cylindrical surface and capacitance micrometemperature of our sample from the vial wag,=33 °C,
ter are connected to a piezoelectric stack for small-scale maslose to the literature value dfya=33.6 °C[7]. After sev-
tion, and the micrometer position is servo controlled to aeral months in the SFA it was found to decrease to
selected voltage ratio to set the fine position of the bottom~31.5 °C, probably a result of water absorption or leaching
surface. Meanwhile the top capacitance micrometer monitoref ions from the mica.
the position of the top cylindrical surface. Beside its role as  Filling the SFA was carried out by using the needle of the
part of the capacitance micrometer, the flexure plate attachegyringe to touch a drop of 8CB to the two cylindrical sur-
to the top surface serves as a spring. The spring constant théxces of the assembled apparatus. Capillary action then
directly relates changes in the position of the top surface tgulled the sample around the surfaces and into the space
changes in the force between the two surfaces. The wholeetween. To the surfaces of the fused silica cylinder were
apparatus is thermostatted t@.02 °C in a temperature con- cemented sheets of molecularly smooth mica, each coated
trolled oven. with a monolayer of the ionic surfactant hexadecyl trimethyl

Each capacitance micrometer is sensitive under test to dissmmonium bromide to induce homeotropic smegtiedign-
placements of less than 0.005 nm. Although the sensitivitynent. By viewing through two crossed sheet polarizers
reached in an experiment is quite good, it does not reach thiglaced at windows of the outer oven, the innef. mm
level because the electronic noise in the piezo sereeli92  square area of the sample appeared homeotropically aligned,
nm, setting an upper limit on the short term sensitivity. Eachsurrounded by unaligned liquid crystal. To first order the
lone capacitance micrometer drifts in  position surface separation distantB(p)] is that of a sphere and a
=0.1nmh?, and the total assembly typically indicates plate, depending on the distance from the center (jneas
drifts between the two surfaces at the rate ofD(p)=Dy+p?/2R, whereD, is the minimum separation
=0.2-0.4 nm h'. Furthermore, once the smec#cliquid distance at the center line, and the surface raiad.27 cm
crystal sample is placed between the surfaces, these “driftsas shown in Fig. 7. X-ray diffraction measurements show the
can grow to 1 or 2 nmht, depending on the force applied, period of the smectic layer ordering in 8CB tolbe3.17 nm
mechanical relaxation of the sample drop shape, and changgb8]. The layer alignment parallel to the surfaces confines the
in atmospheric pressure. The error in the absolute accuraqyhasep(p) of the smA order parameter to be constant on the
of each capacitance micrometerid.0%. At the force levels upper and lower surfaces at,, and ¢, , respectively.
employed there is no observable effect of force on drift. TheSince the surface separation varies, eiflagthe layer thick-
dynamic response time of the force-sensing capacitance miress must vary proportionally to enforge,[n(r)/I(p)]dr
crometer is~0.003 s, essentially controlled by air damping = ¢,— ¢ow O (b) there must be topological defe¢tdge or
between the flexure and fixed plates. Figure 3 shows thatcrew dislocationsintroduced to yield this condition with
ratio transformer setting changes varied linearly with actuatonstant layer thickness. Given the rather extreme sample

A. Sample geometry and procedure
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FIG. 5. Linear fits to drift rate vs force data for several values of

FIG. 4. Response of upper surface displacemenfatd? nm minimum separatiom .

lower surface compressive stepsej=4 .m, and(b) 8 nm lower  fiow in compression dropping down to the force needed to
surface dilative steps &o=1.4um. again cause plastic flow, but now in dilation at a separation
of Do=1.4 um. After each jump in the position of the lower

thickness variationthe separation increases by one layerg,itace the upper moved in unison with it and then remained

spacing atp=9 um, but within p=90um the separation place.
increases by more than 100 layersnd the very large The ratiosr of the change in the upper surface position to
stresses necessary to substantially change layer thickness, the of the lower surface = x.../ SXigy, arer=1+0.1 for

' up ow 1 — Y

most probable equilibrium structure must have edge dislocay 5um<Dy<1.4um and there is a trend toward an increas-
tion loops of the same sort aroupe-0 [F'g: @] ing “stiffness” of the liquid crystal with decreasing separa-
In general, previous to a data run the piezoservo was useg | distance(r=0.9+0.1 for 2um<Do<4 um). In any

to establishDo=0, ':eh" E”ng the IowEr surfr?ce up mtc; aP- caser clearly indicates thathe effective spring constant of

parent “contact” with the upper—where the two surfaces,, liquid crystal is an order of magnitude or more greater

began moving in unison even at large forcde relatively . that of the spring attached to the upper surface

Ic;arge dsgpafr}anons at fv(\)/h|ch étlhgse expermgjents vr\ierc'a CON" The apparent drift rate in the position readings changed
qute , In the rallnge Ob hm-—4. r':‘m’ e;rors ur? told %vmg lightly as the force changed. Recall that due to the spring

a few remnant layers between the surfaces should be Neglly,cheq to the upper surface, changes in its position also

gible). The bottom surface was then lowered, again using the, ;. sented changes in the force. Figure 5 displays the rate of

piezoservo set point, to produce the approximate surfa_c rift, found from a linear least squares fit to the displacement

separation desjred. To leave homeotropically aligned !iqw ata, as a function of the force on the liquid crystal for some
crystal after this p.rocedur[éls,'lq, the surfaces were f|rs? gifferent surface separation distances. The data were taken at
pulled apart to a distance a micron or so Iarger than desire ach distance from roughly the force required to cause plas-

and then compressed to the desired separation. tic flow in compression to approximately that needed to

_ _ cause dilative plastic flow. The large amount of noise in the

B. Relaxation event observations data is due primarily to the small number of readings taken at

1. Procedure each force and the small size of the drift rate. The drift rate

varied roughly linearly with force although the actual slope

To observe the oscillatory force jumps noted by Hor,yaried markedly between trials at different separations. Inter-
Israelachvilli, and Pere2], the basic procedure below was estingly, however, the total change in drift rate was
followed. First the temperature was set to 26.5 °C, well into—~ 5 1 nm mirr! between the two force extremes in each of

the smectic phase. Then the separation distance was set @8se cases. We will show that the linear relationship be-
described above, and the system was allowed to furthgyeen force and drift rate breaks down as the force is ex-
equilibrate for a day or so. At the beginning of this equili- onged beyond the end points of these curves.
bration period the force on the upper plate could still be as Thg yalye inferred above for the effective spring constant
large as~400 dynes. After the e.qu.ilibration period the lower ¢ the smA liquid crystal in turn implies that the edge dis-
surface was raisecbr lowered in increments of 1-8 nm, |,cations in the sample were pinned. In other materials, edge
and the response of the upper surface was observed for a fe{i|ocations have been observed under crossed polarizers us-
minutes. This response could be divided into & low forcg the strain-inducednear the dislocationphase transition
elastic response region and a high force plastic flow regiong.o - smecticA to smecticC. The edge dislocations so re-
vealed are “very irregular because of pinning of their mo-
tion” [20]. Initially, however, this came as somewhat of a
Data collected in the low force, apparently elastic regionsurprise because the working assumption had been that the
of the stress vs strain curve is shown in Fig. 4. The plots givalislocations were free to move and the stress was supported
the position response of the upper surface to the sudddpy the central dislocation free region of Figal. To see how
change in position of the lower surface, for a compressiorthis assumption is contradicted by the data, one can calculate
series taken from a position attained after several hours ahe effective spring constanK(g) of a cylinder of elastic
equilibration at a surface separation Bf=4 um; and a material with bulk compressibilit and radiusp yax filling
dilation series starting from the force needed to cause plastitie space between the two crossed cylinders and centered at

2. Elastic response regime



3032 HERKE, CLARK, AND HANDSCHY 56

(2) TIME (s) With a bulk compressibilityB=10? dynes cm? [21] and
50 0 50 100 150 200 a minimum separation distand®,=1 xm, a plug of the
liquid crystal=100 um across would be needed to produce a
large enough spring constant. However, in this distance the
spacing between the cylinders would increase a hundred
layer spacings or so, and the sample would contain about a
hundred dislocations. If these were not pinned they would
move to relieve the stre§22] and produce a much lower
effective spring constant.

_ . e
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(1) TIME (s) 3. Plastic flow regime

(1) DISPLACEMENT
(nm)

(2) DISPLACEMENT
(nm)

As the force on the liquid crystal increases beyond a cer-

~ 1 T I T tain point, a dramatic change occurs in the character of the
5 ok _ response. The smecti-liquid crystal cannot support the

s (b) total force on it, and a plastic flow occurs. The response
(U_g c - 7] curve at the end of a series of compressive steps of Fig. 4 is
< £ 2 - shown in Fig. 6. The last two 1 nm steps are shown. Follow-
E 3k _ ing the last step the surfaces again moved in unison. In this
2] | | | | | | case, however, aftex50 s the upper surface abruptly began
m) -4 dropping, causing a relaxation in the force. Since the lower

50 60 70 80 90 100 L . - . .
surface is fixed in position, this drop represents a change in

TIME (s) sample thickness. The total event consists of a precursor of

slope that is much larger than that before the last compres-

FIG. 6. (a) Response of upper surface displacement to steps i'%ion, a rapid sigmoidal step, and a long tail, adding up to a
lower surfacg position.near plastic flow threshold, @mdclose up ~3 nm change in sample thickness, or about one smectic
of relaxation jump regionRo=4.2 um). layer spacingl. Once such a step occurs another can be
i . ) . generated by additional compression. Following steps to

the point of closest approach. Each ring of material of th'Ck'rougth the same threshold force the plastic flow region was

nessd(p) gives a spring constant contribution of again reached and a similar relaxation event occurred. The
apparent threshold force could vary greatly between data
oF 1 runs, although it was relatively constant throughout a run.

dK B —— 2mpdp.

Nearly all of the events had a characteristic sigmoidal dis-
placement in time, but the precise shape and speed of the

Integrating over the total cylinder and usiByp) as defined relaxations varied and was highly dependent on sample and

"Dy~ D(p)

previously, the net spring constant comes out to be history. However, consecutive events in a compressive or
dilative sequence were quite similar. The vast majority of
2 observed events had a size corresponding to one layer or a
K.=27RB In| 1+ Pmax ) small integral multiple of layers. Additional example layer
2RDy relaxation events are shown in Fig. 7. Each plot shows the
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FIG. 7. Response of upper surface displacement to steps in the lower surface position near the plastic flow f@e3held,um, (b)
Dy=2.3um, (c) D;=0.5um, and(d) Dy=1.4 um.
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(iv) Relaxation regimeFollowing the sigmoidal step is a
relaxation lasting several hundred seconds when the velocity
relaxes back to its background drift valgeostslope veloc-
ity), seen between the applied steps leading up to the event.

Table | summarizes some of the basic features of these
relaxation event examples and those given in the rest of the

paper, giving the separation distance and force at which the
M data in each figure was taken, the size of each “layer” event
o in a figure, and velocities associated with various portions of
opttlit i L each event. The origin of the force has here again been taken
FORCE (dynes) to be midway between that required to extrude a layer and
that needed to include one. In calculating the size reported

FIG. 8. Example demonstrating the breakdown of the linear refOr €ach event the postslope velocity—i.e., the roughly con-
lationship between the drift rate and force at extremum force valStant drift rate arrived at a few hundred seconds after the
ues. main relaxation—has been subtracted from the data, and the

event's commencement has been taken to occur at the dis-
next to the last and the last of the synchronous movements glacement reached immediately after the final step in the
the upper surface with displacements of the lower, whichbottom surface position. The estimation of the individual lay-
results in most cases in the following sequence of events. ering event sizes in the multilayer relaxations will be de-

(i) Next to the last stepAfter the next to the last step the scribed later. The step-slope velocity was found from a linear
drift velocity (step-slope velocityis constant in time and least squares fit of the data after the initial bottom surface
commensurate with the solid line in Fig. 8. change. The maximum velocity of each layering event was

(i) Initial slow acceleration regimeAfter the last step taken from the slope of e-spline interpolation over the data.
the drift velocity (rate of change of separatipprior to the It should be emphasized that these relaxations relieved only a
layering eventpreslope velocityis significantly larger than small fraction of the force on the system. Because each re-
that between previous steps, now well above the line in Figlaxation released only about 6 dynes of force, whereas the
8, and increases monotonically and slowly over a periodotal force on the samples in the figures varied from about
ranging from several tens to a thousand seconds, dependid§0—400 dynes, the relaxation released from at most 6% to
on the event; toward the end of this period the acceleratioas little as 1.5% of the total force on each sample.
begins to rapidly grow. Besides the main jump these curves also exhibit several

(iii) Sigmoidal jumpThe acceleration divergence culmi- other interesting features. Figuréay contains a smalk=0.3
nates in the bulk of the step, which is completedsh s, and nm “foreshock” immediately prior to the main jump. These
is characterized by a sigmoidal shape in the separation ereshocks occurred frequently, but rarely without being in
time curve and the maximum velocity during the processclose proximity to a relaxation jump, and tendedrtomedi-

The net separation change corresponded well with the smeetely precede a jump. Although they may have triggered the
tic layer thickness. It thus appears that one layer wasore event, it appears that the relaxation process itself was
“squeezed out” of the sample, or “sucked in,” as in the already well underway by the time of the foreshock occur-
case of Figs. (&) and 7d) which occurred at the end of a rence. For example, in Fig(& there is an obvious increase
dilative series of steps. in the “linear drift” about 100 s before the main jump. This

L e o
O

0.4

0.2

LI I L B I B O

DRIFT RATE (nm/min)

TABLE |. Relaxation event size and slope characteristics.

Figure Dy Force Size Step-slope Preslope Postslope Maximum velocities
(em) (dynes velocity velocity  velocity
Event1 Event? Event3 (nm/min) (nm/min (nm/min) Event1 EventZ2 Event3
(nm) (nm) (nm) (nm/9 (nm/9 (nm/9

7(a) 4.0 1.0x 1% -3.2 na na -0.21 —-0.20 -0.12 -1.4 na na
7(b) 2.3 1.8x10* -35 na na —-0.05 -0.07 —0.06 -1.6 na na
7(c) 05 —4.0x10 2.9 na na 0.14 0.47 0.04 0.15 na na
7(d) 1.4 —3.2x10° 3.4 na na 0.13 0.52 0.07 1.6 na na
11(a) 2.3 1.8< 10 —-3.7 -3.1 na —-0.05 -0.03 —-0.01 —-2.4 -1.2 na
11(b) 1.3 nnd -3.8 -4.1 na -0.10 -0.15 -0.05 -1.3 -0.5 na
11(c) 2.3 1.8< 10 —-3.4 -3.1 na -0.10 -0.15 —0.08 —-2.6 -1.1 na
11(d) 1.4 —3.2x 107 3.9 2.8 na 0.08 0.17 0.03 1.2 0.3 na
11(e) 1.4 3.2X10° 4.1 —-3.2 —-3.5 -0.09 —-0.15 —0.02 -1.7 =13 -0.3
11(f) 0.5 4.0< 107 —3.6 =27 —-1.8 —0.09 —-0.14 —0.08 —0.96 —-0.35 —-0.04
11(g) 1.4 —3.2x10 3.3 3.4 2.9 0.17 2.77 0.03 2.2 1.8 0.4

Average 34 3.2 2.7

gna: not applicable
®am: not measured
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-40 .20 0 20 40 60 FIG. 10. Log time plot of relative displacement of the two sur-
faces during a layer jumpga) before inflection point, an¢b) after
TIME (s) inflection point, for data of Fig. () with correction for postslope

. o _velocity. This plot shows the wide range of time scales involved in
FIG. 9. Exponential and stretched exponential fits to relativeihe |ayer jump events.

displacement during a layer jump.

esting feature beyond what was seen in the single-layer

is perhaps more clearly displayed in Figs. 9 and 10, the lattegvents was the strong dependence of the relaxation speed on
of which plots these same data with the postdrift velocitythe relaxation force. The maximum rate of separation change
subtracted out and using a ti(time axis with its origin at  deduced from @-spline interpolation on each layer event of
the inflection point in the center of the step, found by athe figures is also shown in Table I. For example, in Fig.
c-spline interpolation over the data. The wide range of time11(e) the relaxation of two layers accounted for only about a
scales required for whole event is evident from this plot. As49% change in the total force. However, the change in the
can be seen, a somewhat enhanced drift was present roughtyaximum rate of displacement in the second event was
100 s before and perhaps 300 s after the main relaxatiomearly an order of magnitude slower than that of the first.
Indeed, in general the change in drift rates in Table | betweerTherefore it seems evident that these relaxation steps were
the step-slope, preslope, and postslope velocities are mughreshold-related phenomena not only in their initiation but
greater than would be expected from a straight-line extrapoalso in their time development.
lation of curves such as those in Fig. 5. In Fig. 9 the origin
has been moved to the center of the event an_d corrections I\V. THEORY AND COMPUTER SIMULATION
have been made for the linear postslope velocity. Here the
dotted lines represent the best fit to an exponential function Although the details of the relaxation events display a
and the solid and dashed lines the best fits to the stretchegteat deal of variation, they also exhibit common features
exponential functions shown, chosen because of their exncluding: (1) a size equivalent to a small integer number of
tended temporal decay range. Although the change in didayers,(2) a similar shape in time(3) the existence of an
placement is very rapid for both, at small times the velocityapparent critical induction force, and) a highly nonlinear
appears and drops off more slowly in time than an exponendependence of the speed of the relaxation on the force. The
tial law predicts. For the stretched exponential the time exshape of each relaxation event generally includes an initial
ponent of the fit fot>0 in Fig. 9 drops from=2/3 if only  enhanced “drift” rate, which can last for minutes, followed
the initial 10 s are fit, ta=1/3 if a full 500 s of data are used, by an acceleration in the surface separation change over sev-
giving additional evidence for a broad range of characteristieral seconds leading to a period typically of only 1 or 2 s
relaxation times. duration in which the bulk of the relaxation occurs, and end-

The force needed to enter the plastic region and induce &g in a tail wherein enhanced relaxation motion is detectable
relaxation step tended to increase as the surface separatitar around 100 s or more.
decreased. Another consequence of decreasing surface sepa-The beginning point for explaining events that discretely
ration appeared to be an increasing number of multiple layealter layer number is their fundamentally topologi¢atige
relaxations in which two or three layers were removed oror screw dislocationnature. Attempts to model the events
included in the sample. Figure 11 gives several examples diased on edge dislocation motion, however, have led to little
multilayer steps at various separation distances. In generagpccess. A more successful model involves screw disloca-
the same basic features were present as in the single-lay#ons passing from one of the two cylindrical surfaces to the
relaxations[note the foreshock in Fig. 14)], but the total other, and a helical instability they can exhibit on the
relaxation was some multiple of the single-layer spacing, anégmecticA phase under stress or, stated more correctly, under
between each “single” layer event, although the relaxationdilation. Although these screw dislocations are not geometri-
rate slowed precipitously, it typically remained much greatercally necessary, they have a low energy of creation—zero, in
than the background driftThese lulls between events had fact, ignoring the core energy—and should be numerous in
durations of only a very few secondBig. 11(e)], tens of the samplg23]. Like edge dislocations they have been ob-
secondqFigs. 11b) and 11c)], or even past a 100 [§ig.  served in the polarized light microscope near the smectic-
11(f)]. For the purposes of Table I, the end of one layeringA—smecticE phase transitiof24], and they have been ob-
event and the beginning of another were taken to occur at theerved using freeze fracture etching methods irLthehase
minimum in the magnitude of the slope ofcaspline inter-  of lecithin at densities o&=1 wm~2[25]. Under compression
polation over the data in such a lull. Perhaps the most intertdilation) the straight screw dislocation line can helix with
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FIG. 11. Response of upper surface displacement to steps in lower surface position near plastic flow thgdbgidl.4 um, (b)
Dy=1.3um, (c) Dg=2.3um, (d) Dyg=1.4um, () Dg=21.4um, (f) Dg=0.5um, and(g) Dyg=1.4 um.

one or more layers of liquid crystal being excludéd- 2[(Ng+n)I—D(p)]—1

cluded in the area encompassed by the helix. It is proposed feo=b ( D(p) :

that the observed relaxation steps are the result of a cascade P

of these helical instabilities of layer-jump events in the sCrewrpjs result ignores inter dislocation forces, which are negli-
dislocations populating the smecicliquid crystal sample.  gipje when the dislocations are forced to the sample mid-
Computer simulations based on this assumption fit the obsjane  as they should be in this c4@6,20. Viscous drag

served phenomena well. (f,) from the surrounding liquid crystal is a second force
acting on an edge dislocation 1ih80,27. The drag is pro-
A. Edge dislocation model portional to the velocity of the dislocation line and depends

As stated, the first attempts to explain the relaxatioq;” the mobility (), which in turn is a combination of the

events focused on the geometrically necessary edge disloc qgild cry_stal viscosity (v), and the permeation distance
tions populating the sample. Figuréal gives an idealized (¥ )- This drag component has the form

cutaway view of the liquid crystal sample between the cylin-

: : : . : b dre dre
drical surfaces. The dislocations in the diagram are actually =——=—(vK)b =,
parts of roughly circular loops. There are four factors con- po dt dt

trolling the motion of these dislocations. The first is the i . ) o .
stress applied to the liquid crystal. The contribution of thisWherere is the radius of the edge dislocation line. Thirdly,
factor has been developed by Persfi26] whose results are there is the forcef(,) due to the line tensiof), which will
summarized below. Figure(i) shows a possible state of the OPPose the growth of a dislocation and is given by the usual
33 elementg3 denoting the layer normal axisf the stress €quation[30] f,=y/re. This, along with the stress force,
tensor a3 through the sample taken to be under a slightdlso C_ontrols the nucl_eatlon_ of new edge_ dlslo<_:at|(_)ns in the
compression. The stress increases at each dislocation wifinectic. If an edge dislocation of a certain radius is sponta-
the size of the jumps, and the absolute magnitude of th8€ously generated, it will grow only |f.the stress force.|s
stress is inversely proportional to the sample thicknesdarge enough to overcome this line tension force. Otherwise,

[D(p)] at the radiugp. Letting N, be the number of layers at it Will collapse in upon itself. Finally there are pinning forces
the center line of the sample, the number of layers added Which hold the dislocationg21] in place at low force levels.

by dislocations at radik p, & the equilibrium layer thick- No real theory of these exists since they can have any num-

ness, and, the bulk compressibility, the stress can be writ- ber of sources, including impurities, .surfaqe irregularities,
ten and other defectf28]. The computer simulations employed

(No+n)I=D(p)

0.25 0.30 0.35 0.40 0.45

1L = e e T T T T T Tg13.5
. . . = E =

The stress tensor element at the dislocation is taken to be th £ 12 (1) 913.0 %

average of the stress given by the abovp ptst smaller and 2 _10F 3 25 =
larger than the dislocation radius. The force on the disloca 2 g = END 8w
tion line per unit lengthf, depends on line density, and 37 b 120 ; E
stress field® as o= E Ji1s H=

o - 3 =)

. . o = 2f q110 o

f0: 1(Jd><q)):f02:bq)33|n(90 )1 (41) ~ o) IO I T N N NN N N B M 10.5 <

0 0.2 0.4 0.6 0.8 1.0
the Peach-Koehler equation for the force on a dislocation ir (1) TIME (s)

a solid[26]. Taking o33= —®3, the force on the dislocation
line is FIG. 12. Results of the edge dislocation computer model.
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TABLE Il. Geometrical and liquid crystal 8CB parameters usedsition before the last force increment. Although a type of

in the computer simulations.

B (Ref.[21])

1.8x10 erg cni®

critical force value for plastic flow is exhibited, the simulated
steps have qualitatively the wrong form, being more of an
exponential decay. Also, instead of having the characteristic

I 3x10°7 ¢m integer layer size, they deperstirongly on the force incre-

b 3%10°7 cm ment. This failure is intrinsic in the edge dislocation picture,
u (Ref. [27]) 107 cnés gm't stemming chiefly from the linear dependence on stress of the
v (Ref.[26]) ~Bb2=1.6x10"° erg cni’: force on the edge dislocations in an experimental geometry
T 1%x10"% cm that compels the stress to change radically through the
o 1.8x 10° dyne cm2 sample volumeAs a result, the _nucleation of new edge dis-
N, 500 layers locations can occupnly at the high stress center line of the
Do/l 499 layers crossed cylinders and this is the only mechanism available to
Keo/Ky 0.1 impose the layer sizing on the relaxation events. At the same
KSP(Ref_ [31]) 8x 107 erg et time, however, the majority of the forc_e is not carried in the
A= (K/B)Y2 6.67< 108 cm genter byt by thg sa}mp!e farther out in the lower st(ess re-
. (Ref.[9)) 3%10-7 em gion. This cpmbmguon intrinsically prgvents nucIeaUpns of
¢ ' - - 1 new edge dislocations from determining the event size, and
€ (Ref. [9) ~0.28b __3’7'2X 10 _1erg cm will rarely lead to steps that are of layer (or multiples) thick-
#n (Ref.[27]) 107" enf's g ness It is difficult to envision reasonable modifications to the
$ 2;9‘:;”}( model that can overcome these problems. However, the edge

dislocation picture may be relevant in ultrathin samples of
small overall radius, where the center dominates the force
[2-4].
two different, simple models. The pinning force in both was
taken to have a frictional character with a maximum magni-
tudeo.. In one, this was true for both a static and moving
dislocation line, and in the other, to somewhat simulate the Given the topological nature of the step events and the
cloud of impurity [29] theory of dislocation pinning in sol- €limination of edge dislocations to explain relaxation steps,
ids, this was true for a static line but the pinning force wasthe role of screw dislocations was investigated. In very thick
assumed to drop to zero for a moving dislocation. samples of 8CB under high stref8], screw dislocations

An example of the results from molecular dynamics simu-offered a promising mechanism. It was discovered that the
lations carried out with these ideas and forces is shown ifime constant of the exponential decay to equilibrium of 8CB
Fig. 12. In these simulations, as in the experiment, the forcé the smecticA phase placed under a large stress unexpect-
on the sample is increased in increments and the response edlly varied with the stress, becoming shorter as the stress
the simulated top surface is observed. Nucleation of nevpecame largef27]. Oswald and Klenan found that helical
edge dislocations takes place when the stress force in tHgstabilities in screw dislocation lines provided an adequate
middle of the smectié liquid crystal droplet exceeds that of explanation for their daté27]. They even suggested that
the line tension on an edge dislocation loop with somethese might be related to other puzzling phenomg3@
threshold radius,,, and all the dislocations are allowed to found in smecticA flow investigations, including the work
respond to the various forces on them. The particular simuof Horn, Israelachvilli, and Pere2] which stimulated the
lation of Fig. 12 incorporated 2000 edge dislocations initiallypresent study.
placed at their equilibrium positions and pinned with the A schematic diagram of éeft-handed screw dislocation
first, static plus dynamic frictional force case, mentionedin the smectic layering23] is shown in Fig. 18). The he-
above. The simulated bottom surface is raised in 0.7 layelical instability of screw dislocations is a mechanism
=2 nm increments. Other parameters for the simulation ar@#hereby, in response to an external force tending to reduce
as shown in Table 1. (increase the layer thickness, the smect#iccan expeladd

The general features exhibited in Fig. 12 are relativelya layer or layerd8]. The initial screw dislocation line is
independent of the exact parameters used, which basicalBssumed to run vertically between two horizontal boundary
affect only the time and force scales involved. At low force Surfaces separated by a distafizeo which it is firmly at-
levels the top surface simply moves in step with the forcetachedFig. 13@)]. Under stress the new shape of the dislo-
increment by an amount depending on the ratio of the toigation is a helix of radius and with
surface spring constank{y) to the effective spring constant
of the liquid crystal k c). Subsequent to reaching a certain 7= E i
“critical” value, however, after the initial response to the p 2w’
stress, the top surface begins to drop. At this point the stress
in the center has grown large enough to either nucleate new
defects or unpin some of the existing inner ones. Those owhereD/p is the helix pitch and the pitch paramefeis a
the edge are still pinned. Eventually the force grows to gositive integer for right-handed helices and a negative inte-
point and the dislocations have adjusted themselves so thger for left-handed helicg$-ig. 13b)]. This alteration in the
any increase in the force leads to the unpinning of all thescrew line shape can occur because it lowers the stress in the
dislocations and the decay of the top surface back to its pasample. If the helix and the screw dislocation have the same

B. The helical instability of screw dislocation
cascade model
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As the helix grows, the line orientation of the screw dis-
location becomes more parallel to the liquid crystal layers
and perpendicular to the vertical Burgers’ vector, which can
be seen by comparing Figs. (b3 and 13c). The screw ori-
entation thus takes on the character of an edge dislocation,
and as the edge character becomes more pronounced, in all
probability the repulsive image forces of the boundaries will
push the coils of the line into the center where, through a not

(E) well understood nonlinear process, the loops will pinch off to
f form an edge dislocation surrounding a once again straight

QT D [ WD [P = dsocaton. The charscerstcs of enerationor

S [ R | Rl gy || oo greren han t via sdge disacaton maton. ke

\\ﬂwmwW“MWHHW ‘”W ||H' \IHH ”H‘ stressin the sample, the nucleation probability of the helical
TT I'I"]_I T 1O

instability rather depends strongly on the absotlitation of
the sample and therefornly weakly on the sample thick-
ness making it possible for the entire sample to be on the
brink of nucleating the helices. The slow dependence on
sample thickness will cause the center to nucleate at a
Ll b T O D slightly lower dilation than the outer edges of the sample.
-5 0 5 10 15 20 25 130 35 However, the stress or strain relieved in the center will then
be transferred outward increasing strain at the edge and pos-
sibly causing these screw dislocations to become unstable.
Thus it is conceivable that the relaxation step instabilities are
actually the result of a wave of helical instabilities of the
screw dislocations moving radially outward through the

rli!\}{lm}wwﬂ'r
% oor

t=17s

time, t (s)

FIG. 13. (A) SmecticA screw dislocation linéSDL). The order
parameter phase advances hy ®ith each circuit around the core
(vortex ling. (B) Helixing instability of the screw dislocation under

compressive stress. One layer is removed between the plates in tR&MPle. )
shaded aredC) As the radiug of the helix grows, the line rotates Based on the methods of Ktean[23], Bourdenet al.[8]

toward the layer plane, becoming more like an edge dislocatin.  calculated, assuming a linear elasticity, the energy of a heli-
Helix SDL pairs generated by stres&) Simulated time evolution ~cal screw dislocation in a homeotropic smediicsample

of a single-layer squeezing-out event arising from a helixing avawith a thicknes®, whose boundaries have been displaced a
lanche in a 2%25 SDL array after a compressive stejol= total distancea from an equilibrium unstrained position. The
—84.6 A att=0, showing lattice configurations at 3-17 s corre- value a is taken to be positive when the strain is dilative.
sponding to the times indicated by the arrows(f). The helixed They found three contributions to the energy that depend on
SDLs (black area of increasing sizappear first near the center  the helix of the screw dislocation. One is simply the total
p=0), initially increasing slowly in number and producing a slowly core energy, which is proportional to the length of the dislo-
decreasing sample thicknggsl in (F)]. The decrease id enhances  cation. Since the length of a helix whose radius small

the probability that remaining SDLs will helix, leading to an out- compared to its pitchld/p)

ward traveling wave of helixing and a jump i#d. (F) The §d(t)

for the simulated event itD). The curve of open circles depicts an

experimental layer squeezing-out eventdaf,=4 um. For this L~D
simulation, d,,=4um, p=1, n=1, pm,=0.8mm, and

Pmaj=1.6 mm.

2772r2 2
1 27

D2

) the dependence of the core energy on the helix can be written
handedness then the helical shape removes a number of lay-

ers proportional tg from the cylindrical volume of radius 272122
inside the helix. Conversely, if the directions are opposite, Wc:ec(5L)=ec(—2p),
then the layers are added to the interior of the helix. Refer- D

ence[14] sketches an heuristic argument visualizing this ad-
dition or subtraction of layers. where e, is just the core energy per unit length. This is

Although it is assumed that a screw dislocation line al-quadratic inp and thus always positive and opposing the
ready exists in the sample, it is not difficult to envision sce-growth of the helix. There is also a contribution from the
narios whereby the stress itself can nucleate new screw diself-energy of the helical line, which can be written
locations from the bulk. For instance, every vertical line
through a perfectly ordered liquid crystal can be thought of b2K r'2p? (ki x  cosdu
as consisting of both a left -and right-hand screw dislocation =~ Ws=———, J dk'f du z—=

. 0 o sinhk’m

superimposed on one another. Stress would tend to make one
of these helix in a clockwise direction and the other in a sinhk’ u
counterclockwise manner. In this way, the stress might peel XJO(Z\/nr’sinpu)( u costk’'u— K '
apart two “virtual” screw dislocations, as pictured in Fig.
13(d). 4.2
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a very strong function of dilatioa. Meanwhile it is a much
weaker function of the sample thicknd3s an order of mag-
nitude change being roughly equivalent to only a half a layer
change in the dilation. The energy barrier also depends on
the pitch parameter. Sind%', andW; both depend quadrati-

TTT T T T T T [T FT [T I T T T T T [TTTT

50

[

(=]

o
x
©
"g N 139 ] cally on p, whereas the stress energy, has only a linear
>3_ - NS, ] dependgnce, heI.iceg with more than one qup have signifi-
S sl % - cantly higher activation energies and can be ignored.
W - T For such an activated process, the probability per unit
w B 3 v time for the formation of a helix is estimated to be
I~ \-' \ \\ \\—
-100_||||I|||\Illll}‘llll\lwl\li\llll_r Wmax
0 0.5 1.0 1.5 20 25 3.0 Pt: wleX ) , (43)
RADIUS (units of /DR kgT

FIG. 14. Total helix energy dependence as a function of thewherew1 is the screw Iin’e natural vibrational frequency and
reduced radiug’=r/(D\)*? for various values of dilatiora in Kg _andT are Boltzm_ann_s_ constant and tempe_ratLB_ﬂa,S]._
units of number of layers and separation distaBci zm. As in the case of solids, it is assumed that the line vibrational
frequency will be roughly that of a string with the same
i ) . lengthD, mass per unit lengtke p, cb?, and tension as the
and must be integrated numerically. Here, once a#fails  gcrew  dislocation. This tension  is approximately,
the liquid crystal splay elastic constaBtjs the liquid crystal  _— (dWy)/(d5L). This derivative is seemingly difficult to ob-
bulk compressibility, and the characteristic length  tain sincew, must in general be found numerically. How-
= (K/B)"2 The helix radius () is given in a dimensionless ever, in the small radius limit the integration can be done
form r’=r/(DX\)"2, andk’ is also a dimensionless param- analytically[9]. In this case the Bessel function to first order

eter equal tdAq?/w with q being a reciprocal length in the s equal to 1, and the resulting approximation for the self-
plane perpendicular to the screw dislocation line. The uppegnergy is

limit on k' is set by the core radiug () as a cutoff value

k.=4mwD\/r2. W, is always positive and thus opposes any 7 _r?2 2D\
growth in the helix. The last contribution to the energy of the Wy~Bb? a p o or2
helix comes simply from the change of the stress in the lig- ¢
uid crystal over the area occupied by the helix. Generally thisl.he tension is then

contribution can be either positive or negative depending on

the relative helicities of the screw dislocation and the helix Bb2 27D\

and the sign of the stress. However, since the other two con- T~ ——In —,
tributions are positive, this contribution must be negative for 8 pre

the helix to appear and grow. Since, as seen earlier, a helix of
the same direction as the screw dislocation removes a lay@nd the result for the line vibrational frequency ds
or layers from the interior of the helix, this will be the case in ~(1/D) \7s/(p.cb?) ~(1/D) yB/(p.c). Once the helix is
compression. Similarly, in dilation the helix and screw will nucleated, the helixed dislocation line experiences an out-
have opposite helicities, causing an increase in the number @fard force due to the applied stress, and a balancing inward
layers inside the helix. In either case the resulting energy iorce due both to line tension and viscous drag. The line is
W, =—|p|=r?(Blab|/D). Like W, (and W to first ordey  assumed to be in dynamic equilibrium at its instantaneous
this is quadratic in the radius and inversly proportional to theterminal velocity. The outward stress-induced force is just
liquid crystal thickness. the Peach-Koehler fordesee Eq.(4.1)]. Letting D be a re-
The total energy i#W;=W,.+Ws+W, . Plots ofW; fora  duced distance equal @/(27p) and® the angle made with
pitch parametep=1, with respect to the dimensionless ra- the original screw dislocation line, this force is given by
diusr’ are shown in Fig. 14 for various changes in sample

thickness, dilationa, and plastic separatioDb. There are _ r
three broad categories for the total energy of the helixed F,=ob sinb=o0b (_‘B’W (4.4

screw dislocation line. At small values of the dilation, such
as when the core energy dominates the stress energy, t
total energy is always positive and no helix can ever grow

At relatively large values the stress energy dominates for al epends on the line tension, which is taken to equal

radius values and a helix immediately forms and grows.:([?/&(SL)(W W) =e,+ 7., and gives a force ofF
What is of particular interest, however, is the case of mod- T R — Er / ) ’52 S’ h Rg' he helix radi Tf
erate dilation magnitudes. In this case the core plus self-_( 1/Rp) = (T1r/(r*+ D7), whereR,, is the helix radius o

energy dominate at low values of the helix radius but thecurvature. Thus the equation of motion for the helix line then

stress energy dominates at higher values. Thus, the energy Z&es the form

a function of radius first rises, reaches a maximum value, and

then drops, creating an energy barrier to the creation of a Bﬂ:a’ r LY
helix. As can be seen, the size of this energy bakigy, is Mh dt (D%24r2)12 D24r2

kf‘?we inward viscous force is simplly,= —(b/w)(dr/dt),
herew,, is the helical line mobility. The other inward force

(4.5
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C. Screw dislocation instability cascade-based models L B e I
of layer-step events 28

1. Computer simulation 2.8

In order to probe the possible role of the helical screw -3.0

dislocation instability in the observed relaxation events, sev-
eral different Monte Carlo—based computer simulations of
the geometry and experiment have been carried out. In the
simulations the ragged drop of smechicliquid crystal is
approximated by a droplet of elliptical area with major and e
minor radii pyna and pmin, Of thickness given byD(p) 20 40 60 80 100 120

=Do+ (p?/2R). Superimposed on the droplet is a rectangu- TIME (s)

lar lattice of points, each rectangular unit cell having the

same aspect ratio as the ellipse. A spring of spring constant FIG. 15. Simulation of the single-layer relaxation eve(s)
Ksp compressegdilateg the sample working against the lig- pmin=pma=1.0 mm; (0) pmin=pma=1.4 mm with Do=4 um,
uid crystal effective spring constait, . In analogy with  Ksp/kic=0.12; and(c) ppyin=1.0 mm, py5=2.0 mm, Do=4 pm,

K, KL c is calculated from a sum over the lattice points Ip, and k;p/kLCZO-lzv showing dependence on initial dilatian(in
layers.

-3.2

-3.4

DISPLACEMENT (layers)

TTT T T T T[T T T TTT 7T

-3.6

bbb e b Ly gy baag |

O T

KLCZE L proven impractical with respect to computational time and
m D(pp) the step size is not allowed to drop below a minimum of 0.01
s. As a rule of thumb, these portions of the simulation
and K, is taken to be a certain fraction of this. In generalrgughly correspond to those portions of Fig. 15 in which
this fraction is set such that the percent release of force pgpdividual simulation points can be discerned. These sections
layer event is typical of what was found experimentally.  would thus be even steeper than pictured if an infinitesimal
In order to reduce computation time the state of each unifime step were used. At the nucleated positions the compres-
cell is taken to be represented by that within a “pinning” sjon has effectively been lowered by one layer and thus the
radiuspmax Of the cell lattice point. Thus a small area around probability of another nucleation is exceedingly improbable.
each lattice site is SimulatEd, and the results are taken tﬂt those positions that have not yet nuc|ea‘[ed, however, the
apply to the entire unit cell. If, in the course of the simula- jncreased compression boosts the nucleation probability. Fig-
tion, a layer is removed from this area around a particulagre 13f) shows the results of such a simulation in which the
site it is assumed that a layer has been removed from thgample has been initially compressed by 2.665 layers. The
entire cell SUrrOUnding this site. The exact “pinning” radius progression in F|g 1(@) is a time series of the nucleated
itself is another adjustable parameter representing the size igtes corresponding to the marked points on the solid line of
which a helixed screw dislocation line can grow before be-|:ig_ 13f), which displays the displacement as a function of
coming pinned, and it is implicitly assumed that the helicesime. The open circles are typical experimental data for com-
in general do not cross. Pinning occurs in the actual ”qUidparison. As can be seen, initially due to the slight depen-
crystal sample since as the helix grows it comes to havglence of the energy on thickness the helices begin to nucle-
more and more of an edge dislocation character and the edgge in the center. The result is a slowly accelerating change in
dislocations themselves are pinned. Furthermore, neighbogne displacement. As the compression on the unnucleated
ing helices could effectively pin each other. At small radii, screw dislocations increases due to the extreme dependence
Eq. (4.4) indicates the driving force behind the helix growth of the helix nucleation probability on this compression, the
is small and would be stopped by the reduction in stresgelixing becomes more and more rapid, yielding a very rapid
accompanying an encounter with another helix. jump. In the end nearly all the dislocations have nucleated
In the simplest form of the model, each lattice site isexcept those at the far edge where the sample thickness is
assumed to be the location of a latent screw dislocation Iinevery large. These continue to slowly nucleate giving rise to a
The probability per unit time of each individual screw dislo- sjowly decreasing tail. Comparison with the data shows that
cation helixing is given by Eq(4.3), and the nucleation ra- 3| the major experimental features are present. Furthermore,
dius is assumed to be greater thap.,. In other words, a the implied change in surface separation of around five lay-
layer is supposed to be immediately removed from the parers, that is, twice the initial dilation necessary to go from
ticular unit cell once the helix nucleation occurs. After eachincluding to excluding a layer is consistent with the values
time step, the stress relieved at any nucleated positions equgdund in Table |.
to 1D(py,) is then transferred to the rest of the system, Figure 15 demonstrates the rather strong dependence of
changing the compression in units of layers by an amounghe dynamics on droplet size. The rapidly occurring event is

depending on the two spring constants as simulated using a circular droplet of 1 mm radius, whereas
the much slower relaxation occurs with a 1.4 mm droplet. As
Sa= 1D(pp) kic with the actual data, compare, for instance, Figgajland
Kic  Kictksp 15(b) with Figs. 7c) and 7d), although the exact dynamics

are variable, within reasonably large limits the qualitative
The process is then repeated. In general, the time stefeatures remain the same. Notice that these plots do not have
length is adjusted to keep the maximum nucleation probabila tail at the end of the relaxation since the droplets are not
ity below 50%. For the steepest jumps, however, this hasarge enough for the dislocations at the edge to require a
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= 3ok (©) ‘ i FIG. 17. (a) Simulation of three layer event including dynamical
<“_§ : growth of helices with [,,,=0.5um and MNP=12.5%, pmin
< -84 : 7 =0.4 mm, ppa=1.15mm, Do=1.5um, andkg,/k c=0.04. (b)
& 56 Simulation of three layer event with dynamical growth and sponta-
—_— =3.0 — T . . . . -
o | | ; | neous generation of screw dislocations creating constant equilib-
0 20 20 50 30 100 rium density of w/4/um?. AlSO r,=0.5um and MNP=10%,
TIME (s) Pmin=0.7 MM, pj0=1.4 mm, Do=1.5um, andKg,/k c=0.04.

for removing more than one layer at a time from a small
portion of the sample. Simulations done under this assump-
tion are shown in Fig. 16. The results in Fig.(@6are simi-

lar to those in Fig. 1&) except with the added multiple
nucleation possibility. Once again a single step is produced
with the same qualitative features as before, but the elbow of
the jump is sharper than before, more in accord with the data
curves. As the sample thickness and relative spring strength

. are reduced, two- and three-layer events appear as in Figs. 16
dilation more than one layer greater than that taken to nuclesnq 17, in accord with the data. Once again the qualitative

ate those at the center. However, if a circular droplet is mad@.atres are correct. Between each layer event there is a
large enough to exhibit such a tail the other dynamical feag|oying in the displacement rate, which still remains much
tures become much too slow. For this reason, and becausgaater than the initial and final rates. The overall rate of
there is no rationale to expect the real liquid crystal sample§ ccessive events drops much faster than the total force it-
to approach anything near a perfect circular shape, ellipticalgjf, |n esssence, what is occurring is that, due to the mul-
droplets are usually assumed. Figurgclshows the large yipje nycleations, if the relative spring strength is weak
variation that can occur in the “starting time” of the jump enough, after the first layer event the sample thickness will
due to differences in the initial dilation. Here the bulk of the change by slightly more than one layer. The compression on
relaxation is delayed by more than a factor of 2 due 10 gne singly nucleated portions in the center of the sample will
change in the initial dilation of only a minor fraction of a nen pe greater than it was initially, and the second layer
layer. , i _event occurs rapidly on the heels of the first. Once again
In general, the procedure outlined above, which basicallyyitiple nucleations are possible, but the probability is
reproduces the single-step events, does not produce any Miaarly zero that those portions of the droplet, where the com-
tistep events. The reason for this |s__that at tht_a end_ of thepression has already been relieved by more than one layer,
first step tr_\e unnucleat_ed large radii screw_dlslocatlo_ns angi undergo any nucleation. These two effects balance out,
the reduction of restoring force of the spring combine 104, overall only one layer is removed from the sample on
lower the compression on the sample. Thus the probability ofis second jump. Meanwhile, the spring continues to lower
any further nucleations in the center of the sample are greathy,« iotal force and. thus overall. the compression on each
reduced. In order to reproduce multistep events, a limitedc ey dislocation. This in turn drops the rate at which nucle-

multiple nucleation percentag®INP) =10%, of nucleations  aiions and therefore each successive jump takes place.
are allowed to induce another nucleation at the same loca-

tion. In the real sample, perhaps after a helixing screw dis-
location “pinches” off, leaving an edge dislocation sur-
rounding a screw dislocation line, the screw dislocation is The main difficulty with these model results for multistep
not straight but distorted, yielding a higher nucleation prob-events is the relative time scales of the subsequent steps. If
ability. Or possibly there is some crossing of dislocationthe parameters are set such that the last jump occurs in a time
lines, which would effectively lead to the equivalent situa-comparable to that of the experimental data, then the initial
tion. In any case it is postulated that some mechanism existsep tends to occur an order of magnitude or more faster than

FIG. 16. Simulation of multilayer relaxation events with)
multiple nucleation probability (MNP)=11.25% and pmi,
=0.9mm, ppa=1.8 mm, Dy=2.5um, andKkg,/k =0.08, and
(b) MNP=11.25% and p,in=0.8mm, pnu=1.6 mm, D,
=1.5um, andKg,/k c=0.04; and(c) simulation of the single-
layer relaxation event with MNP11.25% andp,;=1.0 mm,
Pmax=2.0 mm, D=4 um, andkg,/k ¢=0.12.

2. Dynamic growth simulation
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TABLE Ill. Summary of computer models.

Model Line nucleation Line growth Characteristics
Edge dislocation above threshold stress, and stress and size dependent poor agreement with experiment:
(Sec. IVA unpinning of existing edge shape monotonically decreasing
dislocations relaxation, size unrelated to layers
Static screw dislocation latent SDLSE at lattice sites; instantaneously fill unit cell good qualitative fit to single-layer
(Sec. IVC1 dependent on Boltzman factor events, no multilayer events
Static screw dislocation, latent SDL$ at lattice sites; instantaneously fill unit cell good qualitative fit to single-layer and
with multiple nucleation dependent on Boltzman factor multilayer events, rate of
(Sec. IVC1 ~10% chance of multiple successive events vary perhaps
nucleations too greatly with force
Dynamic growth latent SDLS at lattice sites; dependent on size and stresgood qualitative fit to single-layer events,
(Sec.IVC2 dependent on Boltzman factor until pinned rate of successive events varies
~10% chance of multiple too little with force
nucleations
Dynamic growth with constant SDE density; Boltzman  primary: dependent on size good qualitative agreement with
continuous generation factor +~10% as above, primary:  and stress until pinned single- and multilayer events
Sec.(IVC?3) at lattice sites, secondary: outside secondary: no growth,
primary radius nucleation area added to

primary area

aSDL: screw dislocation line

expected from the data. Of course, considering the strong 3. Screw dislocation continuous nucleation simulation
dependence of the simulations on the shape and size of the Thus, some middle course between a pure nucleation

liquid crystal sample, and considering that in the actual eXy,5del and one dominated by growth after nucleation is

periment the regions of well-ordered smeodan all prob-  eeded. One possibility is to drop the assumption of preex-
ability follow some type of noncontinuous distribution, such igting or Jatent screw dislocations in the sample and replace
discrepancies are perhaps to be expected. However, it al§0ith a continuous nucleation model. In other words, at any
seems probable that assuming helices are immediatelyy icylar time the number and distribution of screw disloca-
pinned after nucleation and ignoring their growth rate is t00g, jines would depend on some probability per unit area of
extreme. Therefore to include helix growth in the growth jiq,iq crystal, which would then be combined with the helix
dynamics the so called pinning radius is made greater thag,,cieation probability. In such a model if the screw disloca-
the nucleation radius. _Then after n_ucleatlon the h_ellx is alyjon probability per unit area is relatively high, then the pure
lowed to grow tor i accord with Eq.(4.5). This, of  pcleation model above will be eventually reproduced,
course, brings up the problem, ignored until now, of exactlyyhereas at low probabilities the results should be more like
what the nucleation radius {) should be, which is solved by hose of Sec. IVC 1. To rigorously carry out this type of
the following simplifying assumption. An examination of the gimy|ation requires a much more detailed understanding of

total energy curves that exist when typlical nucleations ocCUgsrew dislocations and their generation. However, a rough
reveals thatWp, is located at approxmately:(D)\).l’z. approximation to this type of model has been attempted. In
Further, the energy drops lsgT at~1.2r. So for the simu-  thjs variation the nucleation probability at a lattice site is
lation, T, in Eq. (4.5) is adjusted to producer/dt=0, v myitiplied by an assumed number of screw dislocation lines
=0 atr=(D\)"*andr, is therefore taken in the range  within the pinning radius. Two factors next govern the sub-
<r,<1.Zr. The results are not dependent gnwithin this  sequent growth of the helix. First there is the normal growth
range. At a thickness of &m this gives arm,~26 nm, and  of Eq. (4.5) and second there is growth due to “secondary”
at 100um, r,~260 nm. Once again, in these simulations thenucleations. These nucleations differ from the “primary”
largest effect appears to come from the shape and size of thicleations that continue to be allowed at the lattice site in
droplet. A typical simulation carried out under the abovethat they are assumed to occur outside of the helix radius.
assumptions is shown in Fig. @&J. In certain respects the Inside the helix the compression has been reduced by a layer
correspondence to the experimentally observed data is in&nd the probability of another nucleation is small until the
proved, but in one important respect the result is disappointdisplacement also changes by a layer. On the other hand,
ing. On the improved side, the ending of each layer step isutside the helix no such decompression has occurred and
less sharp and the pseudopauses between layer events Hre nucleation probability is higher than ever. These second-
more prominent. However, the rapidity of each step now isary nucleations are accounted for in only the most approxi-
roughly the same, varying much too linearly with the total mate manner. Their number is taken to be equal to the prod-
force. In essence, the initiation of each layer event still deuct of the area withir 5, but outside ofr, a set number of
pends on the nucleation probability, but the dynamics is descrew dislocation lines per unit area, and the helix probabil-
termined by the growth rate of relatively large helices, whichity. After their “nucleation” no attempt is made to keep
approaches a linear function of stress. track of individual growth rates; instead, the size of the pri-
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FIG. 18..(a). Relaxation event at 29 °C ara),=1.5 um, and(b) FIG. 19. (a) Simulated relaxation with a relative stiff spring of
series of dilative steps at 31 °C abgh=1.5um. ksp/KLc=0.35 and MNP=11.25%, pynin=1.0 mm, pya=2.0 mm,

Dy=4.0um (no dynamicy (b) series of dilative experimental
mary helix is merely increased to account for the nucleatedteps with spring constasb times that of liquid crystal.
area. Even with all these approximations, and hopefully not

because of them, comparing Fig.(byto Fig. 11e) demon- 1 Emax

strates that the model produces simulations reasonably close = exp( W) ~1/sec,

to the experimental data. A summary of the various com-

puter models is presented in Table Ill. 1/7 being a typical molecular frequeney10'? s. Assuming

v is comparable to the splay elastic constanit
=10 © dynes, using the other parameters listed for 8CB,
and settinga to the dilation necessary to induce a helical
We have shown that the primary yield mechanism ininstability =2 layers; one finds a transition thickneBs;
samples of around a micron or more thickness is the helixing=0.1 wm.
of ubiquitous screw dislocation lines. One anticipates, how- Plastic flow via screw dislocation helixing is observed
ever, that as the sample thickness is decreased, eventually tvell away from the nematic to smecticA-phase transition
stress-mediated unpinning and direct nucleation of edge digemperature. This is a second order, or very weakly first or-
locations will come to dominate the dilation-mediated helicalder, phase transition in 8CB, and probing closer to it is an
instability of screw dislocations. For instance, decreasing thebvious extension of this work. Preliminary investigations
sample thickness an order of magnitude fromm—-0.4um  show, as is to be expected, that the force taken to induce
changes only the dilation required to helix a screw dislocaplastic flow drops to zero as the phase transition temperature
tion from around 2.6 layers to 2 layers. Meanwhile, the stresss approached; however, they also indicate that the character
required to produce this dilation will have increased by aof the relaxation process fundamentally changes. Figure
factor of 8. A clear signal of this transition with a crossed 18(a) shows a relaxation event measured at 29 °C, or roughly
cylindrical surface geometry is not expected since the oute2.5 °C below the transition temperature. The speed of the
portions of the sample, where the surfaces may be severatlaxation is significantly slower than most of those in Sec.
microns apart even wheDy= 0, support the majority of the Ill, and the prominent lower temperature single-layer jumps
force. However, it is still interesting to ask at what separationrseem to have become small protuberances on a smooth
distance this transition is expected to take place. Naturallyslowly decaying slope although they are still separated by
any pinned dislocations in the liquid crystal can serve aspproximately 3 nm. Figure 18) shows a series of dilative
nucleation sources and will increase the transition thicknessteps taken at a temperature of 31 °C, or only 0.5 °C from the
However, a theoretical minimum thickness can be estimatettansition temperature. Here the relaxations have become just
by assuming an edge dislocation-free smeatidn that case a smooth, slowly decaying slope with all vestiges of layer
the energy E) required to produce a new edge dislocationjumps completely hidden.
[32] is E= —bmrr§+ v27r .. The maximum or activation It may be more than coincidence that Fig.(§)8is remi-
energy Emay for the nucleation of the dislocation is then  niscent of the edge dislocation model results pictured in Fig.
12. As the temperature rises it is not unreasonable to suppose
)2 ¥2D that the effect of pinning will wane, and the transition to
Ema= T o =7 ——. edge dislocation mediated flow may begin. Flow in the high
bo bBa stress central region of the liquid crystal droplet would then
come to be dominated by edge dislocation movement
Such nucleations will become a significant factor when whereas the remainder of the sample would still respond to

V. PLASTIC FLOW VIA EDGE DISLOCATIONS



56 DYNAMIC BEHAVIOR OF OSCILLATORY PLASTIC. .. 3043

helical instabilities. As the temperature continues to apsimulated event withksp/k c=0.35. Also Fig. 19 shows
proach the phase transition, more of the droplet would unwhat happens at 29 °C when the electrostatic servo is set to
dergo flow from the edge rather than screw dislocations angffectively increase the spring constant= times that of

the relaxation should come to look more like those prEdiCtEQhe ||qu|d Crysta|_ The series of steps once again shows none
by the edge dislocation model. On the other hand, the screwf the layering artifacts.

dislocation model predicts significant variations depending

on the size and shape of the droplet. Furthermore, the lower

yield force needed at these higher temperatures means that ACKNOWLEDGMENT
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