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Nonlinear transports and microvortex excitations in sheared quasi-two-dimensional
dust Coulomb liquids
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The microscopic spatiotemporal response of a quasi-two-dimensional dust Coulomb liquid to the shear
induced by a cw laser is investigated through optical microscopy. The dust Coulomb liquid consists of many
micrometer sized dust particles charged and suspended in a low pressure rf discharge background. Assisted by
thermal fluctuations, the laser forcing enhances the cascaded generation of irregular vortices through reducing
caging barriers for collective hopping. The vortex mixing leads to the mean velocity field with a simple
structure that has a strong shear along the edge of the narrow laser beam. It also promotes the anomalous
transverse diffusion with decaying strength from the line source. The viscosity and diffusion coefficient both
show nonlinear dependence on the laser power under the interplay among the above nonlinear excitation and
relaxation processes.
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In a dusty plasma, the large negative charges on sudew pressure dischard®]. Particles along the same vertical
pended dust particles can induce strong Coulomb couplinghain tend to move together horizontally under thermal fluc-
and turn the system into the crystal or liquid state withtuations. The motion of each chain in the horizontal plane
sub-mm interparticle distandd—4]. Microscopic collective  can be optically tracked over long time. Namely, we have a
motions excited by thermal fluctuations, and by externauasi-2D system in which the microscopic spatiotemporal
drives such as laser beams and biased electrodes have b‘%ﬁihamical behaviors down to the particle excitation-
studied in the past few yeaf§-12. Intershell motion in  rejaxation time scale can be directly observed. We report the
small circular dust clusters, and lattice waves in_ dust CrySta|%xperimental observation of the enhanced vortex excitations
are the few examples. Never.the_less, the spatiotemporal "Btiginated from the shear line source by passing a narrow
sponse of the dust Coulomb liquids to steady eXFema' She_’%ser beam horizontally through the center of the suspended
g)drgre;sése dleﬁ]s e\lNeI1IJ;s?i\/evzs—tgi(r)r(]jénlgiotr?laSD)ngers,t tggull?)?#t? 'S2DDCL. It promotes anomalous persistent transverse diffu-
S a ) . sion with gradually decreasing strength from the laser line.
liquid (2DDCL) suspended in a glow discharge. The time averaged velocity field has a quite uniform struc-

Unlike the macroscopic fluids that exhibit smooth shear ) .

re with the largest velocity shear along the laser edges. The

flows under moderate shears, our system operates at the dfd ; ) e -
crete limit with strong mutual Coulomb interaction. It is an averaged viscosity and transverse diffusion coefficient both

interesting many body system in which the microscopic parSNOW nonlinear responses to the laser power. _
ticle motion can be directly monitored. In general, for non-  1he €xperiment is conducted in a cylindrical symmetric rf
equilibrium many body systems, many shear induced phedusty plasma system described elsewli&s. A hollow co-
nomena are originated from nonlinear particle interactior@xial cylinder with 3-cm inner diameter is put on the bottom
and rearrangement at the microscopic lgvd]. The stick-  €lectrode to confine the polystyrene particles gm diam-
slip type motions of the sheared molecular thin film betweereten in the weakly ionized glow discharge n{
two solid surfaces and of granular systems are good ex= 10° cm3) generated in 250 mTorr Ar using a 14-MHz rf
amples 14,15. In a crystal, the strong mutual coupling con- power system. Vertically, the suspended dust particles are
strains particle motion in the caging barriers are formed byaligned with eight particles for each chain by the vertical ion
surrounding particles. It usually exhibits elastic deformationflow induced dipoles. There are 500 vertical chains confined
under a moderate external stress. On the other hand, therngitd separated from the circular trap wall by a low pressure
fluctuations in a stress-free liquid can induce collective pardark spacedouble laye). The particle(vertical chain posi-
ticle hopping over the caging barrigr1]. The external stress tions in the horizontal monolayer are monitored through an
further works with thermal fluctuations to promote particle optical microscope. The dust mass and the dust charge are
hopping, and induces particle rearrangeni@®l. The com-  1.9x10 *° g/dust and about 50@ddust respectively. The
plicated excitation and relaxation of particle arrangement exDebye length Ap is between 100 and 20@m and
tending from the shear source to the remote area lead to tle=310 um (a is the mean nearest particle separatich
rich spatiotemporal response with nonlinear transports. Itw Gaussian laser sheét88 nm Ar" lase) with 0.4 mm
this study, these phenomena are explored experimentally inalf width and 2.5 mm heighfcovering the entire vertical
our 2DDCL stressed by a laser beam. chain is introduced horizontally through the center of the
A laser beam can directly drive dust particle motion in thefloating circular dust cluster. The low pressure background
dusty plasmd5,6,8,10. In our experiment, a liquid state provides small viscous damping to balance the energy flow
with slightly disordered triangular cylinder structure that hasfrom the shear source. The plasma operating parameters are
vertical particle alignment can be formed in a weakly ionizedfixed in the experiment.
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finding another particle at radius r andgg(r)

(a) I ‘,_.‘4.4"‘.'.'.'(‘"‘\.\.4( * . 6
RO T SR A LA = (6(0)" (1)) X (1) = (UN)) Zexp(66), 6, is the
ARy ::‘,(5\/,": i{::.“(‘:/:‘.\d,ﬁ yeh angle of the vector from the particle atto its ith nearest
bl IV S ‘,.g';v‘.l@i:?«fj_a)?{ﬁ‘, neighbor, andN; is the number of the nearest neighbors. The
Seoa .“:_‘_3’,'33; N APl P4 \;j:::;{‘t system is in the cold liquid state melted from the triangular
;1,"?}77*;}' s N ';‘,'.;‘f’.a:;\ 3‘2" \r/}} lattice structure. Unlike the crystal state, the absence of sharp
[ DAy ‘_‘,(J:'r ,T:‘%Zv"ﬁ{x%i; peaks ing(r) and the short correlation length fgg(r) as-
.':f?’ﬁ‘. ::,;,’,‘ A, -.:“ ,\’:f,‘/)*"ﬁ sociated with the distorted lattice lines manifest the loss of
. '.‘J.'/': PEERESAN: AR »w'.‘,:: LN long range translational and orientational orders under ther-
IRBERELAG NI S/ NP 1:@’_: o mw mal fluctuations. Dynamically, most of the particles exhibit

= small amplitude oscillations in the caging wells formed b

p ging y

' ' i ' i their surrounding six nearest neighbors. Vortex-type collec-

= tive hoppings over the barriers are occasionally excited by

=20 T thermal fluctuations, which also deteriorate the lattice orien-
tation. The hopping ceases when each particle travels about

. la and resettles in the new caging difel]. Figure Xb) and

ol ’ ’ ‘ H (c) show the trajectories with different exposure times and

different laser power. The laser beam is introduced from left

to right as indicated by the arrows. Introducing the external

stress greatly enhances the formation of microvortices with

gradually decaying intensity from the shear source to the
remote region.

Figure 2a) shows the time evolution of the particle ve-
locity along x-direction averaged over the center 3.5 mm
X 0.35 mm zone along the laser driven regjae., U,(t)],
and the normalized enstrophids,(t) with and without the
laser. ¥, is obtained by averaging the square of vorticity
(i.e., the relative tangential velocity divided by the distance
between two adjacent particle paiover the whole plane
except the laser zone. It measures the total intensity of the
rotational excitations transferred to the region not directly
driven by the laser. Increasing the laser power increases both
the time averaged and the fluctuating leveldJgfand ¥, .
Their fluctuations also show strong correlation. They both
evidence the rotational excitations spreading from the laser
line source to the rest area through the strong coupling be-
tween particles. Unlike in the linear response theory, the time

averaged velocity, shows a nonlinea-shape response to
the laser powefFig. 2(b)].

The vortex mixing makes the time averaged velocity field
V(x,y) (over 750 $ exhibit a quite simple structure with the
strongest shear along the edge of the laser beam, and a uni-
form small back flow in the rest area under the finite bound-
ary [Fig. 3@]. The 2D plane is divided into manyalk la
X grids while measuring the averaged velocity field. Figure

FIG. 1. (8) The particle trajectories with 15 and 30 s exposure 3(b) shows thatv,(x=0.y) crosses zero at between 1.&
times and the pair correlation functiogér) andge(r) of particle ~ and 2a (the coordinate origin is at the center of the system
positions and bond orientations respectively for the laser-free liquidl his scale agrees with the mean radius of vortices around
state. The microvortices are generated by thermal assisted hoppingbat region. The quite randomly distributed vortices alang
(b) and(c) The particle trajectories with 15 and 30 s exposure timesdirection makes thg component of the velocity at different
showing the laser enhanced vortex motions under 45 and 90 mgoints along the center axis have a zero mean but larger
laser power. The trajectories are plotted at 3 Hz sampling rate. Th#uctuations than the laser-off case. The mean shear rate
arrows indicate the position and direction of the laser beam. nearby the laser boundary also showsSsshape laser power

dependencgFig. 4(d)]. If we assume the stress intensiys

Figure 1a) shows the particle trajectories with different linearly proportional to the laser power, Fige#tshows that
exposure times, the pair correlation functi@is) andgg(r) the viscosity,n=S/U,, is not a constant value. It is large in
for particle positions and bond orientation, respectively, forthe low laser power regime and then drops down to a con-
the state without laser forcingy(r) is the probability of stant level in the high laser power regime.
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1 > plane is divided into square boxésach with laX 1a size, wherea
5 -4 is the mean nearest neighbor particle separafienmeasuring the
] mean velocities of particles falling into the boxés) They depen-
0.6 - 1 dence of the time-averaged velocity/ (x=0y)=(R,(t+ 7)
K ) —R(t))/ 7 with 7=5 s, under different laser powers.
-2
04 ] H=2 and 1 respectively. If the particle motion in a fluctu-
] ] ating background is not completely random and has a larger
. probability to follow (reverse the direction of the last step,
o2 W © b g 0 the diffusion is called persistentantipersistent with H
0 100 200 300 greater(smglleb _than 1[17_]. For the laser fre_e case in the
Time (s} small 7 regime(i.e., the high frequency motignthe ther-
T T T mally agitated particle is usually forced back to the center of
06} ® § o the caging well by the surrounding particlgs1,17,1§. It
n 7 44
= e )
s 04 ':'g 0.3
b = 2 & o~
1D IS &
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FIG. 2. (a) The time evolutions of th&), (dark lineg and ¥, i 04
(gray lineg at different laser powergb) The laser power depen- cg
dence of their time averaged levéls and¥, . : 0.2}
10
For the different points along the centgraxis, the « ] ';;0-0-
direction components of the single particle mean square dis: =
placements  (SMSD), (ARA(y, 7)) =([Ru(y,t+7) 15 ost
—R,(y,1) 1%y e under different laser powers are mea- g
sured[Fig. 4a), (b)]. R,(y,t) is the @ component of the 1<
particle position located at at the starting time. Note that 0.0 % "

<AR§(T))/7 is the transverse diffusion coefficiem,(7)
measured with time intervar [i.e., <AR§(7)>:rDy(r)].

Flgurg 4c) Show? th?‘t(ARﬁ at7=>5 S depreases with in- for 0, 45, and 90 mW laser power. Solid lingss0; dashed and
creasingy. Half width is allbou.t a fey\a. It |nd|c§1tes_ the vortex  yotted linesy = 2a andy=6a, respectively, at 90 mW laser power;
enhanced transverse diffusion with decaying intensity fromy oy jines, reference lines féi=1 and 2. The standard deviation
the line source. Similar to the forward transpaft, the  for H, is 0.03. At 0 mW, the curves fdrAR2) are almost identical
transverse diffusion coefficient §t=0 has anS-shape non- for y<6a and only(AR?) at y=0 are plotted(c) They depen-
linear dependence on laser poyEig. 4(d)]. dence of(AR?) at 7=5 s under different laser poweréd) The

The SMSD vs time plots contain many interesting infor- nonlinear laser power dependence(ﬁﬂ?§> aty=0 andr=5 and
mation about fluctuations and transports at different timene shear rate,V,(y=0.53). (e) The laser power dependence of
scales. For the constant speed motion and random diffusioRiscosity coefficients.

Laser Power (mW)

FIG. 4. (a) and (b) The time dependences GARZ) and(AR?)
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makesH<1 [see the regime withr<1 sec in Fig. 48 and (@) o T T e AN ]
(b)]. Over a longer time interval, the displacement is domi- {5 SC om0 T 38 s &\-”I'T\C\:: 5
nated by the vortexlike hopping to neighboring sites. It [\ cii T Ty T ine ool RIS
switches to the persistent diffusion regime wkt>1. In- E> b ~3%£,::{\\ Q;L3,’¢L:;‘f§§"’\\«‘” IR NS L)
creasing the laser power causes the earlier onset of transitio ¥ ['¢ =327 - o it 5 7o :5\»’,/;' E DN e
to the persistent regime and the larg&iR?) for bothx and A I T sl S R n T
y directions[Fig. 4a) and 4b)]. It manifests again the shear |77, 5 10l i oS I g i 0 i
induced decaging effect. el L 0T s ST 7455 H4 L L 4.0 15228
The nonlinear response of to the laser power is inter- (b) (c) (d)

esting. It is based on the assumption of the linear relation
between the laser power and stress intensity, which might be
an open question. In our experiment, the particles are trans
parent and absorb negligible light to heat up the backgroun
gas and causes thermal pressure effect. Introducing the last ' A
beam also causes negligible changes of the local dust particl yx e
density and the shape of the entire cluster. The direct mo- t.
mentum transfer from the optical pressure could still play the
major role on generating stress. The generic nonlinear re- FIG. 5. (a) The Sequential evolution of the particle trajectories at
sponses of particle transports associated with microvorte4> MW laser power with short exposure times, which shows the
excitations are supported by our recent computer simulatiorBtick-slip type excitation of shear enhanced hopping. The arrows
regardless of the detailed particle interaction fdrg]. In  indicate the position and the direction of the laser beé. (c),

the low stress regimey increases with the decreasing tem- and(d) The long tlmg trajectories pf afgw prmal partlcles at 0, 45,
perature. For the crystal case,is infinite in the low stress and 90 mW, respectively. The trajectories in the first and the second

. . . ._halves of the exposures are in gray and black, respectively. Note
[ﬁg'gisl:glt” the stress reaches a threshold value to ﬂUIdIZ%at in (b) and(c) there are two particles around the laser zone and

. . the total exposure time is 200 s. (d) there is only one particle
The observations can be reasonably explained by the the round the laser zone and the total exposure time is 100 s.

mal assisted mechanical instabilfti6]. For the cold crystal,

articles sit in a periodic confining potential formed by the . .
gaging forces frorr)‘n the neighbori?wgp particles. They c)gnnofnergy is eventually d|SS|pateq 'to the neutral gas background
exhibit hopping unless the stress reaches a threshold. In t grough the low pressure collisional drag.

stress-free cold liquid, thermal agitation can distort the cagira.'(:a Igtl(;rr'eessk(;)f ;TgéC)asr?glvgstgfot);ﬁjl(:tﬁlell(;ns%rtlrgiiofnga fe
ing potential through changing particle relative positions J : parti u z W

[18], transfer energy to particles, and induce vortexlike hop-a away from the laser zone at zero and 45 mW laser power

ping over caging barriefd 1]. Introducing an external stress respectively. Usually, the caged motion generates a clustered

breaks the symmetry and further promotes forward hoppingé.r aJecltory, and hort)r[:]nn?h_getne_r at::-s a long tlhm tr_?#]e::t;toryi Al
In the low stress regime, the caging well is only slightly ZEro faser power, the thin rajeclories overiap wi € clus-

tited. The hopping occurs but at a low rate. The motion iStered trajectories and are hard to identify. However, at 45

still strongly constrained by caging. It is the main cause forkaI"’:jsgrt pct);/]velr, the trajecftorle?hshovy tﬁgt parucle; can be
the large viscosity in Fig. @ at low stress. Note that the sucked Into the laser zone from the neignboring region, gain

viscosity in the cold 2D crystal is infinite at low strefsk]. a fast forward speed and then pranch off 'ghe Iase'r Zone. The
Thermal fluctuation is thereby important to induce forwardaltemate clustered and long thin trajectories again evidence

hopping. Increasing the stress level further promotes the ho _[1at caging and hopping occur alternately, and the caging
ping rate. Unlike merely tilting an 1D wash-board type cag- ime is greatly shortened. Bot.h the forwarq and_transverse
ing potential, the extra transverse dimension makes the cad@nsports are enhanced. This also explains whyand
more complicated. As shown in Fig( with a short expo- (AR;) at y=0 share the similar dependence on the laser
sure time, vortices still occur in a stick-slip way at 45 mw power. The smaller excursion range of particles in the region
laser power. The lattice lines for the liquid are usually bentaway from the laser zonge.g., Fig. %c)] also manifests
and not lined up along the laser direction. The forward hop-a2gain the lower transverse diffusion rate under the lower vor-
ping can sometimes be jammeelg., in some section in the tex intensity away from the laser zone.

laser zone for the 7—15 s trajectories in Figa)h Assisted In the high laser power regime~80 mW), 7 decreases

by thermal fluctuations, the stressed particles will find theto a lower constant level and the diffusion rate reaches a high
easiest percolation paths for hopping, and branch off the ldevel. It evidences the significant suppression of the caging
ser zone. The particles enter a new slipping period. The vabarrier. The initial caged regime witH <1 disappears for
cancy left at the tail can be filled up by the trailing particlesboth (ARZ) and (AR?) in the laser zonge.g., at 90 mW,

or by the particles in the neighborhood of the laser beamFig. 4@ and(b)]. The laser induced persistent motion domi-
Hopping vortices originated from the laser zone are therebyates even at small. The typical higher speed motion of a
formed. Under the strong particle mutual interaction, thesgarticle in the laser zone at 90 mW laser power is shown in
vortices quickly relax through cascaded excitations of newFig. 5d). However, even the long thin trajectory dominates,
vortices with decaying strength in the remote region. Thethe motion is still not ballistic. The particles have chances to

ﬁﬁm’ﬂ
Q}e
L

4

omwW 45 mwW 80 mW
200s 200s 100 s
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branch off and reenter the laser zone. Namely, the laserortices from the line source. The strong mutual interaction
driven particles are still irregularly dragged, through the acfurther turns the directional driving into irregular particle
cumulated interactions and cascaded vortices with other renotions through the cascaded generation of vortices with
mote particles whose motions are affected by caging barriergecaying intensity in the remote region. The work done by
[see,H<1 regimes at smalk for (AR?) and(AR;) aty  the laser stress is eventually dissipated to the low pressure
=2a and G in Fig. 4@ and(b)]. It leads to the fluctuations gas background through the viscous drag. The vortex mixing
in Uy(t) and ¥ (t) (Fig. 2, and makesH,(y=0) large |eads to the averaged velocity field with a quite simple struc-
[Hy(y=0)=1.88 at 90 mW but still smaller than ZFig.  ture that has the strongest velocity shear in a narrow zone
4(a)]. Note thatH =2 for a drift or a ballistic type motion  ajong the laser edge. It also enhances particle transverse dif-
with constant speeds. Also note th#f(y) only slightly in-  fysion with decaying strength from the line source. In the
creases from 1.240.03 to 1.3%0.03 as the laser power |o |aser power regime, the excitation is stick-slip type due
increaseqFig. 4(b)]. Hy(y) enhanced by the stronger hop- 5 the caging effect. It causes the high viscosity and low
ping is compensated by the more violent vortex mixing. Theyansyerse diffusion rate. In the high laser power regime, the
slight decrease oft, closer to one for large (>10 S) IS .54ing barriers are more suppressed but the particle motions
due to the randomly phased vortex generation and relaxatiofye’ i modulated by irregular vortex generation. The vis-

[11]. . . . . .. _cosity decreases to an almost constant level and the trans-
In conclusion, the experiment provides a microscopic pic-

. ) vrerse diffusion rate increases.

ture of the generic spatiotemporal response to an externa

force of our quasi-2D liquid system in a low pressure back- This research is supported by the National Science Coun-
ground. The external stress and thermal agitation induce pacil of the Republic of China under Contract No. NSC-88-

ticle rearrangement through the generation of small irregula2112-M008-008.
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