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Three-dimensional structure in a crystallized dusty plasma
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Direct imaging of the three-dimensional structure of a system of particles suspended in a dusty plasma
reveals coexisting bcc and simple-hexagonal crystal structures. The coexistence is attributed to a bistability
which appears in a recent theory predicting an attractive region in the plasma downstream of a particle in an
ion flow. Both structures are polycrystalline, and they have short-range translational but quasi-long-range
orientational order within a grain. This ordering is characteristic of the two-dimensional hexatic phase, but the
existence of grain boundaries is np1063-651X96)10611-3

PACS numbds): 52.25.Vy, 82.70.Dd

I. INTRODUCTION ticles in a plasma is new. Plasma diagnostics generally pro-
vide measures of continuum quantities, such as number den-
The recently discovered Coulomb crystallization of sity or velocity distribution functions, which average out
micrometer-size particles in a laboratory plagiha6] holds ~ much of the discrete nature of the particles themselves,
great potential as a model system for studies of structureyhether they are electrons or ions. In most plasma experi-
dynamics, and phase transitions in condensed matter. Thigents, it is impractical to measure individual particles, and it
makes the topic of dusty plasmas of interest to a wide comis most certainly impractical to measure the positions of all
munity of researchers. In common low-density laboratoryof them in an extended sample volume. However, in a dusty
plasmas, large £10 um) particles charge typically to plasma, large £10 um) particles scatter light efficiently,
~ —10%, so that they can be electrically levitated in a few and it is possible to image them directly. Here we develop
horizontal planes directly above a horizontal negatively bi-this direct imaging into a 3D analysis tool.
ased electrode. They interact through their repulsive Cou- In our images the 3D arrangement of the particles is
lomb potential, which is screened by ions and electrons irglearly evident. The bce and simple-hexagonal structures co-
the plasma. The particle system crystallizes when theXist within the same suspension. Static structural analysis of
nearest-neighbor potential energy is large compared to thé@e images reveal that both structures are polycrystalline,
particle thermal energy, as can be accomplished by usingith defects concentrated along grain boundaries, and they
large particles and cooling them by drag on a neutral gaboth have quasi-long-range orientational order within a grain
background. but only short-range translational order. The coexistence of
Most experimenter§3—6] have reported observing par- the two structures lends support to recent theoretical studies
ticles arranged in the simple-hexagonal structure, where thig,9] suggesting that the equilibrium structure is bistable due
particles are arranged on a triangular lattice in a horizontalo an anisotropy in the interparticle potential, caused by the
plane with one particle directly above another in the verticalrapid flow of ions toward the electrode.
direction. Chu and | have reported bcc and fcc structures
coexisting in a dusty plasma under one set of operating con-
ditions, and the simple-hexagonal structure under another set
[1]. These reports are based on their visual observations of Our 3D imaging was done by assembling a stack of im-
various lattice planes coming into view while adjusting theirages of horizontal planes within the volume of the particle
microscope focus, which they interpreted by sketching thesuspension, each plane being illuminated with a focused
three-dimensional3D) unit cells. horizontal laser sheet. The sheet was focused to a Gaussian
In this paper we report the first direct 3D images of thefull width of ~90 wm, which is smaller than the particle
bcc and simple-hexagonal structures in a dusty plasma, usirgpacing and allows resolution of individual crystal planes.
a technique which permits selective imaging of crystalBoth the sheet and a high-resolution video camera that was
planes lying well inside the crystal surface. Similar depth-focused upon it were moved together vertically, maintaining
resolved imaging methods have been developed recently fahe focus. This was done in 3@m steps to scan through the
colloidal crystals at low volume fractions=(0.1%) by using 3D sample volume. Each horizontal image in this stack was
confocal scanning laser microscopy]. The dusty plasma digitized, and the brightness data were assembled into a
system has the advantage of a much lower volume fractiosingle set which could be displayed as volumetric data. Bi-
(=~0.01%), potentially allowing the imaging of a much linear interpolation allowed us to produce images on arbi-

Il. EXPERIMENT

larger number of parallel crystal planes. trarily oriented cross-section planes within the sample vol-
The ability to record a three-dimensional image of par-ume, which we chose to align with the vertiddl10 lattice
planes.

A 1.4-torr krypton plasma was formed by applying a
*Author to whom correspondence should be addressed; Electronit3.56-MHz radio-frequencyrf) voltage to an Al electrode
address: with a depression 1.5 mm deep and cm in diameter. The
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FIG. 1. Images within a 3D volume of Coulomb crystals formed (b) hexagonal
by 9.4-um-diam polymer spheres in a 1.4-torr Kr discharge. In each
image one horizontal plane and a vertical cross section through the 15 2 pefect maps for one horizontal plane of the crystals of
data are shown; the inset shows a portion of the horizontal plangjg 1 constructed from Delaunay triangulations. Each vertex rep-
viewed from above. The data are contained in a stack of horizontglysents a4 particle position; the segments represent nearest-neighbor
planar images resolved by selective illumination by a 90-pon4s (a) Plane 6(numbered from top of cloydof bee crystal:
wm-thick sheet of light from a focused, swept laser beam. Theg isiocation:V, vacancy(b) Plane 1 of simple-hexagonal crystal,

particle images appear longer in the vertical direction due to th§ertices marked for number of nearest neighba@rs5; unmarked,
infinite thickness of the laser she¢#) bcc, (b) simple-hexagonal 4. @ =7 Dislocations consist ob-@ pairs.

structure.

rf power deposited in the plasma was 2.3 W, the peak-to- We analyzed images of the horizontal crystal planes using
peak and dc self-bias voltages were 200 a3 V, respec- two-dimensional static structural methods. In-plane nearest-
tively. Polymethylene melamine spheres of diametemeighbor bonds were identified by Delaunay triangulation.
9.4+0.3 um were introduced into the glow, where they For the {100} planes of the bcc structure, we deleted the
formed a 2-mm-thick cloud suspended 2 mm above the ddongest side of each Delaunay triangle, leaving the particles
pressed electrode surface. The depression helped confinecannected by a quadrilateral network except at defect sites.
larger number of horizontal layers, which we found necesDefect analyses of the bond networks are shown for one
sary to obtain bcc structures. Using a passively filtered Langplane of each crystal in Fig. 2. Note that both the bcc and
muir probe inserted in the middle of the particle cloud, wesimple-hexagonal structures are polycrystalline, with dislo-
found the plasma electron temperature was 8.1 eV. The deration groups arranged on grain boundaries, and that there
sity from the probe characteristic was X.80° and are also unbound dislocations and vacancies. When compar-
3.2x10% cm ™3 as determined by electron and ion saturationing defect maps of different planes within a crystal, we ob-
currents, respectively, where the Allen, Boyd, and Reynoldserved a tendency toward vertical alignment of similar de-
(ABR) analysis was used for the latter. We have no explanafects in adjacent planes.
tion for the discrepancy of these two density measurements. The degree of order in the observed structures was char-
Further details of the apparatus are given elsewfiEdg acterized by the translational and bond-orientational correla-
The 3D images in Fig. 1 reveal structures that@ebcc  tion functions, gg(|r—r'|)=(exdiGq-(r—r")]) and
with a (100 axis in the vertical direction, antb) simple  g,(|r—r’|)=(exp{in[6(r)— 6(r")]}), respectively. We also
hexagonal in which particles are vertically aligned. Bothcalculated the structure fact@(k). The calculations fol-
were obtained in the same experiment, at locations a few mriowed the procedures in Rdfl1] with the following differ-
apart and about halfway between the cloud’s center anénces. The functiog,(r) was calculated witm=6 for the
edge. In both cases, the particle spacingn the horizontal hexagonal structure ant=4 for the cubic. Ingg(r), Gg is
plane is 195 1um. The bcc structure is oriented differently the shortest reciprocal lattice vector associated with the
from that of Chu and |, who found a verticel10) axis[1].  structure, i.e.S(k) has its first peak at=Ggy. From then
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possible directions fo6,, we chose the one that maximized experimental bcc The equilibrium that was more probable
the average of eXpGy- (r—r’')] over then nearest neigh- Was found to be the one with the lower potential energy, as
bors of the particle at. Both correlation functions were fit One might expect, and that was found to depend on the par-
by exponential decays with distanag;(r)<cexp(—r/&) and  ticle charge-to-mass ratiym and onk=A/\p, the ratio of
gn(r)<cexp(—r/&,), yielding correlation lengthg and &, ; the particle spacing to Debye length. Larger values/oh

we also fitg, by the power-law formg,,(r)or 7. and smaller values of tended to favor the vertically aligned
arrangement.
In experimental tests, we found a transition between the
. BISTABILITY simple-hexagonal and the bcc structures. When the rf voltage

An explanation is needed for our observation of coexist-V@s suddenly increased by 3 dB, a predominately bce cloud

ing hexagonal and square lattices in the same plasma. Wgarranged itself in a few seconds to become simple hexago-
attribute this to a bistable equilibrium. Explaining this re- N@l, with the in-plane particle spacing remaining very
quires reviewing the reason the simple-hexagonal structure R€arly constant. A higher rf voltage and power has the effect
stable. of reducing the Debye lengthy, which in turn increases
Several experimenters have reported seeing the simplé< for a constant. It also caused the floating potential to
hexagonal structure, but were unable to explaifijg,g. It ~ Pe&come more negative compared to the plasma potential, as
was a surprising finding, because that structure is not a mininéasured using a Langmuir probe in the middle of the dust
mum energy state for an isotropic interparticle potential. Ap-@yer. This should correspond to a largenore negative
parently the particles interact anisotropically. In experimentsCharge-to-mass ratio on a particle. With our present instru-
the vertical direction is distinguished by the sheath electridNentation, we are unable to determine how the ion drift
field, ion flow, and gravity, all pointing toward the electrode. SP€€d in the sheath depends on the rf power. Theory predicts
Some experimenters have suggested that gravity should ¥ Increasing flow speed would cause the attractive potential
considered in explaining the simple-hexagonal structuref€dion to extend farther downstream from a part[@e
however, it is the plasma and not gravity that determines the A close comparison with the simulation results of Ref.
interparticle potential and whether it is isotropic. We at-112]is not suitable because the simulation was carried out in
tribute the structure to the ion flow, which is supersonic in2D: It is interesting, however, that we found that the verti-
the sheath. Recent independent theoretical studies HR!lY @ligned structure was more probable at a higher charge-
Vladimirov and Nambu[8] and Melandsocand Goree[9] to-mass ratio as predicted by.the simulation, but.al_so more
have shown that in an otherwise uniform plasma, the flowProbable at a higher value af, in apparent contradiction to
leaves a polarized wake behind a particle, with ions focusinéhe S|m_ulat|on. Thls_ points to a need for 3D simulations for
to make the plasma potential positive in a local region. Thignore direct comparisons.
positive region, which is typically four Debye lengths down- ~ Simulations of isotropic Yukawa systems have shown a
stream of the particlg9], will attract negative particles, pro- transition between stable bcc and fcc, with bcc favored for

moting the vertical alignment observed experimentally in thex <> at the melting transition and<1.72 at zero tempera-

simple-hexagonal structure. ture [13_»]. Quantltatlve comparlson_of_our results with this
The equilibrium we observed is bistable because there argmulation is hampered by the ambiguity of the Debye length

two crystalline configurations that minimize the potential en-Ap in @ flowing plasma due to the anisotropic wake potential

ergy with respect to a small displacement in particle position[9] and the inconsistency of our two density measurements.

The simple-hexagonal structure reduces the potential energh€ anisotropy in the experiments allows the existence of the

by bringing particles into the attractive potential of the ion Stable simple-hexagonal structure which does not appear in

focus created by the particle above it. The square bec latticd§e isotropic Yukawa simulations. Unlike Chu anfil], we

on the other hand have particles arranged not one on top fid not see the bce-fce transition, perhaps becausecaur

another but staggered, minimizing the repulsive part of th&harge-to-mass ratio was different.

potential. Both are stable and can coexist, but the one that is

favored energetically is more likely to be obsferved._ Th_is will IV. STRUCTURES

depend on the depth of the ion focus potential, which in turn

will depend on the plasma conditions. An indication of how highly ordered a structure is can be
This argument is supported qualitatively by a 2D simula-found from static structural analysis. Here we present calcu-

tion reported recently by Melanfismd Gored12], who fol-  lations of correlation functions and structure factors on a

lowed the motion of many particles beginning at randomhorizontal plane, and how these results varied with height in

positions in a sheath, and used a self-consistent electric pte particle cloud.

tential. Comparing experiment and simulation is limited be- We calculated the correlation functiong; and g,, for

cause the simulation was two dimensional, assuming infinit€ach horizontal plane in the sample volume and then aver-

cylindrical particles. The simulation assumed a plasma deraged them. The results are shown in Figs. 3 and 4, respec-

sity of 1x10° cm~2 and an ion speed equal to twice the tively. Both structures have short-range transitional order,

acoustic speefvhich is believed to be a typical value inside with the average in-plane correlation lengthé

the sheath edge for our type of plagmghe particles settled =(3.6x0.2)A for the bcc structure ané=(3.0=0.2)A for

in one of two stable equilibria: a vertically aligned equilib- hexagonal. The fitting to the orientational functigyis good

rium (roughly corresponding to the experimentally observedup to an abrupt change in the slope at radii oA1i® 15A.

simple hexagonal or a staggered vertical arrangement This is comparable to the radius of polycrystalline grains, as

(roughly analogous to close-packed structures such as ttseen in Fig. 3. For the parts of the data which are fit well by
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FIG. 3. The translational order-parameter correlation function

k (mm™)

gg(r) for the bcc and simple-hexagonal crystals of Fig. 1, calcu-
lated in each horizontal plane and averaged over planes. The curves FIG. 5. The structure factd(k) for the bee crystal, calculated

are fits by decaying exponentials which yield correlation lengths
units of particle separationA) ¢&/A=3.6:0.2 for bcc and

&/A=3.0x0.2 for hexagonal.

in each{100} plane and averaged over planes.

agonal. The correlation functions for the individual crystal
planes revealed that the uppermost planes of the bcc crystal

the curves, we determined average orientational correlatiogre the most orientationally ordered, with decreasing as

lengths ¢,/A=116+4

for the

bcc structure  and one moves down toward the electrode. By contrast, the trans-

§6/A=17.9+0.5 for the hexagonal, and power-law expo- |ational order does not vary significantly with height within

nents »=0.050+ 0.005 for bcc andy=0.20+0.01 for hex-
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the regions studied.

The structure factoB(k) in Fig. 5 is another useful mea-
sure of ordering. The height of its first pea®(G,), is a
common measure of the freezing point. The empirical crite-
rion of Hansen and Verlef14] specifiesS(G,)=2.85 at

PR Bo00s freezing in 3D systems, while for 2D systems a value of 5.75
O bee was predicted by Ramakrishnanl5] first-order freezing
+ hexagonal theory. Our calculatedS(Gy), averaged over thg100

planes of our bece crystal, is close to 4.4, and it reaches 4.9 in
three of the planes. We also found that the peak was doubled
in the upper planes of the crystal, with a maximum splitting
of about 1.8 mm L. The splitting decreased toward the elec-

in the uppef100; planes is compressed by about 5% in the
[100] direction compared to thg@10] direction, and this de-
formation gradually disappears as we move down toward the
electrode. This may be due to surface effects, because the
sample location was not in the lateral center of the cloud but
toward one edge. We have observed, however, that the ori-

wi e trode until only one peak was resolved in the lowest two
100+ J"qu planes. We examined the non-angle-averaged function
L ﬂ; S(k), and found that the splitting was between peaks sepa-
" = * rated by 90° irk space. This indicates that the square lattice
+ + f
b
=+

FIG. 4. The bond-orientational correlation functigy(r) for the ~ €ntation of the local crystal axes is not affected by proximity
bce and simple-hexagonal crystals of Fig. 1, calculated in each horf© the edge of the trapping region above the electrode except
zontal plane and averaged over planes. The exponentigséiil ~ Within a few particle spacings of the edge, and therefore
curves vield values of the correlation length, /A=116+4 (bcg  €Xpect that the effect on the ordering itself is negligible.
and &/A=17.9+0.5 (hexagondl The power-law fits(dashed The short range of translational order in our observed
curves yield »=0.050+0.005 (bcg and »=0.20+0.01 (hexago-  Structures is very atypical of “real” 2D or 3D solids, but fits
nal). The inset shows the fit values &f in the individual planes. well with the idea of the 2D “hexatic” phase of Kosterlitz-
The fits were calculated only for<15A for bcc crystal and Thouless-Halperin-Nelson-YourgTHNY) theory[16—1§
r<10A for hexagonal. when compared with the much longer range of orientational



5640 J. B. PIEPER, J. GOREE, AND R. A. QUINN 54

order. The values of; obtained by curve fitting are consis- It should be possible to extend the method of 3D imaging

tent with the prediction & »<<1/4 for the hexatic phase. we have described here to imagine a volume sample that is
However, the presence of grain boundaries, which are arraysiore extended in the vertical direction than can be achieved
of bound dislocations, is not consistent with the KTHNY in the laboratory experiments we have reported here. The
theory, in which the solid-to-hexatic transition is mediatedjow volume fraction of the dusty plasma should allow up to

by the unbinding of such structures into a gas of free dislo5og particle layers to be imaged. Such a thick particle cloud
cations. might be achieved by carrying out the experiments under

microgravity conditions. This experimental approach will be
V. CONCLUSIONS explored in the future. Moreover, our results indicate a need

We have made a direct determination of the 3D structurd®! 3D Simulations of particle motion and a need to under-
of a plasma dust crystal, including direct 3D images anoGFa”d the an|sotrop|c. interaction pote_ntlal in three dimen-
structural analysis in a 3D volume. We find bcc and simple-Sions: An understanding of the potential between dust par-
hexagonal structures which can coexist stably within a dusic!es in the anisotropic sheath region should also give
cloud, and have observed a transition between the two strué2Sight into the dynamics of dust crystals, which are cur-
tures when the plasma conditions are varied. The two strud€ntly under investigatiofil9].
tures are bistable, and we found that the simple-hexagonal
structure is more probable at larger values «ofand the
charge-to-mass ratio. The two structures we observed have ACKNOWLEDGMENTS
comparable degrees of ordering in the horizontal plane, and
resemble the intermediate hexatic phase of KTHNY theory This work was supported by NASA and NSF. We thank
in the plane except for the polycrystallinity of the structures,D. Dubin, S. Hamaguchi, F. Melantis@. Piel, and H.

which is not consistent with that theory. Thomas for helpful discussions.
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