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Topological lifetimes of polydisperse colloidal hard spheres at a wall
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Confocal scanning laser microscopy was used to study the behavior of dense suspensions of model colloidal
hard spheres at a single wall. Due to the slight polydispersity, our system shows a reentrant melting transition
at high densities involving a hexatic structyfe. P. A. Dullens and W. K. Kegel, Phys. Rev. L&®2, 195702
(2004)]. The reentrant melting transition is accompanied by an increase in the mean-squared displacement. The
correlation between structure and dynamics was quantitatively analyzed on a single-particle level. In particular,
the topological lifetime, being the average time that a particle spends having the same coordination number, is
determined for all coordination numbers and as a function of volume fraction. The deféminesixfold-
coordinategl particles exhibit shorter lifetimes than sixfold-coordinated particles, indicating that the mobility of
the system is larger at or close to defective particles. The lifetime itself is a strong function of volume fraction.
In particular, the global behavior of the mean-squared displacement is proportional to the hopping frequency
(the inverse of the lifetime showing that particles changing their coordination number contribute most to the

local mobility.
DOI: 10.1103/PhysRevE.71.011405 PACS nuni®)er82.70.Dd, 64.60.Cn, 64.70p
[. INTRODUCTION erogeneous systenfig0]. Furthermore, the existence of dy-

Th ¢ wall h . ¢ namical subsets might be related to structural differences
€ presence ol walls can have an enormous Impact Ofetyeen the subsets as there are clear indications that

the behavior of a wide diversity of systerfi§. Also in col-  yopile particles tend to be in regions of higher disorder
loid physics, the influence of walls has gained growing In-15,6,30,32,34-36,43
terest during the last decadgd. In particular, the crystalli- Although the coupling between the structure and dynam-
zation of colloids in confinement and at a single wall hasics has been observed in several studies, there is hardly any
been a continuous matter of inter€3t14]. For example, the  direct quantitative measure of the structure-mobility relation.
existence of a prefreezing transition of hard sph¢Besll]  Weeks and Weitz showed that particles with larger displace-
and the enormous increase of the crystal nucleation rate iment have fewer ordered neighbd#3]. Recently, it was
the vicinity of walls[10,15 illustrate the remarkable impact proposed to examine dynamical heterogeneities in terms of
of confinement. Prefreezing has also been reported in binafjuctuations in the topological defect densjB84]. These re-
hard-sphere systems and colloid-polymer mixtures at a walults point towards the importance of the defect structure
[16—19. The perturbation of bulk behavior is even more with respect to the dynamics of the system. Here, we analyze
pronounced if the bounding surface is patterfié@0-23. on a single-particle level the correlation between the local
Furthermore, in completely confined two-dimensionalstructure and dynamics of slightly polydisperse hard spheres
(2D) systems a hexatic phase may appear as proposed &t a wall. Rather than consideringnetastablg fluids, we
the Kosterlitz-Thouless-Halperin-Nelson-Your¢g{THNY) also inspect this coupling throughout the whole range of
theory for 2D crystal melting23—25. Due to the presence of structures observed in our system at the Wall First of all,
free dislocations, the hexatic phase is characterized by shonve characterize the defect structure as a function of the vol-
range translational order and quasi-long-range orientationalme fraction¢ quantitatively. Then, we correlate defect sta-
order. Although several experimen(§,26—-29 have vali- tistics to dynamics by analyzing the single-particle topology
dated the KTHNY melting scenario, the scenario has notis a function of time for different coordination numbers.
been fully pinned down, in particular for hard disks. Subsequently, we define a topological lifetime, which char-
Dynamical properties of confine@quasi)2D colloidal  acterizes the correlation between the local structure and dy-
systems have been investigated in many previous studigsamics. Finally, we discuss the behavior of the mean-squared
[5,30-39. They demonstrated the presence of dynamicatlisplacement in terms of lifetimes and defects.
heterogeneities, which were also observed in 3D colloidal The paper is organized as follows. In Sec. I, we describe
systemd40,41]. Dynamical heterogeneities arise as particlesthe colloidal model particles as well as the confocal micros-
in given regions exhibit larger mobility than other regions. copy setup. The data analys$defect statistics, mean-squared
These particles typically exhibit cooperative stringlike mo-displacement, and topological lifetimes explained in Sec.
tion [42]. As a consequence, the probability distribution ofIll. In Sec. IV first the(defec} structure of our syster(Sec.
displacements shows strong devations from a single Gausgy A) is presented. Furthermore, the dynam(8gc. IV B
ian distribution[40—42. It was even suggested that multiple and the relation between structure and dynamics in terms of
dynamical subsets of particles are present in dynamical hetepological lifetimes(Sec. IV Q are discussed.
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volume fraction was decreased frogn=0.64 to $=0.44 in

................................ steps of typically 0.03. During the experiments the sample
" % % °°° cell containing the dispersion was carefully weighed to cor-
dispersion ~ %0 % rect for possible evaporation of the solvent. After each
= ] : PRl P dilution step, the sample was thoroughly tumbled until the

cover glass "’ °¢os 90 dispersion was fully homogenizédhecked by confocal mi-

- ﬁ , ——— croscopy. At every volume fraction, time series of typically
frueroscope o e 100 images of the particles present in the first layer at the

BRjECtive bottom wall were taken.

Of course, the wall-based layer is in contact with the bulk,
FIG. 1. I_Exper_imental setufnot to scalg The position of the  \yhich allows interlayer particle hopping. To make a 2D
focal plane is indicated. analysis of the first layer possible, interlayer hopping should
be insignificant, which is the case in our experiment. First of
Il. EXPERIMENT all, at these volume fractions the system is strongly layered
at the flat wall[3]. Furthermore, the particle displacements
are very small compared to the interlayer distafckthe
We used colloidal model hard spheres that could be imorder of a particle diameteas we will show later. Moreover,
aged directly using confocal scanning laser microscopy. Theypically more than 90% of the particles are tracked through-
particles consist of a core of silica, 450 nm in diameter, la-out the whole time series, indicating that only an insignifi-
beled with the fluorescent dye fluorescein isothiocyanat@ant number of particles is lost. We also checked that at all
[44]. The cores are covered with a shell of nonfluorescenyolume fractions the number of particles is constant during
polymethylmethacrylatéPMMA) [45]. The system is steri- the experiment. Thus, interlayer hopping is not expected to

cally stabilized by a layer of 12-poly-hydroxystearic acid interfere with our 2D analysis of the wall baser layer.
that is covalently linked to the PMMA46]. The resulting

silica-core-PMMA-shell particles were dispersed in a mix- I1l. DATA ANALYSIS
ture of tetralin(Merck, for synthesis cis-decalin(Merck, for
synthesig, and carbon tetrachloridéMerck, for spectros-
copy which (nearly matches the refractive index and the  Since the particles have a fluorescent core and a nonfluo-
mass density of the colloids. The volume ratios were 30%escent shell, the particle centers could be easily retrieved
tetralin, 30% cis-decalin, and 40% carbon tetrachloride. Irwith high accuracy from the raw microscopy images using
this mixture the particles behave as hard sphg4€s The image analysis software similar to those described4i.
particle diameted is 1.4 um and the size polydispersity is Correlating the particle positions within single frames using
6% as estimated from scanning electron microscopy. a Delaunay triangulation, the number of nearest neighbors of
every particle(i.e., the coordination number,) was identi-
fied. The fraction ofn.-coordinated particles is then easily

A. Colloidal model system

A. Defect statistics

B. Microscopy calculated:
A Leica DM IRB confocal scanning laser microscope in N
combination with an argon las€xy,=488 nn), a Leica TCS X, = i, (1)
NT scanhead, and an oil-immersion leti®ica 100<, NA © N

1.4) was used in fluorescence mode. Using confocal microsyhereN,, is the number of particles with coordination num-
copy, thin 2D cross sections of the sample are imaged. ThBern anch is the total number of particles
R .

thickness of this so-called focal plane is about 600[AM.

The colloidal suspension was contained in a small (gah- B. Mean-squared displacements
tents~1 ml) [47]. The bottom of the vial was removed and ) ) o )
replaced by a microscope cover glé€hance Propper LTd., Tracking the particles in time allows the analysis of the

West Mids, England, 0.11 mm thicknessvhich was glued single-particle dynamics. First of all, we calculated the self-
to the vial using an epoxy glu@raldit AW2101 with hard- part of the Van Hove correlation functidg,, being the prob-
ener HW2951 (see Fig. 1 In this work, we imaged the ability distribution that a particle has traveled a distande

particles present in the first layer at the glass wall, parallel t& time intervait:

the flat glass bottom of the container. Hence,zlp@sition of 1/ N
the focal plane coincides with the particles present in the first Gur,t)=={ > 8(r +r,(0) - r,(t) ). 2)
layer at the glass wallsee Fig. 1 No signs of attractions i=1

between the particles and glass wall were fo(emlexpected . . .

since the refractive index of the glass is matched by theSubsequently, the mobility of ;he particles was mgasured n

solvent mixture. tgrms of the mean-squared displacem@g}, which is de-
The volume fractions of the samples was defined relative fined as the second moment Gf;

to the volume fraction at random close packing of 6% poly- N

disperse hard spheres. This fraction was set at 318 By (r3(t))y = > rA(t)Gy(r,t). (3)

subsequently diluting the dispersion in the sample cell, the i=1
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terval equal to the length of the coordination track is taken
into account.

To improve statistics, we demand the minimum coordina-
tion track length(i.e., the minimum number of frames that a
particle is trackegto be 20% of the total time series. Increas-
ing this length mainly affects the statistics of the defective
particles, as they move faster and are more difficult to track.
On the other hand, a smaller minimum track length enhances
the effects of the finite track length. The maximum track
length is per definition equal to the full time series. This
limits the maximum lifetime to the total of the time series,
thereby underestimating the very large lifetimes. Although
the obtained lifetimes are slightly influenced by values of the
T T T T T minimum and maximum track length, the results do not

time (arb. units) change significantly. _ _
Here and below, all distances are given in units of the

FIG. 2. A typical example of a single-particle coordination Particle diameter and time is represented in units of the
track: n. as a function of timéin black. Examples of time intervals Brownian timer,, being the required time for a particle to
for coordination numbers 6 and 7 are indicatedt@andt;. The  diffuse over its own diameter at infinite dilution. Hers,
grey lines illustrate the looping of the tracks to properly take into=0d?/6Dy=1.6093, whereD, is the diffusion constant at in-
account the initial and final time intervalgespectively indicated as finite dilution.
tinifial andtfinal)  as described in the text.

C. Topological lifetimes IV. RESULTS

As a measure for the time scale corresponding to local A. Structure

structural relaxation, we introduce the so-called topological p a tg the slight polydispersity, crystallization was virtu-

lifetime. This topological lifetime of a given coordination ally absent in the bulk which allowed detailed study of

number, 7, , is defined as the average time that a particley|assy dynamicg40]. The situation is completely different at
keeps the same coordination number between two

alll _ the bottom glass wall of the sample container. Here the sys-
changes. To calculate the lifetime, we followed the behaviokem shows significant orderir{g], which may be explained
of n; as a function of time for the single particles. Figure 2y the enormous increase of the crystal nucleation rate in the
shows a typical example of such a single-particle coordinag;cinity of a wall [10]. Furthermore, size fractionation has
t!on t_rack. These coordma_tlon trac_ks allow us to measure thgeen suggested to suppress the local degree of polydispersity,
time mtervalstnC that a particle retains the same coordinationyyhich could enhance crystallization as WESI0]. Upon in-
number. An example of such a time inter¢glfor n.=6 and  creasing the volume fraction the system shows a reentrant
7 is indicated in Fig. 2. Thus, all the single-particle coordi- melting transition(¢>0.57) [7]. Using the formalisms of the
nation trackgfrom all the tracked particlgsprovide a whole  Kosterlitz-Thouless-Halperin-Nelson-Young theory for 2D
set of time intervalst;nC for each coordination numbeg. The  melting [23-25, it turned out that the ordered phag®52
lifetime of a given coordination number is then defined as< ¢<0.57) has a hexatic structure rather than crystal[ifie
the average over that whole set of time intervals: Thus, the structural sequence of the first layer in our system
for increasing volume fraction is, respectively, fluid, hexatic,
1 _ and reentrant fluid7].
v > tﬂc) , (4) The defect structure corroborates the hexatic structure.
ne i=1 Figure 3 shows Delaunay triangulations of the systerp at
=0.55(hexatig, 0.57 (hexatig, and$=0.60(remelting. The
WhereMnC is thus the total number of time intervatlsC in all defects are color code(ee the caption of Fig.)3In the
single-particle coordination tracks. hexatic regions we indeed observe free dislocati®rs dis-

Due to the finite length of a coordination track, the initial clination pairg as well as somewhat larger compact defect
and final time intervalgt™ and t™?a in Fig. 2) are not clusters. These clusters have a typical size of three to four
properly bounded by twa, changes. To correct for this, we particle diameters consistent with earlier repd&$ At a
loop the coordination tracks as illustated in Fig. 2. Now,volume fraction of 0.55 clearly a grain boundary, a more-or-
there are three different cases possible. First, if the initialess closed loop of defects, is observed. The lattice orienta-
coordination number is equal to the final coordination num-ion within differs significantly from the orientation outside
ber (as in Fig. 2, a time interval equal to the sum ¢f"@ the grain boundary, which destroys the orientational order
andtf"@ js taken into account. Second, if the initial coordi- [5]. However, away from the grain boundary, the defect
nation number is not equal to the final coordination numberstructure is similar to the one observed &t0.57. At ¢
just t"tiad and tna gre taken as such. And finally, if; is  =0.60, where the system is remelting, the concentration of
constant throughout the whole coordination track, a time indefects has increased significantly. The defects now percolate

Mnc
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FIG. 3. (color online Delaunay triangulations of the system at different volume fractions. From left to rigfh@.55 (hexatic, 50
X 50 um?), 0.57 (hexatic, 40< 40 um?), and 0.6Qremelting, 50< 50 um?). At ¢=0.55 the grain boundary is indicated by the black circle.
The color code for the defects is as follows: fourfold, blue; fivefold, green; sixfold, no color; sevenfold, red; eightfold, purple.

through the whole image, and we also observe free disclinaalthough structural and dynamical differences between 2D

tions. and the first 3D layer have been reporfddl2]. However, in
The defect structure can be quantified by calculating thenonodisperse 3D systems at a wall hexatic structures have

fraction of n.-coordinated particlegEq. (1)] as a function of  not been reportef,6,8—11,5% Therefore, the particle poly-

volume fraction, which is shown in Fig. 4. The reentrantdispersity might play a crucial role in the formation of the

character is reflected by the maximuminimum) in Xg  hexatic structure in the first 3D layer in our system as geo-

(Xs5,X7) at 0.52< ¢<0.57, which corresponds to the hexatic metrical frustration is known to promote the formation of a

region. More interestingXs=X; in this region, indicating hexaticlike structur¢56-58.

that the disclinations are indeed bound in péitislocation$.

Above and below the hexatic region these fractions are not B. Dynamics

equal anymore, pointing towards the generation of free dis- Th t melting t ition i ied b -

clinations. Furthermore, we observe at all volume fractions e reentrant melting transition is accompanied by an in

that there are hardly particles having a coordination numbef €as€ N the mean-squared displacenigigt. 5), ruling out

different from 5, 6, or 7. As a consequence, the system iéhe possibility of glass. Note that the displacements are small

fairly well described by taking into account only the particles pompared to the particle diameter interlayer distance so

havingn, <[5, 7] interlayer hopping is expected to be insignificant on the time

The pcreser;ce of a hexatic structure might reflect the two-Scale of the experiment. Therefore, hopping b_etween the first
dimensional character of the first layer at the wall, as hexati(‘:glnd second layer is hardly observed. The increase of the
phases mainly have been observed in monodisperse

[5,26—28 as well as polydisperse 2D colloidal systems 10°

[51-54. The strong layering of a 3D fluid at a single wig] j v
corroborates the 2D character of the first layer at a wall, 1011' J\lo“ _
1.0 T T T :_. 10-1 0 44 :
104 1 /., 045 1
054 | Ng‘ 3 42 048 0.54,0.60 Vm 0.48 :
g ] 0.50 1
107 5 T T 05
0.6 1 5 e 060 /]
24 = 0.57,
i 0.4- | 10 <« T
>< X b L 0.55
10° 1 = *—*0.64
e T T L]
021 1 10" 10° 10' 10°
t
0'2-42 — 038 e 0-54" ? 0760 — 0-66 FIG. 5. Mean-squared displacements as a function of tifoe

different volume fractions. Fo$=0.57 and$=0.60(grey) the (r?)
(I) clearly increases. Note that this increase is present for all studied
timest. The inset is a vertical cut through ttg? vs t) plot and
FIG. 4. Fraction of defects as a function of volume fraction. shows(r?) as a function ofp for t=31.07 Brownian times. The line
Symbols:n.=4 (0J), 5 (V), 6 (O), 7 (A), 8 (<), and 9(>). in the inset is to guide the eye.
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10 ¢=0.45 |
© 107 \
2.0-1.5-1.0-0.5 0.0 0.5 1.0 1.5 2.0
r/d
1 .
$¢=10.60
1014 .
10 :
O” 10 !
. " o 10%4 '
FIG. 6. Particle positions over 100 imagésne steps for sev- .
eral volume fractionsy=0.45 (fluid, 23X 23 um?), 0.50(at freez- 16° . ' .
ing, 30x 30 um?), 0.55 (hexatic, 50< 50 um?), and 0.60(remelt- -1.0 0.5 0.0 0.5 1.0
ing, 50X 50 um?). r/d

gﬁgg‘g Is,steemxp?rgt?odmt(oink:g t%?ér?/llagi?lct)(\:vtt?lz dﬁ;?gér?;rg?ttl;f FIG. 7. Self-part of the Van Hove correlation functi@y. Top:
Y : . ’ . P in the isotropic liquid(¢=0.45 the G is a single-Gaussian func-
centers of the particles over 100 time steps for several vol-

- . . . . _ tion, which indicates diffusive motion. Ap=0.60, G4 strongly de-
ume fractions(Fig. 6). In the isotropic fluid a)=0.45 the viates from a single-Gaussian function, indicating the presence of

particles exhibit homogeneous dynamics as expected for & namical heterogeneities. Moreover, tgis fairly well described
liquid. At freezing, $=0.50, we clearly observe ordered and by a sum of two Gaussians: a wide ofgrey line for the fast

disordered regions, as well as more and less mobile particlegypsetgrey dots and a narrow onéblack line for the slow subset
The more mobile particles exhibit typical stringlike, coopera-(plack dots.

tive motion [42]. Furthermore, the mobile particles tend

to be located in the more disordered, defective regiong sionce of a slowithe wide Gaussigrand a fastthe nar-
[5,6,30,32,34—-36,43At a volume fraction of 0.5%hexatic- . .

; . row Gaussiansubset of particles.

like structure, the system seems to be dynamically homoge-
neous. Even the particles in the defective regions—for ex-
ample, in the grain boundary as shown in Fig. 3—do not
show significant higher mobility. As the system starts to re- Although the correlation between structure and dynamics
melt at $=0.60, the ordered hexatic structure starts to brealseems to be well accepted on a qualitative level, it is not
up by introducing more defect&ig. 3). Similar to the situ- always obvious. For example, our system¢at0.55 is dy-
ation at¢$=0.50, the more mobile particles are typically lo- namically fairly homogeneous, while structurally clearly not,
cated in the more defective regions. Furthermore, the stringas there are clearly ordered and disordered redi@usil the

like, cooperative motion, characteristic of the presence opresence of a grain boundamresent. Futhermore, in bulk,
dynamical heterogeneities, is observed again. These dynanmour system is structurally homogeneddssordereg, but still

cal heterogeneities manifest themselves also as non-Gaussiaxhibits dynamical heterogeneitig€0]. In addition, the
contributions to the self-part of the Van Hove correlationpresent tools are unable to quantitatively link statics and dy-
function[Eq. (7)]. If the system is dynamical homogeneous, namics. To gain more quantitative insight into the relation
G, is expected to have a single-Gaussian sH&® To il- between structure and dynamics, we studied the fluctuations
lustrate that this is indeed the case, we show in Fig. 7 thén the particle topology in terms of topological lifetimes as
self-part of the Van Hove correlation function for the isotro- defined in Sec. Il C. The lifetime is a measure for the sta-
pic liquid at ¢=0.45 and for the dynamical heterogeneousbility of a local structure characterized by and directly
remelting system atp=0.60. TheG; for the fluid is well  correlates local structure and dynamics.

described by a single-Gaussian distribution, whereassthe As a start, we show that our system obeys ergodicity,
at $=0.60 shows significant deviations from a single- proving the meaningfulness of our definition of topological
Gaussian distribution. Moreover, it can be fairly well de- lifetimes. The defect statistics can be expressed in terms of
scribed by a sum of two Gaussians, pointing towards thdifetimes demanding ergodicity; i.e., the ensemble average,

C. Structure, dynamics, and topological lifetimes
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) . ) FIG. 10. Hopping probabilities as obtained from E6).
FIG. 8. Fraction of defects as a function of volume fraction:

ensemble averadgéq. (1), in black] and time averaggEq. (5), in . . ) .
grey]. Symbols:n.=5 (V), 6 (O), and 7(A). shown more directly by defining a “hopping probability"—
that is, the probability that a particle with a given coordina-

: 1
as defined by Eq.1), must be equal to the time average: tion numbern, hops tone 1.

™M Xing1)

- N_”c<ens ay— "¢ e (time ay
= = . (5

X, (6)
° N Enc ™M

F)(n —n.t1) = )
n e x(nC—l) + X(nc+l)

C C

In Fig. 8 the results of E(5) are presented far, € [5,7]. It ~ where we assume than.= +1. Here, the hopping probabil-
is observed that the defect statistics obtained via the tim#y is expressed in terms of defect fractions. Hence, it can
average very accurately reproduces the result from the er@lso be expressed in terms of lifetimes, as the system is er-
semble average, thereby demonstrating the ergodicity of ougodic [Eg. (5) is valid]. The hopping probability as a func-
system and the meaningfulness of the lifetimes. tion of volume fraction is presented in Fig. 10. The probabil-
Next, we investigate the coordination number dependenci#y that a particle goes back tg=6 is indeed observed to be
of the lifetimes for different volume fractions. This is shown close to 1 for all volume fractions—i.e., regardless of the
in Fig. 9. It is clearly observed that for all volume fractions structure of the system. Consistently, the probability that a
the lifetime for n.=6 is always the largest. Fivefold- and fivefold- or sevenfold-coordinated particle becomes, respec-
sevenfold-coordinated particles have comparable lifetimedively, a fourfold- or eightfold-coordinated particle is negli-
but much smaller than the sixfold-coordinated particles. Thigible. Note that for volume fractions outside the ordered
implies that local structures involving sixfold coordination (hexaticlike region (0.52< ¢<0.57 a sixfold particle is
are always the most stable. This is a direct consequence ofore likely to become fivefold coordinated rather than sev-
the average coordination number in 2D liquids beinggp  enfold (P_5)>P_.7), whereas within the hexatic region,
As a result, at all volume fractions the defective particlesthese probabilities are almost equal.
have the tendency to return to a sixfold-coordinated state. Furthermore, the lifetimes also exhibit a strong volume
This is reflected by the defect statistidsg. 4), but can be fraction dependence for each distinct coordination number
(Fig. 9). For all n; the lifetimes at¢$=0.64(close to random

10 T T T T T T ] close packinpare the largest. If we go down along the life-
>, . . .
ey ) time axis, we successively encounter the three branches that
&P, —tte .64 correspond to the hexaticlike regidf.52< ¢<0.57), the
L e~ ().60 reentrant fluid branch ab=0.60, and finally the fluid regime
o ’ q mh”‘w —Y (¢=0.50. We should mention that the lifetimes for the rare
104 AVAN Do (0,55 4 coordination numbers—i.en.=4, 8, and 9—are not very
o ._J,::;,w.-%’ / , Bl = 052 reliable because qf very poor statistics as the corresponding
';“ ;R yoeig g 050 )_(4, _Xg, andXq are just very small. Thed dependgnce_ of the
A 31 e O .48 lifetimes for n.e[5,7] is shown more clearly in Fig. 11.
o & _g‘fﬁ “""n.w b 0,45 Here, the different structural regiméiuid, hexatic, remelt-
107 gr“"“ \:\%\ e Qe (0,44 7 ing fluid, and close to random close packirg already iden-
e tified from Fig. 9 are observed even better. This enables us to
4 5 6 7 8 9 10 11 estimate a characteristic lifetime fog=6 in each structural
n region(as a function of). In the fluid regionrg=37,, in the

¢ hexatic regionrg= 557, in the reentrant fluidg= 157, and

FIG. 9. The lifetimer in units of 7, as a function of the coor- close to random close packing= 807, Our values for the
dination numben, for different volume fractions. fluid and hexatic regions are in reasonable agreement with
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FIG. 11. Lifetime as a function of volume fraction for different
coordination numbers. Symbols;=5 (V), 6 (O), and 7(A). The
inset shows the ratiag/ (0.9 75+ 77]) as a function of the volume
fraction.

FIG. 12. Mean-squared displacement as a function of volume
fraction fort=31.07 Brownian times. The experimental data in are
black and the results obtained using Ef). are in grey.

(one of its neighbors is moving significantly, the coordina-

the orientational correlation time as defined by Mureayal.  tion number of the given particle changes, thereby setting a
[-dIn gg(0,t)/dt]™ [4,5,37, which is a measure of the time typical lifetime. Therefore, a very large lifetime indicates
decay of the bond-orientational ordés]. This agreement is that the local structure of a particle does not change, corre-
expected as the bond-orientational order is highly sensitiveponding to a low mobility in that particular region. In other
to the coordination number and, in particular, to the bondwords, if the lifetime is large, the mobility is small; hence,
angles of the nearest neighbors. As long as a particle stajge mean-squared displacement is expected to scale with the
sixfold coordinated, the sixfold bond-orientational order isinverse of the lifetiméwhich can be interpreted as a hopping
preserved to some extefthere might be fluctuations in bond frequency. The weight of the contribution of,_to the mo-
angles. If the n, changes, the bond-orientational order isbility (mean-squared displacempig given by the concen-
destroyed, indicating that oug is similar to the orientational tration of particles beingn. coordinated,X,, . Finally, we
correlation time defined by Murra]. have to sum over all coordination numbers to take into ac-

In addition, we can also determine these time scales fogount all the particles. Although the qualitative trend is de-
different local structures—i.e., different coordination Scribed correctly(data not shown we may improve the
numbers—at all volume fractlons For example, fe=5 gquantitative agreement. Now, the lifetimes are taken into ac-
in the fluigountas a single-particle property. However, if the coordina-
tion number of given particle changésetting the lifetimg,
in the dense system the coordination number of a neighbor-
ing particle changes as well. Therefore, correlations could be
important and the lifetime may have a larger influence on the
mean-squared displacement. To account for this and improve
the quantitative agreement one might introduce an additional
[parametera such that rather tha|<lr2>ocl/7-n, the mean-

squared displacement may scale as

these characteristic lifetimes are, respectively,
T5=1, In the hexaticrs=77, in the reentrant fluidrg
=37, and close to random close packing~ 357, Note
that ther; is almost equal tas. We further observe in Fig. 11
that 75 (77) exhibits a similar volume fraction dependence as
76 Again, the distinct structural regions are identified. How-
ever, the magnitude ofs (7;) does not scale with) as 7
does, which is evident from the inset of Fig. 11. The inse
shows the ratio betweer; and the average of; and r;

(76/(0.9 75+ 7])) as a function of volume fraction. In the () E ) R
fluid phase and close to random close packing, this ratio is ¢ a(d’) Xn (&)

roughly 2, in the hexatic region about 8 and in the reentrant

fluid approximately 5. Thus, upon ordering ét=0.50, the By fitting Eq. (7) to the experimental data a value of
difference between the lifetimes corresponding to, respec=1.8 was obtained. In Fig. 12 the result of K@) with «
tively, sixfold-coordinated (ordered and non-sixfold- =1.8 and the experimental data of the inset of Fig. 5 are

coordinated(disorderedl particles increases. Therefore, the shown. Although it remains unclear what exactly determines
ratio 75/ (0.9 75+ 77]) as well asts, 7, 77 identify the differ-  the value ofa, we clearly observe that the trend of the data is
ent structural regions and might therefore be identified as described fairly well by Eq(7). This implies that particles
dynamical order parameters for orderifgy,39. undergoing a coordination-number change dominate the be-
Besides the characteristic lifetimes for each structural rehavior of the mean-squared displacement, which confirms
gion, we clearly recognize in Fig. 11 the global behavior ofthat defective particlegeither before or after changingy:
the mean-squared displacement as functiogh @b shown in  n.# 6) are the most mobile particles.
the inset of Fig. 5. Interestingly, this suggests that there is a
guantitative correlation between topological lifetimes and
mobility. Hence, the lifetimes are more or less determined by We have quantitatively analyzed the correlation between
the local mobility of the particles. If a given particle and/or structure and dynamics on a single-particle level in terms of

V. CONCLUSION

011405-7
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topological lifetimer, being the average time that a particle ACKNOWLEDGMENTS
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