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Do liquids exhibit local fivefold symmetry at interfaces?
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We calculate the layer-resolved local fivefold symmetry of liquids near interfaces using computer simulation
of hard sphere fluids on structured substrates. In the first few adjacent liquid layers, the presence of a surface
suppresses local icosahedral packing while the magnitude of local fivefold symmetry in the next layers depends
on details of the particle-substrate interaction. For a strong particle-substrate attraction, the local fivefold
symmetry in these layers is higher than in the bulk liquid.
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It is an old fascinating question whether a bulk liquid single thermodynamic parametéramely its bulk packing
prefers configurations which favor a local surrounding withfraction %) and the bulk fivefold symmetry in hard sphere
fivefold symmetry corresponding, e.g., to icosahedral offluids and glasses is well understood from previous studies
dodecahedral clusters; for a review, see Rgf®]. The first  [3,4,7]. Furthermore, hard sphere interactions are realized in
clue for such a fivefold symmetry comes from the fact thatsterically stabilized colloidal suspensiof%10].
simple liquids can be considerably supercooled such that the Our target questions are as follows: How is the fivefold
local liquid structure should be different from any bulk crys- symmetry in bulk liquids changed near a surface? Is it pos-
tal structure. Computer simulations of hard sphége4] and  sible by a tailored substrate-particle interaction to systemati-
other simple one-component systems such as Lennard-Joneglly increase or decrease the local fivefold symmetry? How
liquids [5,6] have revealed that a significant fivefold symme-can the threshold to surface-induced crystallization be
try as manifested by a characteristic bond orientational coravoided? In order to answer these questions, we have per-
relation [5] is only present in strongly supercooldde., formed extensive Monte Carlo computer simulations for
metastable liquids and glasses. These findings were con-€quilibrated hard sphere fluids near patterned substrates. The
firmed by confocal microscopy studies on hard-sphere colsubstrate-particle interaction is modeled to involve a hard
loids [7]. This does not exclude, however, that for more re-structured surfacé&opographical paytand an additional at-
alistic interactions stable liquids exhibit pronounced fivefoldtraction (energetical pajt We have varied both the topo-
symmetry. A direct experimental detection of bulk liquid graphical part by considering different patterns and the ener-
fivefold symmetry, however, is not straightforward as in typi- getical part by changing the strength of the attraction. Our
cal scattering experiments an orientational average is pesimulation results give evidence for the following answers to
formed. This problem has been revitalized in recent evaneghe questions raised above: The substrate affects the local
cent x-ray scattering experiments on liquid lead near divefold symmetry directly but it has a significant effect only
silicon surface by Reichest al.[8]. A fivefold symmetry in  in the first few layers. Although the next layers are structured
the azimuthal distribution of the liquid scattering was de-perpendicular to the surface, their fivefold symmetry is simi-
tected indicative of fivefold symmetry. Though the experi-lar to that of a bulk system provided the bulk density corre-
mental method of surface scattering is sensitive only for theponds to the local density of the liquid layers. This finding
first few adjacent liquid layers, the authors of Réf] argue  supports the interpretation of the recent scattering experi-
that this is a hint for bulk fivefold symmetry as the silicon- ments [8]. The topographical pattern strongly controls
lead interaction is small as compared to the lead-lead intelsurface-induced crystallization. Only if the lattice mismatch
action. with respect to a possible bulk crystal is large, is surface-

In the present paper, we address the general question #fduced crystallization is preventdd1,12. The energetic
how liquid fivefold symmetry is affected by the presence ofpart, on the other hand, controls the local density in the ad-
interfaces. In principle, a surface forces the liquid to inho-jacent liquid layers and thus affects the magnitude of the
mogeneous layerinff] and one may ask how this layering fivefold symmetry directly. If there is a strong attraction the
effect changes the fivefold symmetry with respect to the bulkocal density is enhanced such that the local fivefold symme-
liquid. In order to clarify this question, we use computertry can be much larger than that of the bulk liquid.
simulations of hard sphere systems near structured sub- In our simulation[11,12 N hard spheresN~8500) with
strates. There are two main reasons to do so: first, in a sim@iametero at temperaturd are in a rectangular box of size
lation the particle configuration is available directly in real V=L,L,L, with periodic boundary conditions i andy
space so that one can directly probe distance resolved bondirections. Two patterned walls at distance confine the
orientational correlations near interfaces. Second, in comsystem in thez direction. The number density of the spheres
puter simulation studies one can easily vary the substratgg=N/V can conveniently be expressed in terms of the di-
particle interaction in order to explore the sensitivity of local mensionless packing fractiop= mpa°/6. For excluded vol-
fivefold symmetry with respect to details of this interaction. ume interactions, temperature only sets the energy &gdle
We have taken a hard sphere fluid since this is a relativelykg denoting Boltzmann’s constartiut does not affect phase
simple system whose bulk properties are characterized by teansitions. The bulk hard sphere systems exhibits a freezing
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' ‘ }L . ‘ overj is taken over thé\, neighbors of particlé which are

a also in thekth layer. For simulation purposes particles are

defined as neighbors if the distance between palftiaielj is
y N’ } ‘ . less than 1.35 - 1.400. This somewhat arbitrary definition
| v U & ‘ ‘ for neighbors can be used as the resultihg’ only weakly
depend on the exact definition of a neighbor distance. For a
= ' a, crystalline layer the order parametalr$"— 1 and for a fluid
0 . layer we obtain¥ (" —0. Finally, in Eq.(2), (- - -) denotes a

canonical average.
Fivefold symmetry in a layer parallel to the surface is

detected using the layer resolvé?dﬁ order parametefl].
Ak _ According to Refs[5,13—-19 we can define this order pa-
rameter by assigning a set of numbe®, ., (lj)
=Y, mt(6;,¢);) to every bond between neighboring par-
ticles| andj, where neighboring particles are defined as de-
201 710 {5 20 scribed above. HereY ,,(6,¢) are the spherical harmonics
o and ¢; and ¢;; are the polar angles of the bond between
, ) particlesl and] with respect to an arbitrary reference axis.
FIG. 1. Top: geometry of the system: A surface with atnangularQ/m(”) defines a local order parameter which has to be

surface pattern(dark gray sphergswith lattice spacingap . :
~1.37 induces sixfold symmetry in the hard sphere fiight averaged in th&th layer to obtain the global order parameter

o<

gray sphereswith mean particle distanca=1.07s. Bottom: the as
attractive potential of Eq(1). N, N

N _ =1 S S Qalli), 3
transition with volume fractiong; = 0.494 andnps= 0.545 of Ny =1 /=1

the coexisting fluid and solif4].

The substrate pattern consists of hard spheres with th&here the sum overis defined as in Eq(2). However, the
same diametes as the mobile ones. These spheres are fixe§um overj now includes all neighbors even those of neigh-
in a plane on a two-dimensional triangular lattice of latticeboring layers. We note that we do not count the fixed surface
constan@, atz=0, see Fig. Xtop). Additionally, we apply  particles. Therefore the first layer obviously has a smaller

an attractive external potential average number of neighbors.
The order paramete® . (z) is still dependent on the
8 it choice of the reference axis but we can obtain an invariant by
- 3\/56 i z<o considering the second order combination
V(z)= ()

4 / - 12
sy |Q/m<zk>|2> @

de otherwise Q. (z)=

]

as shown in Fig. 1bottom). € is the streng?h of thfa attraction 5n4 the third order invariant
andl, sets its range. We chookg=20. A virtual divergence
is placed atz=z,=—3Y9,+ o~ —1.40. Note that the ex-
ternal force—dV/dz is continuous az=o. W/(zk):2 (
Crystallization as well as formation of a fivefold symme-
try are detected with bond orientational order parametera/here the sum goes over @l m.. andm. with m.+m
which are resolved in thedirection and are discretized into ~0 and 9 SRR s e
different layers. A particle belongs to theh layer if its z +ms=0an
coordinate is within k—1)a,<z<ka, wherea,= 0.9 is an ( R

A N
) Q/le/sz/mBa (5)

m; m; m3

average lattice spacing. The mean position ofkthelayer is

therefore located at,= (k— 1/2)a,. Crystalline order is de-
tected using the set of order paramet#'€)(z,) [12], which _ _
measure the bond orientational order in #tb layer. They —are the Wigner g symbols[16]. A particularly good measure

(6)

m; m; mg

are defined as [5] for different orientational symmetries can be obtained by
the further invariant
1 N N
‘P(”)(Zk)=< ™ lZl Zl enifj > 2) . W.(2,)
ki=11= W, (z) = )

_ (S{n--1Qum(z0 )%
and proben-fold symmetry. ¢;; is the angle between the

separation vector of the particlesndj and thex axis. The The order parameters from Edd) and(7) detect various
sum ovell includes allN, particles of thekth layer. The sum three-dimensional3D) crystalline symmetrie§5]. Fivefold
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FIG. 2. The order paramet&¥ (dashed ling and ¥(®) (solid - o
°
line) are shown vs the separatianfrom the surface for a non- * @ @ Py ::... o " O
attractive structured surfacee€0). The symbols are simulation Q-u E % L 2P .}3.: *.°
data with their size indicating the statistical error. The inset shows 2 @ @ Tie o._ﬂéo oo ® o0
the layer-resolved mean local densifz,). *é ! /é ® % .2..0 ° :
% @ o .-:50. oo ©
. . . ~ @ ®
symmetry is most clearly indicated by th&g parameter * @ @ e oo .. °

from Eg. (7); see Ref.[5]. The authors of Ref[1] have
defined that values dfg|>0.045 show fivefold symmetry FIG. 3. Top: same as Fig. 2 but fer=65ksT. The inset shows
and valuegW| < 0.02 are an indication for crystalline order the external potentia¥* (z) =V(z)/kgT and the symbols represent
if other crystalline order parameters pick up a crystallinethe mean local density(z,). Bottom: sketch of the transition from
structurel\fv6|—>0 is characteristic for a fluid system without sixfold symmetry to fivefold symmetry to the disordered bulk fluid.

preferred symmetry. In the following, we will us&/; from .
Eq. (7) to analyze the inhomogeneous fluid for fivefold order starts wheraVg is small and¥ (®) is large which is realized

near the surface. close to the surface. The surface may thus serve as a hetero-
It is important that the geometry of the surface pattern isgeneous nucleation center.
chosen such that prefreezing is preverite2, 17. Therefore Increasing the attractive potential of the surface enhances

we choose an extremely unfavorable surface pattern for thghe |ocal density of the fluid at the surface. The system was
system. Usinga,~1.370 makes it entropically very unfa- gpserved to stay in the inhomogeneous fluid state. We note,

vorable to adapt the surface structure. The system can thgpwever, that it is very difficult to decide when equilibration
react in two ways: It either adapts the bulk crystalline struq-of a system at these high densities is achieved. Figure 3

particle interaction, we found that both possibilities are real—Surface the attractive wall enforces a sixfold surface symme-

ized. In contrast, for the parameter range investigated and ajy in the fluid as can be seen by a raiské?) order param-
t

high ﬂwc_zl der_13|t|es, we never observ_ed an adsorbed soli er. However, a few layers away from the surface a clearly
layer which picks up the substrate lattice.

First, we analyzed a system without attractive surface ( ViSiPIe increase in thas order parameter indicating a cer-
=0). Results are depicted in Fig. 2. The fluid bulk density jstain degree of fivefold symmetry in the system shows up. For
n=0.49. Close to the surface the sixfold symmetr{® is largerz the density gets lower and the fivefold symmetry is
slightly increased due to the influence of the surface. Thid0St in favor of the completely unordered bulk fluid.

| fold _ he first four laver For a hard spherdulk system the authors of Ref7]
ow sixfold symmetry comprises the first four layev¥e, on reported similar findings: A fluid hard sphere system of bulk
the other hand, increases from the first to the second lay

‘Hensity less tham~0.6 does not exhibit fivefold symmetry.

and reaches a value which does not exceed 0.03 and is ther(gf1 approaching the density af=0.6 the system begins to
fore not indicative of fivefold symmetry. For large We _ oypipit an increased order paramet@/s indicative of

decays to the bulk fluid value close to zero. Ihe inset of Figfivefold symmetry. For the bulk system, however, a fluid at

2 shows the layer averaged mean local dens{tsi). Close  thjs high density is not thermodynamically stable and these
to the surface it is raised but it decays away from the surfacetydies are done, e.g., at snapshots of random-closed-packed
in strong correlation with thel(®) order parameter. Hence models. Our findings correspond to them in a way that five-
for the nonattractive surface no significant fivefold symmetryfold symmetry occurs when tHecal density is high enough

can be found. The increase Wf; from the first to the second and the system is still in a noncrystalline state. We achieved
layer may have important consequences for heterogeneotise increased density by an attractive surface but kept the
crystal nucleation: One can expect that crystal nucleatiomulk density always at fluid densities, i.ep<n;=0.494.
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b) compensate a mismatch of the bulk and substrate lattice con-
stants. For a snapshot of the computer simulation, see Fig. 4.
These lattice defects are reminiscent of commensurate/
incommensurate transitions as found, e.g., in RE3).

In conclusion, a hard sphere system does not exhibit five-
: fold symmetry at local densities which are smaller than the
X freezing packing fractiom; . However, raising the fluid den-

sity locally increases the bond orientational order parameters

FIG. 4. First and seco_nd layer of a crysta}lline sheet adjacent tgy yglues indicating fivefold symmetry. One way to achieve
a square surface pattern |ncommensu!'ate with the bul.k crystal. Thgjis is by offering an attractive surface to the system. Strong
formation of line defects can be seen in these simulation snapshobsnough attraction increases the local density and fivefold
(€>100GgT, 7=0.49). symmetry emerges. This local density enhancement, how-

ever, is in thermodynamic competition with surface freezing.
The mean density shown in inset of Fig. 3 exhibits clearly aDetails of the crossover to surface freezing should be inves-
correlation to the actual data @/s. The qualitative behavior tigated more systematically by theory, computer simulation,
of the fluid symmetry as a function afis also sketched in @nd experiment. For outlook we remark that it would be very
the bottom part of Fig. 3: Near the wall there is sixfold USeful to classify the classes of clusters occurring in the
symmetry which is then changed to fivefold symmetry asfivefold symmetric fluid. Also an investigation of lattice de-
indicated by the icosahedra until the disordered bulk fluid®€cts which are induced by the incommensurate surface
with practically no symmetry is reached. would be of great interest.

For a square surface pattefh2] with a lattice constant e thank H. Reichert and A. van Blaaderen for helpful
a_=1.37 and an increased attraction f~100(kgT, we  discussions. This work was supported by the Deutsche For-
observed prefreezing into several layers of a square lattice asthungsgemeinschaft within project LO 418/5 and by the
top of the substrate pattern together with line defects whiciDAAD foundation within the ARC program.

¥

168
L

TITIXT

Crrrreeee,
Trrrrreree

r
€
[
€

[1] D.R. Nelson and F. Spaepen, Solid State PAs1 (1989. ited by J.P. Hansen, D. Levesque, and J. Zinn-Judorth-

[2] F. Spaepen, Naturg.ondon 408 781 (2000. Holland, Amsterdam, 1991

[3] R. Jullien, P. Jund, D. Caprion, D. Quitmann, Phys. Re§4E  [11] M. Heni and H. Laven, Phys. Rev. Let85, 3668(2000.
6035(1996. [12] M. Heni and H. Laven, J. Phys.: Condens. Matt&B, 4675

[4] W.G. Hoover and F.H. Ree, J. Chem. Ph48, 3609 (1968; (2002).
46, 4181(1967). [13] J.S. Duijneveldt and D. Frenkel, J. Chem. Ph9§, 4655

[5] P.J. Steinhardt, D.R. Nelson, and M. Ronchetti, Phys. Rev. B (1992.
28, 784(1983. [14] P.R. ten Wolde, M.J. Ruiz-Montero, and D. Frenkel, J. Chem.

[6] F. Yonezawa, Solid State Phy&5, 179(1991). Phys.104, 9932(1996.

[7] A. van Blaaderen, R. Ruel, and P. Wiltzius, Natit®ndon [15] P.R. ten Wolde, M.J. Ruiz-Montero, and D. Frenkel, Phys. Rev.
385 321(1997. Lett. 75, 2714(1995.

[8] H. Reichert, O. Klein, H. Dosch, M. Denk, V. Honkitkia T. [16] L.D. Landau and F.M. LifshitzQuantum MechanicéPerga-
Lippmann, and G. Reiter, Natufeondon 408 839 (2000. mon, New York, 1965k

[9] R. Evans, inLiquids at Interfaces Les Houches Session [17] M. Heni, Surface Induced Effects in Hard Sphere Systems
XLVIII, edited by J. Charvolin, J.F. Joanny, and J. Zinn-Justin (Shaker, Aachen, 2001
(Elsevier, Amsterdam, 1990p. 1ff. [18] A. Patrykiejew, S. Sokolowski, and K. Binder, J. Chem. Phys.
[10] P.N. Pusey, irLiquids, Freezing and the Glass Transitjoed- 115, 983(2001).

021501-4



