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A colloidal system of spheres interacting with both a deeg marrow attractive potential and a shallow
long-ranged barrier exhibits a prepeak in the static atrectactor. This peak can be related to an additional
mesoscopic length scale of clusters and/or voids in thesysBimulation studies of this system have revealed
that it vitrifies upon increasing the attraction into a gkélsolid at intermediate densities. The dynamics at
the mesoscopic length scale corresponding to the preppaéisents the slowest mode in the system. Using
mode coupling theory with all input directly taken from silations, we reveal the mechanism for glassy arrest
in the system at 40% packing fraction. The effects of the ¢ppeak and of polydispersity are considered in
detail. We demonstrate that the local formation of physizaids is the process whose slowing down causes
arrest. It remains largely unaffected by the large-scaterbgeneities, and sets the clock for the slow cluster
mode. Results from mode-coupling theory without adjustgidrameters agree semi-quantitatively with the
local density correlators but overestimate the lifetiméhef mesoscopic structure (voids).

PACS numbers: 82.70.Dd 61.20.Ja 64.70.Pf

I. INTRODUCTION [1€,[17]. Especially the interplay of equilibrium phasentra
sitions and aggregation effects is presently under sgrutin
3 & [106 4

Many materials solidify into nonequilibrium structures 7, ] Anoth_er aspect that has been considered
when particle interactions become strong and if crysilliz at IOW den5|_t|es IS the_eX|stence of weak Iong-ranged repul-
tion proceeds too slowly. Colloidal dispersions provide gSVe Interactions (barrl_ers) between the pe}mcles,t thay
number of model systems to study these still little under-'nduqe density modulatlons(or_nc_)_n-p(_ercolatmg clustelsa
stood solidification phenomena as particle potentials @n bdensny?ndsthus” prevent StOI'd'f'Cf?tt'o.n for sokm(_e 3§r:ﬂr:1/ete
tailored and detailed experimental observations are plessi rangesl[]. Small wavevector scattering peaks indicative

For example colloidal hard spheres have been studied imeﬁ@esoscale qorrelations have also been observed and erpploye
sively, where addition of nonadsorbing polymer induces arf® characterize the cluster or gel structufes [10[ 22, 26piT

attraction, whose strength and range can be contrdlied [1 .bservation in equilibrium systems with Iong-range_d et .
The case of short-ranged attractions has turned out edigecia S expected because these systems show tendencies to micro-
rich. Colloidal particles interacting with already modetg phase separate and to form mtercon_nected structurgss;f clu
strong short-ranged attractions can form metastable amol"s and voidsi [24]. Yet, such long distance correlatiorss an

phous solids which exhibit exceedingly long life times clusters of finite size were also observed in systems where
' barriers supposedly are absent and there presumably have a

Depending on the colloidal density and attraction strength, snequilibrium origin and arise from phase separation@nd/
different types of metastable arrested solids can be forme%ggregation and coarsening [, 9]. Nonequilibrium origifs
At high densities glasses are observed when repulsionshindy, oo angle scattering peaks also were suggested by the ob-
and even prevent structural rearrangements [2]. Weak shoghvation of their time evolution [22, 25]. Alternatively
ranged attractions at first melt these repulsion-drivassgs’  o5ch gelation from the fluid, liquid-gas phase separation ¢
because they distort and loosen the local packing. At attrag, prevented setting a maximum number of bonds per par-
tion strengths somewhat higher, yet still of the order of the; o [26] or total number of bonds in the systeml[27]. In
thermal energy, physical bonds are formed in dense systemg,age cases, gelation is directly connected to percolaiiuh

whilﬁhlﬁeads to aggregation into ‘attraction driven glaSsesy,q 1o,y modes facilitate the relaxation of the whole system,
[3,4,[8]. At attraction strengths high compared to thermaly e 1o the lack of stiffness (only two to four neighbours are

fluctuations aggregation phenomena proceed far from equiyoyed on average). At higher density, such modes are ex-
librium at low density, resulting in tenuous solids, i.e.ls9e yecteq to be less important than collective relaxations, an
Ateven lower density, the aggregation process leads t0etlus 5 general theory should account for both relaxation mecha-
formation and aggregation [6, [7,/8] 10]. nisms.

The connection between repulsion and attraction driven
glass transitions at high densities has been understobihwit  In this contribution we test quantitatively the MCT predic-
a microscopic theoretical framework, namely mode couplingions for low density attractive glasses or high densitysgel
theory (MCT) [11,[12] 13[ 14, 15]. Yet, the mechanismsand study the role of the cluster or void structure on bond for
of solidification at intermediate attraction strengths &m@d  mation at an intermediate density. The input structureofact
to intermediate densities are still not completely underdt needed for the MCT calculations is taken from simulations,
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and we compare the properties of the density correlatioo-fun The initial decay constanty describes short time diffusive
tions. Additionally, by comparing the results of MCT calaul particle motion, and is set by the short time collective diff
tions for systems with and without small wavevector prekpea sion coefficienDS; it captures instantaneous particle interac-
in the structure, we highlight the importance of mesoscopidions and will not play an importantrole at the glass traosit
heterogeneities on attraction driven dynamic arrest. We co  The central quantity capturing slow structural rearrange-
sider a system of particles interacting with a narrow atttac  ments close to glassy arrest is the memory functigt)
and a weak long-ranged repulsion whose dynamics has beeavhich is given in MCT-approximation:
studied intensely by simulationis [3,28] 29, 30]. At the ¢dns .
ered density of 40% packing fraction, our system is above the _ _ =t
percolation threshold, and exhibits an equilibrium stivat My(t) = 7al{ PO} =7 vaqkp P(t)Pp(t) 3
pre-peak at small wavevectors for parameter ranges where th
barrier suppresses phase-separation. By switching ofethe The verticesVgp couple density fluctuations of different
pulsive barrier, the cluster or void structure can be elated  wavelengths and thereby capture a nonlinear feedback mecha
and the system becomes homogeneous (below phase separsm in dense fluids, which is interpreted as 'cage effe] [3
tion). The memory kernel can be regarded as a generalized friction
Similar studies, taking th&; from simulations as input for kernel, as can easily be verified after time-Fourier transfo
MCT, have been performed previously in repulsion driven sysmation of Eq.[(2). MCT is a first principles approach as the
tems, for instance Lennard-Jones [ﬁ 32], molecular giass vertices are calculated from the microscopic interactions
[3d), silica [34] or sodium silicate melt5 [B5]. For attrat
driven colloidal glasses, a similar study has recently lpsgn
formed by Manley et al. using experimental structure fac-
tors [18], and we reach an analogous conclusion concerning
the mechanism of dynamic arrest. Our study goes beyondhe mode coupling approximation foy, yields a set of equa-
Ref. [18] because the input to our MCT calculations is takerfions that is solved self-consistently. Hereby the onlyirto
from simulations of the system we address without adjustablthe theory is the static equilibrium structure facr which
parameters, while Manley et al. adjusted the colloid dgnsit €nters the memory kerney, directly and via the direct corre-
arbitrarily and assumed a specific form for the static struclation functioncq = (1—1/S;)/p, with p = N/V the average
ture factor at large wavevectors. We find that it is exactly th density. According to MCT the dynamics of the dense fluid
structure at large wavevectors that dominates bond foomati is therefore completely determined by equilibrium quaesit
Similar effects in the dynamics related to&grﬁea&ihave plus one scale factor to set the time scale. In the followiveg,

also been observed in sodium silicate m , 36). will take & directly from simulations. _
Solutions of Eqs.[{214) show a bifurcation scenario due to

the nonlinear nature of the equations. The bifurcationtisin
Il. MODE COUPLING THEORY identified with an idealized liquid-to-glass transition gan-
tity of special interest is the long-time limit of the normal

This section aims to give a brief overview of the mostized density correlatorfg = limt .. Pq(t), often referred to
important results within MCT concerning the description of S glass form factor or Edwards-Anderson nonergodicity pa-
liquid-to-glass nonergodicity transitio 38]. Wecis rameter. It describes the frozen-in structure of the glass a
on the coherent part of the density correlation functiontas ioPeys
provides most insights into the physical mechanisms cgusin f
glassy arrest. 9

MCT gives a self-consistent equation of motion of the (nor- 1-fq
malized) intermediate scattering functidy(t), which is the
coherent part of the autocorrelation function of densitgtfiu
ations with wavevectag of N particles, defined by

2
vqkp:sqs&sphﬁ)—qzl[q-kck+q-pcp126<q—k—p> (@)

In the fluid regime density fluctuations at different times
decorrelate, so that the long time limit vanishég= 0. On
approaching a critical packing fractiam or a critical tem-

N . peraturel;, MCT states that strongly coordinated movements
Pq(t) = NS > (exp{ialri(t) —r;(0)]}). (1)  are necessary for structural rearrangements to relax ibkequ
h1=1 rium. MCT identifies two slow structural processpsanda-

The normalization to unity at time= 0 is provided by the ~Process, when the glassy structure (describetfppecomes
static structure factd®, = ziN-_1<eXp{i qlri—rj]})/N, which metastable and takes a long time to relax. In the idealized pi
captures equilibrium densli![)i/ correlations. The equatibn oturé of MCT, dynamical arrest sets in at the glass transition
motion for d(t) takes the form of a relaxation equation, With fq > 0 when the particles are hindered to escape from
where retardation effects with respect to exponentialxrela the€ir neighbouring environments. This also is accompanied

ation on diffusive timescale — (Dsqz/sq)fl are contained by d_|verg|ng _relaxatlon times. Glassy states are calleccron
) godic states in MCT. The value of the glass form factor at the
in a memory kernefng(t).

transition is called critical nonergodicity parametgr
. t o, N Although experiments on molecular glass formers have re-
Tq®q(t) + Pq(t) +/0 dt'mg(t —t) ®q(t") =0 (2)  vealed that the dynamics very close to the transition psint i



dominated by thermally activated hopping processes, which

Ill.  SIMULATION SETUP

the described (idealized) MCT cannot account for, MCT has
been very successful in describing the approach to glassy ar \jgjecular dynamics simulations in the canonical ensemble
rest. It gives a quite accurate description of structural re,yare performed considering 1000 quasi-hard particles-inte

laxation in colloidal dynamics and there especially of the
process.

acting by a shortrange attraction. Because we aim to study th
fluid to non-ergodic transition induced by attractions,igioju

For liquid states and large times the correlator approach$um phase transitions, i.e. crystallization and liquasgepa-

the a-scaling law®q(t) — Pq(f) andf =t/1. Here the scal-

ration, were suppressed by suitable choices for the irtterac

ing functions&Jq(f) are independent of temperature or otherpotential, which we introduce in the following.

control parameters. Tteerelaxation scale is given in MCT
by

1

%5 (6)

T=1(¢) =T10/|¢|Y withy= %\Jr

and depends only on the separatior o' from the criti-
cal point. The scaling factary needs to be determined from
matching the microscopic dynamics and fliscaling regime
to thea-scaling regime. The anomalous exponerdasdb are
solutions of the equation

M(1—x)/F(1—2x)=A (7)
forO<x=a<1/2and—1<x=—b< 0. The exponent
parametel enters in the second order of the asymptotic ex
pansion of the right-hand side of EJs|[{3,5) around thecaliti
plateaufg. Therefore it depends on the structure facpat
the critical point via the vertex Ed.](4).

In the vicinity of the critical point, von Schweidler’s powe
law describes the initial-relaxation from the plateau to zero.
It is nothing more than the short—time expansion of the
master functions, which is up to second order

®q () = 1§ — (1 +kf) + o (). (8)
The coefficientshy are called critical amplitude, thie, are
correction amplitude$ [39]. Von Schweidler’s law is thegimi
of stretching (viz. non-exponentiality) in the-process of
MCT.

The final decay of the structural relaxations in different co
relators provides a definition of tlierelaxation times. We use
Pq(t = 1q) = f§/20. In MCT the increase of the relaxation
times in different correlators is strongly coupled. Their d
vergence is inherited directly from the divergingrelaxation
scalet of Eq. [8). For then-relaxation times of the density
fluctuations indq(t) this means a separation imescale and
a dimensionless factdy containing the wavevector depen-
dence.

Tq=f{qT(€). 9)

For large wavevector§, ~ g~/ holds in MCT [40].

The short range attraction mimics the interaction between
colloidal particles induced by non-adsorbing polymers in a
colloid polymer mixture. For monodisperse colloids, this
attraction is given by the Asakura-Oosawa interactidn [1],
which is slightly modified to include polydispersity [42]h&
attraction strength is set by the concentration of polymgy.s
and the range by the polymer siZe(see below). This po-
tential has been slightly corrected near contaetd;» to en-
sure that the total interaction potential has the minimuh at
(d12 = (a1 + a2), with a; anday the radii of the interacting

particles)[20].
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FIG. 1: Interaction potential for two particles with the sage ra-
dius. The polymer fractions arg = 0.42 andgp = 0.25 for the thin
and thick curves, respectively (values close to the glasssition in
the simulation and MCT, respectively). Note that in our sinthe
thermal energy i&gT = 4/3.

Crystallization is avoided by using a polydisperse system:
particle sizes are distributed according to a flat distidsuof
width & = 0.1a, wherea is the mean diameter. The core-core
repulsion is given bysc(r) = kT (r /d12) >C.

At high polymer fractions, or attraction strength, this-sys
tem separates in two fluid phases with different densities, d
lute and dense — the critical point is@f ~ 0.29. To avoid
this transition, which would interfere with the attractiyiass,

Summarizing this short presentation of MCT, let us notea repulsive long-range barrier has been added to the total in

that the wavevector dependences of the various amplitmdes
the asymptotic MCT predictions will enable us in the follow-
ing to identify the physical mechanisms causing glassysarre
More details about MCT, the asym

scaling-laws can be found iﬂ:ﬁﬁ

89 41).

teraction potential, which extends fram- di2+ 2§ tor = 4a,
and its height is only BT (equal to the attraction strength at
@p = 0.0625). The barrier raises the energy of a dense phase,

totic expansions and thso that liquid gas separation does not take place. The irgult

total interaction potentiaViot = Vsc+ Vao + Voar, iS analyti-
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cal everywhere and allows straightforward integrationhaf t  ®q(t) with a relative accuracy of 16° was achieved at each
equations of motions. The total interaction potential is-pr t,q. To extend the calculation onto logarithmic time scales
sented in FiglJ1 for particles with the average radius. without running into inefficient time-discretization foate

The inclusion of the repulsive barrier in the interactiontimes, we used an algorithm for the convolution in HG. (2)
potential effectively inhibits liquid-gas separatidn [[2®ut  that doubled the initial time step of 18D2 /DS every 256 time
causes holes and tunnels in the system. This is reflected Bteps, wher® = 2ais the particle diameter. The critical poly-
the structure factor as a logypeak, which grows and moves mer concentrations were attained by a bisection method and
to lowerq values, as the strength of the attraction (nam@ly, ~ determined up to a relative accuracy of 20n concentration.

increases. The effect of this barrier on the glass tramsiio  The structure factors for the MCT calculation input were
studied below within MCT. taken directly from the simulation and linearly interpelt

Lengths are measured in units of the average radius, without further smoothing. We used a wave vector grid with
time in units of/4a2/3v2, where the thermal velocitywas M = 400 grid points and a cutoff afD = 80. From [45] it is
set to/4/3. Equations of motion were integrated using theknown that with these values neither the discretizatiortiner
velocity-Verlet algorithm, in the canonical ensemble (samt  cutoff influence the results significantly. For very smalvea
NTV), to mimic the colloidal dynamics. Eveny time steps, vectorsqD < 0.3 the algorithm does not produce the correct
the velocity of the particles was re-scaled to assure cohstaresults because of numerical error propagation. This can be
temperature. No effect af, was observed for well equili- recognized by the static results shown in Fig3[] 4-5 for the
brated samples. The time step was set@25. The range of nonergodicity parametefyy, in Fig. [@ for the critical ampli-
the attraction, &, is set to & = 0.2a. The density of colloids tudeshq and in Fig [T for then-relaxation times. The plotted
results exhibit a sudden drop down to 0 fpr— 0, whereas
they should take a finite value. Despite this, the results for
with n the colloid number density, and the attraction strengtHarger g are not invalidated, as was verified by removing the
is given by the polymer volume fraction, (with € = 0.1,  incorrect values from the integrations in Eg. (3).
the minimum of the attraction for average sized particlés, a
I =28, iS Vimin = — 16k T @p).

The dynamics of this system has been analyzed previously
within the framework of MCT, i.e. using the density corre-
lation functions|[29] 43]. Increasing the attraction st
@p, at@ = 0.40 a glass transition is obtainedg@t= 0.4265, In order to quantitatively describe the results from the-sim
which shows the qualitative features of attractive glasass ulations for the polydisperse system of particles inténgct
predicted by MCT. The critical parameters given below forwith the potential shown in Fid] 1, three different calcidas
the transition were obtained analysimy(t) for the fluid  within MCT were performed. They differ in the input static
stateqp = 0.42, close enough to the glass to show the typi-structure factors, all of which were obtained directly from
cal two-step decay (see Figl 8) — 1500 independent configsimulations. Three additional simulation studies were per
urations were used to calculad®(t), from 15 independent formed solely to generate ti8g where the pair potentials em-
"quenches” from hard spheres at the same density. fFhe ployed in the different simulations differed. Thus, we abul
regime and early-decay were analyzed from=2tot =500.  highlight the importance dfi) particle polydispersity, andi)

A wavevector-independent von Schweidler exponent was fitthe long-ranged repulsive barrier, in the structural rafan.

ted using the correlators at all wavevectors, whereas the N0 For convenience and clarity we name the different MCT
ergodicity parameterfg and critical amplitudesi; andkq  calculations in the following way: System (A) is theonodis-
were actually fitted for every wavevector. persemodelwithout repulsive barrierwhereas we refer with

The structure factors needed as inputs to MCT were cal(g) and (C) to themonodispersend polydispersesystems,
culated from the definition of, using only the allowed respectivelywith repulsive barrier While the calculation in
wavevectors] = 211/L(ny, ny, ng), with L the box size andx,  (C) thus uses exactly th&, of the system whose dynamics
ny andn; integers. Starting frong = 2m/L, the next value e aim to describe, the MCT we use considers a monodis-
of theq modulus is selected if the-separation is larger than perse system. Calculation (C) thus also is only approxiraati
0.1a™%, up toga= 40. The structure factors were then inter- Trye multi-species MCT calculations like in Ref. [46] would
polated to have a constagmgrid. be required to capture all polydispersity aspects, yeta@we t

demanding in the present case. All elements of the matrix
of partial structure factors would be required, and the imult

IV. ASPECTS OF THE NUMERICAL MCT SOLUTIONS ple wavevector integrations over the required lagganges

would crucially slow down the MCT numerics. In order to

For the numerical solution of the MCT equations, algo-stress the approximative character of the MCT calculat@n (
rithms were used that have been developed in the recent yeas® call the simulation, where the dynamics is analyzed, sys-
lia4). tem (D). Some results of the calculations like critical pogr

Dynamic and static analyzes were performed by iteraconcentrations, exponent parameters, exponents, aritizca
tively solving Eq. [2) with the memory functional given by tion length (in units of the diameter D) are summarized in ta-
Eqgs. [34). The results were accepted if a convergence tole[ll.

2
is reported as volume fractionp = 3ma’ (1+ (g) Ne,

V. RESULTS AND DISCUSSION
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(A) MCT 0 | No [0.23560.7520.5550.00501 5 (© (pzzo_25

(B) MCT 0 |Yes|0.24640.7590.5440.0051Q
(C)MCT |0.10| Yes|0.36460.7750.5170.02628
(D) Simulation 0.10| Yes|0.42650.863 0.37| 0.0158

TABLE [ Critical polymer concentrations, exponent paraens,
von-Schweidler exponents and localization lengths reguitrom
the different MCT computations: (A) monodisperse withoaitrker,
(B) monodisperse with barrier, (C) polydisperse with barriThe
first columns give polydispersity and whether a repulsive barrier
exists. Listed under (D) are the corresponding parametens the
analysis to the polydisperse simulation with barrier offthel state
with @p = 0.42. All states are at colloid packing fractigg = 0.40.

A. Structure factors FIG. 2: & from MD-simulations at a colloid packing fraction of
¢ = 0.40 and a polymer concentration@f = 0.25, which is in the

. . . . . gel close to the critical point in MCT. The repulsive barréfects
To clarify the influences of the different pair potentialslan S, in the region belovgD < 13; system (A) without barrier (dashed-

the polydispersity on the equilibrium structure we compmare dotted, black) shows neither a prepeak nor a primary peakhnii

the one hand structure factors for the same parametei®)  as high as in systems (B,C) with barrier (full red, dashedi)laThe
for the different potentials and on the other hand resultiseat  inset demonstrates that polydispersity causes the g4aillations

MCT-critical points that are obtained for the different@ot  in S to be suppressed for large wavevectors. Epéor the polydis-
tials. TheS; in Fig. [2 for @ = 0.40 andg, = 0.25 show all ~ perse model (C) falls below the noise level &b > 45, whereas the
a primary peak atjD ~ 7.5 that indicates the local fluid or- monodisperse systems (A) and (B) virtually coincide there.

der. A peculiarity, which is often seen in gels of interméelia

and lower densities, is a logypeak in the static structure fac-

tor. It appears on the length scale of the voids in the stractu creased probability of particle contact, is thus only cored
when the sol-gel transition line is reached, increasesrsva in the S, of systems (A) and (B).

the transition 7], and shifts to slightly lowgivalues (cf.

Fig. [3). A common interpretation of the log/peak is that 4
it indicates the onset of an arrested phase separationtagrhig
attraction strengths. At lower density, below the pergoiat Sq
threshold, this peak marks the presence of clustersinthe sy 3
tem, although similar internal structures for gels and pete

dent clusters have been reported [10]. The systems (B) and
(C) with repulsive barrier show this logpeak, whereas it is
absentin the model (A) without repulsive barrier. The la$g
clearly grows in the limitg — 0 for increasing polymer frac-
tions, indicating the proximity of the liquid-gas criticabint.
The &, with barrier stay finite as a result of the weak repulsion 1
preventing phase separation; rather they develop the akepe
which may signal closeness to microphase separation.

Besides the long-ranged barrier, polydispersity has impor 0
tant effects on the equilibrium structure. The inset of .
displaysS; from qD = 30— 80 for the different systems. The
S_l Of_the monqd's_‘perse SyStems‘_ b_Oth W'th_ an_d without barFIG. 3: Critical §; at the boundaries of the gel phase: Black dashed-
rier virtually coincide and show distinct oscillations fitnese  goted, red full and black dashed lines mark results from (8)
wave vectors, unlike in the polydisperse case. Ind&efbr  and (C). The red diamonds indicafg at g = 0.42, which is close
(C) starts to deviate from (B) abog® ~ 12 and decays to the to the arrested state in the simulation (D). In the simutattbe pre-
noise level aboveD = 45. This rapid decay to unity in the peak aigD ~ 2.5 rises and shifts to smallegrvalues with increasing
S, of the polydisperse systems is due to slight differences impolymer concentration. The inset gives an enlarged vievhefd-
the distances where the (partial) pair correlation fumgtifor  tail where systems (A,B) show pronounced oscillationsetriay the
differently sized particles show their contact maxima. sThi Short-ranged attraction.
distribution in the contact distances leads to negativerint
ferences in the oscillatory larggpattern inS;, which gets Fig.[3 showsS; at the critical points in MCT (see talle I)
canceled in the averaged structure factor of the polydégper and in the simulation ((D)gf, ~ 0.4265). It was possible to
system. This effect of the short-ranged attraction, viz ith  take the structure factors for the MCT input directly frone th
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monodisperse simulations, because MCT predicts the statefs 1
to be nonergodic already at rather lagy, while the actual q

[ Y — (A) MCT

system only freezes at higher attraction strengths. The fea \‘l A — (B) MCT

tures discussed in respect to Hig. 2 can be recognized again \ ‘,’ ‘\ --(C)ymMCT
I\

even though the attraction strenghts vary. Whijef the sys-
tem (A) without barrier differs from the other systems at Bma \

wavevectors, polydispersity forces the avera8gadf systems 0.5 AN
(C,D) to approach unity quickly at large wavevectors. \

B. Nonergodicity parameters

From the equilibrium structure factor input of the differ- 0 : * T - -
ent systems we calculated the critical Edwards-Andersan no 0 20 48 60 80
ergodicity parametersg using Eq.[(5). The bifurcation oc- q
curs for the colloid packing fractions gf = 0.40, which has
been used throughout the analysis, at polymer concenigatio

@ = 0.2356 (A), ¢, = 0.2464 (B) andgf; = 0.3646 (C) re- g (plack dashed-dotted and red full lin) and polydisperspSC
spectively. Note that the critical polymer concentratians  (pjack dashed line). Serious differences occur, when theageS;
lower than the Crltlcadp‘f) in the simulation, system (D) Luck- of a polydisperse system is used as input to a monodispezseyth
ily, the transition point in system (A) occurs below the ierit  the shape ofq for (C) resembles more the one of a repulsive glass.
cal point, which suppresses effects from the liquid-gassep

ration. For system (B), crystallization is far too slow téeat

the tendency to freeze leads almost to a factor of 2in terms Ghere is hardly any difference between the critical polymer
attraction strengths [45]. This discrepancy has also b&en 0 concentrations in the monodisperse calculations withat (

served in former comparisons of MCT with binary Lennard-5nd with barrier (B). Fig[15 highlights the influence of the

Jones fluids [31]. barrier on the nonergodicity parametdfs The localization
The non-ergodicity parametefg, basically oscillates in  |ength as well as the attraction driven character of thesgias
phase with theS;. The shape offy serves to identify the main unchanged. A significant effect could only be observed

leading mechanism for the freezing. A repulsion driven-ran ijn the vicinity of the prepeak and the primary peak, whéye
sition creates arfg with pronounced peaks and lower val- giso changes. Domains of higher wave vectors stay pragtical
ues for small wave vectors. Characteristically, it decesas ynaffected (see also Figl. 4). This indicates that the modes o
quickly to zero for increasing. The width offq as function  the low angle g-peak, which is related to the void structure
of g can be taken as a measure for the localization length thafeen in the simulations, follow the relaxation of an atfract

describes the spatial extent that a single particle caroexpl driven glass without dominating it. It is dominated solejy b
within its glass cage. For repulsion driven glass trans#tio |argeqmodes.

one generally finds a localization length of the order of the
Lindemann-length, viz. a value around a tenth of the aver-
age particle separation [38]. If attraction drives the $ition,

FIG. 4: Critical nonergodicity parametef§ at the transition in the
simulation (D) (red diamonds), from MCT with monodisperaeR)

the critical nonergodicity parameters have higher valueb a C. Critical Amplitudes and Von-Schweidler-Law
smaller localization lengths, showing up in much widér _ _ N
distributions than for repulsion driven nonergodic stafiise Asymptotic expansions of Eq[](5) around the critical

width of fq as function ofg is now set by the attraction range. plateaufg introduce the critical amplitudlg in linear order

In our analysisf§ compares quite well with the simulation re- of the so-called3-process. During thg-process, the dynam-
sults for those models where an attraction driven largekq taics on all length scales is strongly coupled. The amplitiigle

is present inS, (see Fig.[#). The MCT calculation for the measures the participation of the correlator at waveverior
polydispersity-smeared-of gives far too smallf§ and too this process. ThB-process describes the rate limiting process
large localization lengths what resembles more results fro of glassy arrest, as here glassy and fluid dynamics startto de
repulsion driven systems. We conclude from the agreememtiate. The amplituddy thus provides important information
between thef¢ from simulation and the MCT calculations on the physical mechanism causing glassy arrest. It gdyeral
with attraction-driven largettails in S, that the simulations ~ exhibits a minimum as function af at the maximum offg,
exhibit an attraction driven glass transition or what copéd  which describes the stucture that gets frozen in at the glass
referred to as a gel. Note that this good agreement is fountiansition.

despite the overestimate of the critical attraction, he.ttan- From simulation data,hq can be obtained via von-
sition is wrongly located but its principal property is cectly ~ Schweidler fits to correlators. Tab[é | reveals that in the
predicted. present case these fits require somewhat smaller critical ex
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N ‘ ' ‘ ' Von Schweidler's law®q(t) = S — hy(t/1)P from Eq. [8),
P SN ». q q q
fq J N 4e " #-+ (D) simulation Sq gives a much stronger initial relaxation of the frozen-inust
0.0t~ e e - Eg; mg ture forgD < 30 in the simulations than in the MCT calcula-
N L 4 . . . .
- -2 tions. In the simulation the smadjmodes decay with a larger
i r N . amplitude during th@-process. The overestimate of the sta-
08 i A - . bility of the incipient glassy structure on length scalegéa
L N than corresponding to the average particle position inea
0.7|F I\ e SN that MCT misses some of the larger-distance relaxation mech
; ' \ & ~, anisms. Nevertheless, the possibility to match a common von
06k i = N el Schweidler series Ed.](8) to the correlators at large andl sma
N /,/ \ wavevectors [29] supports our conclusion from Sect. B that
g AN the structural relaxation for adjis enslaved to local bond for-
L | L | L H
0.5O 10 20 36) mation. _
qD The underestimate dfy at low g suggests that MCT un-

derestimates the contribution of the repulsion driven mech
FIG. 5: Enlarged view of the nonergodicity parameters of. |y~ anism of vitrification in the present system. Apparently, in
and structure factors in the logregion: Minor differences irf  the simulatated system attraction driven and repulsioredri
show up in the regiogD < 10 only, where also the inp&, differs  glass transition compete, and both transition lines arseclo
considerably. Simulation data ((D) red symbols) agreeitislely  OQur quantitative MCT calculations (erroneously) positiba
with the model calculation (B) including the barrier. system too far from the repulsive transitions. Within MCT, a

higher order singularity appears in the vicinity of the megg

of the two glass transition lines, signalled by= 1. Indeed, a
ponentsb compared to all MCT calculations (A-C). This is |argerA exponent is observed in the simulations compared to

consistent with the observation, see below in Sect. E, et t the MCT calculations, which glassify due to bond formation
relaxation appears to be somewhat more stretched in the singpely.

ulation than predicted by MCT.

h | ¢ +-+ (D) simulation | D. a-relaxation times
a & — (A MCT
i — §B; MCT
e -- (C)MCT
s T 100 ‘ ‘

\ +— (D) simulation

M .= (AYMCT 10 T 1

| E
80| ~ 1
17 f 7
< ri i 1 1
H 1
& 60[-! 3 3
a F i
A=) [ 1
~°40 *
o8 & EN
0 20 40 60 80 \ o 1]
qb 20 N/ 100
FIG. 6: Critical amplitudes in simulation (D) (red diamohdsd 0 Sy N
MCT (A,B,C) (black dashed-dotted, red full, black dashddse to 0 10 20 30
dynamic arrest. Because of the differentimes in simulation and qb
theory the MCT-results for (A,B) were scaled on the simolatie-
sults. FIG. 7: a-relaxation timestq in MCT for the systems (A),(B),(C)

(black dashed-dotted, red full, black dashed line) andérptblydis-

The critical amplitudes in Fidll 6, which are associated withperse simulation ((D) red diamonds). The curves are noredlto
the calculations where the attractions dominate (A,B)erll  the value oftq atqD = 22.7. In the inset, the results for models (A)
hibit a very broad peak in g. This shows that very local mo-2nd (B) and simulation (D) are shown Tlﬁ’log-_log plot. Thaigfnt
tion takes part in th@-relaxation of an attraction driven glass I'r':e gives the g_symptonc Eeh?;'l:& =4d bva_hd (fjor largeq \lN'th
transition. The presence (in (B)) or absence (in (A)) of e p the corresponding von Schweidler= 0.37 obtained previously.
peak does not influendg beyond tiny changes faiD < 10.
MCT thus correctly identifies local bond-formation as thiera  The criterion for quantitatively defining the-relaxation
limiting step during thg-process. MCT underestimategin  times is somewhat arbitrary. We chose the definition
the g-range belowyD = 30 and thus overestimates the stability
of the glassy structure on intermediate and long lengttescal Dqy(1q) =X fg, (20)
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for the a-relaxation times, where in the theoXy= 0.05 and F
in the simulationX = 0.50. The latter choice was required o® [ NN e _— — (D) simulation
because of the limited simulation time, but incurs large¥ co . T (B) McT
rections to the values af; arising from faster relaxation pro- N
cesses. The different definitions are reconciled in the¥al| NN
ing comparison by normalization of the times,/tqp—227, VN
which brings out theg-dependence. The-relaxation times 05 .
Tq generally vary in phase with the nonergodicity parameter .
fg and the structure factd®;,, a phenomenon often referred B
to as de Gennes narrowing. Repulsion driven glass transitio
display the largestq at the principal peak ir%;, which in-
dicates that the cage formed by the particle’s next neighbor
induces the dynamical arrest. Here on the contrary, the-slow
est relaxation takes place either (i) at the prepeak, when th 0— 1(;2 e 10° 102 “10
barrier causes void formation, or (ii) for— 0 in model (A) t
without barrier on approaching the phase separation region

FigurelT givesi-relaxation times calculated from the above FIG. 8:  Density correlation functions in simulation ((D)dre
definition and normalized to their valuegd = 22.7. INMCT  solid lines) and MCT calculations in model (B) (black dashed
for models with barrier (B,C) one finds that the slowest modedines): The horizontal black bars indicate the criticaltpéau val-
are connected with the prepeak. In model {Aflecreases by ues of fg in MCT. The wavevectors from bottom to top ag® =
more than a factor 2 at thqs when the prepeak |8:] is elim- 57.1,45.9,33.9,22.7,125. The ShO.I"[ time diffusion coefficient was
inated. The simulations, however, do not allow to check thisset toD%/D? = 0.133. The theoretical curves correspond to a poly-
difference, but only show that the slowest modes are thosB'er concentration a, = 0.2461, which means a separation param-
with gD < 2. Nevertheless, the different dynamics at smallfEter of allbOUEMCT = —0.001. Ihg zlzmulﬁ_n%n results wzre obtained
g has no further impact on the dynamics at largein the ;;EOF;IO ymer conceqtrahim? — 042, which corresponds to a sep-
) . parameter &kjmy= —0.015.
inset of Fig[T thetrq for all models agree at largg where
the power-lawtg ~ q /P is also tested. It holds nicely in the
simulation data, with the von Schweidler exponent obtained
from the fitting of the correlation functiondt= 0.37. MCT

explainstg for larger wave vectors quite well, though small 1 the simulation values\gD + 0.1). The separation parame-

systematic deviations emerge because of the differen¢®in t o for the MCT calculation was adjusted so that the stradtur
von-Schweidler exponents between simulation and calculgg|axation can be compared most succinctly.

tions, models (A), (B) and (C). Let us note in passing that the
asymptotic behaviorg ~ q~/° holds earlier in the polydis-
perse MCT calculation (C) (not shown), then in the monodis
perse ones (A) and (B), where deviations are still noticeabl
in the inset of Figl. 7. This appears to support the probaailis f¢ including some part of the approachftpfrom above. The
interpretation of the Kohlrausch law within MCT[38]40].  gimulation data exhibit damped vibrational motion on short
We conclude tha_t the void structure is completely enslavegme scales. This is neglected in EG (2), which therefore ca

by the bond formation on local length scales. Even though thescribe the dynamics only at later times. It is only thigetr
dissolution of the void structure is the slowest processe8 15| relaxation that MCT addresses and thus the modelting a

no evidence for a significant influence of the voids on the 10-ghrt times is done as simply as possible. We do not attempt
cal dynamics. Local bond formation proceeds identically ing, (a) include vibrational motion, (b) capture the separatif

systems (B,C,D) with barrier and void pre-peakSp and in  short time and long time dynamics quantitatively, but (dyon
system (A) without barrier and void-correlation pealSip consider the shape of the structural relaxation in the fotig
comparison.

nESRETIT

4
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The correlators from simulation in Fi§] 8 show a two-step
Telaxation process with the finatrelaxation from the plateau
of height f§. TheB-process describes the dynamics close to

E. Correlation functions The results highlight the strong g-dependence of the struc-
tural relaxation. In addition a strong stretching, i.e. fion
For an inclusive check of the results beyond asymptotic exexponentiaki-relaxation is also observed. According to dif-
pansions we compare MCT-correlators for a finite distancderent von-Schweidler exponents lof= 0.37 in the simula-
from the critical point obtained as full solutions to the aqu tion andb = 0.54 in MCT the simulation results appear some-
tions [2E4). The fact that in simulations only finite distaec what more stretched. Nevertheless, the local dynamicsievhe
from the transition point are accessible necessitatestims  the bond formation can be directly seen, is well described by
parison. We used the monodisperse model (B), because it prdCT. Amplitude and shape of the-process are rather well
vides reasonable nonergodicity parameters and contans tltaptured, as would become even clearer if simulations close
barrier like the simulation (D). The wave vectors for the to the transition could be performed. But for the dynamics on
MCT-correlators have been chosen to be as close as possib@ger scales only qualitative statements can be made .
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VI. CONCLUSIONS culations for the attraction driven glass transition. Taikelr
is caused by local bond formation apparent in all quantétes
Glass transitions within MCT are bifurcation points in large wavevectors. We conclude that the mesoscopic mode is

the equations of motion of the structural relaxation. While€nslaved to the formation of physical bonds, and that this lo
the equilibrium structure of the considered glass formingc@l process is not affected by the larger-scale heteroesiei
fluid changes smoothly, the dynamics slows down signifi-of the system. MCT quantiatively captures local bond for-
cantly and a metastable glassy structure comes into egisten Mation but somewhat overestimates the stability of thesglas
The bifurcation transitions of MCT contain universal signa On larger length scales. Still, the mechanism of arrestén th
tures, like von Schweider’s law that is the origin of the non-dispersion at intermediate density is the attraction drivee
exponentiality of the (final oa-) structural relaxation. Non- discovered in MCT at higher densities. _
universal amplitudes, like the critical glass form facfgror The role of polydispersity in MCT calculations was also
the critical amplitudeng entering von Schweidler's law, con- considered. Averaged structure factors of polydisperse sy
tain the information in MCT about the physical mechanismstéms miss the large-tail indicative of short ranged attrac-
causing arrest. tions. Thls arises from_ negative mterfe_rence of the vagiou

We considered the wavector dependencéffhg, and of contnbutlon.s fro_m particle-pairs with different contadit-
the o relaxation timestq in order to discover the origin of tances. While this prevents the use of averagidom poly-
glassy arrest in colloidal dispersions of particles witlorsh ~ disperse systems to capture an attraction driven glass tran
ranged attractions at intermediate packing fractions. Théition, it does not imply that the vitrification mechanism in
study was motivated to gain insight into the connection bePolydisperse systems is different. Rather the actual pelyd
tween attraction driven glass transitions at higher dimssiind ~ Perse system exhibits bond formation, and can be described
colloidal gelation at lower ones. We looked at simulatiohs o quantitatively within MCT using the appropriagg from, for
a model system where particles interact additionally with g€xample, the corresponding monodisperse system.
weak long-range repulsive barrier. Acknowledgments

Structure factorss; directly taken from simulations were
used as the only input to MCT, in order to study the impor- We thank M. Cates for valuable discussions. This work
tance of the mesoscale gel-like structure indicated by a prevas supported by 'Acciones Integradas Hispano-Alemanas’
peak in&,. It arises in the simulations from the long-ranged of the DAAD, by the IFPRI-initiative 'Gelling Systems’, and
repulsive barrier that suppresses gas-liquid demixingis Th by the DFG grants SFB 513, International Training Group
mesoscale peak is the slowest mode in the system, as the voie67, and SP/714-3. AMP acknowledges financial support
structure takes the longest time to dissolve. Yet, we fintl thafrom the MEC under project MAT2006-13646-C03-02, and
the existence of the pre-peak$y does not affect MCT cal- JB acknowledges financial support by the IUF.

[1] W. C. K. Poon, J. Phys.: Condens. Matiet, R859 (2002). [15] K. Dawson, G. Foffi, M. Fuchs, W. Gotze, F. Sciortino,
[2] P. N. Pusey and W. van Megen, Nat@®20, 340 (1986). M. Sperl, P. Tartaglia, T. Voigtmann, and E. Zaccarelli,
[3] K. N. Pham, A. M. Puertas, J. Bergenholtz, S. U. Egelhaaf, Phys. Rev. B63, 011401 (2001).

A. Moussaid, P. N. Pusey, A. B. Schofield, M. E. Cates,[16] J. Bergenholtz, W. C. K. Poon, and M. Fuchs, Langniy

M. Fuchs, and W. C. K. Poon, Scien2@6, 104 (2002). 4493 (2003).
[4] K. N. Pham, S. U. Egelhaaf, P. N. Pusey, and W. C. K. Poon,[17] B. Ahlstrom and J. Bergenholtz, J. Phys.: Condensté14n,
Phys. Rev. 59, 011503 (2004). 036102 (2007).
[5] T. Eckert and E. Bartsch, Phys. Rev. L&9, 125701 (2002). [18] S. Manley, H. M. Wyss, K. Miyazaki, J. C. Conrad,
[6] P. N. Segre, V. Prasad, A. B. Schofield, and D. A. Weitz, V. Trappe, L. J. Kaufman, D. R. Reichman, and D. A. Weitz,
Phys. Rev. Lett86, 6042 (2001). Phys. Rev. Lett95, 238302 (2005).
[7] H. Sedgwick, S. U. Egelhaaf, and W. C. K. Poon, J. Physn-Co [19] H. Verduin and J. K. G. Dhont, J. Colloid Interface Stv.2,
dens. Matted 6, S4913 (2004). 425 (1995).
[8] P.J. Lu, J. C. Conrad, H. M. Wyss, A. B. Schofield, and D. A. [20] S. A. Shah, Y. L. Chen, K. S. Schweizer, and C. F. Zukoski,
Weitz, Phys. Rev. Let96, 028306 (2006). J. Chem. Physl18, 3350 (2003).
[9] F. Sciortino, A. Belloni, P. Tartaglia, Phys. Rev. 2, 4068 [21] A. Stradner, H. Sedgwick, F. Cardinaux, W. C. K. PoonUS.
(1995). Egelhaaf, and P. Schurtenberger, Na#gg 492 (2004).
[10] V. Gopalakrishanan, C.F. Zukoski, Phys. Rev7g 021406 [22] W. C. K. Poon, A. D. Pirie, and P. N. Pusey, Faraday Discus
(2007). 101, 65 (1995).
[11] L. Fabbian, W. Gdtze, F. Sciortino, P. Tartaglia, and FRiery, [23] J. Wu, Y. Liu, W. R. Chen, J. Cao, and S.-H. Chen, Phys. Rev
Phys. Rev. 59, R1347 (1999). 70, 050401(R) (2004).
[12] L. Fabbian, A. Latz, R. Schilling, F. Sciortino, P. Tagtia, and  [24] R. P. S. W. M. Gelbart, J. Chem. Phyd.0, 4582 (1999).
C. Theis, Phys. Rev. BO, 5768 (1999). [25] M. Carpineti, M. Giglio, Phys. Rev. Let68, 3327 (1992).
[13] J. Bergenholtz and M. Fuchs, Phys. RelbE 5706 (1999). [26] E. Zaccarelli, I. Saika-Voivod, S.V. Buldyrev, A.J. lveno, P.
[14] J. Bergenholtz, M. Fuchs, and T. Voigtmann, J. Phys.n-Co Tartaglia, F. Sciortino, J. Chem. Phyi24 124908 (2006).

dens. Matted 2, 6575 (2000). [27] P.I. Hurtado, L. Berthier, W. Kob, Phys. Rev. Le38, 135503



10

(2007). mer Schools of Theoretical Physiqp. 287-503.
[28] A. M. Puertas, M. Fuchs, and M. E. Cates, Phys. Rev. B&t. [38] W. Gotze and L. Sjogren, Rep. Prog. Phy5,. 241 (1992).

098301 (2002). [39] T. Franosch, M. Fuchs, W. Gbtze, M. R. Mayr, and A. PgBin
[29] A. M. Puertas, M. Fuchs, and M. E. Cates, Phys. ReG7E Phys. Rev. 555, 7153 (1997).

031406 (2003). [40] M. Fuchs, J. Non-Cryst. Solids72—174 241 (1994).
[30] A. M. Puertas, M. Fuchs, and M. E. Cates, J. Phys.: Con{41] W. Gotze, J. Phys.: Condens. Matfel; A1 (1999).

dens. Matted 9, 205140 (2007). [42] J. M. Méndez-Alcaraz and R. Klein, Phys. Rev.6E 4095
[31] M. Nauroth and W. Kob, Phys. Rev.%5, 657 (1997). (2000).
[32] E. Flenner and G. Szamel,Phys. RewZ 031508 (2005) [43] A.M. Puertas, M. Fuchs, M.E. Cates, J. Phys. Chenl1B
[33] A. Winkler, A. Latz, R. Schilling, and C. Theis, Phys.\R& 13220 (2006).

62, 8004 (2000). [44] M. Fuchs, W. Gotze, I. Hofacker, and A. Latz, J. Physan€
[34] F. Sciortino and W. Kob, Phys. Rev. Le86, 648 (2001). dens. MatteB, 5047 (1991).

[35] T. Voigtmann and J. Horbach, Europhys. L&, 459 (2006). [45] M. Sperl, Phys. Rev. B9, 011401 (2004).

[36] A. Meyer, J. Horbach, W. Kob, F. Kargl, and H. Schober, [46] G. Foffi, W. Gotze, F. Sciortino, P. Tartaglia, and Tigonann,
Phys. Rev. Lett93, 027801 (2004). Phys. Rev. 59, 011505 (2004).

[37] W. Gotze, inLiquids, Freezing and Glass Transitioedited by  [47] F. Sciortino, S. Mossa, E. Zaccarelli, and P. Tartaglia
J. P. Hansen, D. Levesque, and J. Zinn-Justin (North Holland Phys. Rev. Lett93, 055701 (2004).
Amsterdam, 1991), vol. Session LI (1989).a&fs Houches Sum-



	Text13: 
	Text14: First publ. in: arXiv:0705.0637v1
	Text15: Konstanzer Online-Publikations-System (KOPS)
URL: http://www.ub.uni-konstanz.de/kops/volltexte/2007/3835/
URN: http://nbn-resolving.de/urn:nbn:de:bsz:352-opus-38356


