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Rotational dynamics and aging in a magnetic colloidal glass
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We follow here the freezing of the orientational degrees of freedom of strongly interacting magnetic and
charged nanoparticles, as the colloidal glass transition is approached. Using a magnetoinduced birefringence
technique, we show that the rotational dynamics drastically slows down following a Vogel-Fulcher law. More
precisely, this slowing down occurs above a volume fraction threshold ¢*, the value of which depends on the
range of electrostatic repulsion between nanoparticles. An interpretation in terms of effective spheres, slightly
anisotropic, is proposed. The aging of the rotational dynamics of the more concentrated samples is reported on
long time scales, with an exponential growth of the rotational characteristic time with the age 7,, of the sample.
An attempt of age rescaling at different volume fractions leads us to introduce a ¢-dependent “birth age” 7, (),
which diverges analytically at the Vogel-Fulcher volume fraction.
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I. INTRODUCTION

In a wide sort of disordered materials, the fluid-solid tran-
sition breaks the ergodicity, leading to an amorphous glassy
state, out of the thermodynamical equilibrium. Approaching
this glass transition, the dynamics of the system drastically
slow down and aging processes are encountered. This field of
research is presently very active, because numerous ques-
tions about the physical nature of the glass transition are still
open. The universal character of the glass transition, the
physical origin of the slowing down and a scaling interpre-
tation of aging are, for example, points that need to be fur-
ther explored.

Several conceptual and theoretical advances have ex-
tended the degree of universality of the glass transition: the
Mode Coupling Theory (MCT) [1] predicts both in molecu-
lar and colloidal glasses a divergent relaxation time at a criti-
cal temperature (for molecular systems) or a volume fraction
(for colloidal glasses). The concept of “jamming” [2] has
extended the glass transition to granular matter and to
sheared soft matter. Moreover, formal analogies between
spin glasses dynamical equations and MCT ones have been
revealed [3]. However, even inside the “soft glass family”
(colloidal glasses, gels, micellar systems...) some dynamical
differences do emerge [4,5]. The diversity of interaction po-
tential between particles in soft systems (being attractive in
gels or repulsive in glasses) could be an argument for these
discrepancies.

The origin of the slowing down accompanying the glass
transition is widely debated and has been recently related to
the growth of dynamically correlated domains imposing slow
and heterogeneous relaxations in the system [6]. Experimen-
tally, soft glasses are suitable systems (thanks to the size of
their elements) to study the nature of the glass transition
dynamics, using light scattering technique [7] or confocal
microscopy [8]. Heterogeneous and slow dynamics have
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been reported, both in gels [9] and repulsive glasses [10-12].
However, these results only concern the translational dynam-
ics of the particles. Whereas rotational dynamics of molecu-
lar glasses has been well explored (using, for example, di-
electric relaxation techniques [13,14]), only scarce results
concern the rotational freezing of colloidal glasses or gels
[15]. On the theoretical side, the origin of the freezing of the
rotational dynamics is always unsurprisingly linked to a
strong anisotropy of the interaction potential [16,17]. How-
ever, recent results of MCT for a nearly spherical particle
dispersed in an isotropic glass of hard spheres [18,19] have
extended this problem: the rate of anisotropy has to be incor-
porated in the rotational dynamics.

As glassy systems are out of thermodynamical equilib-
rium and present slow relaxation times, their physical prop-
erties strongly depend on the elapsed time since they have
overpassed the glass transition. They age. An important goal
is to find a temporal scale invariance allowing to describe
dynamical properties of the systems at any age. Such a res-
caling has been done, for example, in spin glasses [20],
where a power-law rescaling has been proposed. However,
the interesting question of age scaling in other disordered
systems is not clear yet [21]. Indeed, in soft glasses, experi-
mental results are controversial: for the translational dynam-
ics, there are some discrepancies between the different ex-
periments performed [5]. For its part, the rotational aging in
colloidal glasses is almost absent of recent investigations.

We focus here on these questions, organizing the paper as
follows: in the first part, we shall present the dispersions of
magnetic nanocolloids (also called ferrofluids). We shall see
that ferrofluids are indeed singular systems to study the uni-
versal character of the glass transition. In the second part, we
show that the original magneto-optical properties of the fer-
rofluids allow to study the rotational dynamics of the nano-
particles along the colloidal fluid-solid transition. In the third
part, the long-time aging of the rotational dynamics and its
associated rescaling are presented for different volume frac-
tions. The paper then ends on a discussion of these results
emphasizing the specificities of rotational dynamics and the
influence of the interparticle interaction potential and its an-
isotropy. Finally, the introduction of an effective age depend-
ing on the volume fraction is discussed.
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TABLE 1. Properties of the ferrofluid nanoparticles used in this
study. The diameter d=exp[<In(D)>] and the size polydispersity o
are extracted from magnetization measurements adjustment with a
lognormal distribution of diameters D. dng is the mean optical an-
isotropy of the nanoparticles.

d
Nanoparticles (nm) o Sy
A 9.5 0.35 0.14
B 7 0.3 0.11
C 9 0.28 X

II. FERROFLUID’S PROPERTIES

A. Synthesis and phase diagram

The studied ionic ferrofluids are stable dispersions of
magnetic nanoparticles, chemically synthesized in the labo-
ratory following Massart’ s procedure (for general properties
of the ferrofluids, see [22]). In the present work, we report
results on dispersions of maghemite nanoparticles, with a
mean diameter d~ 10 nm, electrostatically stabilized thanks
to the adsorption of charged citrate species on their surface.
The nanoparticles are ferrimagnetic nanocrystals of size
smaller than Bloch’s Walls and can thus be considered as
magnetic monodomains bearing an important magnetic mo-
ment 4. Its modulus || is here on the order of 10%u,
=m,V, where m, is the saturation magnetization of a nano-
particle, V the volume of the nanoparticle.

In the infinite dilution limit, such a ferrofluid can be seen
as a dispersion of noninteracting nanoparticles, statistically
independent. From the magnetic point of view, the dispersion
is composed of non interacting magnetic moments and is
paramagnetic: in the absence of external magnetic field, the
whole dispersion has a null magnetization. When a magnetic
field is applied, the magnetization of the dispersion follows a
Langevin’s law. As the magnetic moment of a nanoparticle is
proportional to its volume, the fit of the magnetization by a
Langevin’s law weighted by a log-normal distribution of di-
ameters is a way to determine the nanoparticle size distribu-
tion of the ferrofluid [22]. The mean diameter and the size
polydispersity of the nanoparticles in our samples are deter-
mined in this way and are reported in Table I.

If one increases the volume fraction of nanoparticles in
the dispersion, the interaction between nanoparticles is no
longer negligible and is rather complex, being composed of
(i) Van der Waals attraction, (ii) electrostatic repulsion, that
can be screened by the presence of free ions in the solution,
and (iii) anisotropic magnetic dipolar interaction. However, a
chemical control of the dispersion allows increasing the
weight of electrostatic repulsion with respect to the other
interactions leading to a Yukawa-like repulsive interparticle
potential [23], as in the general case of charged colloids.
Previous studies have shown that imposing an ionic strength
(screening the electrostatic repulsions) and an osmotic pres-
sure IT in the dispersion determines an equilibrium state with
a given volume fraction ¢. This is experimentally performed
by using an osmotic compression technique : the ferrofluid is
put in a dialysis bag (Spectrapore, 12—14 kDa), which mem-
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FIG. 1. (Color online) Colloidal phase diagram in the osmotic
pressure-volume fraction plane. Phases (G)=gas; (L)=liquid; (F)
=fluid; (S)=solid. Crosses indicate the coexistence curve. The box
(CP) and the arrow indicate the critical point. Dotted black lines are
guides for the eyes delimiting different phases. The green dashed
line is the “perfect gas™ line, corresponding to a null value of the
second virial coefficient A,. Red circles and blue triangles (open
and full) are samples used in this work. Their properties are detailed
in the legend. Full lines are guide for the eyes at constant citrate
concentration [cit]. The star indicated by an arrow corresponds to a
glassy ferrofluid, the translational dynamics of which was exten-
sively studied in our previous studies (Refs. [10,25]).

brane can be crossed by the smallest molecules (water, ions)
but not by the largest ones (nanoparticles, polymers). The
osmotic pressure is then imposed by the mass concentration
of polymers (dextran, M=500 kg-mol~', Amersham Bio-
science) dispersed in the external bath, the ionic strength
being imposed independently by the concentration of the
electrolyte (here the free trisodium citrate ions [cit]). The
duration of the osmotic compression is fixed at three weeks,
after which the thermodynamical equilibrium is reached for
fluid samples. After this period, the volume fraction is deter-
mined by the chemical titration of iron in a known volume of
ferrofluid. This protocol is maintained for highly concen-
trated ferrofluids for which thermodynamical equilibrium is
hardly definable or reachable. Note however that for very
concentrated ferrofluids, the high viscosity of the sample ex-
cludes this method. Then, a density measurement must be
used to determine the volume fraction.

A “P-V-like” colloidal phase diagram of the system has
been built up in the I[T-¢ plane as reproduced in Fig. 1.
First, let us remark that this diagram can be divided in two
parts by the “perfect gas” IIV=¢ksT line, where V is the
volume of the nanoparticle. In the upper part of the diagram,
the global interparticle potential is repulsive whereas in the
lower part it is attractive. Secondly, the reported phase be-
haviors of the ferrofluids in the IT—¢ plane reveal strong
analogies with molecular systems: (i) a demixion is observed
at low volume fractions with a liquid-gas transition and a
critical point at the maximum of the coexistence curve [23].
(ii) At high volume fraction, a macroscopic fluid-solid tran-
sition is observed at which various macroscopical aspects are
reported [24]. Ferrofluids used in the present work are all in
the repulsive part of the colloidal phase diagram, but varia-
tions in the strength of the interparticle repulsions are con-
sidered.

041504-2



ROTATIONAL DYNAMICS AND AGING IN A MAGNETIC...

At high volume fractions, the samples are macroscopi-
cally solids. However, as shown in [24], their local static
structure, determined by Small Angle Neutron Scattering
(SANS), reveals the absence of long range order in the dis-
persion. Indeed, the size polydispersity of the nanoparticles
avoids any crystallization process and a fluid-like structure is
observed whatever the value of the volume fraction. More-
over, even for highly concentrated ferrofluids, the shape of
the static structure factors is typically that of repulsive
glasses and rules out the presence of giant aggregates in the
dispersion.

Because of their strong analogies with molecular systems,
the concentrated ferrofluids are exemplary colloidal glasses.
Furthermore, as in these colloidal glasses the particles are
nanometric, ferrofluids extend the study of the colloidal glass
transition, from micronic down to nanometric lengthscales.
Last their chemical control allows a tuning of the interpar-
ticle interaction and thus permit to target its role on the dy-
namical slowing down in glass-forming dispersions. Let us
see in the next part how the original properties of ferrofluids
allow measuring their rotational dynamics.

B. Magnetoinduced birefringence

From an optical point of view, ferrofluids can be consid-
ered as either homogeneous or heterogeneous media in re-
gard to the wavelength of the incident radiation. Using vis-
ible light, ferrofluids are homogeneous and isotropic media,
in the absence of a magnetic field. When an external mag-
netic field is applied, these dispersions become optically an-
isotropic, the optical index of the medium being different in
the directions parallel or perpendicular to the field. A macro-
scopic birefringence is then induced by the magnetic field
and its value depends on the strength of the field [26]. This
macroscopic birefringence has a microscopic origin: each
nanoparticle bears an optical uniaxial anisotropy dny,.

Whereas the precise origin of this microscopic birefrin-
gence is presently still unclear (but probably linked to a
small shape anisotropy associated to surface effects [26]), it
has been shown that the macroscopic birefringence of a re-
pulsive dispersion is created by a mechanical orientation of
the optically anisotropic nanoparticles. When a magnetic
field is applied, the magnetic moments u of the nanoparticles
tend to align along the direction of the field. It also mechani-
cally aligns the bodies of the nanoparticles along the field, as
the orientation of 4 is linked to the crystalline axis of the
nanoparticle by the anisotropy energy. Indeed, the nanopar-
ticles are dispersed in a liquid matrix and are—in the dilute
regime—able to rotate freely in order to minimize their free
energy. The equilibrium state in presence of a magnetic field
then corresponds to a partial orientation of the nanoparticles
and the birefringence measurement is a way to study the
orientational degrees of the nanoparticles. More precisely,
this magnetoinduced birefringence corresponds to the orien-
tation of the polarization tensor, and an appropriate time cor-
relator of this quantity can be written as

Cy(1) =(Py(e,(1) - e0))), (1)

where P, is the second Legendre polynom and ¢&; the direc-
tion of the optical axis of the i nanoparticle.
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Using an experimental setup fully described elsewhere
[27], we are also able to measure the rotational dynamics of
the nanoparticles. The sketch of the experiment is the follow-
ing: a magnetic field of low intensity Hy~ 2 kAm~! is ap-
plied during the time T,. If 7, is long enough, the partially
oriented stationary state is reached and the dispersion carries
a static birefringence An,. After T, the field is switched off
and the birefringence relaxation is recorded. In dilute disper-
sions, the nanoparticles are independent and relax towards
random orientations. The new macroscopically isotropic
equilibrium state is reached by brownian rotational diffusion
of the nanoparticles. If in addition the ferrofluid is monodis-
perse, the relaxation of the induced birefringence is exponen-
tial with a characteristic time 75

An(f) = Ange™"™® (2)
V,

=0t )
B

with 7, the viscosity of the solvent and V), the hydrodynamic
volume of the particles. However, the nanoparticles are not
monodisperse, and a weighting by the size distribution must
be considered. To take in account this effect of the polydis-
persity, we have used stretched exponential to adjust birefrin-
gence relaxations. For the ferrofluid A of polydispersity o
=0.3, with the volume fraction ¢=1%, we have found a
rotational time 7,=~6 wus and a stretching exponent a=0.8,
close to the value a=1 expected for a dilute monodisperse
sample.

III. RESULTS
A. Rotational dynamics of concentrated ferrofluids

The rotational dynamics of ferrofluid A, in the volume
fraction range 1 %—30 % and with an ionic strength [cit]
=0.03M are studied using the dynamic birefringence tech-
nique introduced in Sec. II B. Our experimental protocol is
the following:

(i) The experiment is performed right after the ferrofluid
extraction from the compression bath, to avoid any aging
processes before the measurement. During the experiment
the sample is put in an optical cell (e=10 wm). The time
elapsed between the cell preparation and the experience is
found to be unimportant (up to one day after the cell prepa-
ration).

(ii) All experiments described here are performed with the
same magnetic field (Hy=2 kAm™') leading to a birefrin-
gence Any(¢). An increase in the field intensity
(80 Am~'-8 kAm™') has for consequence to raise the bire-
fringence Any but has no effect on the dynamics, confirming
the linearity of the measured response.

(iii) The duration of the magnetic pulse 7), is adjusted to
reach a stationary birefringence state (experimental range:
1 ms—2 s). However, this is not possible with the most con-
centrated ferrofluid (¢=30% for ferrofluid A). In this latter
case, the duration of the pulse is fixed to 7,,=2 s. The relax-
ation of induced birefringence (normalized by An,) at differ-
ent volume fractions and the values of the birefringence An,
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FIG. 2. (Color online) (a) Normalized birefringence relaxations of ferrofluids A at different volume fractions (increasing from left to
right). The initial time =0 is defined when the magnetic field is cut off. (b) Normalized birefringence Any/ ¢ for the same magnetic field
value H=2 kAm™' as a function of the volume fraction ¢. The value of ¢* is indicated by an arrow. Inset : An;/ ¢ and An,/ ¢ as a function
of ¢. Dotted and dashed lines are guides for the eyes.

after the time T, normalized by ¢, are both reported in An(?)

Fig. 2. An
A slowing down of the rotational dynamics is indeed ob- 0

served in the birefringence relaxations, while increasing the  Inset of Fig. 2 plots the ¢ dependence of the two contribu-

=Ae™ M+ (1 =A)e ™), (4)

volume fraction. Let’s perform a more quantitative analysis: tions An;=AAn, and An,=(1-A)An,,.
(i) For dilute ferrofluids, the value of Any is expected, at (iii) In the fitting process, the short characteristic time 7,
the first order, to be proportional to the volume fraction ¢. g get constant to its value at low volume fraction, while the

Only slight deviations to such a behavior are observed, up to glow contribution is adjusted through the parameters A, 7,
a certain volume fraction ¢" above which Ang/ ¢ suddenly 34 @, The evolution of the fit-parameters 7, and a with the
collapses. This expresses the freezing of the orientational  yo1yme fraction are reported in Fig. 3. If the volume fraction
degrees of freedom of the nanoparticles at the experimental  jq pejow ", the rotational characteristic time 7, only slightly
time scale. For ferrofluid A with the 19nlc*strength [eit]  increases, in agreement with numerical simulations per-
=0.03M, the value found experimentally is ¢"~25%. formed in reference [28]. On the contrary, for volume frac-

(i) For dilute ferrofluids, we have previously argued that . larger than ¢, 7, drastically raises up (by about four

the magnetoinduced birefringence relaxations are nearly ex- decades in time). An adjustment by the semiempirical Vogel-
ponential, traducing a brownian rotational dynamics. How- Fulcher law on the whole concentration range

ever, for concentrated ferrofluids, the shape of the relaxations

. . . [ v

is modified and becomes clearly nonexponential. While in- ~ <_¢ _¢)
. . X () =T\ %0 (5)

creasing the volume fraction, the relaxations become more

and more stretched but still keep a short time exponential indicates a divergence of the rotational characteristic time for

component. For this reason we fit the relaxations with the the volume fraction ¢y=30=* 1%. Precisely, for the sample

following function: ¢=30%, no stationary birefringent state can be reached after
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FIG. 3. (Color online) (a) Rotational characteristic time 7, extracted from the fit of birefringence relaxations of Fig. 2 as a function of the
volume fraction ¢. The open symbol is the sample at volume fraction ¢=30% for which no stationary birefringence can be reached after a
pulse of magnetic field. The dashed line is a Vogel-Fulcher fit of the data. Inset: Evolution of the stretched exponent « as a function of the
volume fraction. The dotted line is a guide for the eye. (b) Increase in the magnetoinduced birefringence for the sample ¢p=30%, for the same
magnetic field intensity but different values of 7}, (increasing from left to right). The initial time #=0 is defined when the field is turned on.

041504-4



ROTATIONAL DYNAMICS AND AGING IN A MAGNETIC...

TABLE II. Experimental values of the volume fractions ¢* ob-
tained for the different ferrofluids A, B~ and B* and C, the charac-
teristics of which are indicated (d and [cit]). The characteristic
screening length k! is calculated from the value of ¢* (see the text)

d [cit] P !
Name (nm) (mol 1I71) (%) (nm)
A 9.5 0.03 25+ 1.5 1.5+£0.2
B* 7 0.03 18+1.5 1.7£0.2
B~ 7 0.003 11*+1.5 2.6+0.3
C 9 0.03 22+2 1.7+£0.3

any time 7, in our experimental range and the relaxation is
strongly dependent on the value of 7. In Fig. 3(b), the whole
pulse is presented for the same value of H, but for increas-
ing values of T),, up to 2000 s. It gives an insight of the
raising part of the birefringence signal. Note that in this case
the initial time =0 is set at the beginning of the magnetic
field pulse [and not at the end as in Fig. 2(a)]. The increase in
the birefringence is roughly logarithmic in time, indicating
that this sample has a real large characteristic time distribu-
tion.

(iv) The variation in the stretching exponent « extracted
from the relaxations using Eq. (4) is reported in the insert of
Fig. 3(a). Its value is related to the width of the relaxation
time distribution. Beginning from the value 0.8 at low vol-
ume fractions (due to polydispersity), the stretching expo-
nent sensibly decreases at ¢=17% (=0.7¢"), and goes down
to the value 0.3, which is reached for very concentrated
samples. Such low values of « indicate that the system has
an extremely wide distribution of characteristic times, as ex-
pected in glass-formers.

(v) For samples of volume fraction larger than ¢, the
induced birefringence after 7, is so slow that the signal-to-
noise ratio is not acceptable to be presented here. However, a
minimal rotational dynamics is still present and is composed
of a major short time component and a minor, strongly
stretched, long time relaxation [see inset of Fig. 2(b)].

In [24], such a rotational freezing has been already re-
ported with a different ferrofluid (called hereafter ferrofluid
B) with a mean diameter (d=7 nm) at two different ionic
strengths: B*([cit]=0.03M) and B~ ([cit]=0.003M). Present
results are obtained with ferrofluids A and C (at the ionic
strength [cit]=0.03M). Their advantage comes from the
larger mean diameter of the nanoparticles (d~9-9.5 nm),
leading to an increased mean microscopic birefringence ony
in regard to dispersions with smaller particles (see Table I)
As a consequence, precise measurements can still be per-
formed with concentrated ferrofluids (¢ > ¢").

We compare in Table II the values of ¢* determined for
these different ferrofluids.

The value of ¢* is found different for the same nanopar-
ticles at two different ionic strengths (B* and B~) [24]. This
indicates that the freezing of rotational dynamics in the sys-
tem depends on the range of the electrostatic repulsion, lead-
ing us at the first order to an interpretation in terms of effec-
tive spheres. Indeed, we may consider that the relevant
length in the system is the diameter of a nanoparticle in-
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creased by the typical range of the electrostatic repulsion,
-1
K

bopr=(1+267"1d)* . (6)

If we make the (simplistic) hypothesis that the rotational
freezing at the volume fraction ¢* corresponds to the hard-
sphere freezing of the effective spheres (d)jff: qS;ISzSS%),
we can evaluate this screening length !

3 B
K—1=5’( Dot _ ) 7
2N

The values of k™! are reported in Table II. As expected,

k! is increasing if one decreases the ionic strength (the elec-
trostatic repulsion is in this case less screened). Moreover,
we show that for ferrofluids A and B* of different nanopar-
ticle diameter but with the same ionic strength, the screening
lengths «~! are well comparable. For ® > ®*, these effective
spheres would then interpenetrate with great difficulty. How-
ever, the dynamical freezing of the orientational degrees of
freedom observed here for a system of nearly spherical nano-
colloids indeed questions the origin of this slowing down.
This point will be discussed in Sec. IV A.

Last, we would like to mention the macroscopic aspects
of the concentrated ferrofluids. Their ability to flow macro-
scopically has been checked at different volume fractions.
Whereas ferrofluids of volume fraction below ¢* are flowing
easily macroscopically, the samples become very viscous in
the volume fraction range [¢*— ], and hardly flow. For
volume fractions above ¢y=30%, ferrofluids are macro-
scopically solids and do not flow on a human timescale
(years). So, the freezing of the translational dynamics are
well comparable to that of the rotational degrees of freedom,
as observed with the birefringence technique. The latter is
really a helpful witness to spot and analyze the dynamical
freezing of the nanoparticles. Note that the freezing of the
positional degrees of freedom in a similar ferrofluid has been
observed in a Rayleigh Forced Scattering experiment associ-
ated to a Soret coefficient determination [29]. Moreover, the
study of the translational dynamics has been investigated in
[10,25] thanks to X-Ray Photon Correlation Spectroscopy
(XPCS) measurements for the ferrofluid A with a volume
fraction ¢=30% and an ionic strength [cit]=0.03M. Slow
dynamics and aging associated to the positional degrees of
freedom are reported in these papers. We present in the fol-
lowing aging studies of the rotational dynamics in concen-
trated ferrofluids.

B. Aging of the rotational dynamics in glass-forming
ferrofluids

The concentrated ferrofluids studied here are obtained us-
ing the osmotic compression technique introduced in Sec.
IIT A. It is during this osmotic compression that the ferroflu-
ids, initially at equilibrium in a fluid state, may be put out of
thermodynamical equilibrium. The age of the system will
then be counted starting from the time at which the ferrofluid
is extracted from the compression bath. We want to notice
that another age scale could be introduced by the measure-
ment itself: to perform a birefringence experiment, the
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FIG. 4. (Color online) (a) Normalized birefringence relaxations after a pulse of magnetic field of duration 7,,=2 s, for the ferrofluid C
at volume fraction ¢=¢" and ionic strength [cit]=0.03M. The different symbols and colors represent different ages ¢,, of the ferrofiuid,
counted in days. (b) Rotational characteristic time 7, extracted from the previous relaxation as a function of the age of the system at ¢
=¢" (ferrofluid C). Squares correspond to the pulse duration T,=2 s; Triangles correspond to the pulse duration 7,,=50 ms. Dotted lines are
exponential fits of the data, with characteristic time 7,,~26 days for 7,,=2 s and 7,,~50 days for 7,=50 ms. Inset: characteristic time 7,
as a function of the normalized volume fraction ¢/ ¢" for T,=2 s (circles) and 7,,=50 ms (triangles).

sample is introduced in a thin quartz cell (e=10 um) and
thus subjected to a mechanical stress which could induce a
slow evolution of the rotational dynamics. However, by op-
position to what can be observed for translational dynamics
no dependence of the rotational relaxation after an alignment
of the nanoparticles by a small field is found in regard to the
time elapsed since the cell preparation, for durations as long
as one day. As a consequence, only the very long time evo-
lution age 7,, counted in day since the extraction of the
sample from the compression bath is considered and a new
cell is prepared for each measurement.

Aging of the rotational dynamics is studied with ferroflu-
ids A and C, (their characteristics are in Table I). Their rota-
tional dynamics at the ionic strength [cit]=0.03M are analo-
gous, however ¢ is close to 22% for ferrofluid C (25% for
ferrofluid A). The rotational aging is studied for series of
samples at different ¢ for ferrofluid A (the whole volume
fraction range is explored but just at few ages) and C
(weekly measurements at volume fractions around ¢*: ¢
=0.9¢"; p=¢", ¢p=1.1¢"). The birefringence experiments
are proceeded according to the following protocol:

(1) The day and the precise hour (precision of minute) of
the cell preparation is collected. The optical transmission of
the sample is measured two minutes after the preparation.
The first dynamical birefringence experiment is proceeded
six minutes after the preparation.

(2) Aging on long time scales (>1 month) is considered.
The ferrofluid is kept in a closed bottle filled up with dode-
cane, impermeable to water (solubility of H,O=0.006 wt
[30]), to avoid any variation in the volume fraction and
stored away from light to prevent any citrate deterioration.
Some chloroform drops (non miscible with the dispersion)
are added in the bottle to exclude any bacterial proliferation
which is possible at the neutral pH of ionic ferrofluids. These
precautions prevent any chemical evolution of the disper-
sions, the chemical stability of the y—Fe,O; nanoparticles
being guaranteed by the neutral pH. Moreover we have
checked by Small Angle Neutron Scattering [24] over a pe-

riod of two years: that the form factor of the nanoparticles is
preserved while diluting (and sonicating) concentrated
samples in water in the same conditions of pH and ionic
strength, that no detectable variation in the peak position of
the structure factor of concentrated dispersions is observed
within the resolution of the experiment.

(3) A new cell is prepared each week and the rotational
dynamics of the sample are measured. Reproducibility of the
experiments is checked.

(4) The dynamical birefringence experiment measures the
response of the system to a pulse of magnetic field, the du-
ration and intensity of which can be tuned. The effect of the
variation in these parameters is studied.

The normalized birefringence relaxations at different
ages, of the ferrofluid C at the volume fraction ¢=¢", are
presented in Fig. 4(a), for a pulse duration 7, of 2 seconds.
The same experiment is performed with 7,=50 ms. In both
experiments, a slowing down of the rotational dynamics is
observed on long time scales [see Fig. 4(b)]. While the age
of the ferrofluid sample increases, the dynamics becomes
slower and slower which can be associated to a gradual
freezing of the rotational degrees of freedom. For the oldest
ages, the birefringence signal An, is really low, and the re-
laxation presents a major short time part and a minor long
time one. Such a behavior is never observed for ferrofluids
with a volume fraction well below ¢

The characteristic time 7, of the birefringence relaxations
can be extracted in the same way as in Sec. III A, using a fit
of the relaxation by equation (4). The evolution of the char-
acteristic time 7, with the age f,, of the dispersion, at ¢
=¢", is presented in Fig. 4(b), for the two different values of
T,. The characteristic time 7,(¢",7),.,t,,) is found to increase
exponentially with the age ¢,. A fit of this curve is then

proposed according to the equation
7o(¢", Tput,) = (", T, 0)e" ™70 (8)

In this equation 7,(¢",T,,0) represents the characteristic
time of the relaxation at zero age. It is a priori T, dependent,
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FIG. 5. (Color online) (a) Normalized birefringence relaxations of ferrofluid C at volume fractions ¢=0.9¢" and ¢=¢", for three
different ages 7,, and T,,=2 s. (b) (¢), and (d) Rotational characteristic time 7, and stretched exponent « extracted from the relaxations as a
function of the age of the system (Ferrofluid C at ¢$=0.9¢", ¢=¢", and ¢=1.1¢") plotted as a function of 7,, in figures (b) and (d), and as
a function of the reduced variable 7~ (0.9¢") in main figure (c) and its inset.

in our range of T,, for ¢=¢". The quantity 7,(7,) is the
characteristic time of the exponential evolution of 7, as a
function of the age f,, which depends on the pulse duration
T,. The values of 7, extracted from an exponential fit [see
Fig. 4(b) and inset of the same figure] are 7,,=26*2 days
for T,=2 s and 7,,=62*8 days for 7,,=50 ms.

However, the exponential increase in rotational character-
istic time, which is observed as the concentrated ferrofluid
ages, is associated in Eq. (4) to a stretching exponent a only
weakly dependent on age, as it is illustrated in Fig. 5(d).

The same experiment is performed with ferrofluids C at
the two other volume fractions, ¢$=0.9¢" and ¢=1.1¢". In
all cases the same behavior is observed, namely, with an
exponential increase in the rotational characteristic time.
Note in the inset of Fig. 4(b) that 7,,(7,=2 s) is only very
weakly dependent on ¢ and that hereafter all the reported
experiments are performed with 7,=2 s. The relaxation time
7,, 1s considered, at the first order, as independent on ¢.

A comparison between the normalized birefringence re-
laxations of ferrofluid C at volume fractions ¢=0.9¢" and
¢=¢" at different ages is presented in Fig. 5(a). The shape of
the relaxation of the sample at volume fraction ¢=0.9¢" for
the age t,,=133 days is roughly similar to the relaxation of
the sample at volume fraction ¢=¢* for the age ¢,,=0 day.
This is quantified in terms of 7, and « in Figs. 5(b) and 5(d)
showing that such an equivalence is also observed for
samples ¢=¢* and ¢p=1.1¢". There is then an overlap be-
tween the relaxation shapes at different volume fractions and

different ages. The rotational dynamics of a less concentrated
sample slow down as it ages, and from a certain age becomes
as slow as the rotational dynamics of a more concentrated
sample at young age.

This overlap conducts us to introduce an effective age,
which depends on the volume fraction

() =1, + (). 9)

The parameter t?v(¢>), homogeneous to a time, is fixed to zero
for volume fractions less than 0.7¢". Indeed, for volume
fractions less than ¢*/2, no aging is ever observed here, the
rotational dynamics is age-independent, at the time scale of
the experiment. A slight rotational aging is only observed at
very long ages for samples at the volume fraction ¢=0.7¢",
while the more concentrated samples present a strong rota-
tional aging. For these more concentrated samples, t&((ﬁ)
[and thus #%7(¢)] is chosen to perform the age rescaling as in
Fig. 5(c) (main figure and inset) at different volume frac-
tions.

Figure 6(a) presents for both ferrofluids A and C the re-
duced variations of 7,/ 7,(¢=0) as a function of 1%/, A scal-
ing is obtained at large tfv,ff for all our samples, with an ex-

ponential growth of the rotational characteristic time with
17,

T (¢t )_A te'(f/’r,_A t. /T, ro,(tﬁ)/T.

) L1, =Aew TTw=Aew we'w w, (10)

A being a constant, homogeneous to a time. At #,=0 day,
this latter equation should be coherent with the experimental
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as a function of the reduced parameter €. The blue line has a slope —1 in this log-log representation.

observation of section A, thus with Eq. (5). It imposes the
following evolution law for 2(¢), providing that 7, is
¢-independent:

2(¢) (11)

1
bo- ¢
where ¢y=1.2¢", the Vogel-Fulcher volume fraction.
The variation of the parameter (¢) as a function of the
normalized volume fraction ¢/¢" is presented in the Fig.
6(b). The evolution of t?v(d)) as a function of e= ?zj is re-
ported in the inset. It is rather compatible with the power-law
behavior of Eq. (11), meaning that we observe at large 1%/

Ty(hit,) = T p)eh/ . (12)

IV. DISCUSSION

We report in Sec. III a drastic slowing down of the rota-
tional dynamics in concentrated ferrofluids, associated to ag-
ing phenomena on long time scales. The aims of the follow-
ing discussion are double. In the first part, we discuss the
origin of the rotational freezing while increasing the volume
fraction. Our results will be faced to experimental and theo-
retical results of the literature concerning the freezing of the
orientational degrees of freedom at the glass transition. In the
second part, we adopt a phenomenological approach to de-
scribe the rotational aging in the concentrated ferrofluids em-
phasizing that the introduction of an effective age allows to
assemble aging of ferrofluids at different volume fractions.

A. Slow rotational dynamics (at 7,,=0)

The rotational dynamics of concentrated ferrofluids
probed through their magnetoinduced optical properties, is
explored in this work. A drastic slowing down of the dynam-
ics is reported here above a volume fraction ¢*, which de-
pends both on the size of the particles and on the ionic
strength of the dispersion. Let us briefly recall the main fea-

tures of this slowing down: above ¢*, the characteristic ro-
tational time is increasing following a Vogel-Fulcher law,
which is usual in glasses, with a divergence at a volume
fraction ¢, (for the ferrofluid A, ¢,=~30%). Moreover, the
birefringence relaxations become clearly nonexponential, the
decrease in the stretching exponent « being a good indicator
of the widening of the rotational characteristic time distribu-
tion in glassy samples. Our results concerning the orienta-
tional degrees of freedom are then well comparable to ge-
neric dynamical features observed at the glass transition,
which are usually reported for the positional degrees of free-
doms [31].

Indeed, whereas the rotational dynamics has been well
explored in molecular glasses (using, for example, dielectric
measurements [ 14,32]), only scarce results concern these de-
grees of freedom in colloidal glasses. Some experiments us-
ing a probe molecule [33] have been performed but have the
disadvantage—and the interest—to be sensitive to the rela-
tive size of the solvent molecules with respect to the solute
(see [33]). Depolarized light scattering experiments (DLS)
on anisotropic colloids [15] (laponite) have shown slow ro-
tational dynamics with aging. Last, in [34], the rotational
dynamics of a spherical colloid which is optically aniso-
tropic, in an isotropic interaction potential, is measured ex-
perimentally using DLS and reveals only a slight increase
(factor 2 at ¢p~50%) of the rotational diffusion coefficient,
mainly caused by hydrodynamical frictions. To summarize,
no rotational slowing down has ever been experimentally
reported for nearly spherical colloids.

On the theoretical side, the origin of the rotational freez-
ing is also unsurprisingly linked to an anisotropy of the in-
teraction potential (which can be due to an anisotropy of
shape). In [16], the authors consider a model of orientational
glass (model-systems for which positional degrees of free-
dom are settled) constituted of an ensemble of hard needles
(that cannot cross each other) on a cubic lattice. They find
that the length of the needle is ruling the glass transition. In
[17], the dynamics of a two-dimensional assembly of struc-
tureless rotors, interacting via a frustrated anisotropic poten-
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tial, is considered. When temperature is decreased, the cal-
culated correlation functions exhibit more and more slow
dynamics, and their decrease is two steps like and nonexpo-
nential. In [16,17], the main features of the rotational dynam-
ics of glass forming systems match well with these observed
in our concentrated ferrofluids. However, in both references,
a strong anisotropy is required to observe a rotational freez-
ing at the glass transition.

The Mode Coupling Theory has considered the effect of
the rate of anisotropy of a particle on its rotational dynamics
in a dense hard sphere environment. Whereas the rotational
dynamics of an elongated dumbbell (two fused hard-spheres)
dispersed in a hard sphere (isotropic) system follows usual
MCT results, the rotational dynamics of a nearly spherical
dumbbell is less intuitive [18,19]. In the latter case, called
“Weak Steric Hindrance scenario” (WSH), a slowing down
of the rotational dynamics and the existence of a nonergod-
icity plateau are observed for the nearly spherical particle but
they are only visible on the even / angular correlators C;, the
angular motion being projected on the spherical harmonics
basis

C(1) =(P[efr) - 0)]), (13)

where P; is the Legendre polynom of order / and é; the
direction of the axis of the i"" nearly spherical dumbbell.

Referring to these results from literature, an anisotropy
inside the system is needed to fully understand the origin of
rotational freezing of the concentrated ferrofluids. This led us
to investigate the source of anisotropy in our colloidal dis-
persions. Firstly, the anisotropic magnetic dipolar interaction,
could be incriminated. Correlations between the magnetic
moments of the nanoparticles at large volume fractions could
hinder the rotation of the particle. However, in this case, the
dynamics of the magnetic moment should be slow at room
temperature. Magnetization measurements of concentrated
ferrofluids [35] reveal a paramagnetic behavior at room tem-
perature and exclude this hypothesis, at least for dispersions
based on maghemite nanoparticles of diameter d<<8.5 nm.
As a consequence, the dipolar interaction is not the source of
the rotational freezing of the ferrofluid B (d=7 nm), but
cannot be strictly excluded for the ferrofluid A (d=10 nm),
for which the magnetic moments are larger (and thus the
dipolar magnetic interaction). Magnetic measurements on
dispersions of these larger particles are intended to be done
in a near future.

Another source of anisotropy could be the shape of the
nanoparticles themselves. The microscopic transition elec-
tron microscopy (TEM) pictures of the dispersion show that
the particles are roughly spherical, albeit being more rock
like. This shape imperfection could result in a slight aniso-
tropy. However, we also report here that the rotational dy-
namics is affected by a variation in the intensity of the elec-
trostatic repulsions (¢ depends on the ionic strength of the
dispersion, for ferrofluid B). This indicates that at the glass
transition, the rotational freezing of the effective objects,
constituted of the nanoparticle plus a layer which typical size
is the range of electrostatic repulsions «~!, have to be con-
sidered. The rotational freezing in concentrated ferrofluids
must then be related to an anisotropy at the scale of the
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double layer, which could be induced by the imperfect shape
of the particles.

Making the hypothesis that the anisotropy responsible for
the rotational freezing is an anisotropy of the effective ob-
jects, this anisotropy remains always very low in comparison
to the cases considered in [16,17]. Hence, our experimental
system 1is close to the WSH scenario, discussed above, of a
slightly anisotropic particle in an interaction potential domi-
nated by electrostatic (isotropic) repulsions. A further step is
done remembering that the birefringence properties, as we
have mentioned, are related to the orientation of the polar-
ization tensor, a second rank tensor which is, as a conse-
quence, sensitive to the /=2 component of the orientational
dynamics. With such an angle of view, the rotational freezing
observed in concentrated ferrofluids is understandable and is,
to our knowledge, the first colloidal system to test the WSH-
MCT scenario.

However, the details of the physical mechanism of the
slow motion are still unclear. Whereas the existence of dy-
namical heterogeneities for the translational dynamics is
demonstrated in our system [10,12], the birefringence tech-
nique, used to probe the rotational dynamics, does not allow
to discriminate easily between homogeneous and heteroge-
neous dynamics. Thus, one may consider two different sce-
narios. The “homogeneous case” would lie on the assump-
tion that each nanoparticle rotates in an effective medium
described by a renormalized viscosity 7%/, which takes into
account all the frictions forces in the dispersion. The rota-
tional slowing down would be the result of the Vogel-Fulcher
divergence of the effective viscosity at high volume fractions

eff
2. 1 (14)
71 o
. v
7(B) ~ o exp((bo_d)), (15)

where 7, is the solvent viscosity and ¥ a constant without
dimension. On the other hand, the “heterogeneous interpre-
tation” assumes that the rotational slowing down is related to
dynamically correlated domains of size &//, inside which the
rotational dynamics occurs in a cooperative way, in an analo-
gous way with the cooperative translational motions reported
in the literature [8,11,36].

Experimentally two processes in the rotational dynamics
of our system are distinguished : first, the short-time process
characterized by An; and 7, is an individual process and
corresponds to the random exploration of the angular cage at
short time, as in [16]. Secondly, the long time rotational dy-
namics, characterized by An,, 7, and «, corresponds to col-
lective angular rearrangements of the cages. Considering that
the slow cooperative events contribute to the static birefrin-
gence An,, whereas the An; contribution arises from indi-
vidual motions, the ratio An,/An; is thus, in a first approxi-
mation, the number of dynamically correlated particles
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FIG. 7. (Color online) (a) ¢ dependence of the ratio An,/An;,
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times a factor of orientation on the order of 1 up to ¢* which
is falling down above ¢" as Any/ ¢ in Fig. 2(b). The evolu-
tion of this ratio with ¢ is plotted on Fig. 7(a). It shows that
in the experiment, the collective process emerges above
¢*/2, then dominates in our time window around ¢* and
finally decreases progressively as it becomes too slow to be
observed in the experiment. At the volume fraction ¢*, we
find &//~3 typical nanoparticle diameters, a result in a
qualitative agreement with the results concerning the trans-
lational dynamics presented in [8,36]. Note that in principle
&1 may continue to increase above ¢*, but that we are not
able anymore to quantify it with the ratio An,/An; in the
experiment. Indeed, in ref [11], the authors quantify the co-
operativity of the translational dynamics by measuring the
dynamical susceptibility y* from time resolved photo-
correlation spectroscopy [9-11]. A nonmonotonic behavior
of x*(¢) is found while increasing ¢, with an unexpected
drop close to the dynamical arrest volume fraction. This drop
is due to the competition between reduced particle displace-
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ment at high ¢, while the dynamical correlation length ¢ is
still monotonously increasing. Thus, our reported drop of the
An,/An; values at large ¢ could share the same origin. The
reduced angular displacement close to ¢, could hinder the
growth of a rotational dynamical correlation length in this
high ¢ regime.

In supercooled liquids, the Stokes-Einstein relation is vio-
lated, this fact being interpreted as a decoupling between the
diffusion coefficients and the macroscopic viscosity, due to
the presence of these correlated domains [37]. However, con-
sidering the birefringence technique as a local probe of the
friction forces, the opening question carried by our work is
the following: is there a mesoscopic lengthscale on which a
“Stokes-Einstein-like” relation can hold? How far would this
lengthscale be related to the size of the dynamically corre-
lated domains? Could we write 7/~ 7,(&///d)3? Theoreti-
cal answers to these questions could be of interest to under-
stand the origin of these dynamically correlated domains.

B. Aging of the rotational dynamics

The second part of this discussion is devoted to the aging
phenomena of the rotational dynamics in concentrated ferrof-
luids. For ferrofluids the volume fraction of which is well
below ¢, no rotational aging is observed. More surprisingly,
for highly concentrated samples (¢ = ¢"), no rotational aging
is observed on timescales similar to those reported for the
translational aging (<10* s) probed by XPCS measurements
[25]. This difference between the rotational and the transla-
tional aging-timescale may be a sign of the decoupling of
these degrees of freedom in our glass-forming ferrofluids.
The aging of the rotational dynamics is then investigated
here on long timescales (~1 month). As a unified under-
standing of aging phenomena occurring in disordered out-of-
equilibrium systems remains a challenging question of actual
researches on the glass transition [38], a brief overview of
aging in different systems can be interesting to begin this
discussion:

Standard model systems to study orientational aging are
spin-glasses for which, for example, the rescaling of the ther-
moremanent magnetization (TRM) at different ages has been
achieved (see, for example, [20]). However, the physical ori-
gin of aging in spin glasses is still under investigation and
actual developments are relating it to the growth of a dy-
namical correlation length [39].

For structural glasses, experimental results on rotational
aging are more controversial and their comparison with spin-
glass systems, which could extend the degree of universality
of aging processes at the glass transition, are not always easy
tasks [14,32]. One of the interesting questions on aging in
structural glasses is the time scale on which aging occurs in
regard to the structural relaxation time and its dependence
with the quench temperature. In [40], a simulation of a
Lennard-Jones glass is presented. Aging is taking place on
timescales longer than the structural relaxation times, after
the quench into the glassy state. The observed long time
aging scales in a similar way as in spin glasses.

For colloidal systems, aging is also extensively studied,
but these works mostly concern the translational dynamics
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[7,25]. The reported aging of translational dynamics in col-
loidal glasses is not trivial and differs sometimes from a
system to another [5]. In [25] the aging of translational dy-
namics in a concentrated ferrofluid (at the volume fraction
¢y=30% where the rotational characteristic time diverges)
has been considered, using XPCS for ages ranging between
100 s to 10* s. At young ages, the evolution of the transla-
tional characteristic time is exponential with the age. At
older ages, a power-law behavior is observed, in concor-
dance with the spin glass case. Aging of the rotational dy-
namics in colloidal glasses is quite absent of experimental
investigations. To our knowledge the only previous study of
rotational aging of glass-forming colloidal dispersions was
proposed in [15], using DLS on Laponite. An exponential
increase in the rotational characteristic time with the age was
reported. However, these results concern anisotropic colloids
and no variation in the volume fraction is considered.

In the present study, we observe rotational aging on long
timescales, the dynamics becoming slower and slower with
the age of the system. Similarly to results reported in [15],
the characteristic time of the birefringence relaxation in-
creases exponentially with the age, the form of the birefrin-
gence relaxations being also modified (with a short time dy-
namics component progressively dominating). These last
behaviors exclude any simple age rescaling [for example, in
(t/1,)*, as in spin glasses]. Interestingly, the characteristic
time of the aging process, 7, is dependent on the timescale
probed in the experiment, imposed by T,, meaning that the
whole characteristic time distribution is not aging in the
same way. However, at large T, (T,=2 s), the characteristic
time of aging 7, becomes roughly independent on the vol-
ume fraction ¢, meaning that aging is then comparable at
close volume fractions. Furthermore, up to a certain age, the
rotational dynamics of a ferrofluid at a given volume fraction
becomes comparable to the rotational dynamics of a more
concentrated sample at zero age. This leads us to introduce
an effective age that depends on the volume fraction ¢, to
rescale our results at different ¢, shifting the relaxation times
by a quantity 1°(¢) along the 1, axis. This ¢-dependent
“birth-age” increases as a power law with the volume frac-
tion, a direct consequence of the Vogel-Fulcher variation of
T, at zero age.

If we return to the interpretation of the slow dynamics in
terms of dynamically correlated domains of size &/, the
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aging observed imposes to consider the effect of the age .
Figure 7(b) plots the ratio An,/An, as a function of %7,
Following expression (16), it gives the number of correlated
nanoparticles up to tfvff on the order of 400-450 days [
~1°(¢")], effective age at which &/ reaches ~3.3 particle
diameters. For larger tfvff , Any/An, decreases. However the
factor of orientation becoming lower and lower in the experi-
ment, the ratio An,/An; does not quantifies anymore the
number of correlated nanoparticles and the correlation length
&1 may continue to increase as the system ages.

V. CONCLUSION

Slow rotational dynamics, accompanied by aging on a
long time scale, are reported in a repulsive colloidal glass of
magnetic nanoparticles. The volume fraction threshold ¢* of
the rotational slowing down depends on the range of the
electrostatic repulsions, leading to an interpretation in terms
of freezing of slightly anisotropic effective nanospheres.
Above ¢*, aging processes are observed, with an exponential
growth of the rotational characteristic time with age. To
unify the rotational aging of samples at different volume
fractions, we introduce a ¢-dependent effective age tfvff (o)
=t,+1°(¢). This operation allows to separate, at large #/ the
contributions of aging and concentration in slow rotational
dynamics.

This conjugated effect of age and volume fraction on the
dynamics had never been considered in colloidal glasses and
points out the peculiar character of the volume fraction as a
control parameter of the colloidal glass transition. Indeed, in
molecular or magnetic systems, the glass transition is driven
by the bath temperature which is an external adjustable ther-
modynamical quantity. Moreover, in the case of spin glasses,
the temperature can be changed during aging. Due to
memory or rejuvenation effects, aging at a temperature 7 is
not trivially related to the aging at a close temperature T
—AT [41].

Whereas on the experimental side, such temperature-
cycling experiment are feasible, a slight variation of ¢ dur-
ing the aging, cannot be easily achieved. It will be therefore
interesting in a future work to use the osmotic pressure as a
control parameter. Indeed, during the osmotic compression,
the osmotic pressure of the bath can be externally imposed
(thus imposing a variation in the volume fraction).
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