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a b s t r a c t
Sedimentation of nanoparticles (NPs) is common in science and technology; yet, the dynamics of sedimentation is sometimes unexpected. We study the sedimentation of NPs under an elevated gravity in
a centrifuge, in presence of a small temperature gradient, transverse to the axis of sedimentation. We
observe spontaneous ordering of the sedimenting ﬂuids into well deﬁned layers of constant number
density; the corresponding density proﬁles thus adopt a staircase-like appearance. While the physical
mechanism of these phenomena has been very recently elucidated [8], the quantitative description of
these effects still remained incomplete. We ﬁll this gap by direct quantitative measurements of the layering effect. In this work, we employ much smaller Fe2 O3 NPs, in addition to the previously-used Ag and
Cu@Ag NPs; the Fe2 O3 particles are suspended in water, while only organic solvents were used in our previous work. Remarkably, in both cases, the layering effect remains largely unchanged. We demonstrate
that particle polydispersity, an archetypal source of disorder, counterintuitively, promotes formation of
ordered density staircase structures. Furthermore, we demonstrate complex layer dynamics and ‘glitches’
of particle concentration at the interfaces between the layers; these phenomena have been predicted by
theory, yet their experimental validation was missing.
© 2015 Elsevier B.V. All rights reserved.
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1. Introduction
Liquid suspensions of solid nanoparticles (NPs) in a solvent are
employed in a wide range of technological applications [1]. The
properties of nanoparticles and their suspensions are among the
most active topics of research in chemistry, physics, and material
engineering [1,2]. When nanoparticles’ concentration in a suspension is sufﬁciently low, the average interparticle separation
signiﬁcantly exceeds the Debye length and the hard core diameter
of the particles, allowing all direct interactions between the particles to be neglected [2]. At this limit of very low concentrations
c → 0, it is commonly assumed that the suspension is completely
disordered [3]. This assumption serves as a basis for a wide range of
analytical methods in nanotechnology, such as dynamic and static
light scattering from quiescent suspensions, electrophoretic zetapotential measurements, analytical ultracentrifugation [4–7], and
dilute suspension viscometry [2].
Our very recent studies [8] have demonstrated that dilute
nanoparticle suspensions may spontaneously form complex
ordered structures on a macroscopic scale, when subject to an
elevated effective gravity in a centrifuge, in presence of a small
temperature gradient and a ﬁnite particle size distribution. In particular, multiple layers of constant particle concentration form
in the sample, so that the concentration proﬁle c(x) along the
sedimentation axis x attains a staircase appearance. Importantly,
particle size distribution in our studies is single-peaked (i.e.,
monomodal, albeit relatively wide) and the effect occurs even if
no particle clustering takes place; such conditions are quite common for the very dilute suspensions dealt with in the current work,
as close approach between the particles rarely occurs at low c.
Strikingly, while particle non-uniformity, invariably present in all
experimental nanoparticle preparations [7], is an archetypal source
of disorder, in our case it plays, counterintuitively, an order-inducing
role [9]; in this sense, the layering effect is reminiscent of the Turing
mechanism, suggested to play a dominant role in morphogenesis
[10,11].
The observed spontaneous layering of settling ﬂuids is by no
means limited to nanoparticles. Similar mechanisms were previously suggested to drive layering in macroemulsions [12] and
micron-sized colloids [13]. Moreover, it has been hypothesized
that “thermohaline staircases”, staircase-like salinity proﬁles in the
oceans, may be formed by a similar physical process [12]. However,
with the Brownian diffusion being much slower for the microparticles, compared to the nanoparticles, the layering of microparticles
occurs when the temperature drop over the sample is in a narrow
window between 0.1 and 50 mK. Therefore, a highly-challenging
temperature control of the experimental setup is necessary to study
this effect in a system of microparticles: the layers are disrupted by
a small heat source such as a ﬂashlight or a nearby observer. As a
result, no quantitative studies of this effect were hitherto carried
out with colloids, so that the mechanism for layering remained controversial [12–20]. In systems of nanoparticles, the layering effect is
limited by Brownian diffusion, so that the layering occurs at much
higher temperature gradients, which can be readily controlled. This
much better controllability allowed the basic physical mechanism
of layering in nanoparticle suspensions to be established in our
recent studies, where a direct comparison between theoretical predictions and experimental observations was carried out for several
different characteristics of the layering effect [8].
In current publication, we study the layering effect for a wider
range of different particle types and sizes, employing real-time
collection of light transmission proﬁles, during the settling of
particles in a centrifuge. We test by direct quantitative experiments the dynamics of the emergence of density staircases in
settling nanoparticle suspensions. The results are in a good agreement with theory [12,13], substantiating the conclusions made in
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our recent publication [8]. Furthermore, we demonstrate several
qualitatively-new phenomena related to the dynamics of staircase
formation. In particular, our experiments exhibit coarse-graining
of density stairs, occurring by merging of adjacent constant density layers. Also, we observe small-period oscillations of light
transmittance through the suspension at the interfaces between
adjacent constant density layers, suggestive of similar oscillations in particle concentration c, known as ‘glitches’ [13]. While
both glitching and coarse-graining effects were theoretically predicted in the past, an experimental validation of these effects was
missing.
2. Materials and methods
2.1. Synthesis of NPs and preparation of suspensions
Cu@Ag and Ag nanoparticles, stabilized by an oleylamine monolayer, were prepared as detailed elsewhere [21] and suspended in
heptane at a low volume fraction c0 = 10−4 − 10−3 . As previously
demonstrated [8], the layering effect is not sensitive to either oleylamine or dodecanethiol used as a stabilizer, except for the tiny
changes due to the variation of particles’ hydrodynamic radii. While
the effect is also insensitive to the bulk chemical composition of
the nanoparticles [8], varying the bulk material changes the excess
mass density of the particles  with respect to the suspending liquid. As a result, particle bulk composition has a non-trivial, albeit
indirect, effect on the layering phenomenon. In addition to their
role in our current work, aiming at the fundamental understanding of layering phenomena, Cu@Ag and Ag nanoparticles were also
recently suggested being promising for their catalytic activities
and as potential components of ink for inkjet printing [21]. Particle diameter distributions P() of Cu@Ag and Ag were measured
by TEM [8,22] (transmission electron microscopy) for all samples.
TEM imaging was carried out with the FEI Tecnai-12 instrument at
120 kV. Samples were prepared by placing a drop of diluted suspension on a 400-mesh carbon-coated nickel grid. TEM images, such as
in Fig. 1a were then analyzed manually, employing the free Fiji software [23]. In all cases, P() consisted of a single symmetric peak [8],
such as the monomodal distribution
 shown in Fig. 1b. The typical
 2 /, where  =  − ,
particle polydispersity [22] ı ≡
was ı≈0.1–0.15.
Colloidal silica microparticles were synthesized by a common
Stöber process and suspended in ethanol, as described elsewhere
[22].
The CAN-doped maghemite -Fe2 O3 NPs ( ≈ 6.9 ± 1.6 nm)
were prepared by procedures described elsewhere [24–26], where
control oxidation of ﬁrst synthesized Massart Fe3 O4 magnetite

Fig. 1. (a) TEM images of Cu@Ag nanoparticles. The corresponding distribution of
particle diameter sizes P() is shown in (b). Note that P() is perfectly matched
by the


Gaussian distribution (red line). The distribution is normalized so that

∞

0

P()d =

1. (For interpretation of the references to color in this ﬁgure legend, the reader is
referred to the web version of the article.)
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Table 1
Particles used in the present work: summary of sizes and chemical compositions.
Particle
name

Core

Core diameter and
distribution (nm)

Silica
Cu@Ag
Ag
Fe2 O3

SiO2
Cu@Ag, 4:1
Pure Ag
CAN--Fe2 O3

408
14
12.7
6.9

±
±
±
±

20
3.7
2
1.6

Ligand

Solvent

Bare
Oleylamine
Oleylamine
25 kDa
polyethylenimine

Ethanol
Heptane
Heptane
Water

NPs took place by sonicating Fe3 O4 magnetite NPs in presence
of ceric(VI) ammonium nitrate (CAN) and acetone/H2 O medium
to obtain Ce doping [24–26]. The prepared CAN--Fe2 O3 NPs
[24,26] were functionalized using branched 25 kDa polyethylenimine (b-PEI) to get CAN--Fe2 O3 -PEI NPs as described in previous
publications [24,26]. The PEI content in CAN--Fe2 O3 -PEI NPs,
obtained by a thermogravimetric analysis (TGA) using a TGA/DSC1
analyzer (Mettler-Toledo, OH, USA) of dry NPs, makes about 72% of
the total weight of the NPs.
A summary of all particle types and sizes used in the present
work appears in Table 1.

suspensions of Cu@Ag and Ag particles were carried out at a wavelength of L = 870 nm. Studies of Fe2 O3 were carried out both at
L = 870 nm and at L = 470 nm. In general, shorter wavelengths
are better suited for analytical centrifugation of dilute nanoparticle suspensions, such as in the present work, since the strong
wavelength dependence of Rayleigh scattering ∼−4
increases the
L
contrast, in transmission, between the sedimenting suspension and
the supernatant (pure water or heptane). However, except for the
better contrast of the transmission proﬁles, we were unable to
detect any signiﬁcant differences between the two optical setups.
The experimental setup is shown in Fig. 2. A tiny temperature
gradient occurs in the centrifuge, with the frictional heating during rotation being balanced by the cooling element, located at the
bottom. This gradient, oriented along the z-axis, was previously
estimated to give rise to a temperature drop of ∼0.4 K, over the
sample cuvette [8]. To control the temperature gradient, a static
electrically-heated copper plate was introduced above the sample (Fig. 2) when necessary. Fine temperature regulation of this
heating plate was achieved by four PID-controlled resistive heaters,
attached to the plate; a thermistor, in a deep cylindrical hole inside
the plate, controlled the PID response.

2.2. Experimental setup
3. Results and discussion
The suspensions were loaded into optically-transparent
polyamide cuvettes, having a (nearly) rectangular cross-section
of 2 × 8 mm; the only exception are the observations of density ‘glitches’ (discussed in the last part of the paper), employing
a cuvette which is 10 × 8 mm in cross-section. The ﬁlling height
5 < H < 35 mm was carefully measured in all cases, in view of our
previous studies, which indicated that the phenomenon is sensitive
to both H and the cuvette dimensions [8].
The suspensions were vigorously mixed on a commercial vortex
shaker, then placed horizontally into the LUMiFuge® analytical centrifuge, which measures light transmission proﬁles I(x, t) through
the samples, in situ, during centrifugation [27]; here x is the distance from the liquid meniscus and t is the time passed after the
beginning of the centrifugation. The 2 × 8 mm cuvettes are placed
with their short axis along z (Fig. 2). Our studies of layering in

Fig. 2. Experimental setup. The cuvette with the NP suspension is horizontal, with
the effective gravity in the centrifuge being in the x-direction. When the cuvette, during centrifugation, passes between the light source and the PSD (position-sensitive
detector), a transmission proﬁle along the sample is collected. A cooling element is
located at the bottom of the centrifuge, controlling the temperature of the setup. An
electrically-heated copper plate is introduced above the sample where necessary,
to tune the gradient of the temperature along the z-axis. The copper plate (a section
of which is shown here in pink) is circular, fully covering the space inside the centrifuge. A small opening in this plate allows the light from the light source to pass
through. During centrifugation, the sample is rapidly rotating, so that this small
opening is unlikely to have any effect on temperature regulation. The sedimenting suspension is shown in yellow and the particle-free solvent, the supernatant, is
shown in a transparent light blue. Multiple convection rolls set in within the sample during centrifugation, mixing the sample locally, as described in the text and in
Fig. 5. (For interpretation of the references to color in this ﬁgure legend, the reader
is referred to the web version of the article.)

The initial suspension, prior to the settling by centrifugation,
is homogeneous and opaque. As the particles start to sediment, a
clear region free of particles, the supernatant, appears in the low-x
region of the sample (shown transparent in Fig. 2). The interface
between the supernatant and the opaque sedimenting suspension,
known as the sedimentation front, propagates at a (roughly) constant velocity. At the very low c dealt with in our current work,
where hydrodynamic hindrance is negligible, the front propagation velocity is very close to the classical Stokes sedimentation
velocity of an individual sphere of diameter  in a pure solvent,
under an effective gravity due to the centrifugation. For non-zero
polydispersity, particles smaller than the average, lag behind the
center of the front, while particles larger than the average, sediment ahead of the front; thus, the width of the sedimentation
front grows as it propagates in the x-direction. For typical silica
colloids ( ≈ 0.4 m), with a relatively narrow, yet non-negligible,
size distribution, this broadening of the front is clearly visible (see
Fig. 3a-c). Note that the decrease in light transmission from its highest value for the supernatant to its lowest value for the sediment is
monotonic, as expected from the above argumentation. The sedimentation is over when all particles reach the bottom of the sample
(Fig. 3d).
For the NPs (Fig. 3e–h), the early stages of sedimentation are
(qualitatively) the same as for the microparticles in Fig. 3a–c: the
transmission proﬁle through a suspension of settling nanoparticles
is initially monotonic (Fig. 3e), as for the silica. However, after a
signiﬁcant broadening of the sedimentation front, distinct layers of
constant particle concentration emerge, as demonstrated in Fig. 3f
and g. The layers propagate along the x axis, together with the sedimentation front, at roughly the same velocity (differences up to
∼30% were detected); this relatively low spread of settling velocities of the layers allows the formation of magic number clusters
to be excluded as a mechanism for the observed phenomenon [8].
In our range of H, the width of the layers grows as they propagate
(Fig. 3f and g); then, the layers eventually disappear as they reach
the bottom of the sample x → H (Fig. 3h), where a solid sediment is
building up [22,27]. Strikingly, while the core volume of the Fe2 O3
NPs is smaller by an order of magnitude compared to that of the
Cu@Ag NPs, the qualitative appearance of the constant density layers is almost the same. Yet, some differences have been observed;
we describe these differences below.
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Fig. 3. The process of sedimentation in micron-sized silica colloids (top), Cu@Ag
NPs (middle) and simulated NPs (bottom). The color represents the light transmission through the corresponding samples, at a given time t. The direction of gravity
is towards the bottom of the ﬁgure. The time increases from one panel to the other,
from left to right. Note the striking difference between (b) and (f): in (b), the transmission decays monotonically from the top to the bottom of the sample; in (f),
layers of constant transmission are clearly observed. The corresponding particle
concentration proﬁle has a staircase-like appearance, with the particle concentration increasing from the top to the bottom of the sample in discrete steps. The
constant transmission layers propagate along the axis of sedimentation and grow
in time, so that their widths are signiﬁcantly increased in (g). The rightmost panels
demonstrate the end of sedimentation, where all the particles are at the bottom of
the sample. Computer simulations, reproducing the emergence of a density staircase
on sedimentation, are shown at the bottom; a complete description of these simulations was published elsewhere [8]. While suspensions of Cu@Ag NPs were employed
to obtain the data in the central panel of this ﬁgure, the general appearance of the
layers is the same for all other types of NPs studied in the present work. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the
web version of the article.)

To provide a more quantitative description of the observed
layering phenomena, the transmission proﬁles obtained at different stages of such a settling process are overlayed in Fig. 4.
Note the staircase-like appearance of I(x) on the right side of the
plot (Fig. 4a and b). With the particle concentration related to
the transmitted intensity through the classical Beer–Lambert law
[5], the corresponding particle number density proﬁles must have
a similar staircase structure. Moreover, the dramatic decrease in
I(x) stair heights for high extinction is due to the exponential
I(c) dependence of the Beer–Lambert law; the stair heights of the
number density proﬁle must therefore be more uniform. Note the
remarkable sharpness of the I(x) stairs: the spread of particle sedimentation velocities is unable to broaden the interfaces between
the layers. Interestingly, the number of stairs forming depends on
the initial ﬁlling height [8] H of the cuvette, at a ﬁxed a, so that for
the smallest H the layering completely disappears (Fig. 4c).
The observed fascinating emergence of self-organized periodic
patterns is a result of a complex interplay between convection,
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Fig. 4. Overlayed transmission proﬁles for Cu@Ag NPs (shown in Fig. 1), for a constant mass fraction cm ≈ 0.03; the transmission intensity I is normalized by the
measured transmission in an absence of the experimental cuvette, I0 . The settling is
in the x-direction; the effective gravitational acceleration is a ≈ 1600, in units of g.
The shift in time between the subsequent curves is 150 s for (a) and (c); the shift is
100 s in (b). The transmission proﬁles at short t are monotonic; see e.g. the curves
which are shown in orange. At longer sedimentation times, the proﬁles develop a
staircase-like structure [see e.g. the blue, red, and green curves at the right side
of (a) and (b)]. The initial ﬁlling height for each of the samples is shown in labels,
inside the plot. Note that the number of stairs forming decreases for small H, with
the effect completely disappearing in (c), where H is the smallest. A similar behavior
is observed for all other types of particles used in the present work. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web
version of the article.)

driven by the temperature gradient in the z direction, Brownian diffusion of the NPs, and the spread of particle settling velocities due
to the ﬁnite dispersity of particle radii [8,12,13]. In particular, prior
to the onset of layering, multiple convection rolls form along the
sample (Fig. 2), driven by the temperature gradient. The rolls have
well-deﬁned and controllable dimensions; the dimensions are set
by an instability which makes a single, sample-spanning convection
roll (Fig. 5a) split into a bunch of smaller ones. For this instability
to occur, particle concentration within the sedimenting suspension
must be inhomogeneous. However, when particle size distribution
is sufﬁciently broad, signiﬁcant broadening of the sedimentation
front invariably leads to a particle concentration gradient dc/dx
spanning a wide region of the sample (Fig. 5b); this inhomogeneity makes the splitting of convection rolls possible (Fig. 5). Once
localized convection rolls occur in different locations along the
x-axis, they mix the particles locally, so that the particle concentration locally homogenizes. Since the average particle concentration
within each roll is different, a density staircase emerges (see
Fig. 5f).
To understand the spontaneous splitting of convection rolls in
more detail, consider a monocomponent, perfectly homogeneous
ﬂuid, subject to a temperature gradient along the z-axis; the direction of gravity is along the x-axis (Fig. 5a). Thermal expansion of
the ﬂuid reduces its density on the warmer side of the cuvette;
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Fig. 5. Schematic description of the mechanism for the density staircase formation, within the effective medium approximation. The direction of gravity and the
˜ > 0, by deﬁnition.
direction of the temperature gradient are shown in (a); note, 
(a) In a monocomponent perfectly homogeneous ﬂuid, subject to gravity and temperature gradient, a single sample-spanning convection roll forms. (b) The particle
number density in a real-life settling suspension is never homogeneous; when particle polydispersity is sufﬁciently large, the concentration of particles is monotonically
increasing along the sample. In a wide region of the sample, the variation of density
is roughly linear; such is the situation in the central part of the schematic plot in
(b). This inhomogeneity of particle concentration, resulted by particle size polydispersity, makes it possible for the average mass density of the suspension to become
equal on both the warm and the cold sides of the cuvette. This situation is achieved,
when the mass density gradient due to the thermal expansion is exactly balanced
by the mass density gradient due to the inhomogeneous concentration of particles.
Once both the thermal gradient and the particle concentration gradient are formed
(c), the warmer and the colder sides of the sample settle at different velocities. An
observer co-ﬂowing with the center of the sedimentation front, will see the colder
side moving in the direction of gravity, while the warmer side moves in the opposite direction. This opposite motion of the two sides of the cuvette eventually brings
the mass density on both sides of the cuvette into match (d). Therefore, the single
sample-spanning convection rolls is unstable, in presence of particle polydispersity,
towards splitting into smaller rolls (e). The size of these rolls is set (roughly) by the
size of the relative shift between the cold and the warm sides of the sample, which
makes the mass density on both sides to match. Finally, the rolls mix locally the sample, so that the initially-monotonic proﬁle of particle concentration (b) develops a
staircase-like appearance (f).

thus, a single sample-spanning convection roll forms (Fig. 5a). Now
consider an inhomogeneous ﬂuid, where the density (for a sufﬁciently wide range of x values) increases roughly linearly along
the x-axis; as mentioned above, such situation is quite typical for
samples with a broad particle size distribution, where front broadening is signiﬁcant (Fig. 5b), so that eventually dc/dx ≈ const, in a
wide region of the sample. Four representative volume elements
of such a sample are shown schematically in Fig. 5c: each of the
two volume elements on the colder side of the cuvette is denser, by
thermal contraction, compared to an adjacent volume element on
the warm side of the same cuvette. Therefore, the colder volume
elements settle faster along the gravity, shifting with respect to the
warmer side of the sample. In a frame co-ﬂowing with the center of
the sedimentation front, the cold side of the sample moves in the
g-direction, while the warm side moves in the opposite direction
(Fig. 5c). As a result, the warmer high-c region of the sample occurs
to be next to the colder low-c volume element, allowing the density
gradient due to the thermal expansion to be exactly balanced by the
density gradient due to the sloping c(x); see Fig. 5d, where an effective medium approximation is adopted, as in the previous work
[8,12,13,27], describing the ﬂuid only by its average mass density
 and kinematic viscosity . Within the effective medium approximation, the discrete nature of the NPs, which are responsible for
the c(x) variation, is neglected. When the average density  in the
adjacent hot and cold regions of the cuvette is equal (Fig. 5d), no further relative shifting of the two sides takes place. The condition for
˜ = (dc/dx)x, where ˇ is the coefﬁcient
such a balance is ˇ
˜ is the temperature drop over the sample
of thermal expansion, 
(along the z direction), and x denotes the size of the relative shift

of the cold and the hot sides of the sample making the densities on
both sides match [13,28]. This condition sets the approximate spatial dimensions of the convection rolls  = x (Fig 5e), which then
mix the sample, giving rise to the density staircase (Fig 5f). Importantly, this mechanism fully depends on the sedimentation front
being broadened due to the particle polydispersity; for an ideal
perfectly monodisperse sample, the layers would not have formed.
In this respect, the presently-studied effect is qualitatively different
from the classical Rayleigh-Bénard convection roll patterns, which
in general, form even in simple monocomponent liquids [29]. Moreover, in those of our samples where H is very small, the broadening
is insufﬁcient for the layering to occur (see Fig. 4c). For a more
accurate estimate, the full details of roll formation dynamics have
to be taken into account [8]; such analysis, based on the effective
medium theory allows the emergence of staircase density proﬁles
to be reproduced [8], as shown in Fig. 3 (bottom panel).
The handwaving description of the layering mechanism, outlined in the last paragraph, neglects the thermal diffusion of the
NPs. Most of the previous work in this ﬁeld [12–15,17,19] dealt with
colloids and emulsion droplets, where the particle sizes were on a
micron scale and larger; thus, thermal diffusion was completely
negligible. However, with these studies extended into the nanoscale [8], thermal diffusion must be explicitly taken into account.
In particular, we have recently demonstrated [8] that the number
of layers N forming in a given sample exhibits a unique power
law scaling as a function of the effective gravitational acceleration a, measured in the units of g = 9.8 m/s2 . Moreover, a critical
acceleration ac exists, below which the constant particle concentration layers do not form, so that N ∝ |a − ac |0.39 ±0.05 . This behavior
was attributed to diffusion, which smears over certain time √
t all
structural details ﬁner than a typical diffusion length scale Dt.
Formation of layers by convection is a directed process, so that the
relevant length scale is linear in t. Therefore, diffusion dominates
the system at a short t, and convection dominates the system at
a long t. A critical time t exists, at which these two length scales
match; this is the time when the layer structure emerges. When
this critical time is longer than the time it takes to have all particles
settled at a given a, no layering is observed; this argumentation
explains why no layering occurs for a < ac (H). A combination of a
scaling analysis, based on these arguments, and numerical calculations (presented elsewhere [8]) allows the scaling of t and N to be
obtained as: t ∼ a−(1+ ) D and N ∼ (a/D)0.35 , where ≈ −0.3. While
the N(a) scaling is in a perfect agreement with the experiment(see
above), the experimental scaling of t with a has never been
tested.
As a ﬁrst step towards a quantitative understanding of the
dynamics of layer formation, we measure the time at which the
plateaus form. We take advantage of the tunability of the effective gravitational acceleration a in settling under centrifugation;
no such tunability existed in most previous works [12–15,17,19],
carried out under an ambient gravity a = 1. Typically, the ﬁrst layers to form are the ones at the high-x edge of the sedimentation
front, where the transmittance is very low; the onset of layering
at such low transmittance cannot be resolved with our current
setup. Therefore, we measure the time tCEN for the formation of
the most clearly visible layer, close to the center of the sedimentation front, where the transmittance is ∼50%; a similar choice was
done with respect to the deﬁnition of t in computer simulations
[8]. The tCEN (a) scaling is demonstrated in the main panel of Fig. 6,
where different symbols correspond to different ﬁlling heights H of
the experimental cuvette (see legend); note the collapse of the data
collected at different H. Interestingly, for the experimental tCEN to
be ﬁtted by the predicted power-law, an additional positive parameter a must be introduced: tCEN = t0 + A|a − a |−0.7 , where t0 is very
small. The parameter a ≈ 190, suggests a critical acceleration rate a
to exist, below which the layers would never form for the current
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Fig. 6. The experimental time for the formation of density stairs in the center of
the sedimentation front tCEN gets shorter for the effective gravity in the centrifuge
a being higher. A similar dependence is obtained by theory (inset), as described in a
previous work [8]. Interestingly, while a power-law tCEN (a) dependence is expected
by analytical scaling arguments [8], for this dependence (curves) to match with both
the experimental and the simulated data, a minimal critical rate of acceleration a ,
below which the layers cannot form for any H, has to be postulated. Future studies
should allow the meaning and the validity of a to be tested by experiments and
computer simulations. The experimental data were obtained for Cu@Ag NPs; yet,
qualitatively, a similar behavior occurs for other particle types and concentrations
as well.

suspension, even if H is arbitrarily large. The origin of such critical a , smaller than the experimental ac (H) of the same particles
and independent of H, is yet unknown; possibly, the non-zero a
accounts for the length scale of the stairs, growing in t, being limited
by . According to previous experiments, ac ∝ H−4/3 , suggesting a
vanishing critical acceleration for H→ ∞. Future experiments, carried out for larger H, may possibly allow this discrepancy to be
resolved, by extending the experimental range of ac closer to the
ﬁtted value of a . With that being said, remarkably, the simulated
t (a) (inset to Fig. 6) dependence provides an additional evidence
for the validity of a : for the simulated t (a) data [8] to be ﬁtted
with t0 + A|a − a |−0.7 , a non-vanishing 0 < a < ac must be introduced,
as well (Fig. 6); setting a = 0 drives the exponent to much larger
negative values. Importantly, the similar scaling obtained for both
the simulated t (a) and the experimental tCEN (a) strongly supports
the currently used theoretical model, which attributes the layering
to the presence of ﬁnite-size convection rolls [8,12,13]; no other
mechanisms, suggested to explain the layering effect, are able to
reproduce the observed scaling [15–20].
The time tCEN marks the formation of the layer which has a transmittance of 50%; other layers form at different centrifugation times
and at different spots throughout the sample. To put the behavior
of tCEN into a more general context, we measure the position x0 (n)
where each layer is ﬁrst visible, as also the time t0 (n) at which each
of the layers emerges (Fig. 7a and b); layer enumeration is shown
in Figs. 4a and 8. The positions x0 are measured with respect to
the liquid-vapor interface of the initial suspension, so that small
x0 values correspond to the dilute suspension behind the center
of the sedimentation front. Measurements carried out for different
average NP mass fractions cm are overlayed in different symbols,
for comparison (see legend). The settling dynamics is slowed down
for higher cm . To take this effect into account, we normalize the
t0 values by the time tT needed for the sedimentation to be fully
completed at a given cm [30]. Note that data taken at different cm
overlap, except for the suspension at the lowest cm . Fig. 7a indicates
that the time for the appearance of the nth layer slightly increases

Fig. 7. (a) The time t0 for the nth layer to form, normalized by the time of full
sedimentation tT , is shown for a range of different mass fractions (see legend), for the
Ag NPs [see Table 1; the full particle size distribution is shown in (b)]; the deﬁnition
of n is shown in Fig. 8. (b) The position x0 where the nth layer forms, for a range of
cm . (c) The x0 (n) plots, for all cm , are collapsed together in a frame co-ﬂowing with
the center of the sedimentation front. The resulting dependence slopes linearly in
n, providing a typical length scale, which can be used in future to quantitatively
describe the layers (see text). A similar behavior is observed for other particle types
dealt with in the current work.

with cm ; also, the location where the nth layer forms is typically further away from the meniscus. However, the x0 (n) data for different
cm collapse together when expressed in the frame co-ﬂowing with
the center of the sedimentation front; for that, we subtract from
x0 (n) the center of the sedimentation front xF at the corresponding t0 (n) (see Fig. 7c). The value of xF , at a given time, is deﬁned
as the position where the transmittance is exactly in the middle
between the pure supernatant and the sedimenting suspension.
The (x0 − xF ) data are linear in n, indicating that the layers ﬁrst form
ahead of the sedimentation front (high n values); then, layer formation propagates in the −x direction, opposite to the direction
of gravity. The slope of (x0 − xF ), ∼1.6 mm/layer, provides a welldeﬁned length scale for the layering effect. Previous attempts [8] to
deﬁne a characteristic length scale in this system were complicated
by the layer growth dynamics; in particular, the width of the layers increases monotonically in all our experiments, never reaching
within our experimentally accessible range of H its hypothetical
steady state value. Future studies should allow the characteristic
experimental length scale thus deﬁned, to be directly compared
with the theoretical predictions.
According to the handwaving argument above, the size of the
convection rolls is set by an interplay between the temperature
gradient and the gradient in particle concentration. However, the
actual dynamics of roll formation is much more complex, being
sensitive, for example, to the boundary conditions, set by the
dimensions of the experimental cuvette [8]. Most importantly, this
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Fig. 8. Layer coarsening dynamics in suspensions of Fe2 O3 NPs in water. Note the
merging of the initial density stairs, marked by red arrows. The resulting stair heights
increase monotonically with I/I0 . These experimental observations of layer merging dynamics are fully reproduced, on a qualitative level, by computer simulations,
carried out within the effective medium approximation [8] (see Fig. 9). The time
interval between the subsequent curves is 150 s; a ≈ 1600. The enumeration of the
ﬁnal layers is exempliﬁed by the numbers on the right. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of
the article.)

Fig. 9. Computer simulations of layer merging events. The amplitude ux of the
x-component of computer simulated convection velocity, shown as a shaded surface plot; here a = 210, H = 2.5 cm, and the temperature drop over the sample is
˜ = 0.17 K. Numerical ux values were multiplied by a factor of (8/3)U−1 , for non
2
˜
/ is the typical convection velocity and
dimensionalization, where U ≡ ˇgad
2d = 2 mm is the z-dimension of the cuvette. The peaks (ux = 0), appearing in red, correspond to the boundaries between the layers, where the convection is in-normal to
the gravity. The valleys (cyan) correspond to the constant density layers. Note that
initially at least 12 (transient) layers form; multiple merging events occur, so that
only 5 layers remain at t = 9 h. Remarkably, the merging process is clearly observed
in the experimental data in Fig. 8. (For interpretation of the references to color in
this ﬁgure legend, the reader is referred to the web version of the article.)

simple handwaving argument neglects the role of thermal diffusion during layer formation and growth. A remarkable effect, not
accounted by this simple argument, is the coarsening of layer structure by merging of adjacent layers. Such coarsening occurs both in
experiments (Fig. 8) and in our numerical calculations [8] (Fig. 9).
The fact that our numerical calculations are capable of reproducing
the layer merging events indicates that the essential physical mechanism driving these phenomena is accounted for already at the level
of an effective medium approximation, where the effects of sedimentation velocity dispersion in NPs are completely neglected; at
this level, the polydispersity is only responsible to form (at t = 0)
a gradient in particle concentration dc/dx, which sets the initial
conditions for layer formation and evolution. While more elaborate work is necessary to fully elucidate the physical mechanism
for layer merging, we suggest that the merging may be resulted
by thermal diffusion of particles between the rolls. Indeed, the
merging events occur much more frequently in the Fe2 O3 NPs,
which have a smaller sedimentation coefﬁcient, so that their diffusion is more dominant (Table 1). Interestingly, in our simulations,
where the effect of thermal diffusion had to be increased to avoid
numerical instabilities [8], merging effects were frequent, in further support of our suggestion. On formation of the convection rolls
and of the consequent layer structure, diffusional hopping of particles from a denser layer into a less-dense one is likelier than in
the opposite direction. Such a hopping may possibly lead to disruption of the ﬂow at the inter-layer boundary, leading towards layer

Fig. 10. Experimental observation of ‘glitches’ in particle concentration. The transmission curves, taken at different t, are shifted in the vertical direction for clarity;
the t-interval between the subsequent curves is 375 s. (b) A zoom-in onto the structure of the ‘glitches’. The low contrast of this sample, where cm is very low, allows
only one layer to be distinguished; note that the oscillations move together with
this layer, signiﬁcantly supporting the identiﬁcation of these three-period oscillations with the theoretically-predicted erratic density variations at the boundaries
between the constant density layers.

P.M. Nanikashvili et al. / Colloids and Surfaces A: Physicochem. Eng. Aspects 483 (2015) 248–256

coalescence. Interestingly, the hopping may possibly have the properties of an anomalous diffusion, as for the hopping between the
classical Rayleigh-Bénard convection rolls [31].
Another interesting phenomenon related to layer dynamics is
the formation of an additional ﬁne structure, overlayed on top of
the density staircase; such ﬁne structure was called in the previous
theoretical work [13] a ‘glitch’. In particular, the number density of
NPs at the interfaces between the neighboring constant density layers, exhibits a short-period oscillation, as a function of x. This effect
has been predicted theoretically, at the level of an effective medium
theory, yet its origin have never been carefully studied and the
experimental veriﬁcation of this effect was missing. This effect has
been hitherto observed only in our current experiments employing the Fe2 O3 NPs, only for the cuvettes of the larger cross section
(10 × 8 mm; see Section 2.2), and only at a very low concentration (cm ≈ 4 ×10−3 ). A reduced cm , in general, promotes the layering
[8,12,13]. Also, the increased cuvette dimensions correspond, for a
˜ so that the laygiven temperature gradient, to a higher value of ,
ering must have been quite dramatic for all samples where glitches
occur. However, due to the very weak optical contrast in these lowcm samples, only one plateau in Fig. 10 is visible. Remarkably, at
the boundaries of this plateau we see a three-period oscillation of
I/I0 , settling together with the plateau; the fact that these oscillations move together with the plateau excludes the possibility of
these oscillations being resulted by a common artifact, such as a
contamination in the sample or a scratch on the surface of the
optically-transparent cuvette [32]. Therefore, we suggest this effect
to be the experimental realization of the theoretically-predicted
‘glitches’. The understanding of mechanisms which control c(x)
variation on short length scales, such as the scale of the observed
glitches, may open new routes in self-assembly of complex threedimensional structures.
4. Conclusions
We have demonstrated that NP polydispersity and transverse
temperature gradient, the archetype sources of noise in colloidal systems, induce formation of ordered layer structures on
a mm-scale, under an effective gravity in a centrifuge. While
noise-induced formation of ordered patterns is well known, playing an important role in diverse systems in nature, the role of
order-inducing noise in these systems is typically played by the
thermal diffusion. In our case, diffusion competes with the formation of noise-induced order, giving rise to qualitatively new types
of behavior for the NPs, not observed for micron-sized colloids and
emulsions. In our present work, we have demonstrated several new
experimental dependencies, describing the dynamics of layer formation. Some of these relations are in a good agreement with the
theoretical model of a convective instability. The agreement of this
model with other relations, such as the linear scaling of (x0 − xFr )
with n, will be tested in a future work. In present experiments, in
addition to Cu@Ag and Ag NPs, we also used a new type of particles,
Fe2 O3 , where the balance between settling and diffusion is very
different. These particles allowed qualitatively new effects to be
observed: (a) layer merging dynamics; (b) ﬁne oscillations of particle concentration at inter-layer boundaries. Both of these effects
have been previously predicted by theory. However, the physical
mechanism of these effects, providing new tools for self-assembly
of sharp liquid structures, is still poorly understood and will be
studied in the future.
Acknowledgments
We are grateful to M. Shmilovitz (Tetra Sense Scientiﬁc Tools
Ltd) for his generous assistance with the LUMiFuge experiments.

255

Funding by the VIIth Framework RTD European Project (FP7NMP-2010-LARGE-4 area) – Large Collaborative Projects – Project
SaveMe (grant agreement no. 263307) is warmly acknowledged.
P.M.N. thanks the Ministry of Absorption for funding.
References
[1] G. Schmid, Nanoparticles: from theory to application, 2nd ed., Wiley-VCH,
Weinheim, 2010.
[2] J.C. Berg, An Introduction to Interfaces and Colloids: The Bridge to Nanoscience,
World Scientiﬁc, Hackensack, NJ, 2010.
[3] J.-P. Hansen, Theory of Simple Liquids, 3rd ed., Academic Press, 2006.
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