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Boiling and condensation are among the best recognized
phase transitions of condensed matter. Approaching the critical
point, a liquid becomes indistinguishable from its vapour, the
interfacial thickness diverges and the system is dominated by
long-wavelength density fluctuations1. Long wavelength usually
means hundreds of particle diameters, but here we consider
the limits of this assumption, using a mesoscopic analogue of
simple liquids, a colloid–polymer mixture2,3. We simultaneously
visualize both the colloidal particles and near-critical density
fluctuations, and reveal particle-level images of the critical
clusters and liquid–gas interface. Surprisingly, we find that
critical scaling does not break down until the correlation length
approaches the size of the constituent particles, where there
is a smooth transition to non-critical classical behaviour. Our
results could provide a framework for unifying the disparate
particle and correlation length scales, and bring new insight
into the nature of the liquid–gas interface and the limit of the
critical regime.

Among the simplest pictures of two different phases is that
of a magnet, whose sites can only point up or down, and do
so depending solely on their neighbours. This Ising model in
fact describes a general class of phase transitions1, from the
original ferromagnetic transition in magnets to phase separation
in alloys, binary liquids, emulsions and polymers, and the liquid–
gas transition in simple liquids and colloid–polymer mixtures.
Although we shall consider the latter two cases, this work has
implications for many systems that belong to the same universality
class. Close to the critical point, many physical properties such as
the bulk correlation length, ξB, are described by simple scaling,
such as ξB = ξ0

Bε
−ν, where ξ0

B is the bare correlation length (or
critical amplitude) and ε = (T−TC)/TC is a reduced temperature
where T is the temperature and TC is the critical temperature.
The critical exponent ν = 0.5 according to mean-field theory,
and very close to the critical point there is a crossover to
ν = 0.63, ‘three-dimensional (3D) Ising universality’4. We shall
refer to the entire scaling regime, both mean field and 3D Ising
as the critical region. Although criticality is well understood, the
point at which it breaks down has so far received relatively little
attention. Conventional theory of critical phenomena assumes
a large separation in length scales, that is, that the correlation
length is decoupled from other length scales. This length-scale

separation lies at the heart of critical universality, implying that the
microscopic details are irrelevant. Whereas length-scale coupling
has been considered in complex fluids with much longer length
scales, such as polymer5 and ionic6 solutions, we consider here a
more general limit: the case that the correlation length approaches
that of the constituent particles. Although it is difficult to
approach this limit experimentally in molecular systems, a colloid–
polymer mixture provides straightforward access to arbitrary
effective temperatures.

Adding polymer to a colloidal suspension can induce a fluid–
fluid demixing widely accepted to be a larger scale analogue of
liquid–gas coexistence in simple liquids, see the phase diagram
in Fig. 1e, inset. The coexisting phases are a colloidal gas (rich
in polymer, poor in colloids) and a colloidal liquid (rich in
colloids, poor in polymer)7 whose structure resembles that of
simple liquids8. Demixing stems from the entropy-driven attraction
between the colloids, mediated by the polymers2,3. Under the
assumption of ideal polymer behaviour, the interaction strength is
proportional to the polymer concentration in a connected reservoir.
We confirm that for our system, 1/CP can reasonably be treated
as the effective temperature (see the Supplementary Information).
The results of some experimental studies notwithstanding9,
previous work on colloid–polymer mixtures shows 3D Ising
behaviour very close to criticality10,11. We therefore regard colloid–
polymer mixtures as a mesoscopic model of simple liquids. Note
that the explicit determination of 3D Ising criticality would be
challenging for our system, which is optimized for the non-
critical limit (see the Methods used on our samples and also
Supplementary Information on the limit of the approach to the
critical point). To explore 3D Ising criticality, we would require
ε ∼ 10−5. This corresponds to a length scale of millimetres for
our system of micrometre-sized colloids. Such a length scale
cannot practically be accessed with a microscope; furthermore,
macroscopic-scale experiments inevitably suffer from various
sources of non-ideality such as gravity and confinement. In
other words, for microscopic molecules, true criticality leads
to mesoscopic length scales; for mesoscopic colloids, it leads
to macroscopic length scales. In our experiments, thus, the
lower bound of ε is limited to 10−3, but we can access the
high-temperature ‘hard-sphere’ limit (ε → ∞) simply by not
adding polymer.

636 nature physics VOL 3 SEPTEMBER 2007 www.nature.com/naturephysics

© 2007 Nature Publishing Group 

mailto:paddy@iis.u-tokyo.ac.jp
mailto:tanaka@iis.u-tokyo.ac.jp
http://www.nature.com/doifinder/10.1038/nphys679


LETTERS

0.05 0.10 0.15 0.20 0.25 0.30
0

0.5

1.0

1.5

2.0
Two phase

One phase

1.5a
2.0a
2.5a
3.5a
6.0a
16.0a
32.0a

0
0

C

0.2 0.4

0.3

0.6

0.9
Two phase

One phase

φ

φ

C P
R/
C P

*

C P
 (g

l–1
)

0
0

1

2

3

20 40 60 80
r /a

g(
r)

a b c

d

e f

Figure 1 Near- and far-critical behaviour in the small-colloid system. a, Near-critical, CP = 1.057 gl−1, showing single-particle-level detail and larger fluctuations.
b, Small critical-like fluctuations, CP = 0.886 gl−1. c,d, Non-critical, CP = 0. Scale bars= 10 µm and φ = 0.17 in all images. Polymers are not imaged. The images are ‘2D’
slices through the 3D sample. e, Contour plot of the correlation length overlaid with the phase diagram. Triangles are two-phase; circles are one-phase. The contour plot is
interpolated between state points. The inset shows the polymer reservoir representation, which is directly analogous to simple fluids, calculated from theory25. The red circles
in e show the state points pictured in a–d. f, Radial distribution function, fitted with the Ornstein–Zernike correlation function (red line) CP = 1.057 gl−1.

We used two colloid–polymer mixtures. The small colloids
(radius a = 230 nm) allowed us to approach criticality to
ε ∼ 10−3, whereas the larger colloids (a = 650 nm) permitted
full 3D resolution of the colloid coordinates12, see the Methods
section. Confocal micrographs of the small-particle system
are shown in Fig. 1. Near-critical behaviour, CP = 1.057 gl−1,
ε = (2.7± 1) × 10−3, is illustrated in Fig. 1a. Note the multilevel
information, both single-particle detail (Fig. 1a, inset) and
bulk-like near-critical fluctuations (Fig. 1a). Relatively far from
criticality, CP = 0.886 gl−1, ε = 0.195± 0.001, the appearance is
similar, Fig. 1b, although we have rescaled the image compared
with the near-critical case. Non-critical behaviour is shown in
Fig. 1c,d, CP = 0, where only the large-scale single-particle-level
image shows significant structure. Determination of the correlation
length is described in the Methods section and shown in Fig. 1f.
We plot the correlation length as a function of colloid and polymer
concentration in Fig. 1e. Close to criticality, there is, as expected, a
strong increase in the correlation length, shown in red. However,
the subject of this work is the range over which the effects of critical
fluctuations may be observed. As can be seen from Fig. 1e, it seems
reasonable to say that this range covers a considerable region of the
phase diagram.

We plot ξB(ε)/ξ0
B = ε−ν in the ‘lambda-plot’ in Fig. 2a and the

log–log plot in the inset for both experimental systems considered,
along with the computer simulation data for an Asakura–Oosawa
(AO) colloid–polymer mixture and a Lennard-Jones (LJ) model

simple fluid (see the Methods section). The main observation
here mirrors that of the contour plot in Fig. 1e, that the region
where critical effects appear is large, extending to ε ≈ 1 in all
cases. Whereas deviations from critical scaling are small in the
‘lambda-plot’, the log–log plot (Fig. 2a, inset) shows a clear limit to
critical scaling, on which the experimental data and AO simulation
coincide. Near criticality, ξB follows the critical scaling ξB = ξ0

Bε
−ν

where we have redefined the reduced temperature for colloid–
polymer mixtures ε = (CP −CC

P )/CP. At the level of this work, the
value of the critical exponent, ν, is not known to high accuracy.
We obtain values of ν ≈ 0.50 when fitting the one-phase fluid
data for the large and small particle. ξB starts to deviate from the
scaling and approaches a constant value for ε ∼

> 1. Our data are
well fitted, including both critical and non-critical limits, by the
following relation:

ξB(CP) = ξ0
B[(C

C
P −CP)/C

C
P ]

−ν, (1)

where, compared with the usual relation, we substitute CC
P by CP

in the denominator. This is equivalent to replacing T by TC in the
conventional temperature notation, recovering the usual relation
at small reduced temperature4. This replacement apparently saves
the behaviour of the usual relation (ξB → 0) in the non-critical
classical limit (ε → ∞), although its validity needs to be verified.
We also found ξ0

B+
= (1.28± 0.4)a for the small colloids, and

ξ0
B+

= (1.35±0.2)a and ξ0
B−

= (0.66±0.2)a for the large colloids,
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Figure 2 Near- and far-critical behaviour of correlation length, interfacial
thickness and Helmholtz free energy. a, l-plot of the correlation length, ξ, scaled
by the bare correlation length, ξ0. Experimental data are obtained from radial
distribution function fitting (Fig. 1f), except ξ I defined in equation (2). Big and small
refer to a= 650 nm and a= 230 nm colloids respectively. The black lines show
ν = 0.5, dotted ν = 0.63, and the blue line is equation (1) with ν = 0.54. Inset:
Same data on a log plot. Two-phase data offset by −0.5 for clarity. b, Helmholtz
free energy for the reduced temperatures; the pink lines are fits from
Landau-Ginzburg theory (see the text). Radius a= 650 nm. c, r0 as a function of ε.
The line is a linear fit to the data for ε < 0.4, vanishing at the critical point. The
shaded regions are guides to the eye. The error bars denote one standard deviation.

where + and − refer to the one-phase fluid and two-phase
region respectively. This leads to a critical amplitude ratio of
ξ0
B+

/ξ0
B−

= 1.9±0.3, which is comparable to the theoretical value
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Figure 3 The fractal dimension of near-critical density fluctuations.
a, Near-critical density fluctuations at ε = 0.125±0.02. The green particles belong
to dense clusters, and red to dilute regions. b, The fractal dimension of critical
clusters as a function of the correlation length. The clusters are self-similar, except
for ξB+ < 3a. The solid line is dF = 2.5. Here, we use a= 650 nm colloids. The
shaded regions are a guide to the eye. NC denotes non-critical. The error bars
denote one standard deviation. Inset: Coordinate count as a function of r/a, fitted
with the red line to yield a fractal dimension close to 2.5. The dashed line denotes
r= ξB+, ε = 0.125±0.02.

(1.93 for 3D Ising and 1.41 for mean-field theory)1. In Fig. 2a, we
scaled the AO simulation data by (0.81±0.05)a, the mean value of
ξ for which ε > 1, whereas the LJ results were unscaled (ξ0 set to a).
Note the deviations at very high temperature (ε ∼

> 300) where the
LJ repulsion ‘softens’.

Dividing the sample into cells containing precisely one colloid,
using the Voronoi construction13, allows us to determine P(φ),
the probability distribution of the colloid volume fraction (1/cell
volume), where φ is the colloid volume fraction. As the Helmholtz
free energy may be defined as F(φ) = −kBT ln(P(φ)), where kB
is Boltzmann’s constant, we can directly measure F(φ) (Fig. 2b)14.
With no polymer (white circles), the distribution has a single well-
defined free-energy minimum. On adding polymer, approaching
the critical point, the curve broadens, and eventually, in the
two-phase region (blue circles) splits into two minima, one
corresponding to gas and one to liquid. Although we cannot assume
a priori that phenomenological coarse-grained theories such as
Landau–Ginzburg will hold in this case, it is nevertheless possible
to compare our experimental results. We analyse the curvature of
the free energy at φC, r0 (see the Supplementary Information).
Figure 2c indicates that r0 is approximately proportional to ε for
ε < 0.4, in accord with Landau–Ginzburg theory. This range of
ε is similar to the range over which the correlation length obeys
critical scaling.

The Voronoi construction also yields the fractal dimension
of the critical clusters. Here, we select the densest 50% of the
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Figure 4 The liquid–gas interface at the single-particle level. a, Confocal micrograph of the liquid–gas interface at the single-particle level, ε = −0.15. Bar= 10 µm.
b, Layering on the interface. The arrows show the first layer, which diminishes approaching criticality. The solid lines are fits from equation (2). The data are offset for clarity.
Here, we use a= 650 nm colloids. The error bars denote one standard deviation. c, 3D representation of the interface at the single-particle level. Blue particles are liquid,
green are interface. d, The fitted interface. A quintic function fitted to the green particles in c.

colloids, revealing the critical density fluctuations, as shown in
Fig. 3a. Considering only these dense particles, the number of
particles as a function of distance, r, from each coordinate then
directly leads to N (r) ∝ rdF , where dF is the fractal dimension. We
expect dF = 2.5 (ref. 1), but pioneering work on binary liquids
was hampered by limited resolution, such that dF was measured
as 2.8 (ref. 15). Here, we fit N (r) from the single-particle level
to the bulk correlation length ξB, as shown by the red line in
Fig. 3b, inset, and obtain fractal dimensions close to 2.5 across a
wide range of polymer concentrations, see Fig. 3b. This provides
evidence that the geometric characteristics of critical fluctuations
(self-similarity), which are central to critical universality, can be
observed even at length scales approaching the single-particle limit.
For very short distances, the first peak of g(r), that is, the first
shell, leads to a fractal dimension greater than three, reflecting
local structuring close to contact, and self-similarity breaks down.
The same length scale follows from the breakdown of the critical
scaling of ξB.

We now investigate the relationship between the bulk
correlation length, ξB, and the intrinsic interfacial thickness, ξI. The
interface may be thought of either as a continuous density profile16

or a (step-like) local density profile dressed with thermal capillary
waves17,18. We measure the capillary waves and thus determine the
interfacial tension, σ (see the Supplementary Information). As the
correlation length is proportional to 1/

√
σ (ref. 1), this provides

another measure of the scaling of the correlation length (see
Fig. 2a). We also resolved the individual particles, Fig. 4a, which
leads us to treat the liquid–gas interface at the single-particle level,

following simulation work19 (see the Supplementary Information).
Liquid particles are identified as those with at least four neighbours
(Fig. 4c, blue particles). The top layer of liquid particles then defines
the interface (Fig. 4c, green particles). These interface particles
may be fitted with a smoothly varying interface (Fig. 4d), from
which we calculated the fractal dimension of the interface to be
2.18± 0.02, for ε = −0.042± 0.003, in an analogous way to the
critical fluctuations.

In the layer below these interface particles, we find height–
height density correlations, ρ(z) = 6δ(z − (zL − zI)), where
zI and zL are the height coordinates of the interface and
liquid particles respectively. Liquid particles are sampled from
a column of radius a below each interface particle. Figure 4b
shows gIL(z) = (ρ(z)−ρ(0))/(ρ(∞)−ρ(0)), which shows peaks
around 3a (arrows), indicating that there is some short-ranged
structure below the interface. This reflects correlations in the liquid
phase due to the microscopic definition of the interface, and is
not necessarily connected to intrinsic layering20. Although we have
followed a single-particle-level approach, we nonetheless note that
it takes the gIL(z) some time to rise to unity, indicating the intrinsic
interfacial thickness. We are therefore motivated to fit these profiles
in the spirit of van Der Waals theory16, excluding the few points
comprising the peak around 3a:

gIL(z) = tanh

(
−

z

2ξI

)
. (2)

The results are plotted in Fig. 2a, showing a very similar result
to the bulk correlation length. In other words, we succeeded in
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accessing the intrinsic interfacial profile, which is little affected by
capillary waves.

In summary, we have demonstrated that both the intrinsic
interfacial thickness and bulk correlation length have almost the
same magnitude, and that critical scaling appears to have a
limit where the correlation length falls to around the constituent
particle size, for a colloid–polymer mixture. We observed the same
behaviour with Monte Carlo simulations of a colloid–polymer
mixture and an LJ model simple liquid at moderate temperatures.
Thus, critical scaling may predict various physical properties, such
as the density correlation length, interfacial tension and the free
energy far from the critical point at least for colloid–polymer
mixtures and some simple liquids. Furthermore, we find a smooth
transition from critical to non-critical behaviour, which seems to
be governed only by the size of the constituent particles themselves,
representing hard-core repulsions. This not only raises questions
as to why critical scaling works over such a range, but also has
implications in its application to a wider range of materials and
conditions than previously expected.

METHODS

EXPERIMENTAL
We used sterically stabilized polymethyl methacrylate colloids of a= 650 (big)
and 230 nm (small) radius and polydispersity 5%, labelled with rhodamine21

and 1,1 dioctyadecyl-3,3,3,3-tetra methyl indocarbocyanine22 respectively. We
used polystyrene with Mw = 3.0×107, which implies a polymer size of 164 nm,
and a polymer–colloid size ratio of around 0.25 for a= 650 nm and 0.7 for
a= 230 nm in a theta solvent23. The larger colloids were dispersed in an almost
density-matching solvent of 1:1.015:2.113 tetralin/cis-decalin/carbon
tetrachloride by mass24. Comparison with free-volume theory25 suggests a
strong degree of polymer swelling, perhaps even to 40%, which, along with the
polymer polydispersity (Mw/Mn = 1.3), should further stabilize the liquid–gas
demixing26. Demixing occurred in around 30min, and after around 1 day
crystallites were nucleated at the walls of the container. This is distinct from
fluid-crystal coexistence with smaller polymers7, when crystallization occurs
immediately. The smaller colloids were dispersed in cis-decalin, and we saw no
crystallization at all. Our simulations demonstrate (see Supplementary
Information, Fig. S1) that, for ideal polymers, the assumption of
proportionality between the polymer reservoir and the system is at least
reasonable. Although the polymers used were not ideal, in the cis-decalin
system, the experiments were carried out 10 ◦C above the theta temperature,
whereas in the case of the solvent mixture, the theta temperature was >100 ◦C
lower. That we see no significant difference between the two systems suggests
that polymer non-ideality is not important here.

To determine the critical point, we first found the critical colloid density,
φC, by preparing suspensions at differing φ, and for each we varied the polymer
concentration (see the Supplementary Information).

RADIAL DISTRIBUTION FUNCTION
Pixel-level radial distribution functions, g(r), were calculated from
2D images. We used 2D images because it was hard to collect data over the
100×100×100 µm volume needed in the case of 3D images close to criticality.
We note that in the case of the small particles, towards the hard-sphere limit,
the measured value of the correlation length may be increased owing to the
limited axial resolution of the microscope. However, we obtained similar
relative values of ξ for both systems, and conclude that such blurring has little
effect in this case. We checked that there was no difference between correlation
lengths extracted from 3D coordinate data, where we fitted a straight line to
ln(r|g(r)−1|). We determined the correlation length from simulation data in
this way also.

MONTE CARLO SIMULATION
We carried out standard Monte Carlo simulations at constant particle number,
volume and temperature for an LJ system (uLJ) = 4w((σ/r)12 − (σ/r)6)),
where the interaction was truncated at 2.5σ and shifted such that
uLJ(2.5σ) = 0. We used 4,000 particles, equilibrated with up to 2×108 steps.
The critical temperature was taken as TC = 1/4w= 1.1876, and density as
ρC = 0.3197σ−3 (ref. 27). We fixed the density, and varied the temperature. In

the case of the colloid–polymer mixture, we used the AO model28 of
hard-sphere colloids and ideal polymers, which may not overlap with the
colloids. The polymers were in chemical equilibrium with a reservoir at fixed
concentration. We used 1,000 colloids and up to 5,000 polymers, and up to 108

equilibration steps. We set the colloid–polymer size ratio to 0.8 and took the
critical values of CC

PR/C∗

P = 0.766, CC
P /C∗

P = 0.3562 and φC = 0.134 where CC
P

and CC
PR are the critical polymer volume fractions in the system and reservoir

respectively and C∗

P is the polymer overlap concentration28.
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