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When fluctuating fields are confined between two surfaces, 
long range forces arise. A famous example is the quantum 
electrodynamical Casimir force that results from zero point 
vacuwn fluctuations confuted between two conducting metal 
plates'. A thermodynamic analogue is the critical Casimir force: 
it acts between surfaces immersed in a binary liquid mixture dose 
to its critical point and arises from the confiuement of con centra 
tion fluctuations within the thin film of fluid separating the sur 
faces2 • So far, all ell:peri.mental evidence for the existence of this 
effect has been indirece 5

• Here we report the direct measurement 
of critical Casimir force between a single colloidal sphere and a flat 
silica surface immersed in a mixture of water and 2,6 lutidi.ne near 
its critical point. We use total internal reflection microscopy to 
detemti.ue in situ the forces between the sphere and the surface, 
with femtonewton resolution6

• Depending on whether the adsorp 
tion preferences of the sphere and the surface for water and 
2,6 lutidi.ne are identical or opposite, we measure attractive and 
repulsive forces, respectively, that agree quantitatively with 
theoretical predictions and exhibit exquisite dependence on the 
temperature of the system. We expect that these features of 
critical Casimir forces may result in novel uses of colloids as model 
systems. 

The simple act of confining a fluid can give rise to new ph en om en a 
not observed in the bulk. An intriguing example is the critical Casi.urir 
force predicted to occur in binary fluid mixtures close to their critical 
point; like other critical phenomena, it is characterized by universal 
scaling functions that depend only on the internal symmetries of 
the system rather than on its specific material properties' . Colloidal 
particles suspended in binary liquids offer a particularly interesting 
setting for the experintental observations of such forces. At suffi 
ciently small particle distances, concentration fluctuations of the 
solvent become confined between neighbouring colloidal surfaces 
and modify the pair interaction8

• If tlte Casinlir interaction strengtlt 
is comparable to the thermal energy, drastic changes in the phase 
behaviour are expected. Reversible flocculation of silica colloids in 
water 2,6 lutidi.ue mixtures close to the critical point has in fact been 
observed9

, and critical Casinlir forces may be invoked to explain tills 
phenomenon. However, flocculation was observed even far away 
from tlte critical point where critical fluctuations are negligible, so 
it cannot serve as conclusive evidence for the presence of Casi.utir 
forces10

"
11

• 

Our experiments, ainted at directly measuring critical Casi.utir 
forces, use a single colloidal sphere and a planar surface immersed 
in a binary liquid mixture of water and 2,6 lutidine. Forces are deter 
mined using total internal reflection microscopy (TIRM, see 
Methods)6 which allows itt situ measurements with femtonewton 
resolution12 (Fig. 1). The binary liquid mixture bas a lower critical 
demixing point at Tc = 307 K at a lutidine mass fraction of 
cf = 0.286. At temperatures far below tlte temperatures correspond 
ing to the deruixing line, the binary mixture can be considered as an 
effectively homogeneous solvent and critical Casimir forces are 

absent. Under tltose conditions, tlte potential of the negatively 
charged colloidal particle at height z above tlte surface is given by 
electrostatic, gravitational and optical forces6 

4>(z)=Aexp(- Kz)+GeffZ (I) 

where tlte amplitude oftlte electrostatic interaction A depends on tlte 
surface dtarges of tlte particle and the wall6, K 

1 is the Debye screen 
ing length of the sol vent, and Geff is tlte effective weight of the colloid 
due to gravity and light pressure from the optical tweezers. For all 
heights z sampled in our experintent, we see no evidence for disper 
sion forces. This is due to tlte ratlter small differences between tlte 
refractive indices n of the water lutidine mixture {1.384) and tlte 
silica substrate (1.464). 

Because critical Casi.utir forces depend strongly on the adsorption 
properties of tlte confining surfaces7

, we used different combinations 
of particles and surfaces tltat preferentially adsorb either lutidi.ue 
('plus' boundary condition) or water ('minus' boundary condition). 
We used polystyrene particles13 of diameter 2R 3.69 ~un with a clear 
preference for lutidine, and highly charged polystyrene spheres of 
diameter 2.4 Jlffi preferring water. Variation of the adsorption pro 
perties of the silica substrate is achieved by dtemical treatment of its 
surface with either hexametltyldisilaxane (HMDS) or NaOH, result 
ing in a preferential adsorption for lutidi.ue and water, respectively. 
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Figure 1 1 Data acquisition and analysis. a, Scheme ofTIRM set up. A 
colloidal particle undergoing thermal motion within an evanescent field of 
intensity I • .(z) scatters light, whose intensity I • .,(z) is detected by a single 
photon counter. Lateral particle diffusion is suppressed by a vertically 
incident optical tweezer (.i. = 532 run, P;:;,; 2m W}. b, I.e versus time, 
reflecting particle motion normal to the surface. c, Measured interaction 
potential for a 2.4 ~un polystyrene particle above a NaOH treated silica 
surface (( ) boundary conditions) in a water lutidine mixture at critical 
composition (black data points). The data points are well fitted by equation 
(1) (green line). The same data but with the linear contribution G.:rrz 
subtracted and shifted in vertiml direction is also plotted (red data points). 
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Figure lc gives the interaction potential measured for a 2.4 ~un 
particle above a NaOH treated surface (( ) boundary conditions) 
in a water lutidine mixture at critical composition and 0.3 K below 
Tc. Tc is determined as the temperature at which a characteristic 
change in the scattering intensity occurs upon slowly heating the 
system across the phase transition. The figure shows that our mea 
sured potential is accurately described by equation ( 1), with the fit 
yielding a value of K 

1,.12 nm :t 3 nm (s.d.) for the Debye screening 
length that is in agreement with estimates based on the solvation 
constant of the mixture••. We note that the linear contribution to 
the interaction potentials (see equation ( 1)) is identical over the 
entire temperature range we investigated. For convenience, we have 
subtracted this contribution from all potentials shown in the remain 
der of the paper. 

Figure 2a shows the particle wall interaction potentials upon 
approaching Tc from below. Within the investigated ten1perature 
range, critical fluctuations of the fluid mixtures contribute only neg 
ligibly to background scattering and thus do not interfere with the 
measurements of interaction potentials. The data show that although 
the temperature varies by only 0.18 K, the approach to Tc results in 
large changes to the measured potentials as a strong attractive force 
between particle and surface develops. In combination with electro 
static repulsion, the attractive force yields a potential well with a 
depth of almost 10 k8 T. At the highest temperature, corresponding 
to 11T Tc T 0.12K, this well is sufficiently deep that the par 
tide hardly escapes from it during the entire measurement. The 
strong temperature dependence of the potentials close to the critical 
point is a clear indication of the involvement of critical Casimir 
forces. The maximum attractive force acting on the particle is esti 
mated to about 600 fN. Considering the linear dependence of such 
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Figure 21 Critical Casimir pot entials between a wall and a particle in a 
critical water-lutidine mixture. a, Symmetric boundary conditions (--): 
2.4 ~un hydrophilic particle and NaOH treated hydrophilic wall. 
b, Asymmetric boundary conditions ( +-): 3.69 J.Ull polystyrene particle 
preferring lutidine and NaOH treated hydrophilic wall. c, Symmetric 
boundary conditions ( + + ): 3.69 ~1m polystyrene particle and HMDS 
treated wall. d, Calculated scaling functions for symmetric and asymmetric 

forces on the particle size, this value is comparable to reported 
quantum electrodynamical Casinllr forces between a metallized col 
loidal sphere and a conducting flat surface15

• 

Indirect experimental evidence has documented not only attrac 
rive but also repulsive critical Casinllr forces in thin films of classical 
fiuids5

)
6

, with the observations of one studf found to agree with 
subsequent theoretical predictions17

• To observe repulsive critical 
Casimir forces in our system directly, the two surfaces confining 
the binary fluid mixture must preferentially adsorb different species 
of the mixture' ; that is, the boundary conditions for the particles and 
surface need to be 'plus minus' or 'minus plus': ( + ) or ( + ).In 
an experimental realization of ( + ) conditions we used 3.69 ~rm 
polystyrene particles and NaOH treated substrate, with the inter 
action potentials measured for this system shown in Fig. 2b. As in 
the earlier experinlent (Fig. 2a), the interaction potential measured at 
temperatures far below Tc consists only of electrostatic contribu 
tions. But in contrast to the behaviour seen in Fig. 2a, the repulsive 
part of the potential curves shifts towards larger z as the temperature 
approaches Tc. This is in qualitative agreement with theoretical 
predictions' for repulsive critical Casinllr forces in the case of asym 
metric boundary conditions. Treatment of the substrate with HMDS 
restores symmetric boundary conditions with the 3.69 ~m polysty 
rene particles, and the critical Casinllr forces measured in this ( + +) 
system are indeed attractive (see Fig. 2c). 

To extract quantitative information about the critical Casimir 
potential if>c(z,T), we focus on experimental data. obtained at dis 
tances z that are sufficiently large to render electrostatic interactions 
negligible. This avoids possible complications due to electrostatic 
effects, given that it is not a priori clear whether critical fluctuations 
might affect the counterion distribution. Within the Derjaguin 
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as descnbed in the main text. To achieve the best agreement with the theory, 
the experimental data have been horizontally shifted by the same amount 
within each panel and within the e~:perimeotal resolution of :!:30om. 
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approximation, valid for z :5 R, l'l>c is expected to scale at the critical 

concentration as f:p = ~ 8 ( t) where 8 is a universal scaling function 

that depends on the boundary conditions. ~ is the bulk rorrelation 

length defined as ~ = ~0 (I - f;) •, with the amplitude <o reflecting 

the typical length scale set by the intermolecular P.W: pot~tial. 
v 0.63 is the univel'5al critical exponent of the three dimensiOnal 
Ising universality class, relevant for classical binary m:ix:tures. Within 
the Derjaguin approximation, the scaling function B can be calcu 
lated by ~ressing it in terms of the scaling function 

81(L/ () = Fe.! L' of the critical Casimir force lt:.1 acting between 

parallel plaf:s :r;ith an area Sand separated by a distance L. Thlsyidds 
0(;1 

8(x) = 27t f dy(y z-y 3).9n (xy), where x z/~ . • 911 has been deter 
I 

mined by Monte Carlo simulations for symmetric ( + +, ) and 
asymmetric ( + , +) boundary conditions17 and the resulting 
theoretical prediction for 8(x) is presented in Fig. 2d . 

The observation that ,9(x), and thus critical Casimir forces, can 
change sign depending on the boundary conditions of the system c:an 
be undel'5tood by considering that the preferences of the confining 
surfaces foroneofthetwo species present i.n the Ouidmixtureimpose 
additional constraints on concentration fluctuations. In the case of 
symmetric ( + + ) or ( ) boundary conditions, the fluctuation 
spectrum is further reduced by the confinement than in a system 
exhibiting no preferential adsorption; the reduction gives rise to 
strongly negative 9(x) values: Lhat is, strong attraction. In the case 
of asymmetric ( + ) and ( + ) boundary conditions, fluctuations 
in the concentration of opposing species originate at the two confin 
ing surfaces. Atsmall particle wall distances, these Ouctnationsin~er 
fere with the tendency of the system to generate concentrabon 
fluctuations on the length scale set by the correlation length of the 
fluid mixture. Confmernent in systems with asymmetric boundary 
conditions thus renders the latter fluctuations energetically less 
favourable, and so repulsive forces occur. 

Theoretical predictions for the interaction potentials arising from 
critical Casimir forces are shown as solid Jines in Fig. 2a and b, and 
agree remarkably well with the experimental data. (The data in Fig. ~c 
cannot be compared reliably with theory because the z range ill 
which electrostatic cont ributions are negligible is too narrow.) The 
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Figure 3 1 Off-<rl tlcal composit ion. Interaction potentials o f a 3.69 !1JD 
polystyrene portide and a liM OS treated silim wall ((++) boundary 
conditions) at lutidine mass frnctlon cL • 0.2 and temperatures dose to tbe 
demixing line. The potentials exhibit an abrupt change such that a narrow 
mmimum close to the wall develops, which is interpreted as the formation of 
a liquid bridge, rich in the preferred romponent of the mixture, between the 
particle and the wall, as indicated in the inset. 
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predictions use values for ~(D which are optimized to yield the best 
fits to the experimental data, and which are found to range from20 to 
I 00 nm. Comparing th~ ~ ( 1) values with the theoretically expected 

( )

- 0.63 
algebraic behaviour ~- ~0 1- fc and treating <o and Tc as 

fitting parameters, we have obtained eo 0.18 nm:! 0.02 nm 
(s.e.m.) from both experiments in Fig. 2a and b. This value is con 
sistent with eo 0.2 nm :t 0.02 run (s.e.m.), determined from light 
scattering experiments11

• The Tc values obtained from the fit are 
55 :t 10 mK (s.e.m.) and 234 :t 5 mK (s.e.m.) ,lower than the values 
experimentally determined in the corresponding experiments sum 
marized in Fig. 2a and b, respectively. We attribute these differences 
to the difficulties in inferring the absolute value of Tc from the 
scattering intensity. 

We also extended our measurements to binary mixtures that are 
far from their critical composition, where critical Casimir forces 
become negligible11

• Por small deviations from the critical lutidine 
mass fraction cf, the temperature dependence of the forces between 
particles and surfaces is predicted to be almost identical to the tern 
perature dependence documented in Fig. 2 (ref. 11). This is in agree 
ment witll our observation that measurements for lutidine mass 
fractions in the range 0.26 < Ct < 0.32 and using ( + +) boundary 
conditions yield potential curves similar to those shown in Fig. 2c 
(data not shown). During these experiments. we observe no evidence 
for wetting phenomena, which arc strongly suppressed by the curv 
ature of the spherical particle19

• However, measurements for £t ~ 0.2 
result in markedly different potentials. 

Figure 3 shows the particle wall interaction potentials measured at 
several temperatures below but near the demixing line, for a system 
with ( + +) boundary conditions and Ct 0.2. lktween 307 31 and 
307 36 K, the potentials change very little and are well described by 
equation (1). But a further increase in temperature by 20mK results 
in a sudden shift in the interaction potentials, 'vith a narrow and steep 
potential weD dcvdoping dose to the surfuce. Further slight increases 
in temperature localize the particle even doser to the surface. Such an 
abrupt change in the particle wall interaction potential strongly con 
trasts with the gradual increase of critical Casimir forces over a broad 
temperature range (compare with Fig. 2c, where Casimir forces 
increase gradually over a 150 mK temperature range). We note that 
when using a sy~tem with ( + +) boundary conditions, these abrupt 
potential changes are only observed on the lutidine poor side of tbe 
phase diagram. In the case ofhydroph iUc particles ~d walls (( . ) 
boundary conditions), we obtain potential curves similar to those ill 
Fig. 3 when Ct 2::0.4. We attribute the instantaneous snapping of the 
particle towards the wall to the formation of a liquidbridgethatspans 
the particle and the wall and that is formed by one component of the 
binary mixture. Our observation that bridge formation occurs only 
on the side of the phase diagram where the mixture is poor in the 
component that is being preferentiaDy adsorbed by both surfaces is in 
agreement with theoretical predictions20

.11 , which indicate that under 
those conditions surface contributions to the free energy become 
sufficiently important thatLhe system minimizes its interfacial energy 
by bridge formation (see also the inset in Fig. 3) . 

Our results demonstrate that intriguing opportunities for inftu 
encing soli matter systems arise when using solvents near their 
critical point, where critical fluctuations activdy contribute to the 
interactions between suspended objects. The fundamental nature of 
th~ fluctuations ensures that in contrast to interactions such as 
electrostatic forces, critical Casimir forces exhibit a striking temper 
ature dependence that otTers control over the phase behaviour of 
suspended objects through minute changes in temperature. This 
feature may lead to new uses of colloids as model systems. And con 
sidering that repulsive critical Casimir forces can be generated for any 
material by suitable surface treatments, we envisage that critical 
Casimir forces might. also find usc in micro electromechanical 
systems where st iction (s tat ic friction) due to attractive quantum 
clectrodynamical Casimir forces causes device failure22

• 



METHODS SUMMARY
Particle wall potentials were measured with TIRM, where a p polarized laser

beam (l 473 nm, P< 2mW) is totally reflected at a glass liquid interface

leading to an evanescent field (Fig. 1). The particle’s scattered intensity in the

evanescent field depends sensitively on its height z: Isc(z)~I0 exp ( bz) where
b{1 is the evanescent decay length (,200 nm in our experiments) and

I0~Isc(z~0) (refs 6, 23). From the intensity histogram we obtain the equili

brium distance distribution P(z) which yields, via the Boltzmann factor, the

particle wall interaction potential W(z) up to a constant6. The wall position

(z 0) is obtained with an accuracy of 630 nm from the strong z dependence

of the particle’s effective vertical diffusion coefficient owing to hydrodynamic

interactions24. Data were acquired with a frequency of 250Hz, typically over

15min.

As sample cell we used a 200 mm thick silica cuvette containing the critical

mixture and a very small amount of colloidal particles. It is optically matched to

the prism and thermally coupled to a flow thermostat, providing a temperature

stability of 0.01K (Lauda,model RK20). The bottomof the cell was coupled to an

indium tin oxide coated glass substrate, acting as the heater. Together with a
platinum resistor (Pt 100), the heater was connected to a temperature controller

(Eurotherm), providing a temperature stability of 65mK over several hours.

Two kinds of beads were used as probe particles: 3.69 mm diameter polysty

rene particles crosslinked with divinyl benzene (Bangs Laboratories, type FS05F)

with preferential adsorption of lutidine, and 2.4 mm diameter hydrophilic poly

styrene spheres with high surface charge density of 10 mC cm 2 (IDC, type

1 2400). Sample cells were either exposed to HMDS vapour overnight or rinsed

with 0.1M NaOH for 30min, leaving the surface hydrophobic or hydrophilic,

respectively. The cell was closed with Teflon plugs allowing for consecutive use

for multiple days.
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