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Three-body interactions amongst three charged colloidal particles are measured in a deionized
aqueous solution. Two of the particles are confined to an optical line trap while the third one is
approached by means of a focused laser beam. From the observed particle configurations we extract the
three-body potential which is found to be attractive and roughly of the same magnitude and range as the
pair interactions. In addition, numerical calculations are performed which show qualitative agreement

with the experimental results.
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Precise knowledge of the particle interaction is the
basis for understanding the thermodynamic properties
of condensed matter. Typically these interactions are dealt
with in a pairwise fashion, but if the governing physical
equations are nonlinear, interactions between two par-
ticles can be modified by a close third or fourth particle.
The total energy is then no longer given by the sum of all
pair potentials alone, but additional many-body interac-
tions appear. Systems in which many-body interactions
are important include electron screening in metals [1],
island formation on surfaces [2], chemical processes in
solids [3], and even noble gases [4—6]. Until now no
direct measurement of many-body interactions has been
performed, mainly for the reason that more positional
information is required than is available on the level of
pair-correlation functions and structure factors usually
determined in atomic systems.

In contrast to atomic systems, it is possible in colloidal
systems to experimentally follow individual particle tra-
jectories, which can then be further processed to evaluate
the interaction potentials between the particles. Ad-
ditionally colloidal interactions can be tuned over a
wide range, simply by changing the salt concentration
(in contrast to atoms where interactions are unchangeably
dictated by their electronic structure). At sufficiently
small salt concentrations, the interaction range can reach
several um. These properties of colloidal systems have
been repeatedly exploited by a number of groups: In
highly diluted systems with experimental conditions
similar to this work, the pair interaction between charged
colloids has been experimentally determined [7], showing
fine agreement with theoretical predictions [8]. Yet, this
does not apply to denser suspensions. If more than two
colloids are within their interaction range, the simple
pairwise description breaks down and many-body inter-
actions occur, as has been shown in recent computer
simulation studies [9—11] and experiments [12]. Hence
colloidal suspensions represent an ideal model system for
systematic investigations of many-body interactions.
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This Letter reports a direct measurement of the inter-
action among three charged colloidal particles, similar in
spirit to the earlier experimental studies on two-particle
interaction potentials [7]. Two of the particles were con-
fined by means of a scanned laser tweezer to a quasistatic
line-shaped optical trap in which they diffused due to
thermal forces. A third particle was localized in a point-
like laser tweezer at distance d (see inset of Fig. 1).
When this third particle was approached to the line trap,
significant deviations from pairwise additivity were ob-
served. This experimental finding is also supported by the
additionally performed Poisson-Boltzmann calculations.

We used a highly diluted aqueous suspension of charge-
stabilized silica spheres (990 nm diameter), which has
been confined in a silica glass cuvette with 200 um
spacing. The cuvette was connected to a standard
deionization circuit described elsewhere [13]. Before
each measurement the water was pumped through the
ion exchanger and typical ionic conductivities below

FIG. 1.

Photograph of a sample cell with two silica particles
confined to a light trap created by an optical tweezers and a
third particle trapped in a focused laser beam (view from the
top). The third particle is located on the midline between the
other two particles, a distance d apart from the laser line trap.
The inset shows schematically the experimental geometry.
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0.07 uS/cm were obtained. After the suspension was
injected, the cuvette was disconnected from the circuit
during the measurements. This procedure yielded stable
and reproducible ionic conditions during the experiments.

Particle interaction measurements were performed
with scanned optical tweezers, a technique which has
been introduced and characterized in detail by Yodh and
co-workers [14]. Therefore this technique is described
here only briefly. The focused beam of an Ar* laser
(488 nm) was scanned across our sample cell by means
of a galvanostatically driven mirror with a frequency of
about 350 Hz to create a Gaussian intensity distribution.
The half-widths of this laser line along and perpendicular
to the scanning direction were chosen to be o, = 4.5 um
and o, =~ 0.5 um, respectively. All particles are located
in a plane about 0.5 um above the bottom of the glass
cuvette. Because of the negatively charged silica sub-
strate, the particles experience a repulsive vertical force
balanced by the particle weight and the vertical compo-
nent of the light force. As the potential in the vertical
direction is much steeper than the in-plane laser poten-
tial, the effect of vertical particle fluctuations can be
disregarded, as verified by additionally performed com-
puter simulations. The particles were imaged with a long-
distance, high numerical aperture microscope objective
onto a CCD camera and the lateral positions of the
particle centers were determined with a resolution of
about 25 nm by a particle recognition algorithm.

First a single particle was inserted into the trap. The
Brownian motion of the particle was recorded and from
these data its positional probability distribution P(x, y)
was determined. The laser potential u; (x, y) is directly
obtained via the Boltzmann distribution P(x,y)
e Puxy) where B! corresponds to the thermal energy.
Next, we inserted a second particle in the trap. The
four-dimensional probability distribution is now
P(xy, y1, Xp, yp) = Pppe By tuoy)tun(] with x,,
y; being the position of the ith particle relative to the
laser potential minimum and u,(r) the distance-
dependent pair-interaction potential between the par-
ticles. Since it is reasonable to assume that the pair
interaction depends only on the particle distance, we
projected P(x;, y;, X, y2) onto a one-dimensional dis-
tance distribution P(r). From the measured P(r) we ob-
tained the total potential energy of the particles and after
subtracting the external laser potentials we were left with
the pair-interaction potential u,(r).

The pair-interaction potential between two charge-
stabilized particles is given by the Yukawa potential [8]

exp(kR) >2exp(— Kr) 0

= (Z")A

Buyy(r) = (Z7) B(l T <R -
where Z* is the effective (or renormalized) charge [15] of
the particles, Ap the Bjerrum length in water at room
temperature, k! the Debye screening length (given by
the salt concentration), R the particle radius, and r the
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center-center distance between the particles. Figure 2
shows the experimentally determined pair potential
(symbols) together with a fit to Eq. (1) (solid line). As
can be seen, our data are well described by Eq. (1). As
fitting parameters we obtain Z* = 6500 electron charges
and k! =470 nm. Z* is in good agreement with the
predicted value of the saturated effective charge of our
particles (about 6900 for water at room temperature [16])
and k! agrees reasonably with the bulk salt concentra-
tion in our suspension as obtained from the ionic con-
ductivity. Given the additional presence of a charged
substrate, it might seem surprising that Eq. (1) describes
our data successfully. However, it has been demonstrated
experimentally [7] and theoretically [17] that a Yukawa
potential captures the leading order interaction also for
colloids close to a charged wall. A single confining wall
introduces only a weak perturbation of about 0.1kgT
which is below our experimental resolution; see Fig. 2.
Repeating two-body measurements with different laser
intensities (50 to 600 mW) yielded within our experi-
mental resolution almost identical pair-potential parame-
ters. This clearly demonstrates that the possibility of
light-induced particle interactions (e.g., optical binding
[18]) can be safely ruled out.

In a last step, we pinned a third particle by means of an
additional pointlike laser trap at a distance d along the
perpendicular bisector of the scanned laser line (cf.
Fig. 1), where it was localized during the whole measure-
ment. We carefully checked that the empty point trap
(i.e., the trap without the third particle) had no influence
on the pair-interaction potential between the particles in
the line tweezers. Repeating the three-body measurement
with different laser intensities for both the laser line
and the point trap led to similar results, again ruling
out intensity-dependent effects. From the distance
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FIG. 2. Measured pair-interaction potentials (symbols) in the
absence of the third particle. The data agree well with a Yukawa
potential (solid line). In the inset the potential is multiplied by
r and plotted logarithmically, so that Eq. (1) transforms into a
straight line.
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distribution of the two particles in the laser trap, we can,
applying the same procedure as in the two-particle mea-
surement, extract the total interaction energy which is
now dependent also on the distance d , i.e., U = U(r, d).
Following the definition of McMillan and Mayer [19], the
total interaction energy for three particles U(r, d) can be
written as

U(r, d) = upp(rin) + ui3(ri3) + usz(rys)
+ u123(r12, 113, 123) ()

with u;; being the pair potential between particles i and j
as given in Eq. (1) and shown in Fig. 2, and 1,3 the three-
body interaction potential. r,, r,3, and r;3 are the dis-
tances between the three particles which due to the
chosen symmetric configuration can be expressed by
just two variables, r = rj, and d.

The measured interaction energies U(r, d) are plotted
as symbols in Fig. 3 for several distances of the third
particle (d = 4.1, 3.1, 2.5, 1.6 um). As expected, U(r, d)
becomes larger as d decreases due to the additional re-
pulsion between the two particles in the trap and the third
particle. In order to test whether the interaction potential
can be understood in terms of a pure superposition of pair
interactions, we first calculated U(r, d) according to
Eq. (2) with u;,3 = 0. This was easily achieved because
the positions of all three particles were determined dur-
ing the experiment and the distance-dependent pair po-
tential is known from the two-particle measurement
described above (Fig. 2). The results are plotted as dashed
lines in Fig. 3. Considerable deviations from the experi-
mental data can be observed, in particular, at smaller d.
These deviations can be explained only if we take three-
body interactions into account. At the largest distance,
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FIG. 3. Experimentally determined interaction energy U(r)
(symbols) for two particles in a line tweezers in the presence of
a fixed third particle with distance d on the perpendicular
bisector of the line trap. For comparison the superposition of
three pair potentials is plotted as lines. Symbols and lines are
labeled by the value of d.
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ie, d =4.1 pum, our data are well described by a sum
over pair potentials which is not surprising, since the
third particle, being that far away, cannot influence the
interaction between the other two. In agreement with
theoretical predictions [9,10], the three-body interactions
therefore decrease with increasing distance d.
According to Eq. (2) the three-body interaction poten-
tial u,3 is simply given by the difference between the
measured U(r, d) and the sum of the pair potentials, i.e.,
by the difference between the measured data and their
corresponding lines in Fig. 3. This difference is plotted as
symbols in Fig. 4. It is seen that u,5 is entirely attractive
and becomes stronger as the third particle is approached.
The range of u;,; is of the same order as the pair-
interaction potentials. To support our results, we also
performed Poisson-Boltzmann (PB) calculations in a
similar way as in [10]. The PB theory provides a mean-
field description in which the microions in the solvent are
treated as a continuum, neglecting correlation effects
between the microions. It has repeatedly been demon-
strated [20,21] that in the case of monovalent microions
the PB theory provides a reliable description of colloidal
interactions. We used the multicentered technique, de-
scribed and tested in other studies [11] to solve the
nonlinear PB equation for the electrostatic mean-field
potential ®, which is related to the microionic charge
density p, = —(k?/4mAg) sinh®. From these ion distri-
butions one can compute the force acting on each particle.
For details see [22]. Calculating the force, and from it
the pair potential, between only two particles, we first
reproduced the measured pair interaction in Fig. 2. The

distance (um)

FIG. 4. Three-body potentials for different d. Measured
three-body potentials are indicated by symbols. The lines
are three-body potentials as obtained from the solution of
the nonlinear Poisson-Boltzmann equation for three colloids
arranged as in the experiment. The parameters in the Poisson-
Boltzmann calculation were chosen such that the pair-
interaction potentials were correctly reproduced. Symbols and
lines are labeled by the value of d.
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calculation of three-body potentials was then carried out
by calculating the total force acting on one particle in the
line trap and subtracting the corresponding pair forces
obtained previously in the two-particle calculation. The
difference has been integrated to obtain the three-body
potential. The results are plotted as lines in Fig. 4 and
show qualitative agreement with the experimental data.
The remaining deviations are explained by (i) the limited
accuracy to which the depth and shape of the laser line
trap can be determined, (i) the simplifying assumption
made in the PB calculation that the three colloidal spheres
are identical, and by (iii) neglecting substrate effects in
the PB calculations. Although the wall effect is likely to
be very small (probably even smaller than the already
minute effect of the substrate on the pair potential, see
discussion above), it cannot be ruled out completely. This
point certainly needs further theoretical consideration.
Given the above uncertainties, the agreement between
experiment and calculations is reasonable, in particular,
with respect to the sign, amplitude, and range of the
three-body interaction potential. This strongly supports
our interpretation of the experimental results in terms of
three-body interactions.

We have demonstrated that in the case of three colloi-
dal particles, three-body interactions present a consider-
able contribution to the total interaction energy and
should therefore be taken into account. Whenever dealing
with systems comprised of many (much more than three)
particles, in principle also higher-order terms have to be
considered. We expect, however, that there is an inter-
mediate density regime, in which the macroscopic prop-
erties of systems can be successfully described by taking
into account only two- and three-body interactions.
Indeed, there are systems where this was experimentally
observed [2,5]. At even larger particle densities n-body
terms with n > 3 have to be additionally considered,
which may partially compensate. Even in this regime,
however, many-body effects are not canceled, but may
lead to notable effects, e.g., to a shift of the melting line in
colloidal suspensions, as recently demonstrated by PB
calculations [11].

Discussions with Rudolf Klein, Carsten Russ, and
Emmanuel Trizac and financial support from the
Deutsche Forschungsgemeinschaft (Grants No. Bel788/3
and No. Grl1899) are gratefully acknowledged.
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