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Measurement of ultralow interfacial tension with a laser interface manipulation technique

Shujiro Mitani and Keiji Sakai
Institute of Industrial Science, University of Tokyo, 4-6-1 Komaba, Meguro-ku, Tokyo 153-8505, Japan

~Received 17 December 2001; revised manuscript received 10 April 2002; published 19 September 2002!

The liquid surface or interface is deformed slightly by a laser beam passing through it. Based on this
principle, a method to measure the liquid-liquid interfacial tension is developed. The interfacial tension is
determined from the deformation, of which the displacement is measured with another probe laser in a
noncontact manner. The measurements were available in two different senses: the constant displacement under
continuous laser irradiation gives the static value, and the frequency response spectrum of the displacement
under modulated excitation gives the dynamic value. To demonstrate the usefulness of this method, a series of
experiments were conducted in the interface between heptane and water containing aerosol OT as a surfactant.
The interfacial tension was controlled by the concentration of added NaCl, and measurements were made over
the range from 1mN/m to 100 mN/m of the tension. The results were in good agreement with the previous
works. This method would be a new tool for the studies of various interfacial phenomena.
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ix
es
e
ic
ls
o
a
o
th
p
e
p

av
la
t

d
at
in
m
A
in
th
g
o

s
w

ho
c

h

o
a
u

rin
la
c
c

cial
the
il-
the
is,
, on
ger
ore
f the
ea-
as

s, it
on-
de-

on

in

er-

pect
ISD

s-
ter-
ose
to

e a
cial

ties
on
ce
id
is-

n-
I. INTRODUCTION

Many experiments have been done recently on the m
tures of oil and water containing some surfactants. Th
systems have an interesting property: the interface betw
oil and water has very low tension less than 1 mN/m, wh
causes the appearance of various phases such as emu
microemulsion, or bicontinuous phase. They are quite imp
tant materials from a viewpoint of physical interest as well
industrial applications. For instance, studies have been d
actively on the relation between the microstructure and
intermolecular force in microemulsions, and the develo
ments of new medicines are made with emulsions. It is n
essary, therefore, that the interfacial tension be measured
cisely. Methods to measure the interfacial tension h
already been established. One is Wilhelmy’s hanging p
method. While this is a relatively easy technique, it is hard
measure low tensions because the tension is obtaine
measuring the pulling force of the plate. In addition, the pl
is in direct contact with the interface and may bring the
terface some undesirable effect if the interface has so
fragile structures such as an adsorbed molecular layer.
other one is the spinning-drop method: a thin tube contain
water with an oil droplet is rotated and the change in
shape of the droplet gives the interfacial tension. Thou
useful for ultralow tension, the spinning-drop method is n
effective for systems including a microemulsion@1,2#.

We developed a noncontact interfacial tension meter u
ful over a wide range of tension, especially down to ultralo
tension. Two focused laser beams are used in our met
one with a high intensity excites and deforms the interfa
@3# and the deformation is detected by the other one wit
lower intensity. This technique can easily be understood
an analogy to the laser trapping technique, which is a n
contact manipulating tool of very small particles, so we c
our method the laser interface manipulation techniq
~LIM !. The LIM has three advantages over other measu
methods. First, the interfacial wave is generated by modu
ing the pump laser beam. The spectroscopy of the interfa
wave brings us various physical properties of the interfa
1063-651X/2002/66~3!/031604~6!/$20.00 66 0316
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such as the dynamic interfacial tension and the interfa
elasticity. Secondly, the tension is obtained by measuring
interface deformation given by the external force. In W
helmy’s method, for example, the tension is obtained as
force to pull down the plate. Hence, the lower the tension
the less accurate the measurement is. In the LIM method
the other hand, the deformation of the interface is lar
when the tension is lower. The lower the tension is, the m
accurate the measurement is. We can adjust the power o
pump laser beam to obtain a suitable displacement for m
suring. The third advantage is the noncontact operation
mentioned above. In a contact method such as Wilhelmy’
may happen that the interface is polluted by the probe c
tact. The contact method also induces a seriously large
formation of the interface, which might change the conditi
of the interfacial molecular layer.

The principle of the technique was already introduced
our previous work on liquid surfaces@4#. We measured the
surface tension of a myristic acid monolayer with the las
induced surface deformation technique~LISD!. However, the
surface tension was obtained as a relative value with res
to water and the accuracy was less than sufficient. The L
technique has also been used in other works@5,6#, in which
the large deformations were excited in the liquid-liquid sy
tems and the relation between the displacement of the in
face and the pump laser intensity was studied. Their purp
was, however, to make the giant deformation, and not
study the interfacial properties. In this paper, we introduc
measurement system made to give the surface or interfa
tensions more accurately.

II. DEFORMATION OF INTERFACE

In our previous work, we discussed the surface proper
of liquid under the approximation of high surface tensi
that simplifies the dispersion relation of the liquid surfa
wave. In a system with low tension, such as the liquid-liqu
interface, this approximation loses validity. Hence, we red
cuss the theory for the interface here.

The light propagates with the momentum, which is i
©2002 The American Physical Society04-1
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SHUJIRO MITANI AND KEIJI SAKAI PHYSICAL REVIEW E 66, 031604 ~2002!
versely proportional to the light wavelength in the mediu
When the light travels from one medium with the indexn1
and the densityr1 to the other withn2 andr2, discontinuity
of the momentum at the interface applies the radiation p
sure to the interface. Here, we adopt the conditionr1.r2;
this means that the light passes through the interface upw
from the bottom. The equation of the momentum conser
tion is written with the radiation pressurep, which has a
positive value in the upward direction:

n1i

c
5~12R!

n2i

c
2R

n1i

c
1p, ~1!

where i is the optical intensity per unit area andR is the
energy reflectivity of the light given byR5(n12n2)2/(n1
1n2)2. In the experiment, the light source is the laser be
and the intensityi has a spatial distribution given by

i ~r !5
2I 0

pw2
expS 2

2r 2

w2 D , ~2!

whereI 0 is the total light intensity,r is the distance from the
beam center, andw is the width of the laser beam. Then, th
radiation pressure at the positionr is written as

p~r !52
2I 0

cpw2
~n22n1!S 12

n22n1

n21n1
DexpS 2

2r 2

w2 D .

~3!

According to Eq.~3!, the radiation pressure works to pus
the interface into the material with a smaller refractive ind
regardless of the propagation direction. At the interface,
force is balanced with gravity and the Laplace force. T
interface displacementj(r ) is given by

p~r !2Drgj~r !1g¹2j~r !50, ~4!

wherej has a positive value in the vertical upside,Dr rep-
resents the difference in density asDr5ur12r2u, g is the
gravity constant, andg is the interfacial tension. From Eqs
~3! and ~4!, the displacement of the interface is represen
as

j~r !5
w2P0

4 E
0

`kJ0~kr !exp~2w2k2/8!

gk21Drg
dk. ~5!

Here,J0 is the zeroth-order Bessel function andP0 is given
by

P052
2I 0

cpw2
~n22n1!S 12

n22n1

n21n1
D . ~6!

Figure 1 shows the curves ofj(r ) calculated for the differen
values ofg. As is easily understood with the principle of th
optical deformation, the interface in the radiated area,r ,w,
is convex, while the outer area is concave showing the
niscus to the flat interface. The measurement ofj(r ) brings
us the interfacial tension with two possible approaches:~a!
the static measurement and~b! the spectroscopic one.
03160
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A. Static measurement of interface deformation

The deformed shape of the interface is uniquely de
mined by Eq.~5! together with the material properties an
the optical conditions. Here, we assume that all of these
rameters are given and kept constant except the interfa
tension, and the interface deformation is thus a unique fu
tion of g. We can, therefore, determine the interfacial tens
by measuring only one characteristic value of the deform
interface, such as~i! the absolute value of the peak heig
j(0), ~ii ! the curvature of the interface at the cent
]2j(0)/]r 2, or ~iii ! the maximum gradient of the deforme
interface which appears at aroundr 5w, as shown in Fig. 1.
We have actually tried to measure these values. Each of t
is shown to have both advantages and disadvantages.

While the absolute peak height can be accurately m
sured by the optical interference, the signal is very sensi
to the mechanical noise of vibration. In addition, the meth
is complicated when the displacement exceeds half of
optical wavelength, as in the present case. As for the m
surement of the interface curvature, which we actua
adopted in our previous work, the detected signal is ea
analyzable in terms of the simple expression of the coa
optics of the pump and probe laser beams. However, we h
to carry out some complicated calculations to relate the
tected signal to the absolute value of the interface curvat
The coaxial configuration has some experimental proble
when applied to the light absorbable materials. The pro
laser passed the same way, as the pump suffers from a
ous thermal lens effect.

The interface gradient is, within the first approximatio
the most intuitive measure obtained by the optical techni
since the deflection angle of the reflected light directly giv
twice the surface gradient. Therefore, we tried this method
the present experiment, though other methods are also u
for different conditions.

Of course, we have to accurately calculate the beam
flection and distortion after the penetration of the deform
interface since the probe and pump laser have finite and c
parable beam size. The calculation of the far-field profile
the probe laser was carried out as follows: The probe lase

FIG. 1. Calculated curves of interface displacement under pu
laser withl5532 nm,w530 mm, andI 05400 mW. The liquids
are ofn151.332,n251.385, andDr50.32 g/cm3. The insets rep-
resent the shape around the center of the deformation in an
panded axis.
4-2
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an ideal Gaussian beam convergent almost normally to
interface where the beam has its waist. While the flat in
face works as a flat mirror, the interface suffering from t
deformation modulates the phase of the incident probe be
We consider approximately that the probe laser is norm
incident to the interface and suffers from the phase shiftf(r )
dependent on the position on the interfacer and related to
the interface displacementj(r ) to f(r )52kprj(r ), kpr being
the wave number of the probe laser in the medium 1. T
far-field pattern of the probe laser beam after reflection
given by the Fourier transformation of the modulated be
pattern as

I pr8 ~r 8!5E I pr~r !exp$ if~r !%exp~ iKr 8!dr , ~7!

where I pr is the incident probe profile andK
5(kpr sinu cosw, kpr sinu sinw), u is the deflection angle
taken from the normal, andw is the azimuth angle. The
change in the beam profile is calculated with the actual
perimental conditions and shown later in Sec. III. In the e
periment, we do not have to observe the whole shape of
far-field pattern but measure a portion of the pattern at
appropriate fixed point. The above calculation gives all
information to relate the optical power cut by a pinhole to t
absolute interface displacement and thus the interfacial
sion.

B. Response spectroscopy of the interface

By modulating the intensity of the pump light, the inte
face is oscillated and the interfacial wave is excited a
propagates. The response of the interface to the pump
brings us the dynamic interfacial tension of the materia
Measuring the frequency response spectrum of the inter
is quite important in the LIM method. In this technique, t
time-dependent displacement of the interface is given as
summation of the propagating or damping waves with diff
ent wave numbers. When the pump laser intensity is mo
lated with the frequencyv, the interface displacement is rep
resented as@4#

j~r ,t !5
w2P0

4 E
0

`k2J0~kr !

v*
2
2v2

expS 2w2k2

8 Dexp~ ivt !dk.

~8!

Here, k is the wave number of the propagating wave. T
complex angular frequencyv* , whose real and imaginar
parts represent the frequency and damping constant, res
tively, has the relation withk given by

S iv* 12
h

r
k2D 2

1
g

r
k31

Dr

r
gk54

h2

r2
k4S 11

irv*

hk2 D 1/2

,

~9!

whereh5h11h2 is the total viscosity of the two materials
andr5r11r2 is the total density@7#.

As shown in Fig. 1, the deformed interface has a con
peak in the laser-illuminating region with a broad skirt of t
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meniscus. The typical and finest structure of the deforma
is thus restricted by the pump beam width. The wave num
of the excited interfacial wave under the periodic modulat
of the pump laser power is also restricted to aboutk
;p/2w, which gives the characteristic form of the frequen
spectrum of the interface deformation. The amplitude of
interface vibration decreases rapidly at around the charac
istic frequency f c , which is roughly estimated to 2p f c
;(g/r)1/2(p/2w)3/2. The observation of the characterist
frequency then leads to the absolute value of the interfa
tension. This is the principle of the dynamic measuremen

In the experiment of the dynamic measurement, we do
have to obtain the absolute value of the interface displa
ment, but only to get the frequency spectrum of the dynam
deformation. Therefore, we measured the interface grad
instead of the absolute displacement by the same me
described above. The signal is proportional to the inclinat
of the interface atr 5w, which is given by

S~v!}E
0

`k3J1~kw!exp~2k2w2/8!

v22v*
2 dk. ~10!

To be precise, the term of the phase retardation due to
wave propagation in the distancew is neglected. Equation
~10! approximately gives the correct spectrum, as long as
note only the amplitude of the signal in the present case
the low-frequency limit,S(v) gives the static valueS0 lead-
ing to the actual displacementj(0). The signal decreases
with increasing frequency at aroundv;uv* u. We redefine
here the characteristic frequencyvc as that gives a half-
signal intensity ofS0 andS(vc)5S0/2 for the further discus-
sion.

Here, we have to pay attention to the fact that the inter
cial tension of the present experiment ranges widely fr
1021 to 1026 N/m. The typical characteristic frequencyvc
of the interface motion is determined by the condition th
the sum of the inertia and the viscous force is balanced to
capillary force of the curved interface. By assuming that
interface region ofw3w has the displacementj and the
stress reaches the depth ofw, the inertia and viscous force
are roughly estimated to berw2j/T2 and hwj/T, respec-
tively, T being the characteristic time constant of the motio
By comparing them to the capillary forcegj, we can know
which factor plays the major role in the interface motion. A
for the water surface, for example withg50.07 N/m, w
51024 m, r5103 kg/m3, andh51023 Ns/m2, the typical
time constant required to be equal to the capillary force
T50.12 ms for inertia andT51.4 mrms for the viscous
term. This means that the inertia is dominant. On the ot
hand, as for the surface ofg51 mN/m, the time constants
are 30 and 100 ms for the inertia and viscous term, resp
tively. These two factors are comparable and the appro
mate expression of the dispersion relation used in Ref.@7# is
no longer correct. We therefore employed the strict form
the dispersion equation representing the relation between
complex eigenfrequency and the wave number as Eq.~9!.
4-3
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III. EXPERIMENTAL SETUP

Though the basic concept is the same as our prev
study @4#, the target in this study is on the interface of tw
liquids and there are some improvements in the present m
surement system. The experimental setup is schematic
shown in Fig. 2. Deformation of the interface is excited by
frequency-doubled cw-Nd:YAG laser with maximum outp
power 400 mW and wavelength 532 nm. The beam diam
at the output is 2.2 mm. The pump laser beam is focu
onto the liquid interface by a lens with the focal length 2
mm upward through the bottom of the sample cell. The
cused diameter of the pump laser beam is 62mm. The rea-
son for irradiating from the backside is that the thermal
pansion of water by pump laser is only 1/5 that of oil a
may do less harm to the undesirable thermal deformatio

To detect the displacement of the excited interface,
used a He-Ne laser with output power 40 mW and 1.7 m
beam diameter as a probe. The probe light is focused b
lens with the focal length 150 mm to a spot with 71mm
diameter on the excited area of the interface near the p
light, and reflected to the detector. To measure the maxim
interface gradient, the position of the probe light giving t
maximum signal is found by sweeping the probe laser. T
deformed interface works as a curved mirror. When
pump light is on and the interface is deformed, the reflec
probe light goes to a different direction. We switched on a
off the YAG laser with the acousto-optic modulator~AOM!
and detected the intensity of the reflected probe light thro
a pinhole with 100mm diameter. In this experiment, th
observation distance was the length between the lens an
interface, which is equal to the focal length and 150 mm. T
signal is detected by a lock-in amplifier to which the refe
ence is given by the modulation signal. To avoid a troub
some reflection at the air-oil interface on the top, we plac
a glass block above the interface so that the bottom f
made a slight tilt to the horizon. This glass block has anot
effect to stabilize the interface; without it, the liquid-liqui
interface may sway, influenced by the air-oil vibration.

In this work, we used the sample cell with an optically fl
glass window that is commercially available. An importa
point required of the sample cell is that the pump and pr
laser beam arrive at the interface of liquid without any d
tortion of the beam profile. This modest requirement of

FIG. 2. Experimental setup of the LIM technique. The pum
laser beam hasI 05190 mW at the interface.
03160
us

a-
lly

er
d

-

-

e

a

p
m

e
e
d
d

h

the
e
-
-
d
e
r

t
t
e
-
e

sample container would be advantageous in industrial ap
cations.

Under the experimental conditions described above,
calculated the beam profile of the probe laser light after
flection and distortion by the deformed interface with E
~7!, which is shown in Fig. 3. Here, we assumed that
power of the pump laser is kept constant,I 05190 mW, and
the interfacial tension is swept to bring about the change
the absolute peak heightj(0). We can see thedistortion of
the beam profile from the Gaussian, as well as the shift in
peak position. The peak shift atj(0)5210 nm is about 0.36
mm, which is in the same order of the rough estimation
the interface gradientD;j(0)/w;631023 rad and the fo-
cal lengthL5150 mm tod;2LD;1.0 mm. The discrep-
ancy is probably due to the fact that the interface is conc
at r 5w and the reflection is suppressed.

In the experiments, we set a pinhole to pick up the port
of the reflected light to convert the distortion of the bea
profile to the change in the optical intensity. The optical
tensity I pr picked up by a pinhole is represented as shado
in Fig. 3. Figure 4 shows the theoretical curve to relatej(0)
to the change in the optical intensity (I flat2I pr)/I flat , I flat be-
ing the intensity without the optical deformation andj(0)
50. Since the excess deformation may lead to signal sat
tion, as shown in Fig. 4, we adjusted the pump laser inten

FIG. 3. Intensity profiles of a reflected probe laser beam
different values ofj(0). The grayed area shows the position d
tected through the pinhole.

FIG. 4. The relation betweenj(0) and (I flat2I pr)/I flat corre-
sponding to the pump laser shown in Fig. 1.
4-4
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with an ND filter to keepI pr /I flat at an optimum range in
which the relation betweenj(0) and (I flat2I pr)/I flat has lin-
earity.

To summarize the procedure of the analysis, we first c
culate the interface deformation at each interfacial tens
with known optical conditions. The far-field pattern is the
given numerically through Eq.~7!, which is finally related to
the signal intensity.

In the measurement of the dynamic response of the in
face under the periodical modulation by the pump laser
tensity, we do not require absolute information on the int
face deformation but the characteristic frequency where
signal decreases to 1/2 of the static value.

IV. RESULTS AND DISCUSSIONS

To confirm the validity of the LIM method in measurin
the interfacial tensions, we made the experiments with
actual sample of a free surface of oil and an oil/water int
face. The materials were 1-Octanol as the oil and distil
water. The refractive indexes and the densities of the sam
liquids were measured by the Abbe refractometer and
density meter, respectively.

First, we carried out the static experiment of the surfa
tension of Octanol by measuring the absolute value of (I flat
2I pr)/I flat . The result for the air/Octanol interface is 24
mN/m at 27°C while the value is 26.9 mN/m in the previo
work @8#. This shows that the LIM method is useful for th
measurement of the surface tension even in the region
10 mN/m. The reason for a slight disagreement between
present and the previous work is that in the LIM method
surface with large tension is difficult to deform by the pum
light and the error in the observed displacement may
crease. We also carried out the dynamic measurement fo
same surface and obtained the dynamic surface tensio
25.6 mN/m by fitting the theoretical spectrum of Eq.~10! to
the experimental result. As for the difference between
static and the dynamic values, the experimental error is
tributed to the static measurement that is subject to the
chanical vibration. Both experiments are carried out also
the liquid/liquid interface of the water/Octanol system. T
result is 8.55 mN/m~static! and 8.62 mN/m~dynamic! at
25°C, which agreed well with the value 8.4 mN/m in th
other work @9#. These results show that the interfacial te
sions, not only the surface, can be measured precisely
our method.

To apply the LIM method to observe the interfacial pro
erties, we made a series of experiments for the interfac
which the tension changes with the ion concentrations.
ionic surfactant, AOT for instance, changes its affinity
water or to oil depending on the concentration of salt. The
fore, the interfacial tension in the system of oil and wa
with an ionic surfactant often makes a drastic change wit
minimum value@10#. The range of the tension is lowere
from 1 mN/m to 1mN/m. In the previous works, the exper
ments have been made with the spinning-drop and the l
scattering method, which are good to measure the low in
facial tensions but have some difficulty in the operation.
made a series of experiments and obtainedg in the systems
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of heptane, water, and sodium di~2-ethylhexyl! sulfosucci-
nate, generally referred to as aerosol OT, with different c
centrated NaCl of 0.01–0.1 %, which is the same condit
as in Ref. @10#. The concentration of AOT to water wa
2.4731023 mol/l, which is a little lower than the CMC of
AOT of 2.531023 mol/l, and there were no micelle in pur
water. This interface is known to show drastic change in
interfacial tension with a small amount of added NaCl. In o
method, the interface is required to be flat as a mirror, so
water with AOT and NaCl was first poured into the samp
cell, and then heptane was poured onto the water gently.
began the measurement 5 h after the sample preparation. I
the appearance of the microemulsion in the 0.05 mol/l Na
system, the reflected probe light was partly scattered
weakened. While the static measurement lost accurac
such a situation, the response spectrum of the interface
obtained without any serious problems.

Figure 5 shows typical examples of the frequency
sponse spectra of the interface in systems with different
concentrations. The vertical axis is normalized so that
low-frequency limits of the dynamic response signal ag
with the absolute values of the interface deformationj(0)
measured by the static measurement. The solid lines are
spectra of Eq.~10! fitted with g as the running parameter. A
shown in the figure, the amplitude gradually decreases
frequency increases, suggesting that the interface is reluc
to quick motions and that the wave would have an up
limit in the wave number. Experimental points are in go
agreement with the theoretical curves, and the cutoff f
quency corresponding to the limiting wave number is sho
with dashed lines. As shown in the figure, the cutoff fr
quency and the limiting amplitude at lower frequency d
pend on the salt concentration. The spectrum~b! has the
lowest cutoff frequency of the three:vc;30 Hz in ~b!,
while vc;200 Hz in~a! and~c!. This means, as mentione
in Sec. II, that the interfacial tension of~b! is the lowest of
the three. The largest amplitude of~b! also supports this fact
It seems that the interfacial tension of~a! is nearly equal to
that of ~c! in spite of the difference in the NaCl concentr
tion.

The static and dynamic interfacial tensions obtained fr

FIG. 5. Typical examples of the spectra obtained in the hepta
water-AOT systems with NaCl concentration of~a! 0.03 mol/l, ~b!
0.05 mol/l, and~c! 0.1 mol/l. The dashed lines represent the cut
frequencies which coincide between~a! and ~c!.
4-5
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the spectra are shown in Fig. 6. In this figure, the dashed
represents the previous result obtained with the spinn
drop method@10#. Both the static and dynamic results are
good agreement with the previous work. It is also found t
the interfacial tension depends on the concentration of N
and has a minimum at about 0.05 mol/l. In the oil-wat
surfactant system, the interfacial tension between oil and
ter is determined by the ionization of AOT. In the low sa
concentration, AOT is easily ionized because of the abse
of the counterion, and AOT is highly hydrophilic and le
effective as a surfactant:g is high. As the salt concentratio

FIG. 6. Observed interfacial tension vs the salt concentratio
The open and closed circles represent the dynamic and the s
tensions, respectively. The dashed line shows the result of the
vious work by Aveyardet al.
In

oid
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t
l

-
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ce

increases, the ionization of AOT decreases gradually beca
ionization is suppressed by the counterions of Na1. At the
salt concentration of 0.05 mol/l, the balance between
hydrophilic and hydrophobic nature gives the lowest inter
cial tension. With more salt, the nonionized AOT molecu
increase and the AOT becomes too hydrophobic andg is
high.

In conclusion, we summarize the advantages of this la
interface manipulation method as a new technique for m
suring the interfacial tension. It is useful over a wide d
namic range from 102 mN/m down to 1023 mN/m
providing us with a sufficient accuracy up to60.2%. The
key point is in the laser manipulation: We can adjust t
driving power depending on the interfacial tension of t
specimen under study, and make the ideal deformation
accurate measurement. Further, the simple handling and
noncontact operation of this system have a great advan
in the measurements of very delicate interfaces appear
for instance, in the critical consolute phenomenon, or flu
in the medical production lines that strongly resist being c
taminated. This technique has the potential to meet the
mands of fundamental scientific studies, as well as indus
evaluation technology.
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