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Universal Long-Range Nanometric Bending of Water by Light
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Resolving mechanical effects of light on fluids has fundamental importance with wide applications.
Most experiments to date on optofluidic interface deformation exploited radiation forces exerted by
normally incident lasers. However, the intriguing effects of photon momentum for any configuration,
including the unique total internal reflection regime, where an evanescent wave leaks above the interface,
remain largely unexplored. A major difficulty in resolving nanomechanical effects has been the lack of a
sensitive detection technique. Here, we devise a simple setup whereby a probe laser produces high-contrast
Newton-ring-like fringes from a sessile water drop. The mechanical action of the photon momentum of a
pump beam modulates the fringes, thus allowing us to perform a direct noninvasive measurement of a
nanometric bulge with sub-5-nm precision. Remarkably, a < 10 nm difference in the height of the bulge
due to different laser polarizations and nonlinear enhancement in the bulge near total internal reflection is
isolated. In addition, the nanometric bulge is shown to extend far longer, 100 times beyond the pump spot.
Our high precision data validate the century-old Minkowski theory for a general angle and offer potential
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for novel optofluidic devices and noncontact nanomanipulation strategies.
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Precision measurements of light-induced tiny deforma-
tions of an air-water (AW) interface are fundamental to
unveil the nature of radiation forces with potential appli-
cations in optofluidics [1,2], reconfigurable lenses [1,3],
micromanipulation of fluids [4,5], and fluid droplets [6].
In a pioneering experiment, Ashkin and Dziedzic observed
an outward um size bump on a free air-water interface using
kW laser pulses [7]. The optical deformability of fluid
interfaces has been used as a test bed for a long-standing
debate on the Abraham-Minkowski formalism for photon
momentum in a dielectric medium [8—14]. On the other
hand, the interface deformation was much enhanced on
fluid-fluid critical interfaces due to their much lower
surface tension. The large interface deformation of such
interfaces induced by sub-watt cw lasers demonstrated
universal linear as well as nonlinear morphology of
interfaces [15-17]. Most of these experiments provided
key insight into the radiation forces in the simple case of
normally incident lasers [7,17,18].

However, nanomechanical effects of photon momentum
in the general case of any angle, in particular, close to the
critical angle, remain largely unexplored. The total internal
reflection (TIR) regime possesses unique properties, such
as leaking of an evanescent wave above the interface and a
small sideways displacement of the beam known as the
Goos-Hinchen shift [19]. In addition, the magnitude of the
radiation pressure weakly depends on incident polarization
due to reflection from the interface caused by refractive index
discontinuity. The intriguing radiation pressure effect near
TIR has eluded experimental observation [20—24]. One of the
major difficulties has been the lack of a sensitive detection
technique to resolve nanometric deformation without any
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thermal side effects. High precision measurements may also
test the validity of the century-old Minkowski formalism,
which will have wide implications.

Here we use a pump-probe setup to demonstrate a
universal nanometric bulge on a sessile water drop by
photon momentum transfer near TIR. Using a noninvasive
interferometric probe with < 5 nm precision, we unambig-
uously determined the direction, magnitude, and incidence
angle dependence of the nanometric bulge. Remarkably,
we isolated few nm differences in the bulge height for
different polarizations along with enhanced deformation
near TIR. In addition, the nanometric bulge is capillarylike
and extended 100 times beyond the pump spot. Our high
precision data validate Minkowski’s corpuscular theory for
any angle and offer the potential for wide applications.

A schematic diagram of our setup is shown in Fig. 1. The
key idea behind our interferometric detection is to obtain
high-contrast Newton-ring-like circular fringes from an air-
water interface. For this, we placed a sessile water drop on a
horizontal surface of a glass prism. A low power He-Ne
laser, serving as a probe beam, entered at the center of the
water drop quasinormally from above. The central thick-
ness of the drop was below 1 mm, with typical diameter
around 15 mm. While most of the probe beam was
transmitted through the drop, we overlapped two partial
reflections from the air-water and water-glass interfaces
on a screen. Notably, these Fresnel reflections were of
comparable intensities (x4%) for our glass prism. Their
interference produces a stable, high-contrast Newton-ring-
like fringe on the screen [insets in Fig. 2(a)].

The fringes obtained from the water drop are dynamic
due to its natural evaporation [25]. The evaporation reduced
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FIG. 1 (color online). Schematics of the experimental setup.
A collimated He-Ne probe beam (4 = 632 nm, 5 mW) enters the
sessile water drop quasinormally from above. A green pump
beam is focused on the air-water interface from below at an angle
0;. The probe beam transmitted through the drop is not shown.
A photodiode (PD) simultaneously captured I(z) of the central
fringe (at the cross hair). Inset: Picture of the water drop. The
probe beam was spatially overlapped by translating mirror (M).
Neutral density filter (ND), half-wave plate (HWP), polarizer (P),
lens (L), flat mirror (M).

its central thickness d(z), thereby introducing a time-
dependent relative phase shift A¢(¢) between the interfer-
ing beams. In our case, the probe laser was quasinormal
(incidence angle < 5°) to the interface. One can obtain
Ap(t) = apd(t), where ay = 4zn;/A is a constant that
only depends on the refractive index n; of water and
the wavelength A of the probe. The resulting intensity,
say, for the central fringe, was modulated in time as
I(t) = Iy cos*[ayd(t)] (see Fig. 2, top panels), where I
is the maximum intensity.

Importantly, the dynamic interference pattern is self-
calibrating for nanoscale measurements. One fringe col-
lapse, i.e., the central maximum to the next minimum of
I(t), corresponded to an optical path length change, 1/4n;~
117 nm, in our setup. We resolved 25 levels between the
maximum and minimum of the intensity variation, using a
photodiode (see Fig. 1), to achieve 117/25 ~5 nm pre-
cision. Note that the accuracy of our technique is limited
only by the resolution of the intensity detection aparatus
and experimental noise floor. The nanometric precision and
ease of our technique are ideal for direct measurement
of the small pump laser-induced deformation of the AW
interface of the water drop. To keep the interface almost
static during typical pump exposure times (~1 s), we cover
the water drop by a transparent enclosure that reduced the
evaporation rate.

The slow evaporation of the water drop produces a linear
reduction in its thickness. This can be used as a reference to
determine the direction of the pump-induced deformation.
Upon the pump laser irradiation (shutter open), if the
photon momentum transfer causes the AW interface to rise
(fall), the resulting phase shift in the evolution of the fringes
will be opposite (in the same direction) to the one produced
by the evaporation.
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FIG. 2 (color online). Probe intensity 7(7) versus time for
pump on-off cycles for Py, = 1.5 W (left-hand column) and
Py =2.5 W (right-hand column). The solid red line in (a) and
(d) is a I cos*[ayd(t)] fit to the experimental data (blue circles)
corresponding to natural evaporation rate ~18 nm/s. Two snap-
shots of the interference pattern (> 90% contrast) corresponding
to minimum and maximum of /(¢) are shown in the insets of (a).
Probe intensity data after subtracting evaporating baseline Al(7)
for (b) Py = 1.5 W and (e) 2.5 W. The simultaneously recorded
shutter signals controlling pump on and off are also shown. (c),
(f) Zooms of AI(r) near pump on-off cycle. The corresponding
elevation heights h(r = 0) are labeled.

We first determine the direction of deformation. For this,
we incident the pump beam on an AW interface at an angle
of incidence #; = 49°, which is above the critical angle
(6, = 48.75°). The TIR at the AW interface was further
confirmed by the extinguished refracted beam above the
drop, as well as by verifying almost unity throughput for
0; > 0. In Figs. 2(a) and 2(d) we plot the intensity /(¢) as a
function of time recorded with 1.5 and 2.5 W pump powers,
respectively. Switching the pump beam on reverses the
evolution of the probe intensity /() as shown by the
leading edge of the jumps in Figs. 2(a) and 2(d). Upon
switching off the 7(r) jumps back to follow the sinusoidal
curve due to evaporation, as seen by the trailing edge of the
jumps (see video in Supplemental Material for two pump
on-off events [26]). This unambiguously demonstrates that
the pump beam induces an increase in the height of the AW
interface corresponding to an outward bulge towards air.

By subtracting the evaporation baseline [red curves in
Figs. 2(a) and 2(d)] from the original data, one can isolate
the dynamics induced by the switching on or off of the
pump beam (as shown in the middle panels in Fig. 2).
Zooming in on the opening or closing time of the shutter
[Figs. 2(c) and 2(f)] shows that the AW interface adiabati-
cally followed the pump beam as shown by approximately
the same rise or fall times for the blue and green curves.
After background subtraction, the intensity Al(¢) saturated
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during 1 s exposure of the pump for both pump powers.
The magnitude of the height variation corresponded to 32
and 57 nm (within 5 nm) for 1.5 and 2.5 W, respectively.
The baseline fluctuations due to experimental noise were
below 5 nm, which was used to assign error bars on the
experimental data.

It is important to emphasize that our technique is
nondestructive in the sense that the pump beam caused
negligible thermal effect at the nanometric scale. This was
demonstrated by good quality fits of our data with a single
sinusoidal curve [red curves in Figs. 2(a) and 2(d)] before
and after the pump exposure for both pump powers. This
showed that the evaporation rate of the water drop remained
unchanged (~18 nm/s) in spite of the pump exposure.
In addition, the slope of the data and the fit curve during
pump irradiation are almost identical. The negligible light-
induced heating was also evident by almost zero baselines
of Al(t) for the entire duration in Figs. 2(b) and 2(e). This
quantitatively confirmed that the elevation of the interface
is solely due to radiation pressure force.

The high precision of our experiment offers a unique
opportunity to rigorously test the Minkowski theory in
the general case of any incidence angle. Following the
Minkowski formalism, the radiation pressure of a Gaussian
laser beam obliquely incident at the AW interface from
water is given by [15]

(6. r) = ")

2 16). (1

Here, f(0;) = cos?0;[1 + R — (tan®;/tand,)T] and c is
the speed of light. #; and 6, denote angles of incidence
and transmission, respectively. The laser intensity is given
by I(r) = 2Py/aw} exp(—2r*/w3), where P, is the total
power and wy is the beam waist at the focus. The coeffi-
cients of reflection R(0;,6,) and transmission 7'(0;,6,) are
polarization dependent and follow R + T = 1. In the case
of TIR, R = 1 for both TE and TM polarization (see Fig. 1).
To generate a stationary deformation of the AW interface,
the radiation pressure is balanced by both buoyancy and
Laplace pressure. It leads to pgh(6;, r) — yx(r) = 11(0;, r),
where p is the density of water, y is the surface tension, and
k(r) is the curvature of the interface.

The solution of the above equation in cylindrical
coordinates for the maximum deformation height leads
to [15,27]

Pon,

B0, 1) = =22 £(6,)L(r), 2)
where the spatial dependence is governed by the integral,
L(r) = [&[kJo(kr)e™¥ /8 /(yk? + pg)]dk, and J, is the
zeroth-order Bessel function. Several experiments tested
the above model in the standard case of normal incidence
@, =0) [7,15,17,18]. However, near the TIR regime
several interesting predictions of radiation pressure effects
have eluded quantitative experimental tests so far. For

" 2nc

example, the photon-momentum-induced deformation has
nanometric sensitivity to the pump polarization and a
long-range capillarylike spatial profile of the bulge.

In Fig. 3(a), we measured the bulge height A(r = 0)
versus the pump power in the TIR configuration (6; = 49°)
for two different values of the surface tension which was
reduced using Sodium Dodecyl Sulphate (SDS) following
Ref. [27]. The bulge height was averaged over five shots of
the shutter opening for each power. A linear dependence
on power was observed. It was in very good quantitative
agreement with the deformation height given by Eq. (2)
without any free-fitting parameter. Remarkably, here a
few nm interface deformation produced by a low power
~100 mW laser beam was clearly detected due to the high
sensitivity of our technique.

By varying the incidence angle near the critical angle ..,
we observed a nonlinear enhancement in the bulge height.
Figure 3(b) shows our measurement of i(r = 0) within
+1° around 0, for Py, =2.5 W. As 6, approached the
critical angle from below, a nonlinear threefold enhance-
ment in the bulge height was observed when compared
to the normally incident beam. In the TIR (8, > 0,), the
enhanced bulge varied slowly with 6,. This is further
illustrated by the right-hand side axis in Fig. 3(b), where
we plotted a factor of enhancement in the radiation pressure
[T1(8;)/T1(6; = 0)]. The threefold enhancement in the
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FIG. 3 (color online). (a) Bulge height A(r = 0) versus the
pump power Py in TIR regime (6; = 49°). (b) The bulge height
h(r =0) versus 0; measured within £1° of 6. The data are
shown for both TE and TM polarizations at P, = 2.5 W. Solid
lines are fits with Eq. (2). The right-hand axis on (b) plots
enhancement in the radiation pressure when compared to 6; = 0°.
Error bars denote the experimental precision. Pump spot size was
2wg =40 ym.
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FIG. 4 (color online). Spatial profile of bulge in TIR. Inset:
Schematics of the measurement with §, on both sides of the pump
beam in plane of incidence. The capillary length is indicated
by vertical arrows. The solid line is a fit with Eq. (2).
Other experimental parameters are Py = 2.5 W, 2wy, = 40 um,
y = 30 mN/m, and probe diameter was 750 pm.

bulge on the AW interface is one of the unique features of
the radiation pressure effects near TIR.

One of the important predictions of Minkowski formal-
ism for oblique incidence is a weak dependence of the
photon momentum on the input polarization. Because of
the polarization dependence of the Fresnel reflection,
arising from the contrast in the refractive index at the
interface, TE and TM polarizations exert different radiation
pressures. However, the resulting polarization-dependent
deformation for the air-water interface is nanometric
(< 10 nm). Because of the high sensitivity of our tech-
nique, as shown in Fig. 3(b), we clearly resolved higher
deformation in TE polarization, by around 7 nm near 47.5°,
when compared with the TM polarization. This polariza-
tion-dependent deformation is obviously absent in the TIR
regime. These data provide the first quantitative evidence of
the unique polarization dependence of radiation-pressure-
induced optofluidic deformation.

With our setup, we can easily measure the spatial profile
of the bulge with nanometer precision. By keeping the
pump beam fixed, we scanned the probe beams across the
water drop (see inset in Fig. 4) by translating the probe
mirror M (Fig. 1). Figure 4 shows our measurements of
the elevation height of the bulge versus the probe position
0, along the plane of incidence. The central region of the
drop was almost flat since its size was > 10 times larger
compared to the total scan range. In TIR, for spatially
overlapping pump and probe beams (5, = 0), the maxi-
mum deformation height was 120 nm for 2.5 W pump
power focused to around 40 ym spot diameter. Our
measurements for the deformation height for various
positions of the probe show a long-range extension of
the deformation. It extended more than 2 mm on each side,
which was 2 orders of magnitude beyond the pump spot
diameter. The capillary length of the water is indicated by
vertical arrows in Fig. 4. Furthermore, the optically induced
capillarylike deformation in TIR was symmetrical on both

sides of the pump spot. The experimental data quantita-
tively agreed with the theoretical fit corresponding to
Eq. (2), which uniquely determined the deformation shape.

It is worth mentioning that the maximum distance of
the stationary optofluidic deformation from the excitation
reported so far experimentally has been around 100 ym for
soft fluid-fluid interfaces, which has also been computed
with pulsed excitation under normal incidence [16,18]. Our
measurements directly show that the local excitation of the
AW interface in TIR has a long tail that extends much
beyond previous such measurements.

The three basic characteristics of the optically produced
bulge offer potential for diverse applications. First, the
observed nonlinear enhancement near TIR suggests that
it should be possible to create much larger deformation for
a given beam by optimizing its incidence angle. Second,
owing to the observed sensitivity of radiation pressure force
on the laser polarization, one can actuate fluid interfaces
with nanometer precision by dynamically controlling the
incident polarization on an ultrafast (sub-ns) time scale.
Last, the persistence of the curvature over long ranges
enables a novel kind of optical traps on the air-water
interface based on optically generated nN Laplace forces.
Unlike conventional optical trapping, which requires direct
interaction of the laser with the object, here a variety of
microscopic particles (metal, dielectric, or biological) can
be controlled in noncontact mode by optically manipulating
the capillary curvatures in their vicinity. It should be
possible to propel various objects by suitable modification
of fluid interfaces with nanometric precision.

The nanometric bulge at the air-water interface near
the critical angle is a generic signature due to the transfer
of photon momentum. Our data validate the Minkowski
model for a general incidence angle with the highest
nanometric precision demonstrated thus far. Universal
applicability of Minkowski momentum suggests that our
results will have far reaching implications for other waves,
such as for acoustic or matter waves [28].

Finally, nanometric sensitivity and ease of our technique
can unravel new effects of optical forces on fast time scales
with yet unexplored Bessel or vortex beams. Nonlinear
optofluidic phenomenon on anisotropic fluids such as
liquid-crystal droplets could also be resolved with high
precision [6,29,30].
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