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Radiation pressure has been known since Kepler’s observation that a comet’s tail is always
oriented away from the sun, and in the past centuries this phenomenon stimulated
remarkable discoveries in electromagnetism, quantum physics and relativity [1,2]. In
modern terms, the pressure of light is associated with the momentum of photons, which
plays a crucial role in a variety of systems, from atomic [3—5] to astronomical [6,7] scales.
Experience from these cases leads us to assume that the direction of the optical momentum
and the radiation-pressure force are naturally aligned with the propagation of light, i.e., its
wavevector. Here we report the direct observation of an extraordinary optical momentum
and force directed perpendicular to the wavevector, and proportional to the optical spin
(i.e., degree of circular polarization). This transverse spin-dependent optical force, much
weaker than the usual radiation pressure, was recently predicted for evanescent waves [8]
and other structured fields [9]. Fundamentally, it can be associated with the enigmatic
“spin momentum”, introduced by Belinfante in field theory 75 years ago [10-12]. We
measure this unusual transverse momentum using a nano-cantilever with extremely low
compliance (capable of femto-Newton resolution), which is immersed in an evanescent
optical field directly above the total-internal-reflecting glass surface. Such sensors,
perpendicular to a substrate, have already shown an extreme force resolution in various
systems [13—-17]. Our findings revisit fundamental momentum properties of light and
reveal a new type of optical force, while the experimental technique opens a new way for
precision measurements of fine optical forces in structured fields at subwavelength scales.

Since Euler’s studies of classical sound waves, the wave momentum is naturally associated
with the propagation direction of the wave, i.e., the normal to wavefronts or the wavevector. This
idea was mathematically formulated by de Broglie for quantum matter waves: p =k . In both

classical and quantum cases, the wave momentum can be measured via the pressure force on an
absorbing or scattering detector. In agreement with this, Maxwell claimed in his celebrated
electromagnetic theory that “there is a pressure in the direction normal to the waves” [1].
However, pioneering works by Poynting introduced the electromagnetic momentum density as a
cross product of the electric and magnetic field vectors: P <ExB [2,18]. Unlike the
straightforward de Broglie formula, the Poynting momentum is not obviously associated with the
wavevector k. It is indeed aligned with the wavevector in the simplest case of a homogeneous
plane electromagnetic wave. However, in more complicated yet typical cases of structured
optical fields (e.g., interference, optical vortices, or near fields [19,20]) the direction of P can
differ from the wavevector directions [8,9].



Notably, the origin of this discrepancy between the Poynting momentum and wavevector
lies within the framework of relativistic field theory (see Supplementary Information). The
conserved momentum of the electromagnetic field is associated with the translational symmetry
of spacetime via Noether’s theorem [11,21]. Applied to the electromagnetic field Lagrangian,
this theorem produces the so-called canonical momentum density P“". In the quantum-field
framework, the canonical momentum generates spatial translations of the field, in the same way
as the de Broglie formula is associated with the operator p=—i72V generating translations of a
quantum wavefunction. Therefore, the canonical momentum density of monochromatic optical
fields is naturally associated with the local wavevector k' of the wave electric field, which is
determined by the phase gradient normal to the wavefront [8,9,19-21].

However, resolving fundamental difficulties with the canonical stress-energy tensor (which
1s non-symmetric and gauge-dependent), in 1940 Belinfante added a “virtual” contribution to get
this to agree with the usual electromagnetic stress-energy tensor (symmetric and gauge-invariant)
[10-12,21]. In monochromatic optical fields, assuming the Coulomb gauge, Belinfante’s

.. . . . spin 1
addition to the electromagnetic momentum is a solenoidal edge current P™" = EV XS produced

by the intrinsic spin angular momentum density S (i.e., the oriented ellipticity of the
polarization) of the field. Due to its solenoidal nature, this spin momentum does not transport
energy, and is usually considered as unobservable per se. In contrast to P, the Belinfante spin
momentum is determined by the circular polarization and inhomogeneity of the field rather than
by its wavevector [8—12].

Thus, the well-known Poynting vector represents a sum of qualitatively-different canonical
and spin contributions: P“" +P¥" =P . Moreover, it is the Belinfante spin momentum that is
responsible for the difference between the local propagation and Poynting-vector directions in
structured light.
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Figure 1. Canonical and spin momenta of light in an evanescent wave. (a) The
evanescent wave is generated by the total internal reflection of a polarized plane
wave at the glass-air interface. It carries longitudinal canonical momentum
determined by its wavevector, and also exhibits transverse spin momentum, which is
determined by the degree of circular polarization (helicity) of the field [8]. (b) The
longitudinal canonical momentum produces the well-known radiation pressure in
light-matter interactions, while the transverse spin momentum exerts a weak helicity-
dependent force orthogonal to the propagation direction of light.

The above structure of the electromagnetic momentum has traditionally been regarded as

an abstract field-theory construction. However, recently some of us argued [8] that one of the
simplest inhomogeneous optical fields — a single evanescent wave — offers a unique opportunity
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to investigate, simultaneously and independently, the canonical and spin momenta of light in the
laboratory environment, see Fig. 1. Considering the total internal reflection of a polarized plane
wave at the glass-air interface, the canonical momentum density in the evanescent field in the air
is proportional to its longitudinal wavevector: P“" o< k Z . At the same time, the Poynting vector

in an evanescent wave has an unusual transverse component, first noticed by Fedorov 60 years
ago [22]. Remarkably, this component is proportional to the degree of circular polarization

. : o ; k_ :
(helicity) o and has a pure Belinfante spin origin: P, = P™" o< O'K—y . Here k is the vacuum
L L k
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wavenumber, k. >k, and k =/k. —k’ is the parameter of the vertical exponential decay of the

evanescent wave amplitude o< exp(—Kx). Thus, if the spin momentum and Poynting vector are

observable physical quantities, this should lead to an extraordinary helicity-dependent light
pressure, which is orthogonal to the propagation direction (wavevector) of the evanescent wave.

Here we present a direct measurement of the transverse helicity-dependent momentum and
force in an evanescent wave, using a new type of atomic force microscope: the lateral molecular
force microscope (LMFM) [16]. While conventional atomic force microscopes have the highest
sensitivity to the vertical (i.e, normal to the interface) force component, the LMFM geometry is
ideal to measure the optical momenta parallel to the glass-air interface.

Importantly, the canonical and spin momenta manifest themselves very differently in light-
matter interactions [8,9] (see Fig. 1b). The usual radiation pressure is produced by the canonical
momentum (even though it is often attributed to the Poynting vector), and the corresponding
force (also called the “scattering force”) is always longitudinal, i.e., aligned with the wave

propagation: F™ o< P*" [8,9,20,23-25]. In turn, the transverse spin momentum, in agreement

with its “virtual” nature, can only produce a very weak force vanishing in the dipole-interaction
< ‘ F press

significantly enhance the manifestation of the weak transverse force as LMFM uses a strongly
anisotropic probe, which is highly sensitive to the optical force along one axis (Fig. 2). Namely,
we used a planar dielectric nano-cantilever, which represents an ideal sensor for the force
component normal to its plane [13—17]. Recently, there have been significant breakthroughs in
the manufacturing of such highly compliant cantilevers, which are now truly nano-scale devices
with femto-Newton sensitivity [15,17]. Mounting such a cantilever in the (x,z) plane of the

approximation: F™" o< P |F™" 8.9]. In our experiment, we were able to
1L 1 >

evanescent wave (Fig. 1), one can measure the transverse y-component of the optical force.

We emphasize that the force we measure is neither the z-directed radiation-pressure
(scattering) force [1-7,23-25], nor the gradient x-directed force used for optical trapping
[3,4,23], but a novel type of optical force orthogonal to both the propagation and inhomogeneity
directions. In contrast to the electric-dipole scattering and gradient forces, this weak force
originates from the dipole-dipole coupling between electric and magnetic dipoles induced in
matter, and in the generic case it contains two contributions proportional to the real and
imaginary parts of the complex Poynting vector [8,9,26]. It is convenient to discriminate
different types of optical forces via their dependence on the field polarization. Using the
normalized Stokes-vector parameters S =(t,y,0), the radiation-pressure and gradient forces
depend only on the first Stokes parameter 7, while the weak transverse force has both the o -
dependent (F”" < P*") and y -dependent (F™, originating from the transverse ‘imaginary
Poynting vector’) contributions (see Supplementary Information). In our experiment we observe
both of these contributions, in agreement with recent theoretical predictions [8].

The experimental setup shown in Fig. 2a is based on the LMFM described in [17]. The red
laser 1 (wavelength A =2xk™" =660 nm) generates a z -propagating and x -decaying evanescent
field at the glass-air interface via an objective-based total internal reflection system. The
polarization state of this field is controlled by a quarter waveplate (QWP) with varying



orientation angle ¢. Rotation of the QWP in the range of angles —45°<¢ <45° drives the

polarization of the incident light between opposite spin states, i.e., between right-handed (o =1)
and left-handed (o = —1) circular polarizations on a path with nonzero 7 and ) on the Poincaré

S -sphere, as is shown in Fig. 2c. (Note that the polarization parameters of the evanescent wave
differ slightly from those of the incident light, see Supplementary Information.) The cantilever,

with a spring constant 7 =2.1-107 N/m, is manufactured from ultra-low stress silicon nitride

(refractive index n=2.3); it has thickness d=100nm, width w=1000nm, and length
[=120um (Fig. 2b). It is vertically mounted in the evanescent field, with its tip being 30 nm

above the glass cover-slip. Deflections of the cantilever, A, caused by optical forces, are
registered using a detection system based on a non-interferometric scattered evanescent wave
(SEW) method [17]. The SEW system involves the green laser 2 (wavelength 561 nm), and it
allows the measurement, with a 1 nm resolution, of the cantilever deflections A as well as its
vertical position. The intensity of the evanescent field produced by the red laser 1 is “on-off”
modulated in time (TTL-modulation) to generate an intermittent force field. This allows us to
isolate optical forces produced by the laser 1 on the constant background of other forces (e.g.,
from the imaging laser 2) (Fig. 3a).

cantilever

canonical
momentum ¢

Experiment:

|

I

Figure 2. Lateral molecular force microscope probing optical forces in an
evanescent field. (a) The LMFM setup. The red laser 1 produces the evanescent
field to be probed. Its intensity is modulated and the polarization is controlled by a
rotating quarter waveplate (QWP). The green laser 2 images the position of the
cantilever probing the evanescent field of laser 1. (b) Atomic force microscope image
of the free end of the cantilever. It has a complex shape with bevelled edges and
surface inhomogeneities caused by the etching process. (¢) Variations of the
polarization state of the incident laser-1 field, caused by rotations of the QWP in the
range of angles —45° <¢ <45°, are represented by the black curve on the Poincaré

sphere. The values ¢ =—45°, 0°, and 45° correspond to the right-hand circular (R),

horizontal linear (s), and left-hand circular (L) polarizations, respectively. (d) Left:
top view of the cantilever, whose shape has a y— —y asymmetry [cf. (b)]. This
produces a transverse radiation-pressure force from the longitudinal canonical
momentum of the field and mixes radiation-pressure and spin-momentum effects (cf.,
Fig. 1). Right: This mixing is modelled numerically using a symmetric cuboidal
cantilever rotated by a small angle & <1 about its vertical axis.
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An ideal cantilever with a symmetric cuboidal shape mounted in the (x,z)-plane would be

insensitive to the longitudinal radiation pressure and would measure only the weak transverse
force. However, the reactive-ion etching in the cantilever fabrication process results in an
imperfect asymmetric shape with bevelled edges and varying surface roughnesses [15] (Fig. 2b).
In particular, since the real cantilever has no mirror symmetry y — —y, there is an asymmetric y
-scattering of the z-incident light, producing a transverse scattering force which can be
associated with the longitudinal canonical momentum of the field, Fig. 2d. Thus, the real
cantilever measures the weak transverse force with an inevitable small admixture of the
longitudinal radiation-pressure effect: F™*'*=F +@'F"", where 6’ <1 is an unknown

parameter. However, these two contributions have different dependences on the wave
polarization, which allows us to separate the different forces unambiguously. Indeed, the
radiation-pressure (canonical momentum) force depends only on the first Stokes parameter 7,
and therefore is an even function of the QWP angle ¢ . In turn, the weak transverse force has the
o -dependent (Belinfante spin momentum) and ) -dependent (‘imaginary Poynting vector’)
contributions, which are both odd functions of ¢ (see Supplementary Information). Thus, the
even and odd parts of the measured force F™*"(¢) correspond to the longitudinal radiation-
pressure effects and the transverse weak force, respectively.

The results of our measurements are presented in Fig. 3. Figure 3a shows an example of
the cantilever-position signal (detected via SEW by laser 2) varying in time due to the

intermittent force produced by the laser-1 evanescent field. The distance A(¢) between the
centroids of the two Gaussian-like distributions, corresponding to the “on” and “off” laser 1, is a
measure of the optical force: F™*"*(¢)=y A(¢). To improve the resolution and average out
thermal fluctuations, we accumulated two distributions over 30 “on-off” cycles. The measured
force F™*!(¢) versus the QWP angle ¢ is depicted in Fig. 3b. We neglect the ¢ -independent
contributions and plot the force with respect to its reference value at ¢ =0. It has a clearly
asymmetric ¢ — —¢ shape and different magnitudes for the right-hand and left-hand circular
polarizations, which signals the presence of the ¢-odd spin-dependent transverse force. By
retrieving the ¢ -even and ¢ -odd parts of F™*"*(¢), we separate the radiation-pressure force
(Fig. 3¢) and the weak transverse force (Fig. 3d). The radiation-pressure force is proportional to
the longitudinal canonical momentum dependent on the Stokes parameter 7 ( F™" o< P.""). In

turn, analysing the ¢ -dependence of the odd part, we find it consists of both the o -dependent
transverse spin momentum ( FP" o P;pi“) and y -dependent transverse ‘imaginary Poynting’

( F j’“) contributions, as shown in Fig. 3d and predicted in theory [8]. These are the central

results of this paper. They clearly show the presence of the transverse spin-dependent optical
force, which is orthogonal to both the propagation and decay directions of the evanescent wave.
This confirms the presence and observability of the enigmatic Belinfante spin momentum, which
so far has been considered as “virtual”. Furthermore, the measurements in Fig. 3b-d show that
the spin momentum is indeed almost “invisible”: the canonical-momentum contribution to the
force is still five times stronger in our experiment despite its small weighting constant 6’ (for an
isotropic spherical particle it would be much stronger). These results prove that the Poynting
vector, which has been used in optics for a century, does not present a single meaningful
momentum of light, but rather a sum of two independent contributions of different nature and
properties [8,9].
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Figure 3. Longitudinal and transverse optical forces in an evanescent wave. (a)
Right: typical cantilever-position trace, recorded at ¢ =-45°, while the laser-1
intensity is TTL-modulated at 1 Hz. Left: the histogram of the position distribution
shows two Gaussian-like distributions separated by a distance A(¢). This yields the
optical force acting on the cantilever: F™*"*(¢)=y A(¢). (b) The total force acting
on the cantilever, F™""*(¢), as a function of the QWP angle ¢. (c,d) The

longitudinal radiation-pressure force, F"*(¢)—F"**(0), and the weak transverse

force F,(¢), which are retrieved from the ¢ -even and ¢ -odd parts of the total force
F™=(g). The the

spin oc spin
F¥ o P,

transverse force includes o -dependent contribution

from the Belinfante spin momentum, and also the ) -dependent part

F/™ from the transverse ‘imaginary Poynting momentum’. The experimental results

are compared with the results of numerical simulations of the 6 -rotated cantilever
(Fig. 2d) and calculations based on a simplified Mie-particle model (see
Supplementary Information). In panels (b-d), the errors correspond approximately to
the size of the symbols.

To verify our theoretical interpretation of the experimental measurements, we performed
numerical simulations and analytical model calculations of optical forces on a matter probe in
the evanescent field. Numerical simulations were performed using the coupled-dipole method,
which models the cantilever as an assembly of interacting point particles (see Supplementary
Information). Since it is not practical to model the exact shape and inhomogeneities of the real
cantilever, we used a simplified model of a cuboidal cantilever with the refractive index n=2.3
and two geometric fitting parameters: (i) its thickness d, which controls the ratio of the ¢ - and
X -contributions to the transverse force and (i1) a small orientation angle 6, which controls the

y——y asymmetry of the cantilever and a small admixture of the 7-dependent longitudinal

radiation-pressure force (see Fig. 2d). The results of these simulations are shown as curves in
Figs. 3b-d; they perfectly match the experimental data using only the common scaling factor and



the fitting-parameters values d =140nm and 6=0.08 (i.e., 4.7°). Moreover, the same 7 -
dependent variations of the longitudinal force, as well as ¢ - and y -dependent transverse force,

are obtained, using different scaling factors, within a greatly simplified model of a spherical Mie
particle interacting with the field [8] (see Supplementary Information). The main fitting
parameter here is the particle radius, which is » =139nm in our case. Importantly, the particle
model provides analytical expressions for the forces, which confirm their direct proportionality

to the canonical and spin momentum densities in optical fields [8,9]: F" o< P and
FySpin oc PySpi" (see Supplementary Information).

The numerical simulations also enabled us to investigate dependences of the radiation-
pressure and transverse forces on the shape of the cantilever (see Supplementary Figure S5). In
particular, varying the cantilever width w (i.e., its area) we found that the longitudinal force
F"™* grows near-linearly with w, which reflects its usual radiation-pressure nature related to

the planar surface of the cantilever. In contrast to this, the transverse force F, approximately

saturates after w reaches few wavelengths. This means that the weak spin-dependent force
associated with the Belinfante spin momentum is not a pressure force, but rather an edge effect
related to wave diffraction on the vertical edges of the cantilever. Indeed, one can show
analytically that the transverse force vanishes for an infinite lamina without edges aligned with

the (x,z)-plane: F, =0. This is in extreme contrast to the infinite radiation pressure for the

same lamina in the ( y,z) -plane: F”* =oo. This proves that the spin momentum does not exert

the usual radiation pressure on planar objects. Nonetheless, it can be detected (as we do in this
work) due to its weak interaction with the edges of finite-size probes.

To conclude, our results re-examine one of the most basic properties of light: optical
momentum and its manifestations in light-matter interactions. In contrast to numerous previous
studies, which involved the radiation pressure in the direction of propagation of light or trapping
forces along the intensity gradients, we have observed, orthogonal to both of these directions, the
extraordinary optical momentum and force. Remarkably, the transverse Belinfante momentum
and force are determined by the spin (circular polarization) of light rather than by its wavevector.
Our results demonstrate that the canonical and spin momenta, forming the Poynting vector
within field theory, manifest themselves very differently in interactions with matter. This offers a
new paradigm for numerous studies and applications involving optical momentum and its
manifestations in light-matter interactions [3—5].

Notably, the interplay between the canonical and Belinfante-Poynting momenta is closely
related to fundamental quantum and field-theory problems, such as “quantum weak
measurements of photon trajectories” [20,27], “local superluminal propagation of light”
[20,24,25], and the “proton spin crisis” in quantum chromodynamics [28]. Furthermore, recently
a reconstruction (but not direct measurement) of the longitudinal (o -independent) Belinfante
momentum was reported [29], which is associated with non-zero transverse spin density in
structured fields [8,9]. In addition, there has been a strong interest in transverse spin-dependent
optical forces near surfaces [30-32], which, however, originate from various particle-surface
interactions rather than from pure field properties. All these studies reveal intriguing connections
between (i) fundamental quantum-mechanical/field-theory problems involving optical
momentum/spin and (ii) local light-matter interaction experiments with structured light fields. In
this context, the LMFM technique used in our experiment offers a new platform for precision
direction-resolved measurements of optical momenta and forces in structured light fields at
subwavelength scales.
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