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Photon Drag Effect due to Berry Curvature
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A theoretical investigation reveals that the photon drag effect (PDE) is induced in a grating slab with
deformation by the Berry curvature in phase space. It drifts the momentum of light, and gives asymmetric
PDE signals in momentum space. Large PDE signals are observed even near the I" point. This characteristic

agrees well with our theoretical results.
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The interaction between light and matter has been a
fascinating topic in physics. Optical fields have an oscil-
lating nature that gives ac responses of electrons in most
linear and nonlinear processes. It is interesting to see if
electrons have a dc response to optical fields. Such a
response is realized by using @ — @ nonlinear effects [1].
A nonlinear dc current is induced in noncentrosymmetric
materials by the y?) process, known as the photogalvanic
effect [2,3]. Another mechanism inducing a nonlinear dc
current is the quadrupole nonlinearlity in centrosymmetric
materials, known as the photon drag effect (PDE).

The PDE is originally known as the voltage due to
momentum transfer from light to a charged carrier and has
been investigated in semiconductors, carbon nanotubes,
and graphene [4-9]. In those materials, the photovoltage is
induced by an asymmetric momentum distribution in an
electric band structure. Another mechanism of the PDE is
realized in a simple metal [10] through the quadrupole
responses by the Lorentz force on an electric dipole
[11-13]. Controlling such a force can lead to a new
PDE mechanism. Here, we focus on a fictitious Lorentz
force due to Berry curvatures.

Berry curvatures play the role of effective magnetic
fields for light and are an origin of the Berry phase. The
Berry phase first appeared as a geometric property of the
wave function in quantum systems, but its concept is also
applicable even for classical wave physics. On the basis of
this idea, the Berry phase is extensively studied in relation
to the topological state in metamaterials [14]. Onoda and
Ochiai theoretically showed that the Berry curvature in
momentum space gives rise to a vortexlike Lorentz force,
named an optical tornado [15]. Those studies are focused
on the geometrical aspect of the wave function in momen-
tum space. Here, we focus on another Berry curvature,
defined in real and momentum spaces, namely phase space.
The Berry curvature in phase space has also been inves-
tigated theoretically and experimentally as gigantic x-ray
translations in deformed crystals [16—18]. In the optical
region, there is no study related to the Berry curvature
associated with spatial deformation.
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In this Letter, we theoretically and experimentally show
that the Berry curvature in phase space appears in the
nonlinear response and gives rise to a novel PDE.

Let us consider the second-order nonlinear current
induced in a metallic film, shown in Fig. 1(a), where a
wave packet with s polarization is incident to a deformed
grating on the film. From the equation of motion, we can
derive the nonlinear dc current to be J,,_,, = q/(my)F,,_,,
where ¢ is the charge, m is the mass, and y is the damping
factor of an electron [19]. F,_, = (1/2)Rela(w){(E -
V)E* + E x (V x E*)}] is the nonlinear dc force, where
a(w) = a,(w) + ia;(w) is the polarizability of a metal and
E is the complex amplitude of the electric field. This force
consists of the gradient and the scattering forces. The
gradient force, defined as FO™ = [a,(w)/4]V|E,(r)|%,
vanishes due to the periodic boundary condition when
integrated along the periodic direction [20]. The scattering
force is defined as

FScat — @Im{gﬁ (F)VEs (r)}

a;\w ~ ~ ~

= 5O G0 + {0 (VD). ()
where E,(r) = /Ie* U (r) is the s-polarized component of
the electric field, I is the light intensity, and U(r) is a
normalized periodic function satisfying U(r +a) = U(r).
Here, a is the lattice vector of the grating. The scattering
force is related to a;(w) and the wave vector k and
represents the momentum transfer due to photon absorp-
tion, which is our focus. We assume that the wave function

U(r) is transformed into U (r — u(r)) in the presence of the
deformation [16]. Thus, the second term in the angle
bracket of Eq. (1) is transformed into Im{U* (r — u(r))
VU(r — u(r))} = Im{U*(r)VUF)} - (1 - Ou(r.)/or.),
where 1 is the second rank identity tensor and we used the
approximation u(r) = u(r.). Here, r,. is the center position
of the wave packet. The scattering force gives the PDE
voltage to be
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where V¥ is the PDE voltage due to a perfect crystal, n is a
charge density, S, is the cross section of the metallic film
perpendicular to the a direction, and k, is the wave vector
of the wave packet center. The Berry curvature is defined
as () = (0, U(r)]i0, U(r)) — (04, U(r)]i0,, U(r)).
In the following, we consider the second term of Eq. (2)
in detail.

Let us introduce the theory of wave-packet propagation
in a crystal with a spatial deformation u(r). The equations
of motion for the wave packet are as follows [16]:

a

B ngs,

=V0+

dr. Ow dr,
E_akc_gkr'z’ (3)
dk, o dk,

= o )

In Eq. (3), €, is the transpose of ;. Near the I" point,
this Berry curvature tensor is represented by € , =

fx, (k)g,,(r), where

(Aa’)z(c/\/f_o) (k16 — €—G)a

Fi k) = 2[(Aw)* + (wp6 — wr—g)*/* G)
g, (r) = 22610} ©
b

Here, Aw is the photonic band gap and &€ is the zeroth-
order Fourier component of the periodic structure. e, =

k/|k| is a unit vector and @y = clk|/Ve). G is the
reciprocal lattice vector of the crystal. The double sign
4 in Eq. (5) corresponds to the lower and upper bands,
respectively [16]. Thus, the Berry curvature € , is
maximum at the I' point k = 0, and is prominent in the
case of the narrow photonic band gap.

Following the formulation of the Berry curvature around
the I' point, we will consider the relation between the Berry
curvature and the PDE voltage V,. When the wave packet
with wave vector k? is shined to the metal-dielectric (MD)
grating slab as shown in Fig. 1(b), the wave packet couples
with the eigenmode of the deformed grating, and refracts
slightly. From Eq. (4), this refraction is due to the
momentum variation, represented by the Berry curvature
to be ok, = [ dk, - Q. From Eq. (3), the Berry curvature
also shifts the center position of the wave packet. The wave
packet is partially absorbed by the free carriers and trans-
fers the momentum to the carriers. As a result, a nonlinear
current is induced along the trajectory of the center
position, resulting in the PDE voltage described by V.

I
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FIG. 1. (a) Deformed dielectric grating on a metallic film. The
deformation u(r), defined in Ref. [16], is drawn by a red arrow.
The red and blue curves indicate the wave packet and the
dielectric grating with deformation, respectively. (b) Translation
and refraction due to the Berry curvature. The position shift and
refraction are indicated by ér,. and 6k, respectively. The inset
shows the top view of the deformed grating.

Equation (2) explicitly shows that the momentum variation
due to the Berry curvature, ok, is the source for the PDE.

The PDE voltage V, is from two contributions. One is a
perfect crystal, and the other is the Berry curvature.
Therefore, we need to separate the PDE due to the
Berry curvature from that of the perfect crystal. The MD
grating slab needs to have an inversion center even in the
presence of the deformation. In the absence of the inversion
center, the broken space inversion symmetry (SIS) of the
perfect crystal would induce the PDE voltage [21,22], but it
is out of scope of this Letter. In addition to the SIS of the
deformed grating, the parity of the electromagnetic (EM)
fields also plays an important role in the PDE. We reveal the
relation between the parity and the deformation. An
eigenmode at the I point is classified into an antisymmetric
mode with an even parity and a symmetric mode with
an odd one. We consider the parity of the electric field
in the presence of the deformation: P E,(r —u(r)) =
E,(—r—u(-r)) = +E,(r —u(r)), where P, is the parity
transform operator in the grating plane. The double sign +
indicates the even and odd parity, respectively. Expanding
E,(r—u(r)) to the first order, E, (r—u(r)) = E,(r) —u(r) -
VES (r), and considering the parity transform in the absence
of the deformation, P||Es (r) = E,(—r) = £E(r), we
obtain the following relation:

[u(r) —u(-r)] - VE,(r) = 0. (7)

Equation (7) is reduced to u(r) - VE,(r) = 0, when the
EM fields are spatially symmetric. Thus, the effect of the
deformation does not appear within the first order approxi-
mation under the spatially symmetric mode. Therefore,
we conclude that the PDE due to the Berry curvature is
observable under the excitation of the spatially antisym-
metric mode at the I" point. In what follows, we exper-
imentally demonstrate the PDE due to the Berry curvature
in a deformed MD grating slab.

We prepared MD grating slabs with and without defor-
mation as shown in Figs. 2(a)-2(c). The dielectric gratings
that comprise the electron beam resist (ZEP520A, Zeon
Corporation) are on a Au film. Deformation was introduced
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FIG. 2. Schematic of the nondeformed (a) and the deformed
(b) MD grating slabs on a Au thin film. The patterned area is
600 pm squared. (c) Cross section of the MD grating slabs. The
period A, width of the grooves W, and height D of the MD grating
slabs are 800, 200, and 300 nm, respectively. The thickness of the
Au film £ is 40 nm. (d) Schematic of the experimental setup for
the PDE voltage measurement.

by electron beam lithography. We drew the deformed line
so that the end point, the left bottom edge of the grating,
and the middle point are in the same spline cubic interpo-
lated line. The deviation at the end point of the deformed
line from the nondeformed one is A = 1.2 ym. Figure 2(d)
shows the schematic of the experimental setup for the PDE
voltage measurement. We used an optical parametric
oscillator (OPO) pumped by a frequency-tripled Nd doped
YAG (yttrium aluminum garnet) laser as a light source. The
repetition rate and the pulse width were 10 Hz and 5 ns,
respectively. We introduced an s-polarized (electric field
parallel to the grooves) laser with an incident angle 6 and
an intensity of approximately 0.55 MW /cm? to the MD
grating slabs. Under these conditions, we measured the
voltage across the structure, which was amplified by a high
speed amplifier with a gain of 125 and observed through a
digital oscilloscope.

The angle resolved reflectivity was measured to char-
acterize the linear optical response of the MD grating slabs.
Figures 3(a) and 3(b) show the spectra measured from
the deformed structure, and calculated for the nondeformed
structure, respectively. We found some dispersive features
depending on both the energy and incident angle. This
feature is a consequence of the resonance associated with
the grating. To assign the resonance, we performed a
numerical calculation based on the scattering matrix
method [23,24]. Figure 3(c) shows the calculated magnetic
field at the I point on the upper band. The field distribution
is strongly enhanced in the dielectric region. From this
feature, we assigned this resonance as a waveguide mode.
We also confirmed that the measured reflectivity spectra
of the nondeformed structure have the same feature as that
of the deformed structure (not shown). In the photonic
band structure, the upper and lower bands are active and
forbidden at the I" point, respectively. This is a character-
istic of the structure with the SIS. Moreover, we find that
the upper and lower bands correspond to asymmetric and
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FIG. 3. (a) Measured angle resolved reflectivity spectra from
the deformed MD grating. (b) Calculation result of the angle
resolved reflectivity spectra of the nondeformed MD grating.
(c) Snapshot of the magnetic field at the I" point of the third band.
The colors and the arrows indicate the intensity and the direction
of the magnetic field, respectively. (d) Schematic of the band
structure. The second band is forbidden at the I" point.

symmetric modes, respectively. Therefore, the SIS of the
deformed structure is not broken; thus, the occurrence of
the PDE is not normally expected in the deformed structure
at the I' point. Figure 3(d) shows the schematic of the
photonic band structure. The photonic band gap necessary
for the shift of the wave packet is estimated to be 0.1 eV,
which is clearly found in the experimental and numerical
results.

Figure 4(a) shows the PDE voltage spectra at the incident
angles from —1° to +1° in the nondeformed MD grating
slab. Figures 4(b)-4(d) show those of the incident angles
from +0.1°, £1°, and £10° in the deformed grating,
respectively. On the spectra around the wavelength of
860 nm in Figs. 4(b) and 4(c), the PDE voltage remains
significantly large. This feature corresponds to the excita-
tion of the waveguide mode on the upper band at the I
point, and is consistent with our theory. Moreover, the PDE
voltage at the incident angle +1° exhibited a positive sign
around the wavelength of 860 nm, which indicates that the
electrons in the metallic film are attracted opposite to the
incident direction due to the Berry curvature. Conversely,
we observed a symmetric signal with respect to the incident
angle around the wavelength of 940 nm in Fig. 4(c)
corresponding to the waveguide mode excitation of the
lower band. Because the EM fields for the symmetric
waveguide mode are robust to the deformation, the Berry
curvature does not affect the PDE in the lower band.
The angle dependence of the PDE voltage also can be
elucidated from our theory. The Berry curvature €, can be
regarded as a fictitious magnetic field induced by a
monopole in phase space and becomes maximum at the
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FIG. 4. (a) Observed PDE voltage spectra of the nondeformed
structure at the incident angles of +1°. Observed PDE voltage
spectra of the deformed structure at the incident angles of
(b) £0.1°, (c) £1°, and (d) £10°.

I" point of the photonic band |k + G| = |k — G|. In other
words, the effect of the Berry curvature on the PDE
becomes prominent only near the Brillouin edge, which
is consistent with our experimental results of the angle
dependence.

In addition to the Berry curvature, we further consider
the relation between the observed PDE voltage and the SIS.
As is clear from the symmetry of the nondeformed grating,
the observed voltage spectra exhibited symmetric responses
with respect to the incident angles. On the other hand, when
the structure is deformed and the incident angle is almost
normal, the observed voltage spectra are no longer sym-
metric with respect to the incident angle [Figs. 4(b)
and 4(c)]. Moreover, the asymmetric behavior was
observed only in the upper photonic band as is shown in
Fig. 4(c). However, this feature vanished when the incident
angle is £10°. This means that the PDE voltage associated
with the deformation appears only in the upper photonic
band near the I' point. At incident angles of +10°
[Fig. 4(d)], the observed spectra were symmetric in both
the nondeformed (not shown) and deformed structures.
From the wavelengths of 820 to 950 nm, we find a small but
significant voltage in the deformed structures, which is
attributed to the PDE induced by diffraction [22]. The PDE
voltage in the wavelength range is symmetric. This feature
also indicates that the SIS of the deformed MD grating slab
is not broken. Thus, we conclude that the influence of the
deformation on the PDE voltage was observed only near
the I' point of the upper band, which is attributed to the
Berry curvature associated the spatial deformation.

In summary, we have theoretically and experimentally
investigated the second-order nonlinear optical response in
a deformed crystal. In the deformed crystal, the momentum

variation of the light is caused by the Berry curvature,
resulting in the PDE voltage. Following our theory, we
prepared deformed and nondeformed MD grating slabs
with a waveguide mode resonance. We observed a signifi-
cant PDE signal near the I" point only in the deformed
structure. The observed signal is well elucidated from our
theory, representing the signature of the optical nonlinearl-
ity induced in the deformed crystal. Our findings can be
extended to other nonlinear phenomena such as second
harmonic and terahertz wave generations. Moreover, the
PDE voltages in the present study are dynamically con-
trollable by modulating the deformation, leading to
dynamical optical devices. Thus, the present study paves
the way for controlling the optical nonlinearity in an
artificial structure by the Berry curvature in phase space.
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