RESEARCH

TOPOLOGICAL OPTICS

Photocurrent detection of the orbital angular

momentum of light

Zhurun Ji*, Wenjing Liu?, Sergiy Krylyuk?, Xiaopeng Fan'>, Zhifeng Zhang®, Anlian Pan’, Liang Feng'*,

Albert Davydov?, Ritesh Agarwal®™*

Applications that use the orbital angular momentum (OAM) of light show promise for

increasing the bandwidth of optical communication networks. However, direct photocurrent
detection of different OAM modes has not yet been demonstrated. Most studies of current
responses to electromagnetic fields have focused on optical intensity-related effects, but phase
information has been lost. In this study, we designed a photodetector based on tungsten
ditelluride (WTe;) with carefully fabricated electrode geometries to facilitate direct
characterization of the topological charge of OAM of light. This orbital photogalvanic effect,
driven by the helical phase gradient, is distinguished by a current winding around the optical
beam axis with a magnitude proportional to its quantized OAM mode number. Our study provides a
route to develop on-chip detection of optical OAM modes, which can enable the development of

next-generation photonic circuits.

he interaction between the oscillating
electromagnetic field of light and the
electric or magnetic dipole moment of
matter can be designed to go beyond sim-

ple intensity and temporal characteristics

by manipulating light’s different degrees of
freedom (e.g., frequency, polarization, phase,
and angular momentum). One such property
is the spin angular momentum (SAM) of light,
which can induce a linear motion of electrons
to generate dc photocurrent that switches with
light helicity. This circular photogalvanic effect
(1-3) is governed by angular momentum con-
servation laws and is a powerful technique for
exploring the interaction between the chiral
degree of freedom of matter and SAM of light.
In addition to spin, light can also carry or-
bital angular momentum (OAM) (4, 5). Whereas
SAM of light is associated with its polarization
state and has a bounded value S = +% per pho-
ton, OAM is also quantized but unbounded,
given by L = m#h (where m is the mode num-
ber and 7 is Planck’s constant divided by 2m).
OAM of light leads to a spatial distribution of
the phase of the optical field, which manifests
as a helical wavefront or an azimuthal phase
dependence ¢™ (where ¢ is the azimuthal
angle). Exploiting the OAM modes of light has
been widely proposed to enable the next gen-
eration of high-capacity photonics, but direct
electrical readout of OAM is a challenge, thus
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limiting its applications to system-level inte-
grations that require on-chip generation
(6, 7), waveguiding (8), and detection (9, 10)
of OAM.

Extensive theoretical (17-13) and some ex-
perimental studies have reported on the in-
teraction between OAM of light and atomic
media (14, 15), generating new selection rules
and optical responses. These studies suggest
that the optical phase gradient modifies the
excitation processes, but the results cannot be
translated to obtain direct photocurrent gen-
eration for fabricating OAM-sensitive photo-
detectors. This is because dc photocurrent
response does not inherently carry phase in-
formation, and the slow variation of vector
potential associated with OAM of light com-
pared to the Brillouin zone size limits its in-
fluence on microscopic processes (16). Here we
show that OAM of light can induce a strong,
nonlocal interaction between electromagnetic
waves and matter. Additionally, we discuss
our observation of a distinctive photocurrent
from OAM emerging from the phase gradient
of optical fields, the direction and amplitude
of which directly reflect the different OAM
modes (Fig. 1).

The in-plane electric field of a monochro-
matic, Laguerre-Gaussian (LG]') beam with
OAM order m propagating in the 2—direction
is given by (17)

E(r,t) = u(p, z)e™e e 4 cc. (1)

under the paraxial approximation, wherer =
(p,d,2) is the position in the cylindrical co-
ordinate, u(p, 2) is the donut-shaped LG mode
profile, k,2 is the wave vector, o is the fre-
quency, ¢ is time, c.c. is the complex conjugate,
and the polarization of light is determined by
¢ = (X + ic¥), with 6 being the optical helicity
(-1 < 6 < 1) or SAM of the beam. The electric

field can be Fourier expanded as E(r, ») =
1/(2n)*[dqE(q, ©)e@*. When the OAM order
m is nonzero, besides k = &, 2, an azimuthal
photon momentum q = qq,ﬂ) also arises from
the helical phase ¢. Then, a general second-
order dc response by accounting for the helical
phase is (supplementary materials sections
S1.1 to S1.4)

d
Jli'.tf))t (1‘, t) =

{f dqd(—q)dod(—o)
(2m)°
-Ei(q, 0)Ej(—q, —0)e 0t gla-ar

ayk(q7 o; —q, 7('0)

= 0y (0, —0) E; (1, 0) E; (v, —) +
Byt (0, —@)V1E;(r, o) E;(r, —0) (2)

where the subscripts 4, j, k£, and [ denote di-
rections in the cylindrical coordinate system.
In the small perturbation limit (q is ~1072
times the Brillouin zone length), the second-
order conductivity tensor can be expanded
up to the first order of q to obtain iiﬂc(q7 ;
—q, —®) = o + 9GPy - g corresponds to the
conventional photogalvanic conductivity ten-
sor, which implies that in the small g limit,
OAM of light does not appreciably change the
dipole selection rules, and hence the local cur-
rent response to the light field will be deter-
mined by its local intensity and polarization,
regardless of the OAM order. It explains the
absence of signatures of OAM transfer to mat-
ter in photoemission experiments (16) and fur-
ther suggests that when the lowest-order o
tensor exists, as in previous high harmonic
generation studies (18), OAM-carrying optical
beams are almost equivalent to plane waves,
except that the phase factors are modified
under phase-matching conditions. However,
the conductivity tensor, B;;;, goes beyond the
dipole approximation and describes a part of
the spatially nonlocal current that is propor-
tional to the helical phase gradient; hence,
the OAM of light-induced photocurrent can
be obtained as (supplementary materials sec-
tion S1.3)

Te(p,6) = By (0, ~0) 5 [VoEi(x, 0) B, ~0)

—Vok5(x, —0)Ei(r, 0)]<m (3)

The gradient operator V, in Eq. 3 directly cor-
responds to the helical phase gradient in the
¢ direction and is a signature of the nonlocal-
ity of the photocurrent. B, can also be divided
into a symmetric (B, = (B + Bjw)/2] part
dependent on linear polarization and an anti-
symmetric [Bz; = (Byiz — Bjine) /2] part that
switches with light helicity. Therefore, the
phase information of OAM of light is main-
tained in the nonlocal, polarization-dependent
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photocurrent J;, and forms the central hypoth-
esis of our studies.

LG{ modes (Figs. 1 and 2) were obtained
by modulating a linearly-polarized collimated
light beam from a Ti-sapphire laser (wave-
length: 1 um) with a phase-only spatial light
modulator (SLM). The beam was then trans-
mitted through a quarter-wave plate (QWP)
and focused by a 60x objective to a spot size
of ~3 to 20 um, and the sample was irradiated
at normal incidence (19). To measure the re-
sponse from OAM of light, a material system
that has a symmetry-forbidden photogalvan-
ic response (described by o) under normal
incidence but supports the nonlocal response
(described by ) when the helical phase gradient
breaks certain in-plane symmetries is desired.
The material chosen in our study is ~50- to
200-nm-thick exfoliated single-crystalline
WTe, in T4 phase (Pmn2,), a type-II Weyl semi-
metal (20) with large nonlinear optical suscep-
tibilities (21, 22) and a symmetry-forbidden
contribution from tensor o under normal in-
cidence (along the ¢ axis). In the laboratory
cylindrical coordinate (p,¢,2) frame, mea-
surable terms related to the nonlocal cur-
rent and response to light helicity include
B;¢p¢ and B;;DM’ which correspond to photp-
currents along radial (p) and azimuthal (¢)
directions, respectively (supplementary mate-
rials section S1.3).

To identify and characterize photocurrent
response from the helical phase profile of the
optical beam, one must design suitable elec-
trodes and distinguish all possible sources of
current. First, because photocurrent related

-1

to the helical phase profile may flow in the
radial or azimuthal directions, electrodes were
designed into a U shape (Fig. 2A) to collect the
radial current (see supplementary materials
sections S2.1 and S2.2 for the electrostatic
model and results from other electrode geom-
etries). Second, because this current described
by B, has a circular polarization dependence,
the polarization of light was continuously
modulated by a QWP, and the photocurrent
was measured as a function of the QWP rota-
tion angle o (Fig. 2B). In a 180° period, the
light goes through linear (0°)-left circular
(45°)-linear (90°)-right circular (135°)-linear
(180°) polarization states. The total measured
photocurrent can be divided into three parts:
(i) current that switches with circular polariza-
tion with a 180°-period modulation (J¢) (23),
(ii) the part that is sensitive to linear polariza-
tion with a 90°-period modulation (J;) (24),
and (iii) the polarization-independent com-
ponent (J,; includes thermal currents). Third,
aside from the azimuthal phase profile, an LG
beam also carries an annular intensity pro-
file. As is evident from Eq. 2, it can generate
spatially dispersive photogalvanic current
(Js-pqr) proportional to the local light inten-
sity gradient (i.e., |E(p)|*/dp) (21). Although
Jspge 1s also sensitive to light helicity, its
effect can be eliminated by measuring sig-
nals from both OAM +m and -m beams be-
cause the local light intensity is preserved
when OAM order reverses sign (the same ar-
gument holds for contributions from radial
phase profiles; see supplementary materials
section S1.4).

%ag°e20, %2+ %,

952,99, %5 ":’a
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Fig. 1. Schematic of the photocurrent measurement from optical beams carrying OAM.
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To first examine the existence of photo-
current from OAM of light, OAM order m =
+1and m = -1 beams generated by the SLM
were measured using the U-shaped electrodes
with the beam center fixed at the center of
the electrode arcs (Fig. 2A). The results show
thatboth OAM +1 and —1beams gave rise to
polarization-dependent currents (Fig. 2B).
Jc values from OAM +1 and OAM -1 beams

3.4
<
c
=
-
c
2
>
0-3.0
<]
-
o
£
o
3.2
Quarter wave plate angle (°)

® Jox0.01 @ J X041 & J

A
s s gt

OAM order
L R i

2

a
o an
3

Photocurrent (nA)

) 012

=2 34
OAM order

T

2 4 6
Normalized J.

Fig. 2. Evidence of the nonlocal photocurrent
generated by OAM of light and its dependence
on OAM order. (A) Optical image of a photo-
detector device with U-shaped electrodes on WTe,.
The light spot is focused at the center of the arc
defined by the electrodes (blue circle). Scale bar:
10 um. (B) Measured photocurrent amplitudes from
OAM +1 (red curve) and -1 (blue curve) beams,

as a function of the QWP angle (o). The insets are
charge-coupled device (CCD) images of OAM +1
and -1 beams. (C) Normalized photocurrent that
switches with circular polarization, from beams
with OAM order ranging from -4 to 4. Error bars
represent the standard deviations of the fitting.
(Inset) Three components of the measured photo-
current: Jo, Ji, and Je.

2 of 4

0202 ‘vL Aey uo /610 Bewssusios aouslos//:diy wolj papeojumoq


http://science.sciencemag.org/

RESEARCH | REPORT

have similar amplitudes but opposite polar-
ities. By measuring the beam size and spatial
dependence (supplementary materials section
$2.3) and by comparing the results from various
electrode geometries and mirror-symmetric
electrode pairs, it was further confirmed that
the observed J¢ did not originate from exter-
nal symmetry reductions such as material
defects, edge effects, or beam imperfections
(see supplementary materials sections S3.1
and S3.2 for details). The polarity switch of
Jc cannot be attributed to spatial intensity
gradients either, because the two m = =1
beams have the same intensity profile and
differ only by their helical phases (+¢). There-
fore, these results suggest that a distinctive
current—which we term the orbital photo-
galvanic effect (OPGE)—originates from the
light OAM. OPGE is distinct from any other
reported photogalvanic effects, owing to its
nonlocal nature, spatially dispersive fea-
tures, and sensitivity to the wavefront shape
of light beam.

The mechanism of this photocurrent can be
understood as light transferring its OAM and
energy simultaneously to the electrons. Because
the optical phase varies in the azimuthal direc-
tion, it induces a spatial imbalance of excited
carriers, producing a net current. This process
has similarities to the photon drag effect (25, 26)
(supplementary materials section S1.3), but
here the spatial variation of photon momen-
tum plays a vital role, causing the nonlocal
OPGE current to flow either along or perpen-
dicular to the helical phase gradient. In one pic-
ture, the OAM-carrying beam has a magnetic
field B(w) parallel to the beam propagation
direction, and through a magnetic dipole-
like interaction, the in-plane electric field
E(-) and the out-of-plane magnetic field
B(w) generate a dc photocurrent, which is the
OPGE current: JOPGEOCE(—(D)B((O). Jopgg is
proportional to the part of the longitudinal
magnetic field that changes with phase gra-
dient, so when the OAM index reverses sign,
the direction of OPGE current also flips (Fig.
2B). As noted in Eq. 3, the OPGE current can
be distinctively projected onto the OAM or-
der [when spin-orbit coupling of light (27)
is not considered], with a proportionality fac-
tor dependent on the material’s conductivity
tensor.

To demonstrate the discrete behavior of the
OPGE current, light beams with OAM order
+4, +3, +2, and +1 were generated sequentially
by a phase-only SLM (with constant optical
power), and the radial photocurrent was mea-
sured using the U-shaped electrode geometry
with the beam center fixed at the center of
the electrode arcs. The measurement results
(Fig. 2C) clearly show that, under certain fo-
cusing conditions, J- displays steplike changes
from OAM order —4 to 4, in agreement with
the theoretical model, which implies that the
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Fig. 3. OPGE current from generalized vectorial OAM states on a HOPS. (A) Schematic of the

m =1, o = -1 HOPS, with states represented by (©, ®) spherical coordinates and five points P1 to

P5. Each subplot shows polarization distribution (single-headed arrows) with or without a linear polarizer
oriented in the horizontal direction (double-headed arrows), and the corresponding intensity profile

as recorded by a CCD camera. (Inset) Optical image of the octopus-shaped electrodes. Four pairs of
electrodes (L1, L2, L3, and L4) are located at four azimuthal coordinates (¢ = 0,n/2, =, and 3rn/2,
respectively). Scale bar: 10 um. (B) Relative photocurrent amplitudes at two QWP angles (r/4 and 3r/4)
from two states (P3 and P4) on HOPS, measured at two locations (L1 and L2). (C) OPGE current
amplitude from a set of states on the line connecting P1, P5, and P2, with the same ®. (Inset) Calculation
showing a ®-independent distribution of OPGE current. (D) Phase of OPGE current from a set of
states on the line connecting P3, P5, and P4, with a fixed ®©. (Inset) Calculation showing a ®-independent

distribution of OPGE current phase.

measured Jc is attributed to light helicity-
sensitive OPGE current described by the con-
ductivity tensor B, (see supplementary mate-
rials section S2.4: for discussion of geometrical
constants related to the LG profiles of differ-
ent OAM orders). Our results show that when
Jc is proportional to OAM order, the linear
polarization-dependent current, J;, and the
polarization-independent thermal current, J,,
do not have such dependence (Fig. 2C, inset),
which indicates that they are dominated by
different mechanisms (although OPGE cur-
rent described by Bz;kl is also present; sup-
plementary materials sections S1.3 and S1.4).
Furthermore, because the measured OPGE
current is proportional to the product of SAM
and OAM and the winding number of the light
field is —m - o (13), the OPGE current directly
characterizes the topological property of light
(see supplementary materials sections S1.3 and

S2.5 for generalization to arbitrary OAM orders
and mixtures of different OAM orders).
Besides scalar OAM beams, there are vec-
torial OAM beams with space-variant states of
polarization in addition to the helical phase
distribution (28). Owing to the sensitivity of
OPGE on both the SAM and OAM of the op-
tical field (Fig. 2), we studied the mechanism
of photocurrent generation from these beams.
Vectorial OAM beams can be represented on a
higher-order Poincare sphere (HOPS) (29, 30),
and the m = +1, c = -1 HOPS is taken as an
example (Fig. 3A; P1 to P5 are five represent-
ative states). In the parameter space (repre-
sented by the spherical coordinates ® and ®)
of the HOPS, the state of the optical field is
represented by [¥(©, ®)) = cos()exp(—id/
2)|L_p)+ sin(§)exp(i®/2)|Ry), where |Ry,)
and |L_p,) are scaler vortex beams with OAM
+m (-m) and SAM ¢ = -1 (+1), respectively.
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The azimuthal OPGE current from an arbitrary
state |¥(©, ®)) from this HOPS can be writ-
ten as

(0) (0)
Joorae = Jy opee + s 0raE =

(Vo (0)E5(~0) Vi Ey(~0)Ei(o))
Bij¢¢ 2 +

(VoEi(0) By (~0) + V4 B (~0)Ei(o))
Yijoo )

oc % [CO + ¢ cos(©) + <cgcos <2(m+ c)o

+ <I>> + ¢3 sin (2(m +0)0+ (I))) sin(@))} (4)

where Bijkl, Y €os €1y Ca, and c; are conduc-
tivity coefficients (see supplementary mate-
rials section S2.5). At P1 and P2, the last two
terms [denoted as J(()‘IQGE] vanish, and this
equation reduces to Eq. 3 for scalar OAM
beams.

For other points on the HOPS, J(()¢1’)GE de-
scribed by ¢, and cj is, in general, nonzero
and varies with the azimuthal angle ¢ with a
period of n/(m + ¢)—i.e,, it is determined by
the total angular momentum of light. To cap-
ture this azimuthal angle dependence, the
electrodes were arranged into an “octopus”
shape (Fig. 3A, inset) to enable a set of azi-
muthal current measurements at various azi-
muthal coordinates (L1 to L4) while the beam
is fixed at the center defined by the electrodes.
The beam was modulated by a QWP between
angles o = n/4 and 3n/4, and the amplitude
variation AJ(()Q;EGE forms an alternative sig-
nature of J(()q;,)GE. As shown in Fig. 3B, for both
P3 and P4 states, AJ((JQ;,)GE collected at different
azimuthal angles L1 and L2 are of opposite sign
(details in supplementary materials section
S2.5), indicating the existence of J(()‘I;,)GE that
originates from the vectorial OAM beams.

To further examine the dependence of OPGE
current on the (0, ®) coordinates, a set of
different states on the HOPS was measured.
Without loss of generality, the state of the
vectorial OAM beam was swept along two
lines on the sphere—from P1 to P2 with fixed
® and from P3 to P4 with fixed © (Fig. 3A)—
while the photocurrent was measured at the
same location (i.e., L1). As shown in Fig. 3C,
when moving along the longitude on the
HOPS, the OPGE current amplitude decreases

Ji et al., Science 368, 763-767 (2020) 15 May 2020

from its maximum at P1 (but remains posi-
tive in the northern hemisphere), crosses zero
near P5 on the equator (and then becomes neg-
ative in the southern hemisphere), and finally
reaches a minimum value at P2. This result
shows that the amplitude of the OPGE current
has direct correspondence to ©® when @ is
fixed. On the other hand, when moving along
the latitude on the Poincare sphere, the phase
retardation of the OPGE current goes from 0
at point P3 ton/2 at point P5 and then to & at
point P4 (Fig. 3D), which indicates that the
phase of the OPGE current can be mapped
onto the ® coordinate on HOPS when O is
fixed. Therefore, our results demonstrate that
different states on the HOPS have distinct
OPGE current responses.

The photocurrents originating from the
helical phase of the OAM-carrying beam provide
evidence of the transfer of OAM to electrons
and reveal the associated phase-related infor-
mation in photodetection. For scalar OAM
beams, the OPGE current has a direct corre-
spondence to the topological winding num-
ber of light; for vectorial OAM beams, the
variation of OPGE current with the azimuthal
coordinate reflects its phase and polarization
distribution simultaneously. On the basis of
these results, we expect that the OAM order or
the coordinates of any arbitrary OAM state on
a HOPS can be specifically determined by mea-
suring currents via a small matrix of electrodes.
Once a device geometry is fixed, characterized,
and calibrated, a single electrode matrix can
detect a variety of OAM modes, including their
arbitrary mixtures. With further optimization,
on-chip detection of OAM modes of light will
be possible, thus potentially facilitating OAM-
based optical communication by expanding the
parameter space of light.
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