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Materials and Methods
Experimental setup
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Figure S1: Experimental setup for measuring photocurrent from OAM of light.

Sample growth and device fabrications

WTe: single-crystals were grown by the chemical vapor transport (CVT) method
using polycrystalline WTez2 powder (~1 g) and iodine transport agent (5 mg/cm®) sealed
in an evacuated quartz ampoule. The ampoule was ice-water quenched after 7 days of
growth at 900 °C.

The 50 ~ 200 nm thick WTez sample flakes were obtained by Polydimethylsiloxane
(PDMS) assisted mechanical exfoliation, and Ti/ Au electrodes were post-patterned by
Electron beam lithography (EBL) and Physical vapor deposition (PVD) processes. As
shown in main text Fig. 2a, the thickness of small electrodes is 50 nm, and large
electrodes is ~ 400 nm.



Supplementary Text

1 Theory of the orbital photogalvanic effect (OPGE)

1.1 Description of electromagnetic wave carrying orbital angular momentum

Assuming the electric field of light is E(7,¢), magnetic field B(7,t), and vector potential
A(7,t), then the total linear momentum carried by the EM wave can be calculated by P =
[ e0E x Bd3F, and its angular momentum would be the cross product of position vector 7 and
P (5):

E:EO/FX (E x B)d*F (S1)
It can be further decomposed into two parts, with one part representing orbital angular mo-
mentum (OAM) and the other part representing spin angular momentum (SAM). By replacing
B by V x A, and adopting the Coulomb gauge where V - A = 0, Eqn. S1 can be rewritten as,

I—a [ 3 BExVIAdT+a [(Ex Da7 (52)

j:x7y7z
Considering a monochromatic field in our case E = Re(g e(=1) where £ is the ampli-
tude of the electromagnetic field and w the angular frequency of light. Using E = —%—? and
neglecting the terms oscillating with twice the frequency, one can find that the second term in

Eqgn. S2,

E x Ao Im[€ x £ (S3)
£
&
ciated with the light SAM. The circular photogalvanic effect, as delsc‘ribed by the dependence
of a dc photocurrent on the circular polarization of light, is directly related to this term.

To rewrite the first term, we can use the paraxial approximation, in the small divergence
angle limit of the optical beam. We also assume that near the beam focus, the direction
of polarization ¢ does not change significantly with spatial position (for now). Under these
approximations, we get

Y E(Fx V)4 Y Ej(FxV)Ejxé-é (S4)

j:x?yﬁz j:m7yﬂz

This term is in fact dependent on the polarization of light, € = or in other words asso-

which means the first term in Eqn. S2 is independent of the polarization direction, but is
associated with the spatial distribution of the EM wave. The z-component of the first term in

Eqgn (S2) now becomes
E;))d*7 S5
" 2w / Z j 8(]5 (55)

.] x7y7
Here ¢ is the azimuthal angle in the plane perpendicular to 2, and L, is the OAM of light.
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1.2 Description of the Laguerre-Gaussian modes
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< @
- @
<@ o

Figure S2: CCD images of LG beams LG - LG} in the experiment, calculated mode profiles, and phase profiles.

In experiments, the scalar OAM beams were obtained by a phase-only spatial light mod-
ulator (SLM). The programmable holograms on the SLM (phase profiles) shown in Fig. S2
convert Gaussian beams into Laguerre-Gaussian (LG) modes. The most general description
of LG modes is given by (17),

CLG \/5) __” 202 2 )
_ Zmp PV 2)\|m| w2() IIml Sl — ik 5Rey Lime i (2)
ulp.6,2) = LIS Ll 2 ek emee 56)

with L;* being the generalized Laguerre polynomials and C’#g the normalization coefficient,

2p!

o+ [m)] (57

LG _
Cop =
w(2) = woy /1 + (£)% 2r = wng is called the Rayleigh length, and €™ is the conventional

we adopted. R(z) = z[1 + (22)?] is the radius of curvature of the beam’s wavefront at z and
1(2) is the Gouy phase. |u(p, ¢, z)|? has a circular symmetry, and the two controlling factors
of its shape and phase profile are radial index p > 0 and azimuthal index m. In our discussion



of light OAM, only p = 0 beams are considered. Another assumption we made is that the LG
beams are focused on the surface of the sample, i.e. ¥(z) = 0 (for thin samples). The electric
field profile £(p, ¢,0) = Eyu(p, ¢, 0) can then be simplified to,

1 p\/_ |m| zm(;S (SS)
7r|m|'w0 wo

|£|? from the CCD image in the experiment and from numerical calculations are plotted in
Fig. S2. These beams each carry a well defined OAM of mh per photon. Due to the phase
singularity when m # 0, the beam intensity at p = 0 vanishes. The ring distance defined by
the distance between the center of the LG beam and the point it reaches its intensity maxima

would be pg = \/@wo.

To summarize, LG beams have two main characteristics:
1. LG beams have circular symmetric intensity distributions and their phases varies along
the azimuthal direction.
2. LG beams have the same intensity distribution as LG, "™, but with an opposite phase, m¢
and —m¢. For different m numbers, they have different intensity as well as phase distribution.

1.3 A general expression of second order susceptibilities

Two arbitrary incident electric fields, £ (7, t) and Eo(7,t), can be Fourier expanded in the
frequency and momentum space as,

1 . .
E1 (’l", t) = (2 )4 dqldlel (ql, wl)eillelql.T (S9)

Ey(r,t) = @ dgadws Bs(ga, wo)e 2t (S10)

A general second order response reads,

.(2) dqldwldq?dWQ —i(w1tw2)t z(q +q2)-r
1) = e 1t+w2 1142 W1 QW
Jp (r,t) = / o) "Eiik(qL, w1 g2, w2) (S11)

E1i(qi,w1)Es (g2, w2)

Here the subscripts i,j and k denote the axes in the Cartesian coordinate, 1, 2 are the
dummy indices for representation of frequency components, and &;;x(q1, w1; g2, w2) is a third
rank conductivity tensor. The tensor is symmetric in its components in the way that,

Eijr(Qr,wi; go, wa) = Q(J;z(fh, Wi q2, wa) + fﬂk((h, w23 q1,wW1) (S12)

For the case of monochromatic waves (i.e., E(t) = Ee ! + c.c.), and in the small g
perturbation limit (this expansion is reasonable given the small linear momentum per photon



compared to that of the charge carriers (~ 10~3)), the conductivity tensor can be expanded up
to the first order of q as,

&iik(q1, wi; g2, w2) = ayj (w1, w2) + g1,k (w1, W2) + g2,Mjik (W2, w1) (S13)

Where o, is a zeroth order in g conductivity (susceptibility) tensor, which well describes
the limit of electric field being homogeneous in space (i.e., £(r) = E(rg)). On the other
hand, 7;:1; is a first order in g conductivity tensor and describes the nonlocal second order
effects in a system. Since 7);;x; is a fourth rank tensor, it has different symmetry selection
rules comparing to «;, €.g., it could be nonzero under inversion symmetry. Below we denote
the first order in g part of conductivity tensor as £(1), and the corresponding dc photocurrent
response as j (@ (1),

According to the properties of momentum g, a nonlocal effect may arise from the intensity
gradient of the beam (s-PGE) (217), from the photon wave vector (photon drag effect) (26), or
alternatively from the photon orbital angular momentum (denoted as OPGE) as discussed in
this paper. Below we will explain these three effects in detail:

(1) Spatially dispersive photogalvanic effect (s-PGE)

When the non-locality in a system is from the intensity inhomogeneity of the optical beam,
the complex electric field amplitude in the Fourier space follows F(q, —w) = E*(q,w), and
in the real space,

// dqdw(E(q,w)e” ™" + E(q, —w)e™")e'™ (S14)
The dc current conduct1v1ty (from w, —w interaction) can then be written as,

&Jk(q, 1 g, —w) = @ik (w, —w) + @njir(—w, w) (S15)

and in real space,

j](ng(l)) (’l",t) :/ dqudqd(_w) e—i(w—w)tei(q-i-q)-r
(27T)8 (S16)

This effect is called the spatially dispersive photogalvanic effect since it generates a pho-
tocurrent from the spatial dispersion of light intensity, and it exists in any system going be-
yond the plane wave approximation. A generic example is the Gaussian beam, which has an
intensity gradient in the radial direction, I(p) o e =#°/"3.

For a Laguerre-Gaussian beam, the intensity gradient is determined by its mode profile

E(p,9,0).
7r|m|' wo wo




The intensity gradient is then,

a|6<p7¢70)|2 2 2 \/_)\2m| [2m|—1 zp(p\/_
Wo

— 2mly, %
5 507T| T 2{!2m\( 2 wo) te (S18)

The s-PGE current has a dlrect dependence on the intensity gradient.

(2) Photon drag effect

A simple interpretation of photon drag effect is the transfer of linear momentum from
photon to the electron, leading to asymmetric excited carrier population in the momentum
space, generating a second order dc photocurrent. This dc photocurrent, second order in an
electric field E = Ege’*™, is proportional to k, the wave vector of the beam. To be specific,
the complex electric field amplitude in the Fourier space has F(q, —w) = E*(—q,w), and in
the real space,

E(r,t) = ﬁ / / dqdw[E(q,w)e” ™17 4 B(—q, —w)e“ ™7 (S19)

Here only the photon wave vector k is present (i.e., E(q) = E(k)d(q — k)), so the dc
current conductivity can be simplified as,

51(]1;3(747 w; —k, —w) = kmijr(w, —w) — kimjin(—w, w) (S20)
In real space,
j,idc’(l))(r,t) :/ dded(—k)d(—W)6—i(w—w)t6i(k—k).r
(2m)® (S21)
) (ke wi —k, —w) E(k, w) E; (k, —w)

ijk

The direction and amplitude of a photon drag current are determined by the incidence an-
gle and wavelength of the beam.

(3) Orbital photogalvanic effect (OPGE)
Electric field of a light beam with a polarization of (& + icg) (o is the light helicity), and
OAM m can be written as,

€ = u(p, 2)(& +iog)e™?

= u(p, 2)((cos(¢) + iosin(p))p + (—sin(¢) + io cos(¢))p)e™™”
where right (left) circularly polarized light has ¢ = 1(—1), and |u(p, z)|? is the intensity
profile. As indicated by Eqn. S22, the beam carrying OAM has a phase distribution in the
q3 direction, or equivalently, it can be described as having an (equivalent, since it is not well
defined in many contexts) azimuthal momentum q¢q£ besides the wave vector k.
Then, the dc current generated by g is,

D) gy = / dqdwd<—qu(—w)e_i(w_wﬁei(q_q).r
(2m) (S23)
fz]k(qv /4, _w>Ez(q7 w>EJ<_q7 _w)

(S22)
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The second order conductivity as a function of w and g can then be written as,

1
£§jﬁ(q,w; —q, —Ww) = ik (W, —w) — @ik (—w,w)

(S524)
= iqiBijm(w, —w)

with ;51 (w, —w) = i(—nijki(w, —w)+n;ik (—w, w)) being purely real, and ;5 (w, —w) =

— Bjiki(—w,w). To avoid complexities in the cylindrical coordinate Fourier transformation,

Ji ,(Cdc’(l)) (7), can be re-expressed as a function of the electric field and its spatial gradients,
(dey(1) () _ 5 dq . o / d(=aq) .
]k (’l") ﬁzgkl / (27T)3ZQZ z(q) (271')3 j( Q)
= Bijkla—IZEj("“) (S25)
1 0E;(r,w) _ OEj(r,—w)

= ﬁijkli[a—l’lEj(r7 —w) oz, Ei(r,w)]

For a LG mode described above, g = q¢c2>, the OPGE current would be,

0 19E,  Ee
{Jp}=5i paa I3
Jo 0 152+ =2

E m
® p]oc—up,zz (S26)
2| = Zhuto, 22

Phenomenological, this process can be interpreted as a direct angular momentum transfer
from photon to electron. Considering a LG beam propagating along Z, the linear momenta
associated with this electromagnetic field would be (4),

m
Py ~ ;luﬁkz ~ klul® (S27)

These two terms, py and k., correspond to the orbital photogalvanic effect (OPGE), and the
photon drag effect, respectively. The ratio between the azimuthal momentum pg related to
OAM, and the momentum £, along z is then,

Py m

k. ko (S28)
A rough estimation for the amplitude of OPGE current can be made, in comparison with
photon drag effect: For a light beam with wavelength 1 um, focused to a spot size of a
few pm, py and k, = 27“ are of the same order of magnitude. Therefore, it implies that
these two currents should have comparable magnitudes. Critically, the OPGE photocurrent is
proportional to the OAM number m, as long as the small g condition is satisfied.

Furthermore, analogous to CPGE, the OPGE tensor can be separated into symmetric and

anti-symmetric parts (with respect of ¢ < j, or w & —w), and we denote the symmetric part

as the linear orbital photogalvanic effect (I-OPGE), which is sensitive to the linear polarization



of light; and the antisymmetric part as the circular orbital photogalvanic effect (c-OPGE),
which switches upon the change of circular polarization of light,

Biju(w, —w) = [Biji(w, —w) = Bijm(~w, w)]/2 (S29)
and
B;;'kz(wa —w) = [Bijri(w, —w) + Bijr(—w,w)]/2 (S30)
The c-OPGE and 1-OPGE currents are given by,
(c—OPGE) . OEj(r,—w) .~ (OE;(r,w)
J - ﬁz]kl [El(r7w) axl EZ(’I", W) —axl (831)
(1-0PGE) _ . OE;(r,—w) .~ OE;i(rw)
J z]kl [EZ(T,M) axl + EZ<’I", w) a—xl (832)

(4) Implication of OPGE: A direct probe of the topological winding number of light

As derived by Shintani et al.(/3), recalling the expression of the winding number of a 2D
vector field 77 = (n,, n, ) represented by w, [n],

n, 0 n,

W g
w| %7{%6 it 00, a)) (533)

where e/ is the 2D Levi-Civita symbol. The electric field of a OAM beam in the Cartesian
coordinate reads,

E = ufcos(m¢ — wt)& — o sin(me — wt)y| (S34)
where u = u(p, z) is the mode profile (as in Eqn. S22)), m and o are the OAM and SAM
numbers, and w is its frequency. Then n, = wucos(m¢ — wt), and n, = uo sin(me — wt).
By inserting Eqn. S34 into Eqn. S33, we can obtain,

wilnl = 5y ) dou cos(mo — wt)(—o cos(mo — w0) (57 + 5) m
C
— dzu®(—o sin(me — wt)(— sin(me — wt))(% + %j) m (S35)
1
= _ﬁ j{m . Udgzﬁ
—meo

On the other hand, in the p and qf) directions, the c-OPGE currents are given by conductiv-
ity tensor elements 5,;;5 o0 and 5,;;5 s¢> Tespectively, and their amplitudes are both proportional
to the SAM number (helicity) o and OAM number m.

Therefore, the OPGE current is a direct probe of the topological winding number of light.



1.4 The photogalvanic effect and symmetry selection rules in WTe,

Our material system, WTey, is a room temperature Weyl semimetal with broken inversion
symmetry (20). It belongs to the Cs, point group and Pmn2; space group, and can be me-
chanically exfoliated perpendicular to its c axis (principal axis). The circular photogalvanic
effect (CPGE), i.e., under homogeneous optical excitation, is described by,

Ji = aiji(Ej (@) Ep(~w) — Ej(~w) Ey(w)) (S36)

In the Cartesian xyz coordinate system (corresponding to abc crystal axes), the nonzero com-
ponents in the conductivity tensor v are vz, = gz, Qyyz = Qyzy, Cagg, Qayy, Ozzz. SINCE
the gy OF uyyy elements are not present, only when light polarization has an out of plane
component, or equivalently when light is obliquely incident onto the xy plane of WTe,, it can
induce an in-plane CPGE current. Similarly, the linear photogalvanic effect (LPGE) current
is described by, .

Ji = ozl-jk(Ej (w)Ek(—w) + Ej(—w)Ek(w)) (837)
The conductivity tensor elements vz, Qyyy, Vzay> Qyays Ozye and ay,, are all forbidden
by symmetry in WTe,. Therefore, under normal incidence (onto zy plane), LPGE current
also vanishes. On the other hand, the photon drag currents (both LPGE and CPGE parts,
discussed in section 3 in detail) are governed by fourth order conductivity tensors. Upon
normal incidence (light propagates along the z direction or crystallographic c axis), the photon
momentum is k = k.2 (out-of-plane), which does not break the existing 2-fold rotation or
mirror symmetries and would leave the effective point group of W'Tes unchanged. Therefore,
under normal incidence, the photon drag effect is also forbidden in our measurements. We
note that the radial photon momentum originating from the finite radius of curvature of the
optical wavefront is also present in Gaussian and LG beams, and may cause a ’radial photon
drag’ response when the beam is out of focus, but in all our measurements, the sample plane
is close to the focal plane, and this contribution is not likely measurable.

On the other hand, under normal incidence, the s-PGE and OPGE (both I-OPGE and c-
OPGE) effects are symmetry allowed, for OAM-carring beams described by Eqn. S22, under
normal incidence due to the effective symmetry reductions related to their in-plane spatial
dispersion. Also, the thermal current caused by the asymmetric illumination on electrodes is
also present, although it does not have any polarization dependence. The characteristics of all
possible sources of currents are summarized in Table. S1.

Overall, the photogalvanic effect is forbidden under normal incidence onto W'Te, flakes
unless there exists external symmetry breaking (i.e., from in-plane photon momentum). In
section 2, the comparisons between different electrode geometries for collecting OPGE cur-
rent and some of its characteristics will be discussed. In section 3, we will analyze other
possible external contributions that may lead to symmetry reductions, and experiments to rule
out these possibilities.
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Thermal PGE Photon drag s-PGE Scattering OPGE
current effects
Allowed Yes No, unless | No, unless | Yes Yes Yes
under normal crystal has | crystal has
incidence external external
symmetry symmetry
breaking breaking
Direction Along / / azimuthal and | random azimuthal and
thermal radial radial
gradients
Dependence No / / Yes Possible Yes
on linear
polarization
Dependence No / / Yes Possible Yes
on  circular
polarization
Dependence Through in- | / / Yes, through | No Yes, propor-
on OAM | tensity dis- intensity tional to m
index m tribution distribution
Difference No / / No No Yes, ooposite
between
OAM +m and
-m

Table S1: A comparison between various possible photocurrent sources.
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2 Supporting data and analysis

2.1 Experimental designs for collecting azimuthal and radial currents

Unlike the widely studied photogalvanic effect under the plane-wave approximation where
the photocurrent flows in a certain direction determined by the conductivity tensor elements,
the photocurrent from a OAM-carrying beam may change direction with spatial position, i.e,
in the radial/ azimuthal directions. Therefore, the collection of such kind of current needs
special experimental designs.

(A)

Electrode

(B) :
e JT
Electrode I’L\| Z //;}

I
>
-0
»

|/ .

Figure S3: Electrode geometry arrangements for detecting (A) azimuthal and (B) radial photocurrents.

1. Azimuthal current

Here we explain via a simple electrostatic model how an orbiting current could be mea-
sured in our experiments (Fig. S3a). The electrons flowing out from the two electrodes are at
the same chemical potential (grounded). For the ring geometry shown, A (B) stands for the
shorter, length /4 (longer, length [5) segment of the circle, j4 (jp) is the current magnitude
flowing in the shorter (longer) segments of the loop, respectively. j; and j, are the currents
flowing inside the electrodes. Assuming that both electrodes have length [ and the conductiv-
ity is o in the system. j; = o F'/e would be the azimuthal current generated upon light illu-
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mination, where F’ is the effective force on electrons. The measured currentis I = j4 — jp.
At equilibrium,

| —

(jala + 720) = 0;

01 (S38)
—(jBlp +71l) =0
o
and . . '
AT (S39)
JB = J1 — Js;

which can be solved to obtain [ = j4 — jgp = Js - % This is for the case where

only current generated at a single radius is collected, but in reality, the electrodes span finite
lengths in the radial direction, and the measured current ./ would be a radial integral of I(r).
J = friz I(r)dr where r; and ry are the radius of the two ends of an electrode, respectively.

From the phenomenological model, local OPGE current j(r, ¢) o< (V4E)E oc m|E(r, ¢)|?,

hence J ocm [* 1|E |2%dr, where 04 and 0 are the azimuthal angles formed by

two arcs, [ 4 and [, respectively. Therefore, for each LG mode, the OPGE current is propor-
tional to a geometrical factor determined by the electrodes. On the other hand, the measured
s-PGE current from beam intensity gradient as an integral of the local s-PGE current, can be
rg O|E(r)|2 U(r0a—10p)

N e ) dr when the beam is at the center of the arc

written as J,_pgr
formed by electrodes.

2. Radial current

As shown in Fig. S3b, between a pair of concentric arcs with a subtended angle 6, an
electrical potential would build up due to the radial photocurrent j, (or the associated elec-
tromotive force). Collected I is an integral of j,.(¢)|5. The integral from r; to 75 would
be I f09 f:f Jr(¢)rdrde. Since from the phenomenological model, local OPGE current
jr(9) x VoEE o< mi|E?, Jopar mfrrf |E|2dr. Again, for each LG mode, there is
a geometrical factor determined by the electrode geometry and beam parameters. Similarly,
s-PGE current integral is given by J;_pap o« [ mT]iFrdr.

r

2.2 Photocurrent data from various electrode geometries

A critical aspect of this study is to design suitable electrodes for measuring and identifying
photocurrents from helical phase of light. Below we will discuss several electrode geome-
tries and the photocurrent data from OAM beams. Specifically, the photocurrent data from
OAM +4 and -4 beams with a same intensity profile but opposite helical phase distributions
were plotted and compared, and the similarities and differences between various electrode
geometries were examined. Especially, as discussed in detail below, these results provide an
evidence of the nonlocality of OPGE current, that is, its direction and amplitude vary in space.

13



1. ’U’ shaped electrode geometry

A U’ shaped electrode pair is made of two concentric semicircles and two parallel arms,
which enables a ~ 180° solid angle collection of radial current when the center of the beam is
placed at the center of the electrode semicircles. Photocurrents from OAM beams measured
using this geometry has been discussed in detail in the main paper (Fig. 2).

2. ’Angular bracket’ shaped electrode geometry

Since the OPGE current flows in the radial direction, as long as the two electrodes are
concentric, the subtended angle should be changeable. Here we show an example: While
the *U’ shaped electrodes capture photocurrent in a § = 180° solid angle, *Angular bracket’
shaped electrodes (Fig. S4a, b) collect an integral of current within a # ~ 90° solid angle.
The green arrows represent the hypothetical OPGE current flowing directions. Considering
the (5, symmetry of the material platform, WTes, the conductivity coefficients along the
crystal a and b axes are unequal, and the direction of the net current collected by the two
electrodes would depend on tensor elements both associated with ¢, and g,, which varies
with the alignment of the electrodes with respect to the crystal axes. Despite its geometry
difference from the *U’ shape, the OPGE phenomena were again observed (Fig. S4c, d),
ie., %(J Lcp — Jrep) adopt different signs for OAM +4 and -4 beams. Therefore, it provides
further evidence of the existence of the radial OPGE current.

14



(b)

Electrode 1 JOPGE

< 464 E
E €
o g
= =
3 -4.8- o
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-
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= K=
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5.0 - N
0 9% 180 270 360 0 9% 180 270 360
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Figure S4: Photocurrent measurement using “angular bracket’ shaped electrodes. (a) Optical image of the device
on an exfoliated single-crystalline WTey flake. Scale bar: 10 pm. (b) Schematic of the photocurrent collection.
(c, d) Photocurrent data from (c) OAM +4 and (d) OAM -4 beam.
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3. ’C)’ shaped electrode geometry

Since the existence of s-CPGE may sometimes increase the complexity of OPGE current
measurement, we designed the ')’ shaped electrodes to avoid this problem. As shown in Fig.
S5a, these electrodes forming an ')’ shape were designed to collect the azimuthal part of the
OPGE current. When the beam center is at the center of the arcs, and its ring distance (pg =

\/@wo) coincides with the radius of the electrodes (Fig. S5a, b), there will be maximized
intensity, but vanishing intensity gradient along the circumference defined by the electrodes,
which means that the contribution from the s-CPGE is effectively eliminated, and the collected
helicity dependent photocurrent would be from OPGE. The photocurrent data is plotted in
Fig. SS5c, d, once again showing the sensitivity of OPGE current to light helicity, and its
sign reversal upon light incidence with opposite OAM numbers. This measurement provides
evidence of the presence of azimuthal OPGE current.

(b)

] Intensity gradient
OPGE " vanishes

—
Electrode 1 /Pa Electrode 2
4 /

2
o
>
=
IS

Photocurrent amplitude (nA)
Photocurrent amplitude (nA)

Quarter wave plate angle (°) Quarter wave plate angle (°)
Figure S5: Photocurrent measurement using *€2’ shaped electrodes. (a) An optical image of the device (b) A

schematic of the photocurrent measurement. The ring distance of the LG beam coincides with the radius of the
electrodes (c, d) Photocurrent data from OAM +4 and OAM -4 beams.
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4. ’Starfish’ shaped electrode geometry

In a ’Starfish’ electrode geometry, photocurrent could be measured between each of the
nearest electrode pairs (i.e., from A to B, B to C, C to D and D to E electrodes). Since
the electrodes span some length in the radial direction, the collected photocurrent is a space
integral of Jopar(p, ¢). Fig. S6 shows the electrode geometry and data from one of such
devices. OAM +4, OAM -4 beams were measured, and the OPGE voltage signal between
nearest electrode pairs always have opposite signs. Also, for OAM +4 (blue color), the OPGE
current was always flowing clockwise, while for OAM -4 (green color), its OPGE current was

flowing counterclockwise. This is a further evidence that OPGE current flows in the azimuthal
direction.

Electrode 1
JOPGE I

. 4

Electrode 2

/
OAM
beam

Photocurrent amplitude (uA)
Photocurrent amplitude (uA)

14 .

0 90 180 270 360 0 90 180 270 360
Quarter wave plate angle (°) Quarter wave plate angle (°)

Figure S6: Photocurrent measurement using ’Starfish’ shaped electrodes. (a) The arrows indicate the sign of
OPGE voltage between the nearest electrode pairs. Blue and green colors represent OAM +4 and OAM -4,
respectively. (b) A schematic of the azimuthal photocurrent measurement using ’Starfish’ shaped electrodes. (c,
d) Photocurrent data between A and B electrodes, from OAM (c) +4 and (d) -4 beams.

2.3 Spatial and beam size dependence of OPGE current

In order to find the characteristics of OPGE current, with the U-shaped electrode geometry
(for collecting radial current), the spot size and spatial dependence of OPGE current were
measured, using OAM +4 and -4 beams. From S1.3, S1.4, if the current response depending
on circular polarization is measured, and by comparing OAM number +m and -m responses,
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ie., (Jot+m — Jo,—m)/2, where Jc is the part of measured photocurrent that switches upon
circular polarization, then the OPGE current response is unambiguously determined.

(1) Spatial dependence
The spatial dependence of OPGE current along « direction is shown in Fig. S7. When the
beam center is at the center of the arcs (formed by two electrodes), i.e. at spot S4, the current
magnitude reaches its maximum; and as the beam center moves away from the center, either
to the left or to the right, the OPGE current magnitude gradually decreases.

The spatial dependence along y is shown in Fig. S8. It has a similar trend that as spot gets
further away from the center of the arcs, OPGE current magnitude decreases. Combining the
result in the two perpendicular directions, this is an evidence that OPGE current is flowing in
radial direction, instead of directions determined by the crystal axes, as in conventional PGE.
Also, since the electrode pair offer a good confinement for currents flowing in between, the
collected current amplitude is actually proportional to the solid angle formed by the center of
the beam, and the electrodes. When the beam is off-centered, the solid angle would decrease.

(2) Beam size dependence
The photocurrent data measured at six different beam sizes (w) is shown in Fig. S9 (a), and
OPGE current amplitude is plotted as a function of the spot size in Fig. S9 (b), and fitted by
the expression of collected OPGE current (introduced in S2.1) as shown as the red curve. As
the spot size changes, the OPGE current first increases, reaches its maximum, then decreases.
When the current reaches maximum, the beam size is comparable with the half circles of "U’
shaped electrodes.
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Figure S7: OPGE current measurements using U’ shaped electrodes from OAM +4 and -4 beams while moving
the spot along z direction. (a) Schematic of the U’ shaped electrodes, and beam center locations are represented
by the red dots. (b) The OPGE current magnitude as a function of the x coordinate. (c) Photocurrent data
measured at seven locations, from S1-S7. (d) An image of the nanodevice, scale bar: 10 um.
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Figure S8: OPGE current measurements using U’ shaped electrodes from OAM +4 and -4 beams while mov-
ing the spot along y direction. (a) Schematic of the U’ shaped electrodes, where beam center locations are
represented by the dark red dots (b) Original data measured at three locations, from S1°-S3°.
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2.4 ’Discretized’ OPGE current

To further discuss the results from the ’discretized” OPGE current measurement, the integral
parameters of OPGE current were calculated for different LG beams (m = 1, 2, 3, 4).
Azimuthal geometry (’starfish’ shaped electrodes) As described in section 2.1, based on
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Figure S10: (a) A simple model for the azimuthal photocurrent collection. (b) Original photocurrent data
as a function of the quarter wave plate angle, collected by the ’starfish’ shaped electrodes, from OAM -4 to 4
beams. (¢) Extracted OPGE current, Jopgr = W (d) The comparison between fitting (red dots) and
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data of JopaE.

the electrostatic model, the two equations used for calculating collected azimuthal photocur-

(21 2 U(rfs—rbp) . . . .
rent are Jopgr X m frl S|E OatD (050 dr = c-m with c being the geometrical constant
r2 O|E|2 U(rOa—r0p)

dependent on LG mode profiles, and J,_pgr e Or (FOAT) (05 +D)

dr. The known exper-
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imental parameters are 64 ~ g, ry ~ 5rp (Fig. S6 & S10 (a)). The original photocurrent
data as a function of the quarter wave plate angle is shown in Fig. S10 (b), and the extracted
OPGE current amplitudes from different LG beams are plotted in Fig. S10 (c). It can be
seen that as OAM order increases, the OPGE current becomes larger monotonically, and it
has a nearly linear dependence on the OAM index. In Fig. S10 (c), the fitting result (with
parameter wy = 1.177) is that the total CPGE is a sum of s-CPGE and OPGE, with two parts
of amplitudes being comparable with each other when m < 2, and OPGE takes up a larger
portion when m > 2. When the photocurrent from different OAM orders are normalized by
the geometrical constants ¢ of LG beams, its trend follows the proportionality rule between

OAM number and the local OPGE current.

Radial geometry (U’ shaped electrodes) As described in section 2.1, the two phe-
nomenonlogical equations used for calculating collected radial photocurrent are Jopgr <
m ["* |E|*dr and J;_por < [ 8|8—E7,|27°dr. The known experimental parameters are radii of
the electrodes: r1 ~ 15um and o ~ 20um (Fig. 2 & S11 (a)), and the parameter wy ~ 15um
for LG beams. The quarter waveplate angle dependent photocurrent data from from OAM -4
to 4, as presented in main paper Figure 2, is shown in Fig. S11 (b), where Jo (the part of
photocurrent switches upon circular polarization) is negative for negative OAM beams, and
positive for positive OAM beams, and its amplitude increases monotonically with OAM |m)|.
Although the collected current is not guaranteed to be directly proportional to OAM after the
spatial integration (because the local intensity distribution are different for different OAM
modes), when the geometrical constant of OPGE current are similar for various LG beams at
certain beam radius, this discretization could be observed. In Fig. S11d, J¢ is fitted as a sum
of s-CPGE and OPGE using the above equations, and the result shows that OPGE current is
always dominating, as can be seen from the overall trend of increasing from -4 to 4 OAM
numbers. Therefore, the experimental data and the fitting curve are in qualitative agreement.

From the agreements between fittings and experiments, and data from radial and azimuthal
electrode geometries, for eight OAM orders, it points to the conclusion that the local OPGE
current is proportional to OAM order. Furthermore, since OAM +m and -m beams are related
to each other by a mirror operation, when one beam is obtained, it can be routed into two
beams that incident onto the detector in two opposite directions. Effectively, the photocurrent
difference between OAM +m and -m beams can be measured simultaneously. In this way,
OPGE current is distinctly collected, through Jopap = Jm;J*m, and the OAM order can be
subsequently determined.

Protocol for detecting mixtures of different OAM orders If a beam is a mixture of
different OAM orders, then the photocurrent distribution will be dependent on the intensity
profile of each beam, and a matrix of electrodes could be designed to distinguish it from
a single OAM beam. The calculation based on a mixture of n LG modes LG}...LG§ with
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Figure S11: (a) A schematic for the radial photocurrent collection. (b) Original photocurrent data as a function
of the quarter wave plate angle, collected by the U’ shaped electrodes, from OAM -4 to 4 beams. (c) The
comparison between fitting (blue curve) and experimental data (red dots) of JopgE.

percentages . .., reads,

E(p, ®)miz = 11 E(LGY) + 22 E(LGE) + ... + 2, E(LG}) (S40)
—2p? Jwk 2
JOPGE,miz X S I—l’p|2| + i?p"l' + ...+ n_x7;p‘2n|) (541)
p 11! 2|! In|!

where p is the radial coordinate. For instance, if we have a 50/50 mixture of LG}) mode and
LG} mode, then Jy 3 o< 1/2p* + 1/4p5, while for LG2 mode, J o p* (prefactor is omitted).
It implies that a set of electrodes that collect current at various radial coordinates would be
eligible of distinguishing these two cases. An example is shown in Fig. S12. This should
work for all complex mixtures of OAM beams. For a beam with a very high OAM order (e.g.,
>100), the perturbation treatment may needs a modification to include higher order in q terms
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in Eqn. S13, but in principle, those beams can still be detected.

Figure S12: An example of the device geometry for measuring arbitrary mixtures of OAM beams.

2.5 Arbitrary OAM states on the higher order Poincare sphere

An arbitrary state [¢)) on the higher order Poincare sphere (HOPS) can be generated by a
g-plate given by,
0 e P29
Jq—plate = |:i€i2q¢ 0 :|

combined with a quarter wave plate given by,

7 B L 1 ie 2a
qup — \/é i ei?a 1
On the HOPS, the optical state |1)) is then described by (30)

[t} o cos <g) exp (—2%) |L_p,) + sin (%) exp <z§) |Rpm) (542)

where © and ® are the spherical coordinates on the HOPS, and basis states |R,,) = \%(p +

i) exp(i(m + 0)¢) and |L_,) = J5(p — io) exp(—i(m + o)) for OAM m, SAM o
HOPS.

According to the expression of OPGE current, with
a; = cos(%) exp(—i2), and ay = sin(%) exp(i2), and denoting the intensity constant as
| £y, then for state |1)), the OPGE photocurrent along ¢ would consists of two parts, j(®)

and j(9), and below are the derivations:
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Jobar.s = Yiks (Vo BB + VB E;)

OE, E, OE, B
- =0 g 4[24+ 2R

0E, E, . OB E;;
+ 2 4 ZPIEE — 2B
+’Ypp¢¢{[pa¢ _p B, + [_pf?gzﬁ P |Ep}

OF,
+ 0 D4 =2

m
= ;|E0|2[0'(%p¢¢ + Ypsgo) €0 (® + 2(m + o))
+ (=Vpppp + T Vs960) sin (B + 2(m + 0)¢)] sin ©
Besides, the part not varying with azimuthal angle reads,
o) Bino (Vo BB — V4B E,)

JoprGE,y =
6’E E¢ GE; oM
=0 —|E; — + —L|E

OF, | Eyppe 5 E:;
+ Bopootl—5 (% ]Ep [p% - 7]E¢}

9E, _ @ ) (S44)
+ﬁpp¢¢{[pa¢ P ]Ep [p0q5 P JEp}

oE, E, . 3E§; E;
+ 5¢¢¢¢{[7¢ + —]E¢ - [pa—¢ + —]Es}

m
= F’E()' [0(Bopss — Bogos)
+ (= iBoppp — i025¢¢¢¢) cos O]

Eqn S43 and S44 correspond to Eqn. 4 in the main text. The j(#) term has a period of
7 /(m+0) when varying with azimuthal angle ¢, while the () terms describe current flowing

homogeneously in the ¢ direction. For some special points:
1. The poles: P1 ((0,®), or (aj,as) = (1,0)) and P2 ((w, ®), or (a1,az) = (0,1)),

sin® = 0, hence j(()¢I)JGE7 é vanishes. Especially, the c-OPGE part for these two points is

]é )O PGE® = 5 |Eo|*(Bgpos — Bosse)» proportional to both the OAM number m and SAM
number o, or the topological winding number of the light beam (as discussed in S1.3) for

scalar OAM beams.
2. Radially / azimuthally polarized beam (special points on the equator): For states P3

((m/2,0), or (a1,a2) = (v/2/2,4/2/2)) and P4 (7/2,7), or (ay,az) = (—v/2i/2,v/2i/2)),
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their ® angles have a 7 phase shift, so they have equal and opposite j(()¢})3G B

If we take a closer look at jéc_OP GE ’(¢))’

J OO o 22 sin(@) cos(2(m + 0)6 + @) (845)

It implies that the ¢ (spatial) dependence of the OPGE current can be mapped onto ¢
coordinates (through the total angular momentum J = m + o), and its amplitude is directly
related to the © coordinate, so that the coordinates on the HOPS can be determined by mea-
suring OPGE currents. (For simplicity, the anisotropies in conductivity coefficients are not
considered explicitly. Depending on the crystal symmetries of the material system, their ¢
dependencies may vary).

Next, let’s consider the photocurrent at a certain spatial location (p, ¢), from an arbitrary
state (O, @), after transmitting through a quarter/ half wave plate (or with a specific phase
retardation). Starting with a state |¢)) = a; |L_,,) + ag |R.,), the transformation of |L_,,)
under a quarter wave plate at angle « is,

1 [ 1 dei2e] 1] .
‘L/_m> - JQWP |L—m> - E |:7:ei2a 1 :| * |:O} € ¢

(S46)
1 1 —imé 1 L 4
=— . oale™ = —I|L_,) +—=ie"" |R_
75 e V3 bl e e
For |R.y ), it s,
1 s —12x .
B = Jowp | Ro) = = | o | *[o]e™
m V2 e 1 1
L (S47)
1 {] "= e L) + = o)
= — e’ = —ie m) + —=|Rm
vzl 1 V2 V2
Then, the new state would be
W) = ar|LL,,) + a2 |R) (S48)
Eqn. S45 can be modified accordingly, and the term with 2ay,,, dependence reads,
. mo .
jé) OPGE,() > sin(©) cos(2meo + © — 2a4up)) (S49)
To verify Eqn. S49 experimentally, we define a new OPGE current Aj(o¢1)DG B 1€

(¢) _ (9 (¢) (¢) A (9)
AJOPGE,¢ = JOPGE,qs\aqu_(JOPGE,¢’aqu:r/4+JOPGE,¢|aqu:37r/4)/2s then j = A]OPGE,¢|7T/4_

A j(od)])DG £ ¢37/4 has two characteristics: 1. When (©, ®) coordinates are fixed, j measured at
¢ = 0 and ¢ = 7/2 would be opposite. 2. When azimuthal angle ¢ is fixed, then j measured
from (©,® = 0) and (©, P = ) states would again be opposite. Therefore, in our exper-
iment, we chose P3 ((7/2,0) and P4 ((w/2, 7) states, measured photocurrent at ¢ = 0 and
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Figure S13: Photocurrent data as a function of the quarter wave plate angle, from states P3 (7/2,0) and P4
(w/2,m) on the HOPS, measured at two spatial locations, ¢ = 0 and ¢ = /2.

¢ = m/2 azimuthal angles, plotted, and compared the current amplitudes at o, = 7/4 and
aquwp = 3m/4. The data collected from a full period of o, in [0, 7], is plotted in Fig. S13.

Meanwhile, jéOPGE’(O)) has both a cos(©) dependence and a cos (2, + o) dependence
(note here V , F/, the radial intensity gradient may also contribute), and this characteristic could
be used to determine the © coordinate. In our measurement, as shown in Fig. 3c in the main
text, upon changing the optical state from P1 to P5, from P5 to, P2, © changes by 7 (A© = ),
the photocurrent fitted by J = J.sin (2agup + 1) + Ji sin (dagup + 2) + Jo has a change in
Jc from its maximum to its minimum monotonically, confirming the dependence of jopcE ¢
on the © coordinate. The full dependence of photocurrent on g, is shown in Fig. S14.

On the other hand, the transformation of |L_,,) under a half wave plate (with angle «) is:

1 [0 de i 11 _im
|L/_m> = Jhwp |L—m> = E L-eﬁa 0 :| * {0:| € ¢

S50
1 0 —imeo 1 - 12a ( )
= 5 |;pi2a| € = —=1e"" |R_p)
V2 lie V2
For |Ry,), it is:
Sy LT o e 0] ime
|Rm>_Jhwp|Rm>_E ieiQa 0 * 1 €
1 (S51)

L —12x ) 1 )
. |:Z€ :| ezqu _ _Z-e—ZQa ‘Lm>

V2L 0 V2
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Figure S14: Photocurrent data as a function of the quarter wave plate angle, from a set of states: from P1 to PS5,
P5 to P2 on the HOPS.

Then, the new state becomes

V) = a1 |LLp) + az |Ryy) (852)
j(()‘i})gG z.»(Eqn. S43) now becomes,
(¢)’
J(OJ)DGE,¢>
m
= ;|E0|2[U(7¢p¢¢ + Ypsos) €08 (P + 2(m + 0)d + 4aup) (S53)

+ (—Ypopp + ‘727¢¢¢¢) sin (@ + 2(m + 0)¢ + 4apwp)| sin ©

while the jg) })DG g, Part remains unchanged. From the expressions of 7" and j(®)', it can seen

that only j(#) can be modulated by the HWP, and its dependence on HWP angle Qhuwp has a
7/2 period. Hence, measuring the part of photocurrent that has a /2 period when HWP ro-
tates, is equivalent to measuring j(¢). Furthermore, due to the cos (® + 2(m + 0)é + 4anuy)
dependence of j(#)', if a set of state |¥) |(g ¢) have same © coordinate, or in other words, a
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state winds on a latitude of the HOPS, and if photocurrent measurement is taken at a certain
¢ azimuthal angle, the total angle ® + 4ay,,, would determine the relative "phase’ of the
photocurrent. To be more precise,

AP = —4Aapy, (S54)

In our measurement, when changing the optical state from P3 to P5, from P5 to P4, A® = 7,
the photocurrent fitted by J = J;sin (danwpy + o) + Jo had a change in ’phase’ ag by 7
(plotted in Fig. 3d in the main text), again confirming the existence of jgb])DG g, and its

dependence on ® coordinate of states on HOPS. The full dependence of photocurrent on
Qthap 18 shown in Fig. S15.
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Figure S15: Photocurrent data as a function of the half wave plate angle, from a set of states on the equator of
the HOPS: P3 to P5 to P4, then P4 to P3 (the other half circle).
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3 Further demonstration of the existence of OPGE current

3.1 Eliminating sample related inhomogeneities

The edges of the exfoliated samples inherently have lower symmetries (i.e., Cg symmetry). In
all the measurements described in the main paper, the laser beam shining on the WTe, flake
had a width similar to the electrodes separation, and was kept far away from all sample edges
to avoid edge effects.

In order to further check whether the sample had intrinsic symmetry breaking due to de-
fects or inhomogeneities, a Gaussian beam was de-focused to a spot size ~ 100um (much
larger than the sample sizes). In this case, the beam could be regarded as a plane wave and
the regular photogalvanic effect can be studied, which could effectively reflect the symmetry
reductions on the sample flake.

The photocurrent data as a function of quarter wave plate angle was plotted in Fig. S16.
During many periods of rotation of the quarter wave plate, there was no apparent polarization
dependence of photocurrent beyond the noise level (as expected). The absence of polarization
dependent photocurrent rules out the contribution from sample imperfections (edge effects,
defects).
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064N T
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0 90 180 270 360
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Figure S16: Photocurrent under nearly plane wave incidence (spot size ~ 100 um).

3.2 Eliminating artifacts related to the optical beam

In order to differentiate the helical phase induced OPGE currents from the intensity gradient
induced s-PGE currents (and also radial photon momentum in Gaussian beams, which is
negligible in our measurements near focal plane), we always chose OAM +m and -m for
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comparison, two beams with a same intensity gradient but opposite helical phases. In our
experiments, changing the beam from OAM +m to -m was achieved by switching the phase
pattern on the spatial light modulator screen to its mirror image. As a result, the +m and -m
beam profiles were guaranteed to be mirror symmetric to each other. When a beam carrying
OAM +m is perfectly aligned and normally incident onto the sample, its intensity profile
would have a full rotation symmetry, and changing its OAM number to -m would not change
this intensity profile. However, due to the limited pixel number in the spatial light modulator,
and the beam alignment may not be perfect, there can be a slight change in the intensity profile
from OAM +m to -m beams and consequently, it may affect the amplitude of photocurrents.

To figure out whether the beam profile imperfections, which can break either the mirror
symmetry or two fold rotational symmetries with respect to its beam axis, was contributing
to the OPGE current, we designed two experiments; First, we patterned two pairs electrodes
being 'U’ shaped and ’M’(reversed 'U’) shaped on a same flake (Fig. S17a), and OAM +4
and -4 beams were incident onto the sample in sequence. Since both electrode pairs were
on a same sample flake, the crystal-axes dependent OPGE conductivity coefficients were the
same in both measurements. They collect a integral of OPGE current from either the top half
semicircle or the bottom half semicircle. There are two possibilities:

1. Extrinsic effects (Fig. S17b): Assume that for OAM +4 beam, it has an intensity gra-
dient g from its top to bottom, then for OAM -4 beam, due to the mirror reflection, it should
have an intensity gradient —g from its bottom to its top. Since the light alignment was fixed
in the whole measurement, and the direction of Jppap is correlated with the gradient vector
g, Jopar would adopt a same direction on both the U’ shaped device, and the N’ shaped
device. This can be generalized to OAM beams with random gradients, where the difference
between OPGE currents from OAM +m and -m (JéglGE — Jopag), should have the same
polarity for both devices.

2. Intrinsic effects (Fig. S17c): The phase gradients at the top and the bottom of the
OAM beam have opposite signs, so that Jopgp would flip its direction from the top point
to the bottom point. Hence, the net current collected by the > U’ shaped and the N’ shaped
electrodes should be both from the inside electrode to the outside electrode (or vice versa).

As shown in Fig. S18(b, c), the photocurrents from OAM +4 and -4 beams measured
by device 1 and device 2 both showed opposite OPGE currents, confirming the existence
of OPGE. Furthermore, the OPGE current from the same beam had different polarities on
device 1 and 2. In other words, the OPGE current was flowing from the inside electrode to the
outside electrode on both devices. Therefore, it opposes the symmetry analysis of an artificial
intensity gradient induced current.

Having considered the possibility of the mirror symmetry breaking of OAM beams, we
also examined the 2-fold rotation symmetry. A similar experiment was done using the * Angu-
lar bracket’ shaped electrodes. Two measurements were carried out with a same alignment of
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Figure S17: Schematics of the experiment design and two possibilities of the photocurrent from OAM beams.
(a) The CCD images of optical beams with OAM +m and -m, and schematics of N and U shaped devices. (b and
¢) Schematics showing predicted directions of ’OPGE current’ collected by the two devices, as denoted by the
blue arrows.

the optical beam, but with the WTe, sample flipped in-plane by 180°. Ideally, with respect to
the beam center, the system would maintain its C'5,, symmetry, and this 180° flip would cause
a flip in OPGE current as well. Otherwise, if the current is caused by some undesired intensity
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Figure S18: Photocurrent measured from N’ and "U’ shaped devices on a same WTes flake.

inhomogeneities of light due to nonideal alignment, its direction should be also random.

As shown in Fig. S19 (c-f) The photocurrent from OAM +4 and -4 measured before and
after the flip of WTe, sample both showed opposite OPGE currents, confirming the existence
of OPGE. Moreover, the OPGE current was flowing from the inside electrode to the outside
electrode in both devices, indicating a polarity flip. Therefore, these measurements rules out
the optical beam alignment induced artifacts.
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